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A por lon of the work described in .nis report covers the study
of chorioretinal burns in rabhits and small primates and of flashblindness

in hamans, This research iz a continuzaiion of earlier work carried
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The primary efforts and results obleined during the contract

period are documented in detail in the serics of five reports listed below:

PARTII
A Study of Chorioretinal Burns Produced in Rabbits

and Primates by 2 Ruby Laser,

PART II

Relinal Burn Thresholds in FPrimales,

PART 1II .

Modification of the Zeiss Photocoagulator to Produce

Simulated Nuclear Detonations,

PART IV

Flashblindness Recovery Times for Human Subjects,

PART YV

Mcodel for Prediction of Retinal Temperatures.

Research performed as reported was conducted according to the
Principles of Laboralory Animal Care as promulgated by the National

Society for Medical Research.
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I, A STUDRY OF CIHORIORETINAI, BURNS PRODUCED I RABBITS
AND PRIMATES BY A RUBY LASER
by

Kenneth R, Kay and Margarct G. Smith

1, INTRODUCTION

In a long series of experiments, retinal burn thresholds were
detcrnlincd‘for rabbits and primates using a modified Zeiss photocoagu-
latorlnS. The minimuwm’ exposure duration resulting in a lesion was 165u
sec for the rabbit study and 2 msec {or the primale study. In order to
extend the range of exposure duralions to shorter times, a Maser Optlics
Model 868 Ruby liaser was used, The laser is capable of a nominal
output of 100 joules in a half-inch dismeter beam. The laser was incorporated
into an optical system providing independent control of the retinal expo-

. s . 2
sure and the diametlcr of the retinal area exposed .

The laser provided a sufficiently high encrgy level to produce
retinal lesions for exposures from 30 nanoscconds to 1. 45 milliseconds.
Rabbits and primiates were used for the delerminalion of retinal burn
thresholds for long pulse ruby laser exposures, {Q-switched and semi-
Q-switched Jaser exposures were used to determine burn thresholds

in primates, lmage diameters of 1,07 and 0,52 mm were tsed
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for the rabbits and 1. 20, 0,59 and 0, 29 mm for the primates, The i
development of burns of similar appearance was observed in both r

species, !

2. APPARATUS |

The optical systern for the control of the laser beam is shown

schematically in Figure 1. The diameter of the irradiated area is !
controlled by the iris diaphragm at the focal point of lens #3. The 1

relinal irradiance is controlled by moving the biconcave lens (i#1) along }

the optical axis, FEach exposure was monitored by a photodiode and b

beam splitier assembly. J
‘t

Prior to each experimental session, the monitoring photodiode

was cross-calibrated against the primary calibration standard described

in Section 3. The block diagram of the monitoring and cross-calibration

system is shown in Figure 2. The portion of the beam reflected from the !
bearn splitter irradiates a reflector coated with magnesium oxide paint,

and the diffusely reflected light is sampled by the photodiod;a. This

technigque insures that the level of irradiance on the photodiode is such that the
output of the nhotodiode is linear. The phntodiode circuit shown in Figrre 3
integrates the photodiode current and the resulting signal is displayed

on 2 CRT and recorded on Polarcid film by an cscilloscope camera,
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2,1 Sem-0Q and C-5Suitching of the Laser

The operation of & laser in the (-switched mode is aptly described
by analogy with an amplifier with a positive fecd back loop,  "Oscillation
starts when the gain is sufficient to overcome the losses, If the feed
back loop is interrupted by a shutter, oscillation will be prevented and
the guantily of energy stored in the laser material will increase until
equilibrium is reached between pumping and fluorescent loss. Once
the shullicr is opened, the feed back loop is opened and the @ of the
resonator goes from a very low value to a very high one, and a portion

. . . 2
of the stored energy is rcleased in one giant pulse, "

It was decided to usc a passive blcachable {ilter to oblain -
switch and semi-Q-switch laser emissions in this program, In these
devices, the fluorescence emitied by the lascer rod blcaches the passive
filter installed between an anti-reflection coated end of the crystal and
a 100% reflection back mirror when the light intensity reaches a threshold
valuc depending upon the absorption of the bleachable filter, These
materials reversibly bleach out, allowing a scries of pulses to be obtainéd
with a very short period, of the order of 100uscc between pulses. The
Q- switch sysiem used in this program is shown schematically in Figure
4. A Korza standard grade ruby rod was used for the laser material,

A Korad dye cell with a 1007 reflecting dielectric coating on its rear
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surface and a sapphive etalon were used {for the resonaior cavity,

Experiments were performed using different dyve solutions (o determine

the stability and reproducibility of pulses, The final solution chosen

was cryplocyanine mixed with methanol, The transmission of the solution
. . - . O

relatlive o pure methano!l was deterimined to he 530% at 6943 A, With this

particular methanol dye solulion, it was found that - swifching and semi-

Q- switching could be attained simply by lowering or raising the flash

lamp energy levels, respectively,

The Q-switch pulses were detected with a SGD-100 photodiode
with a 91 ohm load resistor, The signal from the photodiode circuit
was passed into a Tektronix 555 oscilloscope through a 50 ohm terminator,
The waveform appearing on the CRT was photographed with an oscillo-
scope camera, Unfortunalely, even using Pelaroid 10,000 ASA film, =2
photograph suitable for reproduction could not be oblained due to the high
sweep speed of the CRT beam, Nevertheless, the pulse width and
amplitude could be determined guite readily from the original pholographs.
The pulse width of the Q-switch pulsc at the 50% power points was

determined to ke 30 nanoscconds,

As staled earlier, semi-Q-switching can be obtained simply by
raising the pumping encrgy relative to that needed for C-switching. By

raising the pumping energy above the Q-switching threshold level, the
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dye solution is forced to behave as a frec running on-off switch, The
system will continue to ;:mit pulses as long as a sufficiently high level

of pumping energy is available to the ruby rod so that equilibrium may
be reached between pumping and the loss due to lasing action, Typically,
it was found that each pulse in the semi-Q-switched irain was 30 nano-
seconds at the 50% power points, and the pulses were separated by 30

to 150 microseconds. The number of pulses in the wave train could be

varied {rom 2 to 50 individual pulscs. The amplitudes of the individual

pulses were unequal and varicd over a range of 6:1 for a given wave train,

3, CALIBRATION .

A Korad K-J2 liquid calorimeter was used as the primary
standard for calibrating the ruby iasar. The manufacturer stated that
the calorimeter response has an accuracy of = 3% and is traceable to
a National Bureau of Standards calibrated deiector, The calorimeter
contains a fluid absorption cell which converts the inciden-t radiation into
heat and a thermopile which responds to the consequent tempe rature
rise with a voltage signal {(see Figure 5). The output of the calorimeter
was continuously recorded with a Brush Mark 280 sirip chart recorder
coupled to the output of a Keithley 150B microvoltmeter, The recorder
was calibrated against the voltage ranges on the microveltmeter, Thus,

an accurate value of the peak calorimeter recsponse was obtained. The
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arrangement of the calibration equipment is shown in Figurce 6,

The calurimetler system was cross calibrated against a Barnes
thermopile using the Zeiss photocoagulator as a light source, The
thermopile calibration is also traceable to a NBES standard detecctor.

The comparison between the two standard detectors showed a 5% difference,

The value of the laser energy, U_, is oblained by mulliplying the

B i

peak recorder reading, V., by the specific response, R, of the calorimeter,

p!

Hence,

where .

UB is beamn energy in joules,

VP is peak vollage in mmicrovolts, and

R is specific response in joules/microvolt = 0,055 j/uv.

3.1 Cross Calibration of the Monitoring Photodiode

3.1.1 Long Pulse Mode
The monitoring photodiode was cross calibrated against
the calorimeter by means of the system shown in the block diagram of
Figure 2. With this arrangement, the photodiode response is related
to the beam irradiance at the entrance pore of the calorimeter by:

Ht} = C VD H(t) + C 12)

! 2
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where

H{i) = time varying beam irradiance (jou]es/cxnzpscc),

VD(H, f} = inslantancous photodiode response to beam irradiance
{(mv},

Cl’ C.2 = proportionality constants, and

t = time,

The relationship between the photodiode response and the CRT

trace recorded on film is given by:

where

T
Vi = C3 ; Viy(H, t)dt (3)
o

Vi = trace peak on film (volt.sec), and

Cy= proportionality constant,

Substituting VD(H, t) from equation (2) into equation (3) yields:

where

c, I
.
Vi=a [H(t) - C,]dt (4)
lo
c. T c.c. T
3 . 273 ¢
= =T . ' 5
Vo=, (H(t)dt c | dt (5)
1 O 1 Q
C3 T czc
V.= — H({t)dt - ——— T, (6)
1 C S C
P o 1

T = pulsewidth in seconds,

From the definition of radiant exposure, {Q):
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T
Q—'-J H{t) dat ., (7)
o
Substituting (7) inlo {6} gives: :
!
: |
\-" - .?._..3._ Q C2C3 Lrt ‘
1 B Cl - Cl i (8) 1

Rearranging equation (8) for Q gives:

1
Q-7 Vv, + ¢ T (9)

3
The total beam energy is defined by

Ug = R-Ag (10)

where

AB = area of the beam entering the calorimeter,

Substituting equation (9) into equation (10} for Q produces:

Vo4 C,T] AR (11)

By cqguating the right sides of equation (11} and (1):

c
1 .
R.vp_[c3v.1 £ C TlA, (12)
or
v = Clv CTf"}i (13)
p"[c3 ;o QR

If 2 consian! beam area and a fixed pulsewidth are asswned, then
equation (13) becomes:

v =C,V, + C (14)
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where

C = - and C_ =

Thus, a linear relationship exists between the integrated photodiode response
and the peak voltage from the calorimeter, Substituting equation {14)
into equation (1) yields:

) :R[C4Vi + C (15}

B -

Assuming that the whole beam enters the animal's eye during an exposure,
the retinal incident energy, UR’ is determined by:

UR: UBxTE, {16

where
Te = transmission of the animal's eye, .

Substituting equation (15) into equation (16) gives:

PAFER (17)

Equation {17) is the basic equation used to determine the incident, retinal

energy. The consiants C/-L and CS were experimentally determined prior

to cach experimental session, and C,was found to be = 0, .¥For a given ;

experiment, both the beam divergence and pulsewidth were held constant,

Once the retinal energy {(U_} has been determined,

R

a straightforward calculation yields the corresponding retinal irradiance

(HRJ. The average retinal irradiance for .n exposure is given by:
u_cC
— R
Hp = 27" ‘18)
R
15 L2ECel Dow e ) 3
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where

UR = incident retinal energy (mj) determined from (16),

T = total exposure duration {sec} determined from pulsewidth,
: 1,0 cal x 10-3
C = conversion tant
ion constant, 4. 186 m] , and
AR = retinal area exposed. Defined by
Y 2
AR = wf” (tan 8/2)7, (19)

where
f=1.0 ¢cm for rabbit, 1,35 cn for primate, and

0 = beam divergence (degrecs).

3.1, 2 Q-Switched and Semi--Switched Mode
The total energy in either mode was determined by
cross-calibrating a pholodicde against the Korad calorimeter system, In
these two modes, semi-{Q and Q-switched, the sum of the pezk photodiode
response(s) was found to be proportional {o the total energy measured
by the calorimeter., Once the proportionality constant was determined,

the incident retinal energy of each exposure could be asceriained.

3.2 Beam Divergence Calibration

In order to calculate the average irradiance, the beam diver-
gence 0, must be known, The beamn divergence is changed in the
laser system by varying the size of an adjustable iris diaphragm

which was calibrated in terms of the beam divergence angle.
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Calibration was accomplished using an oscilloscope cameres with the
lens removed. This camcera was positioned to intercept the heam so

that photographs of the beam could be made at various iris seilings,

Measurermnents of the beam diameter, d, were made from the photlographs.

Using the geometry and designations of Figure 7, the beam divergence 8
was calculated. A graph of the beam divergence, 8, versus the iris set-
ting was made and a least squares fil of the data yielded the equation
8=2.97P+ 0,39°, (20)
where P = a unitless number indicating iris position, The resulis are

shown in Figure 8.

3.3 Dependance of Pulsewidth on Flashlamp Energy

The pulsewidth is dependent upon the energy delivered by the
flashlamps and absorbed by the ruby rod, Flashlamp encrgy levels are

dependent upon the charge voltage of the capacilor bank according to the

eguation:
2
E-=-1/2cCV
where
E = slored encrgy {(joules)
C = total capacitance (farads)
and
V = charge voltage (volts}),
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The capacitor bank is compored of a total of six, 3754, oil
{illed capacilors in parallel, For long puwse calibration and threshold
determination, all six capacitors were available, Therefore, C = 2250
x 10—6 farads, and the flashlamp energy cquation becomes
E=1.125V°x 10" joules,
Flashlamp energics between 2700 joules and 4960 joules were delivered
to the ruby rod. The corresponding pulsc width range was between 0, 46

msec and 1. 45 msec.

For the Q- switched and semi-0Q-switched modes, one capacitor
was removed. Therefore, C equals 1875 x 10“6 farads, and the flash-
lamp energy equation becomes:

E = 0.9375 V% x 102 joules.
The semi-Q-switched flashlamp energy, E, equaled 3380 joules. For
the Q- switched mode, the flashlamp energy egualed 2630 joules., A
single Q- switched laser pulse, and each of the pulses in the semi-Q-
switched pulse train, were approximately 30 nanoseconds long at the 50 %

power peints. "

4. EXPERIMENTAL PROCEDURE AND RESULTS

Five-rinute thresholds were deteririned by successive irradiaticon

of the fundus with pulses decreasing in 5% to 10% energy steps until the 'mo-

burn' stage was reached, The thresholdlevels reported represent theaver J
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of the minimal encrgy value (mj) required for the production of a burn
and the next lower exposure in the sequence which did not produce a burn,

A period of al leasi 5 minutes elapscd belween successive exposures,

Laser exposures with successively decreasing energy produced
a series of lesions each of which was less scvere and required more time
for development than the preceding one. However, the maximun exposure
producing ne burn within 5 minutes almost always produced 2 burn within
about an hour. Manifestations of supra threshold exposures in both rabbit
and primate fundi were simiilar. An immediate burn, well above threshold,
appeared to be a homogencous white circular spot the same size or slightly
larger than the irradiated area. As the energy levels decreased, the
burns developed as collections of irregular darkenead areas, each having
a definite white center. With further energy decrements thesc darkened
areas became smaller and fewer, requiring more tirmme for development.
The relative size of the white center of each dark area became progres-
sively smaller., The "no-burn'' was reached when the only evidence of
exposure after five minutes of observation was one or two smazall areas
of darkening, No white or grey-white was observed in the no-burn area

of exposure,

It was observed in the primatc white light study with the Zeiss

photocoagulator that if a burn developed within 5 minutes, it dew eloped

imimediately. LfCol Drw urewnt
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Gradual development within the five minutes was seldormn observed, This

did not hold true in the laser investigation,

4,1 Long Pulse Rabbit and Primate Extrafoveal Thresholds

Ophthalmoscopic observation permitted the baseline seleciion of
rabbits having uniform choroidal pigment and clear media. Rabbits
weighing less than 2, 3 kg, were not used since there was some indication
from past observations that young rabbiis have significantly lower retinal
thresholds than adult rabbits, About one hour prior to exposure the
animal's eycs were dilated with 1% atropine sulfaite ophthalmic solution,
and about half an hour before the experiment, the animal was anesthetized
with 75-150 mig sodium Nembutal, Care was laken throughout the experi- L
ment to avoid corneal dehydration by frequent Javage with normal saline

or simulated tears.

Twenty rabbit eyes were exposcd to normal mode laser pulses
(1. 3 msec). Eeam divergences of 6. 1° and 3. 00, corresponding to image
diameters of 1,07 and 0, 52 imim, were investigated. Table I summarizes
the threshoid data for rabbits exposed to normal mode ruby laser pulses.
The standard deviation is given in parenthesis after each threshold

value, Tables A-1and A-1lin Appendix A list the individual data.

Approximately 8-pound Macacca mmulattas were used for the

{
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Table I, Rabbit and primate relinal burn thresholds, using
long pulse laser exposurcs,

Image Number Exposure Average thresholds
diameter of duration Q'li H,
(mm) Eyes (msec) (cal/cm?) (cal/cm?. sec)
(Rabbit]
1. 07 10 1.3 0,27 (+£0.05) | 210 (+38)
0.52 10 1.3 0,41 (30.12) | 312 (x95)
[ Primate }
1,20 6 1.2 0.07 (£0,01}| 55 (£6.9)
0,59 5 0.98 0,06 (£0.001)} 64 (= 0.94)
0.29 6 1,4 0,17 (x0,03) | 122 {x 20)
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primate siudy, Ophthalmoscopic examination provided a nicans of sCreening
the animals and any exhibiting defective corneas, or opacities in the
ocular media were nol used, Preliminary _seda.tion with an iniramusculazr
injection of approximately 4 mg of Sernylen was followed by ‘irridal dilitation
vith 1% alropine sulfate ophthalmic solution, A 17-gauge intraveneous
catheter was iniroduced into a posterior s'uperficial leg vein, and after
the attzinment of maximal mydriasis, the primate was anesthetized with
50 mg sodiwm Neombutal via the intracath, Deep anesthesia was maintained
by the administiration of E}dditional small amounts of Nembutal as needed,
Corneal dehydration was prevented using the same technique as that used
with rabhits,

Seventeen primale eyes were cxposced with beam divergences of
5. 093, 2. 500 and 1, 230, correspo-nding lo image diamelers of 1,20, 0,59
and 0. 29 mm. Table I also swnmarizes the threshold data for primates
exposed to the normal ruby laser pulses (0, 98 to 1.4 mscc). The standard
deviation is given in parenthesis after each threshold value., Tables A-1I1

through A-V in Appendix A list the individual data,

4.2 Primate Thresholds for Q-Svwitched and Semi-Q-Switched Exposures.

During exposure to the Q-switched and semi-Q-switched laser
pulscs, the primate eyes were dilated with Mydriacyl, 17%. Mydriacyl

is not ac long acling as atropine, but seems to decrease the scverity of
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Thresholds for the Q-switched pulses were determined for 3 eyes,
at a beam divergence of 5.-080. Thresholds for the semi-Q-switched
pulses were determined in 4 eyes at 5, 080 and 3 eyes at 2, 500, The serni-
Q-switched pulses used the thrcshold determinations consisted of 4 to
8 individual pulses, The results of the experiment are summarized in
Table II, The individual data are listed in Tables A-VI through A-VIII

in Appendix A.

5. CONCLUSIONS

The comparison of Zeiss photocoagulator (white light) and laser
thresholds for rabbits and for primates is summarized in T'able 1II in
terms of average retinal exposure, 6;1 The white light data for rabbits
are taken from the Final Report for. Contract AF "—11(609)-3099.2 The
white light data for primates are taken from Part Il of this report. In
performing the calculations of the retinal exposures, transmittance
values of 0, 59 for the primate eye and 0, 89 for the rabbit ey;a were used,
This value for the primate eye was obtained using the measurements of
the direct spectral transmission made by Bcnettne.-r6 and the distribution of
the xenon source. The rabbit eye transmission value was obtained from
measurements .nade by Geeraets, et al.? of the total light transmitted by

the rabbit eye. This value was used throughout the Zeiss photocnagulator

2
study of rabbit thresholds.
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Table 11, Primate retinal burn thresholds: Q-oswitched and
semi-0-swilched ¢xposures.

Image Diameler Eyes per Number of Average Threshold
{mm) Point Pulses Qr{cal/cm?)
1. 20 3 1+ 0.02
1,20 4 4-6 0.07
0, 59 3 5-8 0,12
J

¥ Q-swiiched exposure
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Table 1II, Comparison of laser long pulse and Zceiss
photocoagulator {white light) burn thresholds,
I.LASER ZEISS
Image Average Average Image Average Average
diameter | duration QR diameter | duralion 0
{mm) (insec) {cal/ cmz} () (insec) {cal/c—znz)
[ Rabbit ]
1,07 1,3 0,27 (=0.05) 1.07 1,0 0.21 (+£0,03)
0,52 1.3 0.41 {(x0.12) 0,52 1,0 0,23 (0, 05)
[ Primate ]
1.20 1,2 0.07 (£0.01) 0,72 2.0 0,10 (20,003
0.59 0, 98 0. 06 (=0.001) g, 35 2.0 0.07 (+£0.003)
0,29 1.4 0.17{+0.03) a, 25 2.0 0.17 (30,01}
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Inspection of Table Iil indicates that the thresholds for laser
and white light exposurcs do not appear to be different for the two sources

for either species,

Comparison of the results shown in Table II with thoée of Table

17 indicates that the average threshold retinal exposure, QR, for the
semi-Q-switched, and normally puls_ed laser are in reasonable agree-
ment for the 1. 20 mm image diameler for primates., The data for the
0.59 mm image diameter are more divergent with a QR of 0,062 cal/

c::m2 for the leng pulse and 0,12 t:al,/c:rn2 for the Q- swiilched case,

The 2-switched primate data showed more than a faclor of
3 lower threshold exposure than -the semi-Q.switched case for the
1,20 mm image diameter. This result could be indicative of a
thermal-mechanical damage process as opposed to a thermal damage
in the semi-Q-switched and long pulse laser exposures. However,
the problemis inherent in calibration of exposures as short as 30
nanoseconds must be considered in making any direct comparisons,
Every effort was made to reduce the time constants of the recording
circuits to insure valid measuremenis of the pulse energies, but
the possibility remains that the low threshold found for the Q-

switched case may be the result of inaccurate calibration.
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1I. RETINAL BURN THRESHOLDS IN PRIMATES

by

Norma D. Miller, William R. Bruce and Margaret G, Smith

1, INTRODUCTION

A large amount of data on retinal burn thresholds in rabbits has
been previously reported. Under Contract AF 41{609)-3099 with the
USAF School of Aerospace Medicine, the Life Sciences Division of
Technology Incorporated performed a long series of experiments in which
615 thresholds were determined for sixty-six combinations of exposure
durations and image diameters. L The rabbit data, however, do not
allow valid extrapolation for human threshold predictions due to the species
differencc-as in anatomical structure, and in the quality of the loptical
image at the retina., The present study, using primates, was undertaken
to replicate some of the threshold conditions investigated in the rabbit
study in order to compare the thresholds for the two species. The
primates used were approximately 8-10 pound Macacca mulatta, The
entire visual struciure o‘f this species is morphologically closer to that
of the human than is the rabbit. Man shares with the species investigated
certain characteristic retinal structures such as: (1) retinal blood ves-

scls anterior to the receplor layer, (2) both rod and cone receptors with
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a well-defined foveal area, and a larger macular arca, These character-
istics are not present in the rabbit. The focal length of the monkey eye

is about 35% longer than the rabbit eye, but only 80% as long as the average
human eye; however, the optical structure of the monkey's image forming

media is scaled proportionally so that the entire image quality is close

to that of the human,

Throughout the rabbit retinal burn threshold investigation, a 5
minute criterion was used. The eye was irradiated and if a visible
lesion appeared within 5 minutes, the next exposure was reduced by a
few percent until a point was reached where no lesion appeared within
5 minutes, The threshold irradiance recorded was the average of the
exposures producing & visible lesion and the next lower producing no
visible lesion in 5 minutes, This criterion was abandoned in t'he case
of the monkey because it was found that if a lesion was to appear in 5
minutes, it appeared almost instantaneously after the exposure, It was
also observed that the 5 minute no-burn exposures became very notice-
able lesions within a few hours following the irradiation, ar'ld that the
5 minute no-burn exposure left very noticeable scars in animals returned
for reuse, An experiment was performed in which decreasing levels of
irradiation were observed over long periods of time. The observations

were made hourly up to 5 hours and again at 24 hours, It was found that

1f a lesion did not develop within 5 hours, it rarely appeared at a later
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time, As a reswtof this, a2 5 hour criterion was adopted for the primate

threshold burn study,

in the current investigation, two different types of thresholds were
determined for the monkey eyes, the extramacular thresholds and the
foveal thresholds. Exposure durations from 2 msec to | sec were used
for both types of thresholds, The image diameters ranged from 0, 12 mm

to 1. 46 mm in diameter, assuming a focal lengih of 1, 35 era?,

2, EXPERIMENTAL PROCEDURE

The animals were screened by careful ophthalmoscopic examination,
Animals with defects or opacities in any portion of the media, including
the cornea, were not used, Animals requiring more than £ 1 diopter
ophthalmoscopic correction were not used, A 1% atropine sulfate ophthal-
mic ointiment was introduced into the conjunctival sac on the evening pre-
ceding the threshold determinations. This produced maximally stable
iris dilation with less cornea! trawmna than administration of either atropine,
Cyclogel or neosynepherine drops prior to irradiation. The dehydration
of the cornea was carefully avoided. The animal's eyes were kept closed
except during 7ctual aiming, irradiation and observation. Since under
deep anesthesia, tearing is usually suppresced, the eyes were freguently

floocded with "mionkey tears' prepared to simulate the lJachrymal secretion
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of the primate.

The primates were initially sedated with approximately 4, 0 mg
of Sernylan I, M, A 17-gauge intraveneous catheter was introduced into
the posterior superiicial vein in the leg. Approximately 1 cc of 50 mg/
cc Nembutal was administered by way of the intracatheter. Irradiations
were begun 45 minutes after administration of the Nembutal. The waiting
period was carcfully controlled after pilot studies indicated that the effect
of initial anesthesia in many animals was to produce a falsely high 5
minute threshold, Later work indicated that it seermned to have no obser-
vable effect on the 5 hour thresholds which were adopted as the criterion;
however, the 45 minute delay before starting exposures was continued,
Additional Nernbutal was administergd in small increments as needed
to maintain deep anesthesia. A total of 3 to 5 cc's were required per

animal per day.

The flash source used in the primate study was identical to that
used in the rabbit study, and has been previously described in detail.
The source was a Meyer-Schwickeraph photocoagulator, which had been
modified for controlled pulsed operation. Aircraft batteries provided
the power for the Zeiss coagulator for the pulse durations of 2 msec
through 1 sec used in this investigation. The source was calibrated

by an Eppley thermopile calibrated by the National Bureau of Standards. .
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The thermopile was used to determine the total irrad.ance autnut of the
Zeiss coagulator., The thermopile and an EG&G SD- 100 photodiode

were used simultaneously to record the irradiance output of the coagulator
for a 10 sec pulse, Once the 10 sec baseline was established, the output
of the photodiode was recorded for pulse widths less than 10 sec and cross

calibrated against the thermopile.

Before each experimental session, a fundus photograph of the
animal's eye was made cnPolarcid film using a Zeiss fundus camera.
This provided a photographic map of the animal's fundus as an aid in
locating the various exposures for subsequent observation of the develop-
ment of the burn lesion, For the actual exposures, the animal was placed
in a restraining chair, and aligned in front of the Zelss beam director
where the eye could be examined using a modified Keeler ophthalmoscope.
Initially, an estimate was made of an appropriate irradiance to produce
a 5 minute burn based on the data from the rabbit study, and pilot studies
on the monkeys. If an immediate lesion was formed, additional exposures
were made reducing the irradiance by 5 to 10% increments and hourly

observations of the fundus were made to determine the 5 hour threshold,

3. EXPERIMENTAL RESULTS

3.1 Time of Development of a Visible Lesion
jf(of Do g‘e’:wd
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Early in the primate threshold burn studics, an effort was made
to follow the course of development of burns to determine the lowest
level of retinal exposure that would eventually develop into a visible
lesion. Observations were made hourly for 5 hours and again at 24
hours in many cases, The irradiances were reduced by increments of
about 5% from the 5 minutes burn thresholds to 60 or 70% of that threshold,
The graphs in Figure ¢ show the results of hourly observations following
the exposures. The abscissae are the elapscd time in hours after
exposure, and the ordinates are the percentage of the exposures showing
as a visible lesion at each of the observation titnes. The encircled

- » - . * ]
numbers indicate the number of exposures at the various irradiance

levels.

The graph on the left indicates that the 5 minute burn criterion
is a false criterion in terms of predicting the appearance of a visible
lesion, inasmuch as 100% of the five minute no-burn exposures had
converted into visible lesions in 4 hours. It is even more startling .-
that 11, 5% of exposures at a level 60-69% of the 5 minute threshold

developed into visible lesions in 5 hours,

Ten arimals were examined 24 hou~s after irradiation and in
no instance was a lesion found that had not developed 5 hours after

exposure, The data for the ten animals are listed in Table IV, The
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Table IV, Exposure irradiance in terms of the percent of the 5 minute
threshold resulting in the 5 hour threshold for 10 monkeys,
All eyes were examined 24 hours later and in no case did the
5 hour no burn exposure result in a visible lesion the next day.

5 hour 5 hour no 7%

Animal visible lesion .visible lesion difference
0BE R 67 63 4
L 67 . 63 4
32D R 74 63 8
L 74 6h 8
34D R 76 71 5
L 76 71 5
78D R 3z 78 4
L 82 78 "4
44D R 80 75 5
L 74 . 67 7
46D R 78 74 4
L ' 80 75 5
72D R &80 75 5
L 78 T4 4
82D R 81 74 7
L 81 T4 7
90V R 77 73 4
1, 81 77 4
TP1 R 77 T3 4
L 89 84 i
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irradiance level for the 5 hour burn and 5 hour ne-burn condition is given
in terms of the percentage of the 5 minute burn threshold., The last
column shows the percentage difference between the two exposures
resulting in visible lesion and no visible lesion in 5 hours, The reduction
in energy to 75% of the 5 minute threshold is a significant reduction in
terms of predicting visible damage from radiation. The 5 hour burn
criterion was used in the threshold determinations for the primate study.
It is felt that it is a meaningful criterion in the sense that if no lesion
develops in 5 hours, there is & very low probability that one will develop

at a later period,

3,2 Extramacular Burn Thresholds

Thresholds were determined for 24 different combinations of
exposure time and im.age diameter with a minimum of 12 eyes per
threshold determination. The image diameters were 1.46, 0,72, 0. 35,
0,25 and 0,12 mm, on the monkey retina. The exposure times were 2,
10, 40, 100 and 1000 msec, except for the 1,46 mm diameter image
where the 2 msec exposure time did not produce a burn w_ith the
available energy. The results are summarized in Table V, showing
the retinal irradiance for each of the threshold conditions in cal/cmz-sec
at the retina, The numbers in the small box at the right give the

number of eyes used in the threshold determinations and the numbers

in the larger box on the left give the standard deviations. A transmiesion
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Table V., Five hour extramacular burn thresholds for Macacca Mulatta,

The values are the retinal irradiance in cal/cm2-sec.

Exposure time (msec)
Image diamecter
1
. 2 0 40 100 1000
1, 46 28 11 5,7 1. 8
1.3 |12 10,3412 | 0.30 |12 | 0.18 (12
0. 72 47 34 10 7.8 3.5
1.3 [12]5.0 {14 0.6812 | 0.87 {20 | 0.48 12
0. 35 33 23 12 9.2 4,3
1,2 {12] 1.7 [12] o.71112 | 0.63 [12 0.44 (12
0. 25 83 42 20 14 6,7
1.9 [12] 1.3 J12] 0.79]12 | o0.81 [12 | 0,46 [12
0. 12 79 49 33 3] 18
1,3 (12} 2.5 T12b o.9912 | 1.1 [12 [ 0.72 [12
NOTE: The numbers in the small boxes give the number of

monkey eyes used in obtaining the average retinal
irradiance listed,

The numbers in the medium size boxes give the standard

deviation {0},
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factor of 0,59 was used for the ocular media in calculating these values.

3.3 Foveal Burn Thresholds

The area of the fovea is so small th-at a new technique had to be
developed to define a burn threshold. In the first pair of eyes irradiated,
one eye was exposed well above the estimated 5 hour threshold and one
eye exposed well below the estimate, In the next pair of animals, an
attempt was made to narrow this range based on the observations made
on the first animals, The average data are for all three sets of points,
or all three animals, Th.e threshold so determined is actually an inter-
ocular threshold, that is, the threshold value is the average irradiance
for the condition of one eye showing a burn lesion whereas the other
eye exposed to a level some 10% to 20% below showing no burn lesion.
The interocular thresholds are recorded in Table VI for the various
combinations of image size and exposure durations used, A total of
57 animals were used to establish the interocular thresholds for 5 image

diameters and 4 exposure durations,

4, DISCUSSION OF EXPERIMENTAL DATA

The | ritnate extramacular threshcld data for the 0, 25 mm image
diamecter is shown in the upper curve of Figure 10; and the lower curve

shows the foveal interocular burn thresholds for the same image size,
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Table VI,

Mean retinal irradiance Hg.h (cal/c:nzrsec) for
production of "interocular foveal threshold' burns
The nwmbers in brackets refer
to the number ¢of animals included in the mean,

in rhesus monkeys,

3 Image diameter Average Foveal interocular thresholds
{rhm) Pulsewidth in msec
2 msec 10 100 1000
6.2° 20 5 1.3
{1.46 mm) (3) (3) (3)
3. 07° 35 26 5,7 2.4
(0, 72 mm) (3) (3) (3} (3)
. }
1. 47 24 17 7.5 4,2
{0.35 mm) {3) {3) {3) {3)
o]
1. 05 65 32 10 5,3
(0. 25 mm) (3) {3) (3) (3]
0.52° 62 34 24 13
{0, 12 mm) (3} (3) (3) (3)
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Figure 10, Comparison of foveal and extramacular thresholds
for the 0. 25 mm image diameter,
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The significant point in the comparison of the two curves is the consistent
drop in threshold_for the fovea as opposed to the extramacular portion

of the primate eye. For all conditions of exposure duration and image
size tested, the foveal threshold irradiance averapged 0, 76 of the extra-

macular threshold level with a standard deviation of 0, 044,

The primate extramacular burn thresholds are shown in Figure
11 for the 0. 25 mm image diameter for comparison with the rabbit burn
thresholds for 0, 26 mm image, The rabbit data are taken from the
Final Report for Air Force Contract AF41(609)-3099 of July 1967. The
conditions as reported for the two species are not directly comparable
so the data plotted in Figure 11 have been adjusted to provide a more
valid comparison. The 5 minute bu:t.‘n criterion was used throughout
the rabbit siudy and the 5 hour criterion was used in the primate study.
The results listed in Table IV indicate that the 5 hour threshold irradiance
is approximately 757 of the 5 minute threshold level for the primates.
This value has been used to adjust the values in Table V to refer to a

5 minute criterion, similar to that used {or the rabbit thresholds.

The average transmission for the rabbit eye was assumed to be
0.89 in performing the calcalations of retin»l irradiance throughout the
rabbit study. The transmittance value was based on work by Geeraets,

et al..,4 who measured the total transmicssion of the eye, Later work by -
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Figure 11. Comparison of rabbit and primate burn thresholds for
0.26 and 0, 25 mm image diameters respectively. The
primate data have been recalculated to represent the
5 minute burn criterion.
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Boettner5 provided spectral transmission values for the direct image,
On the basis of his work, an average transmittance of 0, 59 for the xenon
source of the Zeiss was adopted for the primate study. The rabbit data
plotted in Figure 11 refers to a transmittance of 0, 89 because this is the

value used in all previcus rabbit studies,

4,1 Beam Distribution for Zeiss Photocoagulator

A surprising inversion is apparent in the threshold data listed
in Table V. The calculations of the retinal irradiance are based on the
assumption of uniform beam distribution across the irradiated area.

In fact, the entire calibration procedure is also based on the same
assumption, Photographs of the beam for various expOSing‘ conditlions
were made with a 135 mm lens on a 35 mm camera to determine the
degree of uniformity of the beam. The image on the film was a faithful
reproduction of the intensity distribution at the plane of the field size
cone and similar to that formed on the retina by the eye, The major
differences in the two cases are: (1) the film image was more than 10
times larger than the retinal image due to the long focal length of the

camera lens, and (2) the camera lens focuses all wavelengths in nearly

the same plane, whereas there is strong longitudinal chromatic aberration

in the eye,.

The pictures were exposed through a series of neutral density
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filters, each photographic exposure was reduced by an increment of 0. 1

density from the previous exposure, The roll of film was developed

under controlled conditions to insure uniform development, The film
was then contact-printed onto high contrast Kodalith film under carefully ¥
controlled exposure and development conditions to produce iso-~density

contour pictures, The extent of the area within the iso-density contours

was measured and the relative intensity level calculated from the exposure

data, The resunlting beam distributions are shown in Figure 12 for the N

3° cone size for steady state and pulsed operation. The relative intensities :
shown on the figure have been found by normalizing to the same average

total irradiance,

The marked lack of uniformity in the pulsed condition as com-
pared with the steady state condition provides possible explanation for
the apparent inconsistencies in the threshold data, The calibration of
the monitoring photodiode is performed by comparing its response for
the steady state beamn against a calibrated thermopile placed at the
center of the beam, The monitoring photodiode receives light scattered
within the lens mount tube and hence measures the average beam
jrradiance. The beam distributions shown in Figure 12 show that the
central portion of the 3° beam has nearly the same central intensity

for the same average value (as read by the monitoring photodiode) for
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both the pulsed and steady state cenditions. However, the distribution

is much more uniform: for the steady state than for the pulsed condition,

Inspection of the data in Table V shows that the threshold irradiances
for the long pulses increases as the image diameters decrease, A nearly
uniform beam distribution insures that the cross calibration of the
photodiode with the thermopile will provide accurate values of the irra-
diance for each cone size, A non-uniform distribution such as is obtained
in the short pulses, will cause the photodiode calibration to vary as
different portions of the beam are sampled with the various cone sizes,
The dotted circles in Figure 12 show the portion of the beams that were
sampled for calibration and for actual exposures for the 1° (0. 25 mm)
image diameter., The heam distril?ution is dependent upon the distance
beiween the elecirodes of the xenon arc for any pulse duration. In
making the animal exposures, the electrodes are positioned to provide
the most uniform steady state beam for 6°, and are repositioned for

beam uniformity for the 3° cone when images smaller than 6% are used.
5. APPEARANCE OF THE BURN LESIONS AT
VARIQOUS TIMES FOLLOWING THE EXPOSURES

A few monkeys that had received extramacular 5 minute burn

exposures were kept for a period of a year providing information on the

i
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appearance of the burned area over a long period of time. Some of the

animals were §acriﬁced at the end of one year and histological sections
of the irradiated area of the eye were prepared, Figure 13 shows a
photomicrograph of such a section. The burn and no-burn areas of
irradiation were viewed with an ophthalmoscope and photographed with
a Polaroid camera, The same areas were localized in the formalin
fixed excised E};"e with the aid of a dissecting microscope. Tissue blocks
were cut to include the irradiated areas, Routine 8 micron parafin sec-
tions were cut and stained with hematoxylin and esosin.t Dr, Philip S.
Coogan of the School of Aerospace Medicine examined the sections and
described the pathology of the retinal lesions observed, The irradiated
area that had developed into a lesion in 5 minutes showed the same
pathological changes as an area that had received 10% lower irradiance
and had not produced a visible lesion in 5 minutes, Figure 13 shows the
typical appearance of the retinal defect. The primary histological
characteristic of the lesion is the total absence of the outer segments
and their nuclei; the outer nuclear layer. In the sections through the
largest diameter of the lesion, the inner limiting membrane exhibits

a central disruption that is an artifact. The extent of the lesion in the

outer plexiform layer is difficult to assess and no definite changes ave

TWe wish to express our appreciation to M/Sgt. Vasys for the exiremecly
skillful performance of the tissue processing,
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observed in the inner nuclear and superior layers of the retina, The
second histological characteristic of the lesion occurs in the retinal
pigment epithelium, A portion of the pigment epithelium immediately
beneath the retinal defect contains a marked increase in the number of
pigment granules, On either side of this hyperpigmented region is an
area of hypopigmentation, Ophthalmosco;;ically the lesions are observed
as concentric light and dark rings, but as yet, the variations in pigment
density in the pigment epithelium cannot be correlated with funduscopic
observation;. Although in the hyperpipmented areas the pigment granules
appear abnormally large and spherical, the cells of pigment epithelium

do not appear to be damaged.

On ophthalmoscopic examination immediately after exposure, the
5 minute burn appears bleached and mottled ir; the irradiated area,
Five minutes later, according to the definition of the 5 minute burn, a
white area appears and the area of white is sharply defined and rarely
larger than the area irradiated. The white area often seems to develop
frorn a central coalescing of small spots of bleaching or mottling. At
the end of 5 hours, the eﬁtire irradiated area is white and the lesion
appears to grow larger than the irradiated area; however, the edge is .
more diffuse than at the 5 minute period, A faint halo is seen surround-

ing the lesion. Twenty-four hours later, a ring formation has developed
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in the form of faint concentric rings, The white area turns to a dull
gray, and there is still a faint halo present surrounded by a well-defined
outer dark ring, At the end of two months, the outer ring is well-
defined, the white area has become very dull gray, the halo usually has
disappeared, and often, three or four rings are seen concentrically
placed within the irradiated area. At the end of one year, there is a
definite set of concentric light and dark rings with a well-defined center,

and the total area involved seems to be larger even than at two months,

The appearance of the 5 hour burn is entirely different from the
5 minute burn, There is no change immediately, in fact, the fundus photo-
graphs are required &s a map in order to find the irradiated area. There
is still no visible change at the end of 5 minutes, At the end of 5 hours,
however, a white center appears and is always much smaller than the
irradiated area, but is very well-defined, There secems to be a small
faint halo around the lesion but the total area of the lesion and the halo
is less than the irradiated area., At the end of 24 hours, the white lesion
is dull gray in color, and is surrounded by a darker ring. The faint
halo is still usually seen. At the end of 2 months, there are no longer
any well-defined‘rings. The center white area becomes a reddish-brown
color. No animals have been examined as long as a year after a 5 hour

burn,
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5.1 Histopathology of Retinal Burns

Through the generous cooperation of Dr. Philip S. Coogan of the
School of Aerospace Medicine, histological sections of irradiated retinal
areas were prepared. Dr. Coogan examined the sections and described
the pathology of the ret;nal lesions observed, His report is reproduced
in the following Sections 5.1, 1 and 5,1, 2. This histological study was
made possible iay improvisations in tissue preparation and sectioning
procedures, ©5Staff Sargeant Fred Morris, SMBC, was in large part,
responsible for these improvisations, Mr, Orville V, Ande;'son, SMSP,

took the photographs.

8.1, 1 Acute Retinal Burns

The retinal burns are sharply circumscribed bands of
necrosis and/or e_dema involving the receptor cells, pigment epithelium
and underlying choroid (Figure 14}, Protein rich edema fluid mixed
with fibrin is present within the band of necrosis and, at times, extends
beyond, especially along the planes of the outer plexiform layer and the
junction of the outer segments with the pigment epithelium, The nuclei
of the rods and cones in the outer nuclear layer are pyknotic and frag-

mented, The external limiting membrane is not detected in the band of

necrosis, The inner segments of the rods and cones are enlarged, foamy,

e e B et

e ey

irregular in outline and pale staining, The outer segments l
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are more separated from one another than normal by edema fluid, The

outer segments are thickened and the lamellae clumped, creating the
appearance of a stack of discs, The coagulated pigment epithelium cells
are shrunken, having clumped dark cytoplasm and small, homogeneous,
pale nuclei, In the more central portions of the coagulated pigment
epithelium, the cells remain intact and attached to Bruch's membrane.
At the lateral -margins, the pigment epithelial cells fragment and are
displaced forward by edema fluid, This fluid often disrupts the junction
between apparently normal outer segments and pigment epithelial cells
at the margin of the burn, In the center of the burn, the spindle shaped
pigment granules appear normal and are not displaced, but as the
pigment epithelim‘r.l fragments at the burn margins, they lose their
palisaded orientation and are randomly scattered in the necrotic debris,
Bruch's membrane remains intact, The choriocapillaris beneath the
necrotic pigment epithelium is occluded by both swollen endothelial

cells and thrombus. Often the thromboses extend into large

veins., The choroid beneath the burn is edematous., In the outer plexiform

layer, axons of the necrotic rods and cones undergo degeneration. This

degeneration is evidenced by interstitial edema, swelling, vesiculation

and hyperchromasia of axons, rod terminal knobs and cone foot processes.

Since the axons often course oblique to the axis of the rods and cones

for a considerable distance, the necrosis and edema extend beyond the
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the area of thermal coagulation. This should be clearly understood, or
one could misinterpret the area of therinal coagulation and the most
sensitive portion of the receptor-epithelial cell complex, No necrosis
or edema is noted in the inner portion of the outer plexiform layer
comprised of the processes of the horizontal cells and fibers of Muller,

The inner nuclear layer and all layers inner to it appear normal,

Measurements at the maximum diameter of the 30(720p)burns produced
2
by 9.6 cal/em-sec, 100 msec exposures, are as follows: necrosis of
the outer nuclear layer, 600u; edema, 650 i occlusion of choriocapillaris,

560 W

Measurements at the maximum diameter of the 3° burns produced
2 .
by exposures of 8,3 cal/ecm-sec for 100 msec, are as follows: necrosis
of the outer nuclear layer, 4 |1; edema, 450u; occlusion of the chorio-

capillaris, 340y,

A few sections of one 3° burn was examined which resulted from
2 . . -
an exposure of 6,1 cal/cm=-sec for 100 msec. Material was insufficient
to determine if the sections examined were from the maximum diameter
of the burn, The necrosis of the outer nuclear layer measured 170
and the edema 380 . No occlusion of the choriocapillaris was noted,
The average threshold irradiance for a 3%, 100 msec exposure is 7.8

cal/cmz- sec based on the appearance of a visible lesion in 5 hours.
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The histological examination shows that there is a similar pathology,
though smaller in area, for exposurss to irradiance levels only 80% of

the threshold level,

5.1,2 Healed Retinal Burns
Two months after exposure, a primate was sacrificed

and histological sections of the irradiated areas were prepared. Three
old 3° burns were examined. The burns resulted from 100 msec exposures
of 3.6, 8.3 and 6,1 cal/cmz—sec. Figure 15 shows the section
through the 8. 3 cal/cmz-sec: exposure, The burn consists of a central
defect of receptor cells and a larger area of retinal epithelial depigmen-
tation, No damage can be demonstrated in the outer portion of the outer
plexiform layer, In general, the receptor defect is truncate, with its
wider base at the junétion of the outer segments and the pigment epithelium,
and its narrower base at the junction of the inner and outer portions of
the outer plexiform layer. The retinal defect at the top measured
approximately 2/3 of the base at the center of the healed burn, However,
in larger ""marker" burns, scarring extends into the inner nuclear layer.
The receptor defect between the outer limiting membrane and the inner
portion of the outer nuclear layer is filled with acellular, fibrillar scar
which appears glial in origin (Figure 16), The defect between the outer

limiting membrane and the pigment epithelium contains hMuller's fibers
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projecting from the outer limiting membrane and microvilli from the
pigment epithelium. These two types of processes intertwine in some
areas, No change was noted in the Muller cell nuclei. Scattered within
the receptor defect are macrophages filled with fusiform pigment granules,
This is the pigment from the microvilli of the pigment epithelium and

is well preserved in the macrophages which suggests that it is resistant
to digestion by these cells., There are also pigment laden macrophages
around retinal vessels inner to the receptor defect. Presumably, these
cells phagocytized the pigment while within the burn and migrated to
surround the retinal vessels. The pigment epithelium beneath the recep-
tor defect has nuclei which are normal in size, appearance and location,
There is a substantial loss of spindle pigment from the microvilli. In
the apical cytoplasm are a few la.rge spherical pigment granules. The
lipofuschin pigment is substantially reduced. A few cells are noted to
have large amounts of pigment clumped in the basal portions of their
cytoplasm, Bruch's membrane beneath the receptor defect has only a
minimal increase in collagen fibers, The choriocapillaris is unremark-
able as is the deeper portion of choroid, The receptors continguous

to the receptor defect are depleted and those present are abnormal,
Because of the decreased population, the interstitium between the outer
segments is conspicuous, Their nuclei are outside of the outer limiting

membrane and their outer scgments are hypertrophied and often appear
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fused to contiguous receptors. Their outer segments are widened and
composed of central vacucles separated from one another by dark staining

discs.

Measurements could not be made at the greatest diameter of
the lesion produced by the 9,6 cal/cm2~sec, 100 msec exposure. The
measurements at approximately the greatest diameter of a step-section
sampling of the lesion produced by a 8, 3 cal/cmz-sec, 100 msec
exposure, are as follows: receptor cell defect at the level of the outer

limiting membrane is 230, depigmented retinal epithelium, 650,

The lesion produced by 6,1 cal/cmz—sec, 100 msec exposure,
is different from the two lesions produced by higher dose exposures
in that it has no receptor cell def;:ctvper se (Figures 17 and 18}, There is a
depletion of receptor cells in the center of the exposcd area, but no
cavity is formed. The receptor cells in this area have changes identical
to those seen at the margins of the lesions produced by higher dose

exposures. The greatest diameter of the depigmented epithelium 1is

150 u,

5.1.3 Abbreviations used in labeling the illustrations:
nerve fiber layer nf inner segment is
ganglion g outer sepgment os

{continued)
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inner plexiform layer ip pigment epithelium pe

inner nuclear layer in Bruch's membrane Bm
outer plexiform layer op choriocapillaris cc
outer nuclear layer on choroid ch
outer limiting olm sclera s¢
membrane
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I, MODIFICATION OF THE ZEISS PHOTOCOAGUIT.ATOR

TO PRODUCE SIMULATED NUCLEAR DETONATIONS |
by

Neorma D. Miller, Kenneth R, Kay, and

Charles E. Bryson, III

1. INTRODUCTION

Almost all retinal burn thresheld determinations have been made

with square pulses of light. Since the maximum retinal temperature is

a function of the exposure history and not of the total Or' it is desirable

to investigate the burn threshold for simulated nuclear detonatiohs., A

tight source system has been constructed to produce a double pulse of

light which closely simulates the retinal irradiance time course, and

image sizes experienced with nuclear detonations. Two sources are
optically coupled for the simulation and profiles comparable to detona- ;

tionsg in the range from 10 Kt to 1 Mt can be realized.

2, SIMULATION GUIDELINES

When it becomes desirable or necessary to simulate 2 phenomenon
of the physical world in the laboratory, a 1ew points of guidance should

always be considered:

A. Determine the basic guestions or problems associated with
L]

the phenomenon that warranted the attention. LtCol Diw Serrn
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B. Determine as many properties as possible of the real world
phenomenon.

C. Then decide from a need to know basis which of the physical
properties is the most important in reiaticn to the questions
or problems that warranted the attention to the phenomenon.

D. Once the decision in C. has been made, it should then be
decided which of the relative properties can be realistically
and feasibly simulated - not necessarily duplicated - in the
laboratory and provide answers for the questions asked

about the phenomenon.

These guidelines were applied to the problem of providing a nuclear
detonation §imulator that could be used for the determination of retinal
burn thresholds. The properties of time dependent scurce radiant
emittance profiles, (see Figure 19} and fireball diameters emerged as
the basis for the experimental guidelines. These experimental guidelines
would be manifested in simulation by time dependent irradiance profiles
and retinal image diameters, Once retinal burn data and irradiance and
image histories are determined in the laboratory, predictions can be
made with the temperature model concerning the effects of exposure to

the real worid phenomena of nuclear detonations.
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3. APPARATUS

A modified Zeiss photocoagulator provid:es the first, rapid pulse
af the double pulse simulation, and a Schoe££e1 2500 watt xenon arc systemn
is used for the slow second pulse. (A biock diagram of the system is
shown in Figure 20), The modified Zeiss source is a Meyer Schwickerath
photocoagulator that has been extensively altered under previous contracts,
The instrument is described in detail in previous reports.l_3 The modi-
fications permit reliable pulsed operation of the source by means of

power supplied either by aircraft hatteries or by a bank of capacitors.

3.1 Optical System

A schematic diagram of the optical system is shown in Figure
21. Light from the Zeiss photoco;lgulator arc 2 is reflected from the
concave mirror 1 back in the plane of the arc. The condenser lens 5
images the arc onto the image field diaphragm 9, The iris diaphragm

7 is used to control the attenuation of light in the image at 9.

Three mm thick KG-3 filters are inserted at 6 and 13 to remove
the infrared portion of the beams above approximately 800 millimicrons,
The arc image in the field diaphragm is at the focal point of the objective
lens 10, and the parallel rays emerging from 10 are brought to a focus
on the retina by the animal's eye. Lens 10 also produces a reduced

image of the condenser lens 5 at the plane of the animal's entrance pupil,
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The Schoeffel arc source 17 is imaged by a similar condenser lens

system 14 onto the image field disphragm after reflection from the

mirrer 19, which is swung into place at the end of the first pulse,

3.2 The First Pulse Irradiance Profile

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

CENIOIN b il f bt VhEk g

detonation is ab_out 7.5 msec and about 75 msec for the I MT detonation,

For simulation of the 10 KT first pulse, the Zeiss photocoagulator is

operated on the capacitor bank, The SCR solid state switches™ are

used to initiate the discharge, and the time constants of the system

-t
results in an f(e ) decay of the gas discharge, The rise to peak radiance

requires approximately 300 sec, The discharge time constant (to /e

LALLM LU B3 7 1 1L F N qeeeqt

This provides accurate simulation of the first pulse

INTURT

of peak) is 6 msec.

irradiance profile, The mirror, 19, is swung intc the beam to reflect

the light for the second pulse at about 6 msec, §

The first pulse of the 1 MT simulation is accomplished by operating
the Zeiss photocoagulator on batteries, The photocoagulator is operated

in the normal manner for a 100 msec pulsewidth, A light activated

SCR is mounted behind a beam splitter in the barrel of the photocoagulator,

The signal from the SCR passes through a delay line and activates a

stepping motor which swings the mirror 19, into position for the second
!

pulse. As the mirror swings into position, it blocks the light from the

R
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e osource, cuntroiling the duration of the first pulse,

.3 The Second Pulse Irradiance Profile

The xenon lamp in the second source is operated by a Schoeffe!
ower supply which is variable up to 200 amps at 40volts, The average
rightness of the arc over an area 3 x 6 mm at maximum power is 250
andles/mma. The second pulse is shaped by a novel electromechanical
levice (see Figure 20). One shaft of a high speed motor is coupled to

.he kneb of an integrated circuit speed controller, In operating the pulse

shaper, the no tor speed is set to a predetermined level by the speed

controller before starting the motor. As the motor turns, the shaft

drives the knob of the speed controller, increasing the speed of the motor,

The same rotational speed wave form is produced in the opposite or falling

direction by reversing the direction of rotation of the knob through a
limit switch. The resultis a rise and fall in motor speed which is

-t
propertional to fle ).

The second shaft of the variable spced motor is coupied to the

current control knob of the Schoeffel power supply through a gear box

providing 1:1 and 1:4 gear ratios. Before starting the motor, the power
supply current is set to a minimum. During the sccond pulse shaping
cycle, the supply current rises o 200 amps before hitting the limit

switch-microswitch reverse circuit, The 1:4 gear ratic is used for
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simulating the cne mega'ton detonation and the 1:1 provides good simuwlation
of the ten kiloton detonation, Due to the rapidly increasing rate of change
of the motor speed, the current control knob is driven at a continuously
ingreasing rate during the; rising portion of the waveform, The resulting
irradiance profile is similar in shape to the actual detonation profile,
After the limit switch reverses the circuit, the control knob is turned

at a continuously decreasing rate providing a f{e ) fall off in irradiance,

3.4 The Variation in Retinal Image Size

The image size is varied by a system rather similar to the pulse

shaping system, A miniature iris diaphragm 9 (Figure 2]), controls the

retinal image diameter, The iris diaphragm can be varied from 1 to 9

mm in diameter. In operation, one shaft of a motor is coupled to the

knob of its integrated circuit speed controller and the other shaft to the

iris diaphragm control ring {see Figure 20). As the rate of change of

the motor speed is increased, the iris diaphragm opens at an increasingly

rapid rate. The result is a variation in image size that simulates the

rate of growth of the fireball {rom a nuclear detonation.

At the end of the travel of the iris control ring, a limit switch

closes a circuit which resets the diaphragm to minimum size. For the

one megaton simulation, the motor is started at a fairly low speed, and

as a result, the time to fully open the iris diaphragm is about 10 seconds,
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This can be reduced to the order of one second for the 10 kileton simula-

tion by starting the motor at a higher speed,

4, SUMMARY

The retinal irradiance profile and the image diameter profile
produced by the simulator are shown in Figure 22, The pictures are
tracings of Polaroid photographs of a CRT record of the exposures, The
two traces in the upper picture represent the time history of the retinal
irradiance as recorded by a photodiode placed at the exit pupil of the
apparatus. During the exposure, the field diaphragm was kept constant
in size. The upper trace was reco-rded at a sweep rate of 1,0 sec/division
and corresponds closely to the actual radiant emittance profile for a 1
MT detonation as shown in Figure 19, The lower trace shows the same
exposure conditions but recorded at a sweep rate of 0, 2 sec/division
in order to examine the leading edge of the second pulse in greater
detail. The first pulse shows only as a small pip at the beginning of the

two traces,

The lower picture of Figure 22 shows the form of the image
diameter profile for the 1 MT detonation, The CRT trace was prodaced
by a photodiode placed to receive a strip of light across the maximum

diameter of the beam as the field diaphragm wvas driven by the system
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Upper trace - 1.0 sec/division, lower "
trace - 0,2 sec/division,
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Horizontal sweep - 0.5 sec/division

Figure 22, Oscilloscope traces showing the retinal irradiance '
profile (upper picture) and image diameter profile
(lower picture) produced by the 1 MT simulation.
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described in Scction 3.+, The beam was maintained at constant intensity
during the exposure, The horizontal sweep rate was 0.5 sec/division,

In the actual 1 MT nuclear detonation that was adopted for simulation

[T

the fire ball diameter reached 85% of its rmaximum size in approximately
1 sec. The recorded image diameter profile is an excellent simulation

of the actual detonation conditions,
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IV. FLASHBLINDNESS RECOVERY TIMES FOR HUMAN SUBJECTS

by

Norria D, Miller and William H. Bowie

I. INTRODUCTION

A considerable amount of work has been accomplished in the
past few years in measuring flashblindness recovery times for human
subjects, 1-6 In general, however, the recovery targets have been
acuity letters or gratings, and the results are not directly applicable
to the operational situation. In order to predict flashblindness recovery
times for pilots who may be subjected to nuclear detonations, itis
necessary to know the effect of the size of the flash field on recovery.
Research-was performed under this contract to determine the effect
of the flash field size on the recovery for various target configurations,
and to determine the course of recovery for target configurations that

more nearly match the primary flight instruments,

The subjects participating in the experimenis were college students
and all were screened with simple acuity tests to insure that they fell
within the no.mal range of visual performance. The flashblindness
apparatus was built by the Life Sciences Division under a previous con-

7o :
tract with the Air Force, and is fully described elsewhere. The primary
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aim of the investigation was to determine flashblindness Tecovery times

for conditions similar to operational situations,

2, APPARATUS

A schematic diagram of the optical system for the flashblindness
apparatus is shown in Figure 23. The xenon flashlamp is focused in
the plane of the subject's pupil to provide a Maxwellian view system for
the flash field. The recovery target is presented at the center of the
flash field stop by means of its optical systern, shown at the left of the
schematic. The flashlamp provides a rise time to peak radiance of about
600 microseconds, with a relatively flat radiance profile for the next
500 microseconds, and then an ex‘ponential decay of several milliseconds
to the 10 percent power point., A shutter was interposed in the flashlamp
optical system in order to chop a controlled trapezoidal waveform out
of the flash discharge. The shutter is a radially slotted disc driven at
a high speed of rotation in the flash beam. An additional slot is provided
at a different radial position for triggering the flash tube in synchroniza-
tion with the rotating shutter. A small focused light spot is transmitted
by the second slot and strikes a photo SCR. A reset switch starts the
motor drive for the disc and turns on the light exposing the SCR. A

switch closes the SCR power supply circuit providing trigger voltage for
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the flash source. The flash passes through the shutter slot when the

dihe Fos

flash discharge has reached its maximum radiance, When the SCR
triggers the flash, a relay opens, stopping the motor drive, and extin-

guishing the light source. The resulting pulse has a duration of 0. 6

AN

msec at the 507 power points, The apparatus was modified, as shown

B e

in Figure 24, to provide a means of measuring the equivalent background

luminance for each of the targets used in the recovery time rmeasure-

ments. A tungsten field lamp was focused by means of a Maxwellian

view system on the subject's pupil in order to provide a continuously

) | FTTTTTITOTARE & e

illuminated field of variable angular subtense. The visual task was
presented in the center of the field stop by means of a beam splitter.

A pair of crossed circular neutral density wedges were placed in the

field lamp optical system to provide continuously controlled attenuation

of the veiling field.

The subject sees a bright field of 8° subtense with a still brighter
J g g

ETNTu T AR ENEREI DI PTIN I (H

recovery ratget in the center of the field. Rotation of the circular

MRS ENEIN

neutral density filters is controlled by a rocker switch, which the subject

P

operates with his right hand. He is therefore able to decrease or increase

the lurminance of the 8% field to such a level that the target is at detection

threshold. “/hen the background is at just threshold level for the task,
the subject presses a button, and a new visual task is brought into the

center of the ficld at a lower luminance, The subject again adjusts the
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X
neutral wedges for threshold of the new target configuration. The 23
wedges are calibrated against a voltage readout controlled by a poten- =
tiometer mounted on cne of the gearbox shafts. ;;_

SINE

H
i

3, CALIBRATION.

One of the most difficult absolute calibration problems is the

radiometry of a flash source. As a result, it has been relatively

PEVTEH IR |

1
!

—

difficult to compare data issuing from different laboratories, The flash

source used in the flashblindness apparatus was czlibrated by two
completely independent procedures., In one experiment, ’L};e radiance
of the flash tube for narrow wavelength intervals was compared against
a standardized tungsten ribbon filament lamp for the same wavelength

intervals. In the second procedure, the light at the plane of the subject's

entrance pupil was mecasured directly with a calibrated photodiode during

L |.un|mmr'1unt_u:|.u.j_‘uﬂ SR L] GG s g

a single flash, The calibrated photodiode is the same as is used in

calibrating the Zeiss photocoagulator for the animal burn studies,

3.1 Measurement of the Slteradiancy of the Flash Tube

A

Ribbon filament lamps were standardized against 250 watt coiled

filament lamps traceakle.to the National Bureau of Standards. The 250

watt lamps were purchased {rom the Elecirical Testing Laboratories,

and had been previously calibrated for candle power and color temperature —
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as a function of applied voltage. The ribbon filament lamps were

HT

compared with the standard lamps on a Leeds and Northrup 3 meter

photometer bench,

The characteristics of lungsten ribbon filament has been carefully
established in a long series of studies, One‘of the best series of meas~
urement on filament steradiancy as a function eof ecolor temperature
was made by Barnes and Forsythe. 8 In the published work on their

measurements, they neglected to state the wavelength interval used.

W T HHIDIEERS 3T I3

In order to determine this important quantity, their measurements were
compared with calculated values of steradiancy, Planck's l-aw was used
to calculate the values of spectral radiant emittance of black body radia-
tors, and the spectral emissivity values of tungsten from deVos were
used to obtain the spectral steradiance of tungsten for 20000, 22000,
24000, 28000, and 3000°K. Comparison Witi’l Barnes' and Forsythe's

measurements clearly show that their values refer to a 15 nm wavelength

interval.

. : J - . 2
The graphs in Figure 25 show the spectral emittance in watts/cm
radiated in a unit solid angle for a 10 nm wavelength interval for tung-
sien temperatures between 2000°K and 3300°K with wavelength as a

parameter, The dots are the calculated valuecs and the crosses are

the adjusted values from BRBarnes and Forsythe, The reduced . i
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emittance in the longer wavelengths in the measured values is probably
due to absorption by the élass envelope of the ribbon filament lamp.
Figure 26 shows the relationship between the absolute temperature of
the filament and the color temperature. The luminance of the tungsten
filament in c:andles/cma as a function of the color temperature is shown
in Figure 27. The luminance values in Figure 27 were calculated le'om
the spectral steradiancy using the luminosity factors for the 1931 CIE
Standard Observer. The equation:

10, 870

2
{ = - —————
log (c/ecm”) = 6.63 “olor temp

yields values within 5% of Barnes' and Forsythe's measurements for

their full range of color temperatures from 2200°K to 3300°K.

The graphs in Figure 25 permit rapid determination of the
absolute ;pectral steradiance of ribbon filaments when the color temperature
is known. Thus, the flash tube was spectrally calibrated against a standard
ribbon filament lamp operated at 18,0 amps. The lamip was compared
with the laboratory color temperature standard lamp and was found to
have a color temperature of 2950°K when operated at 18 anips. The
light from the standard lamp was passed through a B and L grating
monochromator and a photodiode was placed at the exit slit of the
monochromator. The voltage across the load resistor in the photodiode

circuit was fed ints a Teltronix 531 A oscilloscope. The CRT trace
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was photographcd for each 10 nin wavelength interval! from 420-720 nm,
The bandpass of the monochromator was 5,6 nm (at the 507 points),
The flash tube was imaged at the samec position that the standard fila- i
ment had occupied and the same wavelength intervals were used for
measurernent of the photodiode signal. The ratio of the photodiode signal

from xenon to that from tungsten were used with the values from Figure

25 to calculate the xenon spectral steradiance, o

The comparison with the standard lamp provides a very precise

determination of the reldtive spcctral distribution of the xenon flash

lamp. However, considerable difficulty was experienced in aligning the ' ]
flash tube in precisely the same position as the standard lamp relative

to the entrance slit of the monochromator. An additional procedure was

used to insure thatthe two lamps were compared in such a way as to

provide an absolute calibration, The flash lamp was returned to the oo

fla shblindness apparatus and positioned so that the brightest portion of
one turn of the helix was focused on the aperture adjacent to the shutter
{(Figure 23). The photodiode was placed against the aperture, blocking
all ambient light from its surface and the flash tube was fired through a
600 nm interference and a 3, 0 neutral density filter, The standard
lamp was mounted to one side and a first surface mirror was positioned

so that the image of the filament was formed at the aperture in precisely
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the plane of the image of the fiash tube helix. The photodiode signal was
again recorded for the tungsten through the 600nm f{ilter., From this
compatison, the xcnon was found to be 1410 times brighter than tungsten

o
at 2950 K color temperature {or 600 nm, \

During the experimental sessions, the flash lamp is always used
with a 3-mim thick KG-3 and a Wratten 2B filter to block the infrared =
and ultraviolet spectral regions, The spectral radiance values found
from the comparison with tungsten were multiplied by the filter factors

and the results are shown in the graph of Figure 28. The calculated

luminance (for the 193! Standard Observer) of the flash lampis 1,33 x o

Gt it Bae A

'106 (:Af'c:rn2 through the blocking filters, |

The luminance of the field in a Maxwellian view system is given

|
by the source luminance times the transmittance of the optical system, \ I
The transmittance of the optical system was measured by placing a !
tungsten lamp at the plane of the entrance pupil of the subject's eye
(Figure 23) and measuring the irradiance at the aperture near the shutter
with a photodiode. The photodiode was then moved to the flash lamp sur-
face and the irradiance atl that point recorded. The ratio of the second
measurement to the first is the transmittance of the system from the

flash lamp to the aperture. The flash lamp was replaced by a tungsten

lamp and the transmitiance of the system between the aperture and the eye

o
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Figure 28, Spectral steradiance of the xenon flash

lamp filtered through KG-3 and 2B {ilters.
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was determined in the same manner, The transmitiaence of the complete
system is the producl of the two measured ratios, The total transmittance

2

was 18.5%, giving a flash field luminance of 2, 46 x 105 c/em”,

The tctal integrated energy under the curve of Figure 22 gives
a steradiance at peak discharge of 5350 watts/cmz- sr for the flash tube
filtered through the KG-3 and 2B filters. The irradiance at the cornea
is given by the product of the transmittance of the system and the stera- ! !
diance and the solid angle subtended by the exit pupil of the system at the ( ’ : '
image. For a Maxwellian view system, the solid angle subtended by the !

2 S
exit pupil is given by wsin a, where a is the half angle of the field, For }

s b

an 8° field, the irradiance at the cornea is 15.} watts/crn2 or 3,61 cal/

cIrl - Sec, 1

3.2 Direct Measurement of Irradiance at Cornea

An EGg G SGD-100 photodiode was calibrated against a Barnes

e —————————— A - "

thermopile with light from a xenon are. The calibration of the thermo-
pile was traceable to the National Bureau of Standards., The arc source
was filtered through a 3-mm KG-3 filter so the spectral distribution

closely approximated that of the flash tube in the flashblindness apparatus.

The calibrated photodiode was placed in the center of the flash tube
image formed by the optical system, at the plane of the subject’'s entrance

pupil. The measured irradiance at the peak of the flash tube discharge
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pA
was 3,25 cal/cm - sec for an 80 flash field diameter,

The Maxwellian beam of the flash blindness apparatus is 4 x 4 min

at the plane of the subject's pupil. From the irradiance at the photodiode,
the power entering the eye at the peak of the tube discharge is 0.52 cal/sec |
for an 8° field. A visual angle of 3. 4° corresponds to 1 mm on the retina i
so an 8° circular field covers a retinal area of 0, 043 cmz. Assuming a
transmittance of 0,59 for the ocular media of the eye, the retinal irra-

diance at the peak of the flash is 7.1 cal/cm?'- sec.

3.3 Calibration of Flash Duration

The speed of the rotating shutter disc was measured with a
General Radio strobotac and found to be 1742 rpm, The disc diameter
was 23,0 cm at the center of the radial exposure slot, The slot was

1.2 cm long at the center, The source aperture, in close proximity

to the disc, is 4 mum wide. The linear velocity of the center of the slot,
given by the speed of rotation of the disc and the diameter, is 2.1 x 104
mm/sec. The rise time of the flash is therefore 190 psec and the shutter

is completely open for 380 ysec, This provides an equivalent square

pulse of 570usec,

The caleulations of pulsewidth were checked by direct measure-

ment from a CRT trace for a photodiode placed at the source aperture.

The CRT trace is reproduced in Figure 29.
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3.4 Calibration of Flecovery Target Luminances

A Pritchard Spectra photometer was used for measuring the
recovery target luminances. The Pritchard has a telescope optfical
system and the emerging beam from the flashblindness apparatus has a
smaller diameter than the telescope objective. A calibration curve was
constructed for the Pritchard for different aperture sizes by recording
the readout for a known field luminance when different sizes of annular |

stops were placed over the objective. The true luminance value could

then be found when the diameter of the beam entering the Pritchard was

ANOWI, |

In measuring the target luminances, the photometer objective

e

lens was placed at the plane of the subject's entrance pupil. The beam

—— -
—— -

jiameter was measured and a field stop mirror was selected for the

3 —

shotometer to insure that the measurement was made at the desired
sosition in the terget, The grating target lines subtended such a small
sngle that the average luminance over a 15' area was measured rather than
the bright line, For the photograph of the artificial horizon, the lumin-
ance measurement reflects the luminance of the bright wing configuration,

which was large cnough to cover the &' field stop of the photometer.
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4. ENPEXDMENTAL PHSULTS

Sloan-Snetllen letters and gratings were used for recovery targets

‘der to compare the results of the curven’ rc carch - ith previpgusly

-shed work frora other laboratories. Pholographs of an actual

ument panel artificial horizon were used in the latter portion of

-tudy for the recovery target. The use of the photograph allawed
-vestigation of the critical size of the flash field in terms of a realistic

ational situation.

Effect of Flash Field Size on Recoery Times using Sloan- Snellen
Letters.

Five subjects participated in an experiment to determine recovery
s for Sloan-Snellen letters subtending 19 min of arc visual angle for
us sizes of centvally fixated flash fields. The range of angular sub-

. 0 o : :
of the circular fields was 0.5 to 10 . The retinal luminous energy

7 2
flashes was 2.3 x 10 {d: scc {7.5 cal/em scc at the retina) for

flash. The mecan recovery times [or all subjects for each {iash ficld
>ter is shown in Tahle VII, The mean recovery times for cach sub-
or a number of replications are listed in Tables B-1 -~ B-VII in

wdix B.

The mcan recovery times for all subjects are shown in Figure 30
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Table V11, Mean recovery times in seconds of 5 subjects using
. . 7

19" Sloan-Sacllen leticre following 2,3 x 10 td- sec

flashes of varying angular sublense,

ilec}l) Letter Luminance (mL)

grees) | 38,0 .5 3.8 0.76 0.38 ¢.12 0.076 0. 06
1, 5° 2.52 | 4.42| 6.20] 8.18 10.88 { 14,22 ] 18,38 21,50
0° 3,22 | 5.18| 7.23| 9.18 11.18 H14.13 17.9 20.9

© 5,24 521 11. TO‘TE;. 76 24. 10 ——40. 26 | 58.56 69. 24
© 5.78 | 8.54 | 10.28]15.82 25.40 | 10.24 | 60,82 73,46
© 5.70 | 7.96 | 10.20{15,98 29.20 | 55.44 | 68.08 78, 32
° 6.66 | 8.50 | 11.38116.36 25.06 | 47.86 | 65.32 79. 78
’ 6. 88 70 ] 10.51]19.58 27.141 42,10 | 63.10 77,28
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o o
for the 0.5, 2.0 and 10. 0° flash fields. The curve for (he 0, 5° flash
field indicates the sigrnificant decrease in recovery time for the smaller

afterimage, but the data for the 2° to 10° ficlds show no praclical

differcnce in recovery,

4.2 Recovery Times uzing a Grating Test Object and Various Flash Field
Sizes

The effect of flash field size on the recovery times for a
grating target with a period of 1'30" visual angle was tested on five subjects
The visual acuity required for the fine test grating was 2 more demanding
task than that for the Sloan-Snellen letters. This fact resulted in longer
recovery times for the same luminance of the bright lines’compared with
the letters, The mean recovery times for the five subjects are listed
in Table VIII, for a 2° and 4° field, There is no significant difference

in recovery times for the two flash fields. This clearly indicates that

once the foveal arca is flashed, the gratings can not be scen by the para-

foveal retina because it does not possess this degree of visual acuity.

A second experiment was performed by four of the same
. : : . o
group of subjects to determine recovery times for flash fields from 0.5
o : . - .
to 107 . Their mean rccovery times for several replications are listed
in Table I7J "o sevet fi2ld sizes., There is a marked change in recovery

4

between the 10 and the 20 field size. The results of the orating and
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Table V1II, Mean recovery times in scconds of 5
subjects for a grating test objectt for a
20 and 4° {lash field size. All flashes

-

were 2.7 x 137d . sec.

Average grating

luminance (mL) 2° Field 4°Fiela
778 4,12 5,00
75,5 8. 16 7.79
- 13,8 ’ 15.02 12.09
8. 64 16. 92 15, 38
6. 48 19,82 19, 08
2.16 25. 41 25,96
1.38 32,51 32.17
1,06 34, 64 37.15
0.54 42.51 45.59
0. 35 52, 75 52. 50

t The spacing between the lines of the grating subtended
1'30"" of visual angle,

2
N

%
N ,Cﬁ%
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Table 1X, AMean recovery in seconds for a grating fest object +
for various flash ficld ~izes, The average grating
hwninance wase 4, 1 mL and all flashes were 2.7 x
10td - sec.

Flash Field Diameter

Subject 0. 5° 1,0° 20 49 6 g° 10°
GG 11,20 | 10.10 | 21.81 | 19.21 | 17,44 | 18,80 | 25,58
DE 12.85 | 13.30 | 14.88 | 16.75 | 15,12 | 18,16 | 19,54
HG 20,00 | 17.70 | 21.87 | 24.53 | 20.53 | 22,97 | 22.43
JH 10.92 | 11,18 | 16.52 | 19.90 | 16.59 | 17.55 { 19.68

- Mean 13.74 { 13.07 { 18.77 | 20.10 { 17,42 119,37 { 21,8

+ The spacing between the lines of the grating subtended
P g g
1'30'" of visual angle,
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leilter recovery targels are swnmearized in Figure 31,

et

The letter targets
o :
show a clearly marked decrement between 0.5 and 2 with no chunge

o
past 2 for the 9.5 mL targcet and a smaller slope for the 38 mL target

o .
past 2. However, the grating data could be reasonably fitted with a

line indicating a continual increase in recovery time as the field size
increases.

4.3 Recovery Times using a Photegiaph of a 2

rimary Flight Instrurnent

The recovery time data for acuity tarpetls such as letters
and gratings. are usciul in determining some parameters of flashblindness,
but they are not directly applicable to predictions for operational conditions.
A photograph was made of an instrument panel artificial horizon and it

was presented as a recovery target in the flashblindness apparatus,

The photograph was scaled so the visual angle subtended was equivalent
to that subtended by the instrument in actual usec,

The photograph was
iransilluminated and its luminance vwas varied by inserting the usual

filter series in the illuminating heam,

Three subjects participated in an experiment to determine

the effect of flash energy on recovery times for various target luminances
: . O
for the artificial horizon, The flash field diameter was 8,

The mean
recovery times for the three subjects for several replications each are

Yisted in Table X for seven flash energics,

The duration of all flashes
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T,

Table N. Mean recovery times of 3 subjects for a photograph

of an artificial horizon {following 89 flashes of ] s»:
various energy levels, &
i
ash Task Luminance {ml)} igg
‘sec 1.62 | 0.081 | 0.041 | 0.026 {0,016 ] 0,010 | 0.002 A
7
30x 10 1.7 2.8 4,3 5.6 7.8 12,9 23,7
7
15 x 10 1,5 2.4 3.4 4,6 5.9 10, 4 16,5
20x106 1.5 2.3 3.3 4.8 6.1 10.5 13,2
80:{106 1.6 2.2 3,3 4.4 5.4 B.3 11.5
60x106 1.3 2.1 2.9 3.8 4.8 6.4 9,4
30x106 1.05 1.9 2.7 3.6 4.6 5.9 7.4
45){106 1.2 1.8 2.6 3,5 4.4 5.4 7.1
101 L
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~as 0.57 msec, and the flash luminance was decreased by neulral filiers
for the various exposure levels. The targel luminance values refer to
the luminance of the center "wing' configuration and represent approxi-

mately 85% of the cockpit illumination values in foot candles.

The mean recovery times for the three subjects are shown I

as a function of flash exposure in Figure 32 for six levels of target

Juminance, The data points can be fitted with a siraight line on the graphs, i
indicating a power relationship between the recovery time and the flash

exposure, There is a different exponent for the very dim targets. The

detail of the artificial horizon is very grocs compared with the acuity

targets that have been previously used in recovery measurements and

the resulting lower visual performance required is reflected in the short

recovery periods.

5, CONCLUSIONS

The recovery times measurements for operationally signifi-
cant visual targets resulted in much shorter recovery than was predicted
on the basis of acuity targets, For letters and gratings, the flash field

o .
dizmeters mast be less than 27 to effect iny decrease in recovery by

o

[
-

looking arouad e aftevima e, Thrs iz owTarh ot oo the fact that

the acuity required for detection ¢or =1, Lo . ... u ke foveal area,
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For a primary flight instrument, however, the critical task detail can

be observed even in the presence of a very bright afterimage.

The research performed under this contract has clearly shown

the complexities in the problem of predicting flashblindness recovery times

for operational situations, It is unlike the retinal burn problem where
the critical physical effect is that of temperature rise due to varying
amounts of energy and the rate of delivery of the energy. In addition
to these variables, the flashblindness problem is complicated by the
position of the flash on the retina relative to the fovea and by the size

of the critical detail in the visual display,

6. REFERENCES

1. Miller, N, D., '"Visual recovery from brief exposures to high

luminance, " J. Opt. Soc. Am., 55, 1661-1669, 1965,

2. Miller, N,D,, "Positive afterimage as a background luminance, ' J,

Opt. Soc. Am., 56, 1616-1620, 1966,

3. Miller, N, D., "Positive afterimage following brief high intensity

flashes,' J, Opt., Soc., Am., 56, 8§02-806, 1966.

U.S. Naval Zir Development Center, Johnsville, Pa,, for Bureau of

Naval Weapons, 1783,

104

s, Hill, J.H, and G. T. Chisum, "Flashblindness; A problem of adaptation,™

L¥ Col Do /g(oqud
USAF

SH2P1 Necords
Ser ~ /ﬂﬂof

L T - A el el g



. Chisum, G. T., "Intraocular cffecls on flas hblindness, " Aerospace

Medicine, 39, 850-868, 1968,

Chisum, G, T,, and J, H, Hill, "Flashblindness: The eflects of pre-
flash adaptation and pupil size," Aecrospace Medicine, 38, 395-399,

1967,

. Allen, R,G,, JIr., et al,, "Rescarch on Ocular Fffects Produced by
Thermal Radiation" Final report on Contract AF 41{609}-3099 for

USAF School of Aerospace Medicine, July 1967,

Barnes, B, T, and W.E., Forsyihe, "Spectral Radiant Intensities of
Some Tungsten Filament Incandescent Lamps," J, Opt, Soc. Am,

26, 313-315, 1936,

LLC/ Dow st
Usg£

fdm ,&cadté'
Seui A Sl

- eSS



V. MODEL FOR PREDICTION OF RETINAL TEMPERATURES

by
L4
Thomas J, White, Martin A, Mainster,
James H., Tips, and Patrick W. Wilson, Jr,

Of the two approaches suggested in the work statement for develop-

ment of an improved mathematical model for retinal burn prediction,

it was decided that a digital computer solution of the equation of heat
conduction was the only practical approach to a flexible, comprehensive
and accurate description of the thermal injury process, Nevex:theless,
a detailed study was made of several possible analog simulations with
the conclusion that this approach was not economically feasible, The
results of this study were given in an interim report and are also

included as Appendix C to this report,

The digital temperature rise model effort must be regarded as
completely successful. Details of its development and examples of specific
applications have been given in a series of papers submitted for publica-

tion in the open literature. Copies of these papers have been furnished

to the Contract Monitor and to the Contracting Officer. Abstracts of

these papers, journals to which submitted and current publication status
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re given in Appendix D,

Several versions of the digital program have been assembled for

e various computations reported in the papers mentioned above. These

ifferences relate to the size and configuration of the grid, the type of
ource term used, the specification of thermal parameters and the

hysical dimensions of the model. This approach results in a saving of

nachine time by closely matching model complexity with minimum

‘equired output,

The alternating direction implicit difference equations are solved
by an algorithm which requires no more than 4 to 6 milliseconds per time

step per grid point. Thus, calculation of retinal temperature rise history

‘or a nuclear weapon delonation can be made in less than 10 minutes when
iource terms and atmospheric transmissions are precalculated, On

he other hand, versions with reduced grids have been assembled which
~ill calculate source terms and temperature rise in less than 2 minutes,
The addition of air and water mass subroutines will add only a few

seconds to the running time. Experience with use of the program indicates

that it will be best to write as many versions of the source preparation

subroutines as there are different kinds of input data; scaled Dominic

test results, AFWL thcoretical descriptions, black body, etc.

AL Col Drmw Bgsewnt ‘
Usgr |
SH2 Aeconds |
S Jt/dno/

— T -

107



The basic gyid which has been used is shown in Figure 1. Az and Ar

lenote axial and radial @ ¢, "0 7 < reonestively in the uniform mesh

‘egion, Rl and R, are conrstant axial and radial stretcl*ng ratios respec-
2

ively. Distances between adjacent grid points are given by the expressions:

(M,"?_)—‘Ml -i

Az(R ) 0 5 s (M/2)-M, -1

Zipl ~H T\ A7 (M/2)-M, < i5 (M/2)+M -1

i (M/2}-M
/_\.Z(Rlll (M/2)-M, +1 (M/2)+M, < i< M-,
ind

Ar 0sjsN -1

TS 341-N

J J Ar(Ra)J 1 N, == N-L

i+l is the nwnber of grid points on the z axis 2M1+l is the number of
srid points with uniform spacing on the axis, N+1 is the number of grid

;oints on the r axis, and N_+1 is the numher of grid points with uniform

spacing on the r axis.

For problems having cylindrical symmetry, the heat conduction

~quation has the form:

v K av PRI LURN IR T
pe S =y B S KTy S T, (1)
O T or DT ~ or ~ ChoN oz

~here viz, r, t) is temperature, Az, r,t) is source sirength, p(z) is

. . e . . . I |
lensitly, ¢l{z) is specific heat, and K(z) is thermal conduclivity, The
‘ollowing approximations arc employed to obtain the finite difference

representation of cquation (1). For i=1,2,...,M-1and k=0,1,2,...:
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K 3y~ 157 i, T 1Lk
r 93T . = r -, 1,2, 00, M
]:]nl\ ] _]‘II _]"] .
a3 av .
=37 ¥ o7 (i = 0}, (2)
g i,0,k
—é../(-a—v-\ . ex V\lsl’lrL‘_\]!]!L Vi)‘x]\ Visi"lskh‘.
ar . dr.f. 7 . -r -
i,k i T Y1 T SRR -
(‘J:ljz,l..,N"l)
ZKi
~ 2 v Lk Vi, 0, G =0), (3)
r
1
2 /By 2By rVivn gk Vi Lk Vigik T Vi-1,, ke
az‘\ - = - - . - - - \
S U T TR R T O TR I U T B
K -K v -V
i+ 1 i-17"i+1,3,k i-1,3, k"
Zl -zl ’ lzJ __Zl A 3=0,1,2,..,,N),
i+] i-1°7 i+l i-1 -
nd
2p.c
Qv i
pc 3T = [v. « pix - v o] =01,2,...,N), (5)
at i,j,k%—% Atk i,),k+3 i,j,k
here
Atk: tk-l-l - tk

In equations (2)-(5), the indices i, and k are integers which denole
:spectively the axial position of a grid point, the radial position of a
rid point, and the time step, No attempt has been made to select weighting
wctors for equations (2)-(5) in order to account for higher order differences
s the stretched grid. The accuracy of solutions obtained with these

quatlions is already guite adequate for physiological problems, and the
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mall porsible increase in accuracy daes not jusiify the additional

omplexity.

Row half step and colunin half step difference approximations
o the heal conduction equalion are computed by substituting equations (2)-

5) into equation (1).2 For the row halfl step:

-1
E v . - +2p.c. (At . +E
i, 11, 5, ken Uy, 220 K5 ket 3Vie g kel ()
= [K.B. v, | . .. 4K.B, . -1
KB Vi, 51,7558y, 2, 1580, 3%, 100, kP20, 5, kB A5 k)

For the column half stiep:

-1
K.B. .. -[K.B. t2p.c. (Dt .. K B, .
iBJ,lVI,J-l,k-i'l { 1B3,2 plcl(a k) ]vl,_},k‘Fl.* i _],3vi,_‘|+1,k+1 (7)
-1
= - . . E .v. . . 2p. :
[Ei,lvi—],j,k+% B2V et Vi, g, ket Pi®iYi, 5, kel B +Ai,j,k+-12-]'

‘he values of B and E are listed in Table XI,

Equations (&) and (7) must be used with a reasconable set of initial
. . . o
onditions and boundary conditions. It is convenient to select 0 C for
jitial and boundary conditions so that computed temperatures directly

eprescnt the temperature increcase above ambient temperature. The

hange in temperature relative to this choice of initial and boundary
onditions is calculated by solving equations (6} and (7} with the matrix

eduction algorithm given in Table XIL

In computing choriorctinal temperature rises, itis as sumed that
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» irradiance is exponentially aitenuated by tissues v.hich are thermally
mogencous, Since thc-only significant light absorption per unit length
oducing choriorctinal heating occurs in the vetinal pipment epithelium
. E.) ard the choroid, these regions contribute the most significant ?'
at sources., The source regions and the geometry of the problem are g
>wn in Figure 34, Source strengths for the P, E, and choroid are

spectively

Ay = hHO a exp[—o.lz] (P.E.) (8}

A, = hHO e, exp[dl(az—al)— uzz] ) (Choroid), {9}
ere dl is the depth of the P, E,, a, and a, are the abscn:ption coefficients

1 Z

- the P, E, and the choroid respectively, H_ 1s the retinal irradiance

C

(r,z) = (0,0) and h(r) is the radial distribution of retinzl irradiance.

Abscorption ceoefficients in equations (8) and (%) may be expressed

‘he form

a) = -dl_l In [1 - mi} {10}

a, = ¢, m [0 -mna-n7), (11) |

‘re fis the fraction of light entering the P, E, that is abscorbed in l

b the P, E. and the choroid, mi is the fraction of light incident on

P. E. that is absorbed in the P, E,, and d2 is the depth of the choroid, Cl
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Figure 34. Chorioretinal heat scurce.
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Jxperimental data were used to solve equations {10} and (11), and the
bsorption coefficients then used in equalions (8) and {9) to compulte

.ource strengths for the P. E, and choroid.?)' 4

Calculations have been executed assuming thai the thermal proper-
iles of ocular media are approximated by the thermal properties of
- - -1 - - -
water: K = 1.5 x 10 3cal °c : sec cm I, c=1cal °C ! gm 1 and

-3 . . .
2= 1gmcm ~, The chorioretinal therrnal response to the following

radial distributions of retinal irradiance has been examined:

hir) =1 (r < a) ‘l
. {(Uniform}, {12}
hir)=0 (r>a) |, .

g
and
2 2 ) .
h(r) = exp [-r /22 7] ({Gaussian}, (13}
where a and 0 characterize the uniform and Gaussian distributions

respectively. A broad range of image sizes, exposure times and

absorption coefficients has been studied.

No detailed calculation of safe observer distances have as yet
been made with this model using Dominic scaled weapon dat.a. However,
several calculations using averaged values for transmissions and ab-
sorptions and using total power have been made. An example of this

type is shown in Figure 35.
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All aspects of use of the model arc well understuod with two possible
exceplions: the form of the encrgy distribution in the eye for small
image sizes from nuclear sources and the thermal criterion for damage,
The first gquestion will require considerable effort and should be made a
part of future development of the model particularly for application to high
altitude bursts. The evidence regarding the second question seems to
indicate that a simple temperature rise is adcquate, but this is by no
means certain, and until we have adequate understanding of the chemical
processes which occur in the formation of observable burns, the proper

thermal criterion {for time varying sources remains in doubt.
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Table A-I.  Rabbit threshold data for 6.1° beam divergence,
(Calculated 1.07 mm image diameter, )
Animal # Burn/ Retinal Expo:sure Retinal Threshold
No Burn Energy (mj)} Energy - Ug(mj)
9F7L (+) 13 )2
- 11
9F 3L ) 12 u
(-) 5.8
SF3R +) 13 12
(-} 11
OHBL {+) 2 11
(-}
OHSR (+) 12 11
(-) 10
9F 7R (+) 3 12
{-) 2
6ULL {(+) 9.3 8.9
(-) 8.5
TISL {+) 8.1 7.9
("} ?l
3TOL (+) B.2 7.7
{(-) 7.2
3TOR (+) 9. 8.7
(-} 8. 2
(+) Burn Average Threshold 10 £ 1.7
{-) No Burn

Y This threshold energy ¢orresponds to an average retinal expesure, Qr, of

0,27 cal;’cmz with o = 0, 0446,
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le A-1I. Rabbit threshold data for 3, 0° heam divergence..
(Calculated 0, 52 mm image diameter, )

Animal # Burn/ Retinel Exposure Retinal Threshold
Neo Burn Energy (mj) Energy - U, (mj)
9T8R {+) 4,0 4,0
- 3.9
ZE1L {+) 5.4 5.2
{-) .0
2ZE1R {+) 4.6 4.3
(-) 4.0
9T4R {+) 4,7 4.7
-) 4,6
9T4L (+) 3.6 3.5
(- 3.4
6U6R {+) 3.9 3.8
- 3.6
6UGL {+)} 3.3 3.2
(-) 3.0
None {+) 2.9 2.9
1-) 2.8
None (+) .0 2.9
- 2.8 :
T16R (+) 1. 8 L7
- 1.6
+) Burn Average Threshold 3,6 2 1,1
-) No Burn

This threshold energy corresponds to an average retinal expesure,
of 0,41 cal/em?

with

z=0,11,
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Table A-III. Primate long pulse threshold data for 5. 08° bearn )
divergence, (Calculated 1,20 mm image diametecr, )
Animal # Burn/ Retinal Exposure Retinal Threshold
No Burn Energy (mj) Energy - UR(mj)
CRZR {+) 3.8 3.6 ok :
- 3' 3 ) E :
CR2L. (+) 3.5 3.4 o
=) 3,2 v )
.' Y
|'|| 5§ 7
CR6R (+) 3.4 3,1 NE
- 3.1 i
‘I L
CR6L (+) 3.5 3.2 WHz
(-) 2.9
11NR (+) 3. 2.8
. - 2. 4
]
1INL (+) 2,7 2,5 |
- 2. 3 ‘ o
{+) Burn Average Threshold 3,1 + 0, ;
{-) No Burn
1 |

This threshold energy corresponds to an average retinal exposure, QR’ of
" 0.066 cal/cm? with ¢ = 0, 0087,
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Table A-IV.Primate threshold data for 2, 5° bearn divergence,
{Calculated 0.59 mm image diameter. )

N [ ,
Animal # Burn/ Retinal Exposure Retinal Threshold , ;
No Burn Energy (mj) Energy - Ug(mj) B
i *
|
O1NL (+) 0,69 0.68 a*
(-} 0.66 N
o
OINR (+) 0.69 0.68 ol §
(-) 0. 66 o §
[ M
.
CROL {+) 0,72 0.69 R
' {-) 0. 66 | g
. -
b
Q3INR {+) 0.75 0.71 | H
(-) 0.66 |
L]
O3NL (+) 0.69 0. 66 r 1.
- 0.63
i i
. |
(+) Burn Average Threshold 0, 68,0 = 0,01 A
{(-) No Burn I
*

This threshold energy corresponds to an average rertinal exposure, QR, of
0.0¢0 cal/cmz_with o= 0.0016,
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Table A-V. PFrimate threshold data for 1. 23° beam divergence,
(Calculated 0. 29 mm image diameter,)
f
Amimal 4 Burn/ Retinal Exposure Retinal Threshold ‘
mmat No Burn Energy (mj) Energy - UR(mj) |
2INR (+) 0.52 Q.48 “ :
("') O. 44 ! 1 H
_ I
21NL (+) 0.41 0.41 T
(-) 0.38 i
23NR (+) . 0,38 0.36 i
(-) 0.34
: I %
23NL (+) 0.36 0,35 L
(-) 0.34 , il
CL4R (+) 0. 55 0.52 Ch
(-) 0. 48 il
Y
CL4L. {+) 0,50 0.48 i3 1
(-) 0. 46 b
(+) Burn ’ Average Threshold 0.43% g=0,070
{-) No Burn ’
N | 3
t | I
This threshold energy corresponds toan average retinal exposure, Qp, of
0.16 cal/cm? withg = 0,025, - '
!
|
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Table A-VI. Frimale Q-switched (1 pulse) threslold data for
1. 2 mim image diameter,

. Burn/ Retinal Exposure Retinal Threshold H
Animal # , .
No Burn Energy (mj) Energy - UR {mj)
OXl1L +) 1.4 1.4
(-) 1.4
OX2R (+) 1.2 0, 85
(=) 0.51
OX2L (+) 0.75 0. 80
(=) 0.85
(+) Burn "~ Average Threshold 1.0
(-} No Burn

Table A-VIlI. Primate Q-switched (4 pulses) threshold data for
1.2 mm image diameter,

imal # Burn/ ; Retinal Exposure Retinal Threshold
mmat § No Burn Energy (mj) Energy - Ui (mj)
JXIR {+) 4 4.4 4,0
(-) 4 3.5
X1L {(+) 4 3.7 3.4
- 4 3.1 o
JX2R (+) 5 3.1 3.0 ;
(-) 5 2.9 \
XeL (+) 6 3.3 3.1 -
{-) 6 2.9 .
}
Burn Averase Threshold 2.4
No Burn
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Table A-VIII, Primate Q-switched (5-8 pulses) threshold data for

remtAd e vl

0,59 mm image diameter,

1N

o g
. , Burn/ Retinal Exposure Retinal Threshold ;
Animal # . - . f
No Burn Energy (mj) Energy - UR {mj) |
OX1L (+) 1,2 1.1 o
{-) 0.95 N
¥
OX1R {+) 1, 7 1.7 b
{-) 1. & o
byt
OX2L {+) 1.3 1.3 ‘ t-"I
(-} 1.3 %
| E%,
{+) Burn Average Threshold 1.4 “F“
{-) No Burn

|
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Table B-1. Mean recovery times 1n seconds for cach
subject for 19' Sloan-8nellen letters following
2.3% 107 td-scc flashes subtending 0. 5°
visual angle,
Task Luminance (L)
Subject 38.0 9.5 3.8 0,76 0. 38 0,122 0.076 0. 0605
-—EG 2,2 5 5.1 6.7 5.3 10, 2 11,7 13,7
TD 1.8 8 5.5 7.5 9.6 11.5 14.5 16. 8
TG 2.9 4.8 6.5 8.6 13.0 8.3 28,6 33.1
L5 3.4 5.7 7.9 10.2 13.7 17.6 21,4 25,7
KM 2.3 4,3 6.0 7.9 9.8 13,5 15,7 18. 2
% 2.52  4.42 6.20 8.18 10.88 14,22 18.38 21.50
Table B-1I. Mean recovery times in seconds for each
subject for 19' Sloan-Snellen letters following
2.3x107 td-sec flashes subtending 1, 0°
visual angle,
Task Luminance (mlL)
Subject 38.0 9.5 3,8 0,76 0,38 0.122 0.076 0. 0605
GG 2.4 4.0 5.5 7.3 9.3 11,4 13.6 15.4
TD 3.6 5.2 7.0 8.6 10,3 12,9 15,4 17.5
LS 4,2 6.2 8.6 10,6 12,9 15,7 18,9 22.2
KM 2.7 5.3 7.8 10,2 12.2 16,5 23,7 28':
X 3,22 5.18 7.23 9,18 11,18 14,13 17.9 20,9
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Table B-II. Mean recovery times in seconds for each
subject for 19" Sloan-8Snecllen letters following ,
2,7x 10" td-sec flashes subtending 29 visual :
angle. 4
F
Task Luminance (ml) i
sbject | 38.0 9.5 3.8 | 0.76 | 0.38 | 0,122 | 0.076 {0.0605 ‘
o
' : J
TD (5) 2.8 4,3 6.3 10,7 13,7 21.9 29.6 35.6 '
3G 01y ] 3.6 7.7 | 12.7 | 19.4 | 33.4 | 57,6 | 85.2 99. 3 0
!
TG (8) 8.3 11,1 15.3 20,6 26.5 52.6 80. 8 94,1
IV {4} 6.2 11. 4 14,1 18,5 25. 4 30.4 45,0 52,7
iM (5) 5.2 8.1 10.1 14,6 21.5 38,8 52,2 64.5
R 5. 24 8,52 11.70 16,76 24,10 40,26 58,52 69. 24 '
Table B -1II. Mean recovéry times in seconds for each :
subject for 19' Sloan-Snellen letters following "
2,7x 101 td-sec flashes subtending 4° visual ]
angle.
:
Task Luminance {(mL) "
B i
ject | 38.0 9.5 3.8 | 0.76 | 0.38 | o0.122 {0.076 | 0.0605 » 3
D (5) 3,5 6.1 7.6 1.2 16,0 29. 2 38, 6 41. 4 J ;
!
3 (12) 4, 8 Gg.1 1.5 18.2 33.1 51.5 85.5 111.1 { {
5(7) | 6.8 9.3 .8 13,5 20, 6 32,4 18,6 63.1 I § f
vi(s) | 7.0 9.3 11. 6 18,8 { 24.9 | 41.6 | 59.0 63. 6 IR
I (6) 6.8 8.9 10. 9 17, 4 32.4 46.5 72,4 88.1 - o
5,78 B.54 10,28 15,82 2540 40.24 60.82 13,44 Col Dew Beswsl
+ Numbers in parenthesces refer to the number of flashes for each subject UsgE
Number p $ sA Necords
_——— . T F



Table B - IV. Mean recovery times in scconds for cach ;
subject for 19" Sloan-Snellen letters following i
2.7 % 107 td.scc {lashes subtending 6° visual
angle, :
Task Luminance {mL) f -
' |
ject | 38.0 9.5 3,8 0.76 0.38 | 0.122 | 0.076 0. 0605 j
|
DA 3.4 5.3 7.0 10,5 16. 0 23.8 31,7 40.1 i
G6) |56 | 9.9 10.8 | 21,4 | 24.2 | 91.1 | os.8 109.1 } W
G | 4.7 6.2 10.8 | 13.8 | 53.1 | 65.2 | 88.0 | 104.8 bk
|
Vi) |63 | 8.7 11.3 | 17.8 | 22.6 | 43.0 | 4.6 64. 9 o
P
‘ P
M o(1) 8.5 9.7 11.1 16, 4 3G,1 54.1 57.3 72,7 i l )
5.70 7.96 10,20 15.98  29.20 55.44 68,08 78,32
|
Table B -~ V. Mean recovery times in seconds for each ! il .
subject for 19' Sloan-Snellen letters following AL g
2.7 x 107 td.sec flashes subtending 8% visual { B :
angle, i :
H
Task Luminance (mL) R 3
I
ects | 38.0 9.5 3,8 | 0.76 | 0,38 { 0,122 ] 0,076 | 0,0605 ’ i
3 {3) 5.7 7.1 10,4 17.5 24,7 41.2 58.4 70,1 ﬁ} .
! t
1 (6) 6.8 9.6 12.8 19,0 32,6 59,3 74.0 110, 0 ‘ %
i
YT 7.1 8.6 12,0 14,1 22.2 50.8 63.6 83.0 i
“3) | 7.6 10,0 { 11,9 | 20,0 { 24,1 46,3 | 55.9 57.7 ! ?
}
{1 6.1 7.2 9.8 11,2 21,7 41,7 74,7 78.1 ' %
{ ) [ L ' f/ %
6. 66 8,50 11. 38 16, 36 25, 06 47, 86 65. 32 79,78 i

+

+ Numbers in parenthiees refer to the number of flazhes for each subject.
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Table B -VI.

Mean recovery titmes in seconds for each
subject for 19" Sloan-Snellen letters following
2,7 x 107 td-scec flashes subtending 10° visual

angle.

Task Luminance (inL)
hject 38,0 9.5 3.8 0. 76 0.38 | 0.122 1] 0.076 0. 0605
D (7) 5.9 8.6 9,7 14, 7 18.7 31.0 38,8 47. 6
5G(11) [ 6.9 9.5 11,2 23,8 33, 8 55, 6 94, 0 109. 6
TG (8) | 8.4 5.8 12,2 21.8 32,9- | 51.3 67,6 85. 8
EV(5) |6.7 7.8 9,8 19, 2 23. 6 36. 8 51,6 63.2
<M(6) 6.5 7.8 9.8 18, 4 26.7 35, 8 63,5 80. 2
X 6. 88 8.70  10.54 19.58 27.14 42.10 63.10 77.28

+ Numbers in parentheses refer to the number of flashes for each subject.
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APPENDIX C

THE FEASIBILITY OF ANALOG GCULOTHERMAL SIMULATION
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INTRODUCTION

This report is written o satisfy the requirements of Parapraph 4. 2(f),
contract F41609-68-C~0023, which concerns the "{easibility of constructing
a two-dimensional analeg computer circuit to predicl temperature levels

within the exposed retina’.

vious communications on this subje v een issued. rogress
Two previous atio on this subject have been issued. Prog

Report Number 2 for the period of 20 February 1968 to 20 May 1968 contained

THET

a summary of our initial assessment of the practicability of an analog device.
A later oral communication on 14 August 1368 with Mr, E, O, Richey, the

contract monitor, contained the results of a more detailed analysis of this

i Y
e

o
v

b i
.
ot
I

o ‘FT"

matter by T.J, White, P, W. Wilson, D, E, Jungbauer, D. Hegedus, and D.

Solden of the Life Sciences Division. This Jater siudy indicated that although
he consiruction of an analug compuler was conceptually feasible, the results |

could not warrant the effort required because of cortain practical considerations.

1 the following discussion, we shall use the term "simple eye model” to

enote a physical description of the ocular sysiem which possesses:

1. laminar structure, i
2. lamninar bhoundaries constant in the coordinate system, and i

3, thermal conduclivity and diffusivity which are indepondent of time, ]

temperature, and laminar region. - [ L’
{
R P
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2.

RESISTANCE-CAPACITANCE ANATOG

2.

i

The Tonermel Problem

Theoretical difficulties are not encountered in the construction of a tyw.
dimensional resistor-capacitor network to simulate the thern:al behav,
. 1-3 : - . .
of a2 simple eye model, Indeed, technigues for simulating much mor
s : 4 . . . .
gencral situations are well known. ™ It is the practical conciderations i-
the development of an analog device which present the principal difficy)
The range of values available for passive clectrical components and the
requirements of recording node voltages limit the range of thermal
variables which can be adeguately described. Time scaling and the
accurate simulation of a source which is varying in both space and time

must be performed if the electrical analog is to be capable of shmulating

nuclear weapon thermal pulses,

Techniques for the simulation of heat conduction in solids are bused
upon a difference cquation approximation te the partial differentizl equa
tion which describes heat flow, The heat spurces which will be conside:
have azimuthal symmetry, Therefore, the differential equation which

must be solved has the form:

% 13e 3% 133 A
orZ r ar 2% kAT K

where

r and z are radial and longitudinal distances in cm,
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. . . . Z
k 1s thermal diffusivity in e /soc,

L e

K is thermal conductivity in cal/°%C em scc,
Alr,%,t) is source strength in CaI/cm35ec,

g(r, z,t} is termnperature in OC. and

T is time in seconds.

Since we are interested only in the changes of initial temperature values, |
|
b

we will empley the initial condition :
it
Him #Mr,z, T) = 0.
T-0 3
i1
Since regions of the eye which absorb the most energy and thercfore 13
jart

have the largest source strengths constitute only a small part of the

total ccular siructure, we will use the boundary conditiens,

R et
T

-
R
W 27y =0
re ‘
1
and
Hm .
¢(r,z, T) =0
e .
Thermal-Flectrical Correspaondence
Replacing the terms in the left hund member of Equation (1) by differ-
ences centered at {rg, z5), we obtain ’
|

[a]

R 3 VI i R E]‘9Q+90'5;j+__1_ 3-8y 89-64]
2r .
o

¢ f\l‘ f_.l' ﬂz, i;z &z V

Ar Ar Lr
Subscripts ! and 2 refer Lo points on cither side of r;, which are displaced | -

in the r directior, while subscripts 3 and -1 refer to points displaced in LfCol Drx SBercrn)
UsHE
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a2
the z direction. < has been replaced by the average rate of chang

or
6 between 1 and 2. Terms containing derivatives in the r direction

then be combined in the following manner:

1 br I7€1-8 | 8 -92_]
(20)2 Eel-@o) - (90-92_)__] + 2r, L(;‘-_. 2t (A2

r
= _8_1—9“ A 92-90 .
(sr)2 (14+Ar/2x,) + ’(‘E;‘)'Z_ (Y-Ar/21x,)
ro+Ar/2 CT- re/2

Equation (1) may therefore be put in the form:

RS 01-8 , _82-8g 3-89 . 84-8071 128 A
o | _(&r)e _(er)? (82)° (52)? J Tk aTL K
ro+Ar/2 ro-Ar/2 T, I, 0120 Ty, 2

Note that difference expressions are not uscd on the right hand side of ;

i
Equation (2). These terms then represent continuous variation of
temperature and continuous thermal input which will in turn be seen to

correspond to continuous recording of data and continuous electrical

input in the electrical analog.

In Table I, we have detailed the correspondence between electrical and
thermal quantities which forms the basis for simulating heat conduction

problems by an electrical analog.

Multiplying Equation (2) by 2TryArZzK, we obtain

lf(o/ Dﬁ’ g‘("d‘j
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Table 1.

Correspondence betwe

en electrical and therrmal parameiees

|

Thermal Parameter

Thermal Units

Flectrical Parameter

Flecirical Units

A8 Temperature
Rise

0

Quantity of Heat
T Thermal Time
P Thermal Power

Ry Thermal
Resistance

Cy Thermal
Capacitance

°¢

cal
sec
cal/sec

CC sec/cal

cal/°C

V Voltage

q Charge
t Flectrical Time
i Current

p Resisiance

C Capacitance

volts

coulomb

seconds

armperes

ahm

farad

.‘l'-.,,r‘

{
= MRS

mi%fy_

I W FP
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©1-%o + 82-8p +f3-fp _24-%
Ar . Ar L7 S L2
K2 (ry+4r/2) .2 K27(r,~4r/2)02 K2 br K27r, r

EE A
9T

- rO,ZO _ ro,zo
K1 1
K 2mr Ardz FAL SN Y

Each term in Equation (3) has the units of thermal pewer, cal/sec. The
terms on the right hand side have the respective forms- {temperature)
(thermal capacitance/time) and (thermal power,"unit volume) {volume}.
This suggests an electrical analog in which each term is a current

(see Table I}). The terms on the left side will be voltage divided by
resistance. The term in-volving the time derivative wiil be voltage

times capacitance divided by time, The scurce term wiil be current

per unit volume times volume.

Figure 1A shows how the denominator of each term in the left hand side
of Equation (3) may be interpreted (1E is thermal resistivity}. In the

0-l direction which corresponds to the first term of Equation {3}, path i
length is Ar and average axial area is (1/2) 2r [ro r -'-‘\r} ] 4z = 20(r, 1204

Thermal resistance in this direction is then {thermal resistivity) (length

average area), or

Ra_= ar
T TKan(zgtir /2137
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Similarly in the 0-2 direclion,

R, = br
br K21{y,-4r/2) a2

Note that Equation (4') reduces to Eguation (4) when rg is replaced by
r. + Ar. Therefore, we need only consider Equation {4) in order to

(6]

determine appropriate resistances.

In the 03 and 0~4 directions, path length is /z and area is
r/2)% - - hrf2)? = 2x
mr, + A2y ﬂ(ro r/2) TT AT,
Thus

R = bz
8z KanOAr .

The quantity

V, = 2nrgbrda
in the right side of Equation {3) is the volume element associated with
the point By, For those points along the z axis (r,=0). thesc expression

must be respectively modified to obtain

Rer = hZ ’
4 Az
R’\ _ —————— e —
Uy T Kn(Lr)z !
and '
V. = ﬂ(ar)z;-z
o 4

Ve may therefore construct an electrical analog device to simulate the !f
¢

ternperature at a {ixed number of peints in our ocl2w medal - Snch &
LAC/S Daw A’(Jwﬂ
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s SeiFfoamd

- ey



device consists of an elecirical circuil which has the form of & grid (net)
in which cach grid point (nodc} is the combination of electrical components
illustrated in Figure 1B. Resistors have values proportional to the
thermal resistances in Equations (4) and (3} or Equations (7) and (8).
Thermal capacitance is simulated by an electrical capacitance which

leads to ground at each node. Since thermal capacitance is equal to the

L

product of —II} and the nodal volume V,_,

K L}
CG = E“Zﬂrour,{,z, (i)

and on the z axis

A
B

C, = (Ar)az. (1

B

The currcnt supplied to each node represents the source term,

A x V.
IT..Z ¢
Q20

Assigning scale factors as suggested by Karplus3 for voltage, time and

capacitance, we have

V= if,
t =nT,
and C=Cp/m.

. .
Hence, p = mn Ry and 1 =73 ']n P,

where p is -esistance, i1 is current and I is thermal power (see Table I).

Equation (3) may be transformed into electrical variables if each side

of the equation is multiplied by i/mn. Thus,

e

;f
i
F

i
|
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j(€1-€0) . . He2-%o) _ 4 3033700}
-

Ar 3 oY
mn . mn mnl_
(KZ!’.(rO%—ir/E}ﬁzj {KZF(T‘O'T'I‘/Z)LZj nn{KZT".rO_‘,r

P 35

aT

Bl

TorZg B
{k 1 "; mn

2nir,Briz A‘

Tor 20

K Znr,briz
The electrical equivalent of Equation (3) is therefore

oV

i

¢
I —
} u\:z'f"l‘o ',1

M-V 4 Va-Vg , V3-Vg  Vg-Vg _C A ig
Ryp Rog Rag Ryg 5,2 ot ToiZg toi2g
The current surm at node (ro,zoj is then
To:2Zg Y%
where i~ is the current in the capacitor and ig is the source
Ig,Zg rOJY'O

term at the node.

The above expressions assume uniform, symmetrical grid meshes, In
p ’ E

order to simulate the boundary conditions and to minimize the number o

electrical components, mesh size must become quite coarse near the

edges of the grid, However, errvors in the solutions result 1f two :

different mesh sizes are joined without a corrective network between

themn, This corrective network is best determined by adjustment to a
. s . . 5

known steady state solution of the heat conduction problem. The

electrical ~guivalent of the boundary cordition (9=0) is the grounding

of the edges of the network. The initial condition (3=0) is obtained by

grounding all nodes before a simulation run,
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2.3 Practical Circuit Considerations

In order to determine the numerical range of thermal resistances and
capacitances required, we nrust consider the eye model being simulated.
Figure 2 illustrates the approximate dimensions assumed for each layer
of the model and the percentage of energy incident on the cornea which
each layer absorbs. For these ocular dimensions, an axial increment
(&2z) of no myore than 1| must be employed if accurate temperature
distributions within the pigmented epithelium are to be obtained. This

increment would also be adequate for investigations of the thermal

—y

behavior of the retina and the forward part of the choroid, A radial |

increment ({r) of 10y near the z axis is fine enough to describe radial

temperature distributions, since calculations of safe separation distances !l
from nuclear weapons using animal exposure data have shown that image
diameters at critical exposure levels are betweem ¢.1 mm and 1 inm., ‘
For a maximum image radius ¢f 0,5 mm, extension of the resistance-
capacitance network to an equivalent model radius of 5 mm is assumed

to be enough to simulate an infinite medium. Thus r, = 0.5 cm.

R e

The range of electrical capacitances used fo simulate thermal capacirance

must be restricted to avoid extensive circuit tuning for small capacitances .

and excessive leakage current for large capacitances. A suitable range b

of capacitors would be

100pf < C s 100uf, | Y Vo—
L Col Daw Srwrn) '1
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C,. the minimum value of Cg necessary to achieve the desired accuracy
near the axis, may be calculated from Equation (11). For &z = 101 and
bz = 1y,

>
Co =B (10-3)% 1074 - TK [ 14-10,
" 4x 4k

For a maximum thermal capacitance, 69_ corresponding to the desired

electrical capacitance range,

— |
Cs 53]063\'6@- ‘

From Equation (10),

x 10"10,

K F T K
2T ;—- max {roarﬂz] <10 Z;

and

10-4 cm3. li

max {roar&zl =
At the outer edges of the network where the mesh size will be the

largest, r = 0.5 ¢cm and ,,
o ’ .

10-4 i
mas {ro,{,rﬁz] < (.5 max {Qrgz} = ) cma.
Therefore,
. . 10-4 2 _10% 2
mar.z‘}rtzlﬂ-—é—— cm -Tp. ) {14)

Thus, with a minimum 2 of 1, the maximum Ar for the network will
be 2500y. The largest and smallest values of thermal resistance can
be expected to occur in the radial and axial directions because of the

physical dimensions of the regions of interest in the simple eye model.

Using Equation (7}, we find that

& Kiimin { 1z) Kmx 19°% S L4 Col Daw Bernt
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From Equation (5},

- o1 bz
Rg =Ry, * 77Kk T

If extreme values of Az, Ar, and r, are now used in the expression for

f{j(gz = 10'4 cm, Ar = 0.25 ¢m, r, = 0.5 cmj,
1 10-4 4 x 10-4
Rj =
27K 0.5 x 0,25 K

The range of thermal resistances would then be

Ry Kn 4x16-% = 4

Ry . 10%  Km 108

This thermal resistance range could correspond to a range of electric

resistances from I ohm to 25 megohms.

I{f we assume that K = 1,4 x 1073 cal/°C cm sec and k = 1.4 x 10-3 «
for all layers (the values for water), then

cg ¥10710,
I C = 100 pf = 10710 farad, m is approximately 1. For a minimum
resistance of 1 ohm and for Rg £ 10'1,

mn ¥ 10 and n = 10,

Thus, time in the electrical analog is 10 times the equivalent therms

time.

The maxin.um value of thermal power a. any node determincs the mv

mum current which must be supplied to the node and for a given cirt

4~ s a1y
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Experimental data obtdined by Techuology Incorporated using rabhits

e e e e A i

can be descrited by the relationship,

where Hy is the thresheld retinal irradiance, dj is the image diameter

and the quantities P_(T) and Hy(T) are adjusted to obtain the best

L

description of the data for exposure time T. Assuming that the outer A

annular volume for any irnage size has a thickness Ar = d;/20, the
maximum nodal power at a particular {ry,z,) may be estimated in the

following manner:

H % {annular areca)

T

To1Z0 Yo 2

= H X 2ﬂroﬂr

TorZg

< 2mHy x max {rof_‘;r}

i Po(T) 2
g max { [—jﬁ«— + HO(T)] di"}.

M

The maximum value of the last expression occurs at the maximum

value of dI{O. 1 ¢cm in our model). If we wish to simulate an exposure

time of 10y scc, since rabbit experimental data gives an H of 10%

cal/cm?sec at d; = 0.1l emand T = 10y sec,

e

P < T % 104 N 10-2 = 5, ;
TosZg 20 e
USEE
15 SAmM Aeconds
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Hence,

max P = max {AZTer,_'_,rL‘_z} Z 16,

To,Zg
and
max i = —— x 16 = 1.6j.
mn

The selection of j is therefore dependent upon the current sources

available and the voltage range chosen to represent temperatures,

Practical Difficulties

As we have noted earlier, time scaling in the simulation of nuclear
thermal pulses is a problem with resistance-capacitance networks,
Thermal time intervals as short as 10py sec or as long as 32 seconds
(ten times the time to thermal maximum for a 10 MT weapon at sea
level-) are of interest. Thus withn = 10, an electrical analog device
would require a time range

100y seec st s 320 sec,
It is therefore necessary to use an oscilloscope to display the short
interval cutput of the device. For long runs an electromechanical

plotter must be employed,

An additional problern is encountered in the simulation of nuclear the:

mal pulses. Each node of the network must be supplied with a time
i
varying current given by the last term in Equation (12). The nodal
current is zero until the fireball radius reaches the equivalent radihij
¥
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corresponding to the node. It then follows the time history of an annular
ring in the {ireball source which corresponds to the volume associated

with the radial distance of the node from the center of the image.

Furthermore, nodal currents must decrease exponentially in the z direction

to account for absorption of radiation in ocular media whichare assumed
to be homogencous, A network satisfying the criteria presented above
would require approximately 2000 nodes, and half of these nodes would
represent ocular sites at which significant source strengths are produced
by absorbed light (sites in the choroid and the pigmented epithelium).

The provision of 1000 individual prograrnmable current supplies for

these nodes is extremely expensive, This high cost is one of the principal
arguments against further development of electrical analog devices for

this problem,.

Solution for the Current Supply Problem

D. Hegedus of Technology Incorporated has suggested a possible sclution
to the multiple current supply problem. An array of photodicdes would
be used as carrent generators and would be arranged in rows and
columns corresponding to the z and r nodal coordinates, A light source
representing the weapon fireball could then be directed upon the array

to simulat. fireball radius (imape diamec.er) and weapon thermal pulsc
(retinal irradiance). Neutral filters placed between rows would provide

an exponential decrease in source strength with increasing depth.

>

a4
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Figure 3 illustrates a passible diode-filter arrangement. Unfortunately,
photodiodes of good lincarity are quite expensive {approximately $40 per
diode). Furthermore, they are limited to steady currents of a few
milliamperes, Thus for a maximum current of 10 ma, the circuit
described above would require

1.6j s 1072 amperes

[N
1

or

6 x 10'3 volts /CC.

h

J
A 20° temperature rise would therefore be represented by a 120 milli-

'

volt change in nodal voltage,

Figure 4 is a comparison of the varicus choices available for resistance

capacitance analog of the simple eye model.

We noted in an earlier progress report for this contract that a low
resolution clectrical analog device can be built with approxiimately 300 E
nodes, However, experimental data on monkeys now indicates that the
retina may be more sensitive to increases in temperature than either

the pigmented epithelium or the choroid, Therefore, it is de:irable

to have good resolution of isotherms in the first 1004 of the retinal

structure nearcst the pigmented epithelium as well as in the pigmented
epithelium and forward part of the choroid. The accuracy rvquired fo

useful investigation of the thermal darnage processin the eye could be
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High Resolution High construction cost

Large range of weapon High cost of source term
yield simulation w simulation

A

Variety of readout devices

required
Low resolution Reasonable construction cost
Large range of weapon High cost of source term
yield simulation . bet—— | simulation

Variety of readout devices

required
I Very low resolution | Reasonable construction cost
Restricted thermal High cost of source term
time range = 7 ™ simulation

Single readout device

Figure 4. Resistance-capacitance analog characteristics for
simnple eye model,
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o .
obtained anly by a large elccirical network whose cost would be anite

high becauce of the large number of current sources needed for thermal

source simulation. Jt should be noted that the problem of the simultaneocus

generation of large number of source currenis is precisely the same
preblem which is encountered in the application of a commercial analog
compuler to the description of the simple eye model, Thus, an econo-
mical method of simulating the weapon source term does not seem {o

be presently available.

OTHER ANALQG DEVICES

One method of avoiding this high cost has been proposéd by M, A, Mainster
of Technology Incorporated. This,suggestion entails the use of layers of
plastic or gelatinous material which have been suitably colored and provide
a descripiion of the diffevent light absorption properties possessed by
different ocular media, An intense light source which is spatially and
temporally prograimmed would be used to describe a nuclear weapon thermal
pulse. Temperatures at locations throughout the model could then be

directly monitored by thermistors.

Unfortunately, the thermistors themselves would behave as local heat
sources. Liqu'd crystal sensors or temper ture sensitive paints might
be used instead of thermistars, But temperaturce sensitive paints have a

response time of & few millisecondes and would yield information about

I S
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maximum temperalnres only, ILiquid crystal detectors which could provide
a direct three-dimensional display of therrmal behavior would require a
continuous photographic recording because of the reversibilily of the crysta)
reaction. Furthermore, problems would be encountered in achieving good
thermal conductivity at the interface of two regions having different absorptigy

characteristics,

CONCLUSIONS

Practical diff.iculties are associated with both the direct thermal analog and
the resistance-capacitance electrical analog, These difficulties limit us

to the construction of either inexpensive devices of unsatisfactory accuracy,
or accurate devices of unsatisfactory cost, The great expense of the high
resolution analog is not acceptable because flexible, comparatively inex-
pensive digital methods for solving Equation (2) are available. Indecd, comp
ison with a digital sclution is the only reliable means of assuring that an
analog simulator is operating correctly. Therefore, we conclude that it isl
unwisc to expend further effort in the development of analog devices to

simulate the thermal characteristics of the simple eye model.
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LIST OF PUBLICATIONS

I. Transient Thermal Behavior in Biological Systems,

Accepted for publication in the Bulletin of Mathematical Biophysics,

The Peacernan-Rachferd finite diffcrence method is applied to
cylindrically symmetric, transient heat conduction problems in biological
media. Inhomogencous media, and internal saurces which vary in both
space and {ime are permitled, Boundary conditions are satisfied without
sacrificing high local resolution by means of an exponentially stretched
grid, Compulation time on a Philco 2000/210 canputer is approximately

5 msec per grid point per time slen,
P

2. Choriuretingl Thermal Behavior.

Accepted for publication in the Bulletin of Mathematical Biophysics,

Chorieretinal thermal response to intense light exposure is calcu-
lated for light sources with a wide variety of spatial and temporal
characteristics, Effects of variable conductivity are examined, Transient
tempcerature distributions are computed by means of an alternating i
directions implicit method for selving cylindrically symmetric heat

conduction problems in biclogical media. Choriorctinal thermal distri-

butions are discussed in terms of a maximum temperature damage
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3. Retinal Tempersture Increascs Produced by Intensc Light Sources,
Submiticed for publication to the Journal of the Optical Society of .
Amevica, i

The heal conduction equation is used to describe retinal temperature l
increases produced by the exponential abserplion of intense light in the
reiina and the choroid., Temporal, radial and axial temperature distri-

butions are p-resented for bath continuous and pulsed light sources, A

point spread distribution of retinal irracdiance is considered in addition (

to a wide range of uniform and gaussian distributions, The application

of computed temperatures to the prediction of retinal damage is discussed

in terms of a maximum temperature damage criterion, and dependence

of these predictions upon the depth of the retinal pigment epithelium is ,

i
| .

detailed,

4, Corneal Thermal Response to the CO2 l.aser,

Submitted {or publication to Applied Optics,

A three-dimencional model of corneal thermal response to CO2
laser radiation is congiructed and numerical sclutions for temperature |
risc arc computed, Power distribution in the lascr beam and a conducting

!
air-cornea interiace are considered explicitly, It is found that the radial l /7/

distribution of temperature increases produced by a gaussian beam 15 also
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gaussian, for brief exposures. The corncal damage threshold is examined

in terms of this result,

5. Spectral Dependence of Retinal Damage Produced by Intense Lipht
Sources,
Submitted for publication to the Journal of the Optical Societly of

America,

The retinal temperature increases produced by circularly symmetric
exposures to electromagnetic radiation belween 400 and 1200 nm are
calculated for a wide range of imapge sizes, Temporal, axial and radial

temperature distributions are described, Constant and exponentially

decreasing scurce sirengths are considered. Solutions of the heat
conduction equation are expressed in terms of both retinal irradiance

and the total power entering the eye, Application of solutions to the

prediction of thresholds for retinal damage is discussed, and excellent

agrecment is noled beiween theoretical predictions and experimental
observations of the spectral dependence of chorieretinal damage

thresholds,
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