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FOREWORD

This report presents the final results of one of the projects participating in the military-effect
programs of Operation Hardtack. Overall information about this and the other military-effect
projects can be obtained from ITR~ 1660, the “Summary Report of the Commander, Task Unit
3.” This technical summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etec.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all projects;
and (5) a listing of project reports for the military-effect programs.
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ABSTRACT

The primary objective was to determine the extent of chorioretinal damage caused by exposure
10 very-high-altitude, high-yield nuclear detonations at distances of 50 to 350 nautical miles
£rom burst poist and 0 relate experimental data to theoretical calculations. A correlated ob-
Jective was to estimate, from the data derived from these experiments, distance limits beyond
which retisal burns were not ewpected to occur from muclear detonations at these altitudes.,

Pigmewted rabbits were sxposad at varying distances from surface zero, on the surface and
=t altitede, to the radiamt thermal energy from two very-high-altitade bursts. Burns were pro-
dwoed in all aximals at all stations where line-of-sight vision prevailed.

During Shot Teak (3.8 Mt at about 252,000-foot altitude), chorioretinal burns averaging 0.5
mum in diameter were produeced in rabbits exposed behind plexigiass in an aircrait at an altitade
of 15,000 jest and 3 slamt range of 307 nantical miles from the burst point.

During Shot Orange (3.8 Mt at about 125,000-1ovt altitade), similar lesions were produced in
Tobbits eaposed behind plexigiass aircraft windows at an altitode of 24,000 feet and a slant range
af 238 vawtical miles from the burst poist.

It i5 satimted that comparable buras in the rabbit might well sccur on the surface at approxi-
mately these Summe distances when viewed with no intervening attemuator (plexigiass).

From these dutn it 15 conclmded that all retinal buras sccurring within 180 sautical miles
would 3rodece & PETmEnent Scotoms in the uman. Macular involvement sspecially would redece
wiseal aculty to a critical level.



PREFACE

The School of Aviation Medicine, USAF, acknowledges the excellent thermal measurements ob-
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Chapter /
INTRODUCTION

1.1 OBJECTIVES

The primary objective was to determine the extent of chorioretinal damage caused by expo-
sure to very-high-altitude, high-yield nuclear detonations at distances of 50 to 350 nautical
miles from burst point and to relate experimental data to theoretical calculations. A correlated
objective was to estimate, from the data derived from these experiments, distance limits beyond
which retinal burns were not expected to occur from nuclear detonations at these altitudes.

1.2 MILITARY SIGNIFICANCE OF CHORIORETINAL BURNS

There is probably more concern in the military for the temporary scotomata of flashblindness
than for the permanent chorioretinal burns per se. In the planned methods of saturation nuclear
bombing and with the added hazard of antiaircraft missiles equipped with nuclear warheads, the
probability of scotomata resulting from viewing an atomic flash could be relatively high. Here,
however, the primary concern of the military must be for the physiological effect that might
negate the completion of the mission, rather than the resultant pathological change in the retina.
To this end, then, applied research is being directed toward development of eye-protective de-
vices to mitigate the physiological hazard (References 1, 2, and 3).

The chorioretinal burn is of minor medical significance when compared to the other hazards
of war —particularly a nuclear war. Nevertheless, basic research on the occurrence and se-
verity of chorioretinal burns at varying distances from nuclear detonations is required because
of the obvious necessity to deny certain areas to the civilian population during nuclear tests and
to establish precautionary procedures for personnel participating in such nuclear tests.

1.3 BACKGROUND

For many years the clinical phenomenon of retinal damage caused by the radiant energy of
the sun has been known, and numerous cases have been documented. Most of these cases have
occurred while individuals, without eye protection, were watching solar eclipses; thus, this
type of retinal lesion has become known as eclipse blindness.

Because the fireball of a nuclear detonation attains internal temperatures comparable to that
of the sun, the predicted thermal-energy release is of sufficient magnitude to cause concern
about retinmal damage in humans who view the detonation without proper eye protection.

During Operation Upshot-Knothole (Reference 1), chorioretinal burns were produced in the
eyes of rabbits at distances up to 42.5 miles from ground zero. Also, in four instances, retinal
burns were producad accidentally in humans at 2 to 10 miles distance. The burns resulted in
permanent scotomata in these individuals. During Operation Redwing (Reference 2), chorio-
retinal burns were produced in the eyes of rabbits and small primates at distances of 2.7 to 8.1
nantical miles. Some of these burns were produced even though the eye was protected by filters.

The lesions ia the above auperiments and those produced in eclipse blindness resulted trom
the sume spoctral components of electromagnetic radistion—mainly the visible portion with
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some contribution from the infrared. In general, the difference in degree of retinal damage
varies with the rate of energy delivery per unit area. Because eclipse blindness is sustained
through a markedly contracted pupil, which limits the amount of radiant energy delivered to the
retina, this damage can occur only through protracted exposure. Other factors of importance
are, of course, the low rate of delivery of the radiant energy from the sun and the ability of the
retina to dissipate the heat by conduction. In the case of a nuclear detonation, however, a large
portion of the thermal energy may be delivered to the retina before the protective blink reflex
becomes operative. In addition, this exposure may well occur at night when the pupil admits
approximately 15 to 25 times the energy that a contracted pupil does in the same time interval,
this being only a function of relative pupillary areas. This fact probably accounts for the lack
of retinal burns during the Hiroshima incident, because the bomb exploded during bright sun-
light when pupils were well contracted.

During Operation Redwing, animals exposed to detonations in the megaton range at sites
where the total thermal radiation was of the order of 0.8 to 1.0 cal/cm? did not receive chorio-
retinal burns; on the other hand, animals exposed to detonations of much lower yield, at sites
where the total thermal radiation was as low as 0.13 cal/cm?, did receive burns. This was
probably a result of the longer time interval over which the thermal radiation from the higher-
yield detonations dissipated itself; much of the total thermal energy reached the exposure site
after the rabbit blink reflex (250 to 350 msec) had become operative.

Because, in Operation Hardtack, it was proposed to detonate high-yield weapons at high al-
titudes, there was grave concern as to the distances at which chorioretinal burns could occur
should personnel without eye protection inadvertently view the bursts. Studies were proposed
in an effort to establish distance limits beyond which chorioretinal burns would not occur.

1.4 THEORY

The eyeball in the human is nearly an inch in diameter and consists essentially of three sep-
arate concentric layers that are modified anteriorly to admit and dominate the passage of light
(Figure 1.1)., Within these layers a transparent jelly (the vitreous body), a lens, and a fluid
(the aqueous humor) are present. The outermost layer, the sclera, is purely protective; the
innermost, the retina, is a light-sensitive recorder of images; and the intervening uveal layer
consists primarily of the chorioid, which is a nutrient vascular bed for the retina. The chorioid
is continued forward as the iris and ciliary body to contain the intraocular muscles that govern
the focusing of the lens and pupillary movements.

The cornea is slightly more convex than the rest of the globe so that it forms an anterior
prominence. The sclera covers five sixths of the surface of the eye, leaving only two openings,
the anterior one that is filled by the cornea and a smaller posterior one for the exit of the optic
nerve. The cornea forms the transparent anterior portion of the eyeball and may be likened to
the crystal covering a watch face. Behind the cornea lies the anterior chamber which is filled
with agqueous humor, which is also optically clear. Behind the anterior chamber lies the lens
which, by changing its shape, controls the focus of light rays onto the retina. Between the lens
and anterior chamber lies the iris diaphragm which governs the size of the pupillary aperture,
thus controlling the amount of incident light. Behind the lens is the vitreous body, which is also
optically clear.

The retina is composed of ten layers histologically (the second of which consists of rods and
cones) and is a thin light-sensitive membrane, transparent in life (or faintly colored by the vis-
ual purple it contains) but an opaque white in death. It lines the whole interior surface of the
eye except where it is pierced by the optic nerve head at the optic disc (Figure 1.2). About 3
mm to the temporal side of the disc and slightly below it lies the macula. The fovea centralis
is in the center of the macula region. At the fovea centralis, all layers are depleted or absent
except the outermost which is composed entirely of cones. It is in this area, the fovea, that
visual acuity is maximal and visual acuity decreases on passing peripherally. Thus, at the
edge of the macula, visual acuity is reduced about 50 percent; at 7.5 degrees away it is reduced

12
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to about 75 percent; and at the extreme periphery to about 3 percent. Actually, acuity is maxi-
mal over a plateau 250 microns in diameter at the fovea.

The eye may be compared to a camera. Parallel rays of light are refracted by the cornea,
leng, and ocular media so that they are focused on the retina. Should a burn occur directly on
the fovea, visual acuity would be markedly decreased. Should it occur in the periphery, there
would be less incapacitation, depending on the size of the burn and its location in relation to the
fovea. Thus, the optical system of the eye acts as a focusing lens which produces a retinal
image of the fireball of a nuclear detonation. Because of this focusing effect, the intensity of
thermal radiation on the retina is much greater than the intensity incident upon the eye. Theo-
retically, neglecting attenuation by air and other media, the radiant energy incident upon the
eye will be inversely proportional to the square of the distance from the fireball. However, the
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Figure 1.1 Schematic section of right eyeball.

area of the fireball image on the retina is also inversely proportional to the square of the dis-
tance from the fireball. The intensity of thermal radiation on the retina is, therefore, inde-
pendent of the distance from the fireball. The inference, then, is that if a fireball is capable

of producing chorioretinal damage, it is capable of producing this damage at great distances.
The only difference caused by increasing the distance is that the burn will cover a smaller area,
However, the attenuation due to intervening media (air, water vapor, dust, etc.) sharply re-
duces the distances over which burns will actually occur.

There are other factors that must be considered. The chorioretinal damage produced is de-
pendent on the rate of delivery of the radiant energy on the area of the fireball image, and on
the total energy delivered. If the radiant exposure at the retina is below the rate at which the
energy can be dissipated by the retina, there will be no damage. The total time of exposure
must also be considered. The normal blink reflex of about 300 msec in rabbits and 50 to 150
msec in man will limit exposure to that period of time. Only that radiation received before the
blink reflex becomes operative, rather than the total thermal radiation, is of importance in
causing chorioretinal damage. Data derived from Shot Yucca during Operation Hardtack (Ref-
erence 4) clearly suggesta that the total thermal energy for a high-altitude burst will be deliv-
ered in the order of 20 to 35 msec, which period is well before the blink reflex time.

A further consideration is the pupillary radius, because the energy delivered to the retina is

13
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directly proportional to the square of the radius of the pupil. Because the pupil is larger during
darkness, the possibility exists that threshold distances might well be greater at night than dur-
ing daylight hours for shots of comparable characteristics. In addition, the attenuation of the
radiant energy by the intraocular media must be considered. Because there was no available
data on the transmission characteristics of these media, an arbitrary fractional-transmission
coefficient was selected, on the basis of transmission coefficients of similar tissue.

Other factors are introduced by a high-altitude burst. The reduced attenuation, higher ther-
mal output, and a shorter thermal-energy delivery time can result in chorioretinal damage at
distances and for yields that would present no problem for surface or low-altitude bursts.

1.4.1 Incidence Angle of Radiation at Observation Point. Of considerable importance is the
angle of incidence of the thermal radiation on the observation point. Very small angles of in-

- MACULA

FOVEA
“ CENTRALIS

Figure 1.2 Drawing of posterior, inner aspect of the eye.

cidence imply that the radiation proceeds for a considerable distance through the dense lower
atmosphere and thus is attenuated more rapidly. In addition, the curvature of the earth pre-
cludes viewing the fireball at some given distance, depending upon the height of the burst and
the height of the observation point. For this experiment, calculations of various angles of in-
cidence were necessary to position the experimental animals as accurately as possible so that
a high probability of viewing the fireball would be attained.

Figure 1.3 is a plot of the angle of incidence as it varies with the distance, on the ground,
from ground zero, for detonations at 252,000 feet (Shot Teak) and 125,000 feet (Shot Orange).
In addition, the angles of incidence from these shots as might be experienced by aircraft at
various altitudes and at varying distances are shown in Figures 1.4 and 1.5. The expressions
from which these data were obtained are given below.

Surface observation point:

y = cos™! {s[un/(za)—sz/(snz)] }

(S + B)12

Where: 7y = angle of burst above horizon in degrees
H = altitude of burst in nautical miles
R = radius of earth (3,437.8 nautical miles)
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S = surface distance from ground zero, nautical miles (see Figure 1.6)

Altitude observation point:

H-A s’(1+A/R)j
S(1 + A/R) [1 "IZR+H _ B(R+A)?

[(H —AR+ S (1+ A/R)’] 1

1

YA = cos”

Where: vj angle of burst above horizontal in degrees
A altitude of observation, nautical miles

1.4.2 Threshold of Energy Required to Produce Retinal Burns. At the rates of radiant en-
ergy under consideration (greater than 5 cal/cm? delivered to the retina in 0.2 second or less),
it has been estimated (References 4, 5, and 6) that there is a threshold of energy incident on the
retina required to produce retinal burns and that this threshold varies with the size of the fire-
ball image on the retina. Figure 1.7 (Reference 5) shows the variation of estimated threshold
energy with image size. The curve implies that the minimum image diameter that will sustain
a burn is about 0.1 mm.

1.4.3 Diameter of Fireball Image on the Retina. The diameter of the fireball image should
follow the simple law of geometrical optics:

F
dr = B dfb
Where: dy = diameter of image on retina, mm
F = focal length of eye
D = distance from fireball to image, cm '
dfp = diameter of fireball, mm

The diameter of the fireball image on the retina was calculated using the assumptions that (1)

the effective fireball diameter would be 7 km for Shot Teak and 4 km for Shot Orange (References
4 and 7), (2) the distance was taken from the center of the fireball to the retina, and (3) the aver-
age focal length in the rabbit eye is 1.5 cm. Figure 1.8 indicates the variation of image diameter
with distance along the surface from surface zero. Figures 1.9 and 1.10 are equivalent graphs

of image size at various distances and altitudes in the ranges in which the airborne exposure
stations were positioned.

1.4.4 Unscattered Irradiance Dose at Observation Point. To reasonably position experimental
animals, it was desirable to estimate the irradiance as a function of distance from burst point (or
from surface zero). Because of uncertainties in the anticipated thermal spectrum and in the at-
mospheric composition, and the unavailability of appropriate air absorption and scattering coef-
ficients, an effort was made to estimate the unscattered irradiance as a function of distance from
surface zero for a range of assumed attenuation coefficients. The attenuation coefficients were
selected to correspond to narrow-beam transmissions at sea level for standard, clear, dry air
of 98, 95, 93, and 90 percent transmission per nautical mile. These assumptions gave the fol-
lowing coefficients:

k, = 8.346 X 10~° cm¥/gm (98 pct/nm)

ky, = 2.128 X 10™* cm%gm (95 pct/nm)
ks = 3.088 X 10™¢ cm¥gm (93 pct/nm)
k, = 4.382 % 10”¢ cm¥/gm (90 pct/nm)

The transmission through an atmosphere of varying density and composition may be calculated

16
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by assuming an average attenuation coefficient, as above, or perhaps more realistically, by
assuming different attenuation coefficients for various portions of the path length. For this
approximation an attenuation coefficient of 3.088 X 10™* was used up to an-altitude of 1 nautical
mile. A value of 2.128 X 10~ was used for that portion of the path falling between a 1- and 2-
nautical mile altitude, and 8.346 X 10~° was used as the attenuation coeffictent nbove 2 nautical
miles.

The variation in air density with altitude was assumed to be exponential and to obey the re-
lation

d = dye 28
Where: H = altitude in nautical miles
d = air density, gm/cm?
q = 0.2324 (nautical miles)™!
d, = sea-level air density, gm/cm®

The curvature of the earth was. taken into consideration in the calculations.
On the basis of these assumptions, the unscattered radiant exposure at the eye, Qp, in
calories per square centimeter is given by:

_afpWig x10% gk
Q = 47D €

HE + )12 2, 2HR- %) x 2] 1/
Where: I; = 18.492 x 10 d, eq R— + (H + sz)xh" +R dx
0

Correspondingly, the unscattered radiant exposure on the retina, Qy, in calories per square
centimeter is given by:

Qr = TE (rp/F) (D/rm)* Qp

Where:

spectral-attenuation factor (a = 0.5)
fraction of total thermal energy emitted during blink reflex
fractional thermal partition
total yield, kilotons
altitude of burst, nautical miles
surface distance from ground zero, nautical miles
sea-level air density, gm/cm®
air-attenuation coefficient, cm?gm
= coefficient of air density variation with altitude
= earth's radius, nautical miles
= radius of fireball, cm
= focal length of eye, em
Tg = fractional transmission of eye system
rp = radius of pupil, cm
D = slant distance from burst to point of observation, cm

The results of the calculations using p= %5, f=1, and Wkt = 4 Mt are given for Shots Teak
and Orange in Figures 1.11 through 1.14.

Using data from Figures 1.11 through 1.14 and 1.7 through 1.10, estimates of the maximum
distances for which chorioretinal burns were anticipated were obtained.

Rattmates of the unacattered radiant exposure at altttude were nmde negiecting the curvature
of the sarth. The expressions used for these calculations were:

a
£
P
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1.3.3 Thermai-Esergy Measurements. Daiz for thermal evaluation were dbtzimed fyom
messwremesis by Projects 8.2, 8.3, and 8.4 at the exposure stations on the B-36"s. Thermml
‘asservmrnis 2t all cthker esposure siations were made by Project 8.1. Because of the jmadde-
ey of preperation time, it was impossibie to instrument properly (o gain comsplete spectsal
‘essremenin of te thermal energy from Shots Teak and Orange.

Sinty-four pigmsested rabbits of hoth sesss, weighing between 4%/, and 7%, pousis, were se-

Pipgw=210 Dygeewre vack
mlilling bowes in C-37.

owimel Sor thee-sislly. 'The Taibhils were proversd from varioss sssrces Hhreaginout the Unlbed
Sl st were nuewd 3t Bendaiph AFE for 3 weeks prior to shigmest to Jubnsten Tubmsil.  Bur-
g thiia pevisi ey were trested witlh Canex to cliinsie exr mites, Selnssyd o decrease the
astiere of dinrrisns theit are precales: in this eaperimesial aninel, aed Owmsbistic Ser geneval,
Tramil apeeteuns ropbplaic.

Eacih velbivit was mamiberec by taitoo, 2 the Tight e was waried for ease of vaphd Slwifs-
e Buiins Ousiinx Teotion] comers.. Fipore 211 shews oplithabnoscop: conmsinatinon of 2 yvaibit
ameil e ae f tiee hedding hex for tisis poreese.  Figare 2,12 ildustretes the ase of e Tethml
e with-a bt a5 a sulgect.
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Figere 2.11 Qpliislmoscapic
sssinnttion of ralibit.




Atropine sulfate, '4-percent solution, was used for pupiliary dilatation. Bedation, when neces-
sary, was accomplished with sodium pentathol, or thorazine.
After Bt Orange, these procedures were re-accompltshed on the contralateral aye.
Selected rabbits were sacrificed.and their eyes enucleated .and preserved for further Eross
-and microscopic pathologic -stdy:at the Bchool of Aviation Medicine (RAM), UBAF; others were
“Teturned to:BAM for long-term follow-up.



Chepter 3
RESULTS
The detailed results are shown in the tables of this section. The patholegy of the retinal burns

and the photographic evidence, both gross and microscopic, are discussed in Chapter 4.

3.1 SNOT TEAK

3.1.1 Themmal Measurements. A summary of the data of Project 8.1 is shown in Table 3.1.
A detuiled discussion of these duta is contained in the Appendix. Tt was techmnically imspossible
to meansure ithe radiunt dose at the retina at this time, but the saperimesital results indicate that

TABLE 3.1 SUNMMMARY OF THERMAL MEASBUREMENTS, CLOUD COVER, AND
RETTNAL LEBIONS, SROT TEAK

Slant Runge Radiunt Exposture  Restinal Leaion

Sttion from  {Black Body Reosiver) Dixmeter cx”o:” ::“ '°m':‘n
Burst Point wt- Staition ‘{Average Lesion)
mut mi cal/om? mm
Solmweton Island 41 1.2 2.2 Clear Unobstrusted
USS Defuven 9 0.27 1.8 Struto Unobstructed
oumulus
U85 Cogewell 185 0.086 0.99 Strato Unobstructed
oumulus
TSS Hitchiti 307 0.0007 * 0.00 Strato Obstructed
oumulus
B-936 No. 1 3.8 —_— 1.8 Clear Unubstrudtted
B-36 No. 2 3.8 —_— 1.8 Clear Unvbatrusted
O-97 307 0.015t 0.5 Choar ‘DUnobstructed
* Soati¢red thermal rediation.

T Memsured through plexiginss aircraft window.

the assumptions made for transmiission of energy through the media of the #ye were roasonable.
Teble 3.1 aiso Indicutes the type of clowd cover at shot time for the various sxposure stations
and whether the line of sight from the rabbits to the detonntion point was obstructed, as well as
the dumeter of represewtative Iesions ut sach station.

3.1.2 Bltwk-Refiex Time. No uttempt was mate 10 mensure the time required for the rabbits
to bltnk nfter the stimunlus of the light fixsh. Blink-reflex time has been measured previoualy,
and it was assumed that the total thermal ensrgy from the detonstion would be deltverad well
within the blink-reflex time. Thus, it was only necessary to know that the rabbits’ eyes were
gpen Wuring the time of the thermul ftwsh. Figure 3.1 i3 a represemative photograph of the rab-
bit eyes tuken at the time of the detomation. Tabie 3.2 denotes the condition of the rabbits’ eyes
at time of detomation, the percent of retimal burns, and average size of the burns.

32 INOT ORANGE

The thermal mensrements of Project 8.1 during Shot Drange sre shown in Tatile 3.3, Be-
oewse of wmore wiuwogpheric Wwhenawtion, the suposure sistion #istances were clumged for tes
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Figure 3.1 Comdition of wibibits’ wyss
(open or closed) at time of detmution at
- 300-mile -surfuce -station, Bhot "Penk.

TABLE 3.2 CONDITION OF RABBITS’ EYES AT EXROSURE
TIME, PERCENT RETINAL BURNS, AND AVER-
AGE BURN BIZE, "BROT TEAK

“Seation Rabbits of Eye ‘Burns Disvsster
pet mm
Jehmeton Tstend 5 Open 100 2.2
VN5 Deltaven 11 Open 100 1.5
U85 Ooygwwell 12 Open 100 0.99
S Mtchiti 12 Open 0 —
B-36 Neo. 1 4 Open 160 18
P36 No. 2 4 Open 100 1.8
C-9% 8 Open 100 0.5

TABLE 3.3 SUMMARY OF THERMAL MEASUREMENTS, CLOUD COVER, AND
RETINAL LESIONS, SHOT ORANGE

Exposure Retinal '\ Live of g
Slaten from — (Biack Bedy Recelver) Dhm:;:i ™ Ciow O::or o Detowstion
Burst Point at"Station
wout i oal fom’ wmm
U5 Buwer ¥s Q.07 ] “Brato Ohetrecind
ouseles
UNS Bppsraon B8 0.0%5 0.8 Strato Onehetrecied
oemales
UBS Defxven 141 Q00T Q Strato Obatrected
ounales
O 6 0.0035 0.4 Ctear Dwihatrested
“Buiered reliation thoud vover.
b, |



Figure 3.2 Ohond cover in Hee of sight from
Hi-wmile surface station (D95 Dellaven) to
detosmtion point, Shet Orange.

TABLE 34 DONIITION OF RABSITS' EYES AT EXPOSURE
THEE, PERCENT RETINAL BURKS, AND AVER-
AGE BURN SILE, IN0T ORANGE

Naniber of Cowlitien Retieal Aversge Lewien

Wetion Raiiibits of Bye Barres Dissaster
ot _—
TS Bower B Qpen D —
DS Rppersen B Dpem D 9.8
TS Welllwwen 8 Opsn —_ —
For. 1§ 8 Open B3 94

TABLE 3.5 OOMPANEON OF ESTIRATED AND MEASURED RADIANT EXPOSURES, IMAGE
AND LEWON DIAMETERS

et Jomge  Euthusted Rudisnt  Wonsured Redimt Entivnated Menwwred
Bition Trom Ewposure ut Expesure ut Fivohall Tmage Nothm] Lesion
Purst Poiut Obyerwaition Point Tbwerestion Peint Diwmeter * Dieyter
wmut mi oal fom? oal/om? mm e
Bhot Teak:
Sfaston Yeluad 41 1.7 1.2 0.98 2.2
DB Bviwven 9 0.23 0.27 0.83 1%
VIS Dagowall 155 0.05 0.096 0.35 .33
TEB Waeokiti 307 0.005 0.9007Y 0.19 —
BB No. 1 V.8 0.36 —_— 0% 1.8
B9 No. 2 %8 0.36 —_— 0% 1.3
9% 307 0.015¢ 0.015 0.13 0.5
Bhot Orange:
DS Bower 73 0.25 0.7 0.4 —_—
NG Wgpwrson B Q.15 0075 0.3 (R
NS Dytrven 141 0.085 0.007 + 0.28 —
L% % 0.628.3 0.0835 o.M B4

* Vvl o rollumed Trval! Shewesers wwed in ‘the oulondiutions in Cagter 1.
+ Dusitwred Gwrnml Yerliution.
1 Avsunns 3%-pervmt transndssion tirroggh plenitase nivorelt wiviows.
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shot. Table 3.3 also shows the type of cloud cover at shot time for the various exposure stations
and whether the line of sight to the detonation point was obstructed, as well as the diameter of

represeuntative lesions. Figure 3.2 is a photograph of the cloud cover at shot time at the 141-
mile ground station. Table 3.4 indicates the condition of the rabbits’ eyes at time of detonation,

the percest of retimal burns, and average size of the burns.

3.3 SUMMARY
A summary of the comparisoas belween the preshot estimates and postshot measurements of
physical parameters is comtained in Table 3.5.



Chapter 4
DISCUSSION

There are two major problems facing the flier who is exposed to a nuclear detonation—flash-
blindness and chorioretinal burns. Flashblindness is a term used to designate a transient loss
of vision following the exposure of the retinal rods and cones to extremely bright light. It isa
physiological response, results from the depletion of the photosensitive chemical substances
within the rod and cone cells, and varies in time (from 1 second to several minutes) according
to the duration and intensity of the light exposure. There is no anatomic change produced, and
the vision returns to its previous level of acuity.

The second category of primary disturbance is that of chorioretinal burns, an actual destruc-
tion of the percipient cells of the retina. Here again, the severity of the anatomical lesion and -
the final integrity of visual ability are dependent upon the magnitude and duration of exposure.
The burns can be caused by energy released in the infrared or in the visible light spectra. The
actual mechanism of production of the burns is simple; if intense light falls upon the retina at a
fast rate of application so that heat is absorbed into the cellular elements faster than it can be
dissipated by the chorioidal circulation, then heat accumulates within the cells and a burn re-
sults. The actual absorption of heat occurs in the pigment epithelium of the retina. K there is
a slight excess above tolerance, only the pigment epithelium may be damaged; a somewhat great-
er excess will damage the rod and cone cells, resulting clinically in a scotoma (a non-seeing
area in the visual field corresponding to the anatomic area of destruction of retinal cells). A
still greater excess of heat may destroy not only these elements but also the overlying nerve-
fiber layer which carries impulses from the peripheral retina; clinically, this would result in
a wedge-shaped sector defect in the visual field with its apex at the burn site.

The degree of incapacity following a chorioretinal burn will also be dependent upon the se-
verity of the lesion. Simultaneously with the production of the burn, there appears in the un-
destroyed tissue a halo of edema, which again is variable in extent. At some time following
the injury, the inflammatory process spreads into the vitreous body, causing haziness and
perhaps the appearance of floaters. Once again, these features are quite variable. Fimally,
the inflammatory response of the globe as a whole—sclera, chorioid, ciliary body, and other
portions—is determined by the extent of the destructive lesion. With so many factors to be
comsidered, therefore, the incapacity which follows a chorioretinal burn cannot be predicted
with any accuracy. By its very nature of visual impairment, however, any amount of such
handicap is critical to one who flies aircraft.

4.1 TECHNIQUE

The fondes lesions were measured as follows: the comparative unit of measure was arbi-
trarily determined to be 1 grid sguare, using the grid aperture of the standard Welsh-Allyn
direct oqpithaimoscope (May-type head). The diameter of the lesion was recorded as x-number
of grid sgeares. The diameter of the chorioretinal lesior of one animal was measured in grid
Spuares defore death: after death, 1he animal’s eye was opened and the lesion actually measured
with a fime caliper. The actwal size of the retimal lesion was 2 mm in diameter as measured
with the calipers and 3 grid squares in diameter as measured with the ophthalmoscope. There-
fore 1 grid was squal t0 0.4 . The size of all chorioretinal lesions was calculated using 0.4
n per guid.

n
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HBDO

41-mile surface station.

; <
;? .
e

79-mile surface station.

155-mile suriace station.

73.8-miile air station (B-36 No. 1).

Figure 4.1 Retimal burns in rabbit
eyes at four stations, Shot Teak.



307-mile air station, Shot Teak. .

-

226-mile air station, Shot Orange.

88-mile surface station, Shot Orange.

Figure 4.2 Retinal burns in raboit eyes
at four stations, Shots Teak and Orange.
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Figure 4.3 Retinal lesion in left eye of Rabbit 70 exposed to Shot Teak
at 41-mile surface station and photographed at H+10 hours. White oval
lesion with a yellowish-red halo surrounds a granular blackish-yellow
area in the center. It has 3 diopters of elevation and is approximately
2.40 mm in diameter. Subsequent examinations revealed that the lesion
became a mottled black~and-white area without elevation. However, the
lesion subtended the same diameter as initially.
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Figure 4.4 Retinal lesion in right eye of Rabbit 35 exposed to Shot Teak
at 73.8-mile air station (B-36 No. 2) and photographed at H+ 26 hours.
White circular lesion with red hemorrhage is surrounded by a grayish-
white area in the center. Gray area is surrounded concentrically by a
white halo, gray area, and finally a yellow linear area. Lesion is ele-
vated 3 diopters and is 2.0 mm in diameter.
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Figure 4.5 Retinal lesion in left eye of Rabbit 33 exposed to Shot Teak
at 73.8-mile air station (B-36 No. 1) and photographed at H+ 26 hours.
Circular fluffy white lesion with a hole is surrounded by red pigment in
its center. It is elevated 4 diopters and is 180 mm in diameter.
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Figure 4.6 Retinal lesion in left eye of Rabbit 56 exposed to Shot Teak

at 79-mile surface station and photographed at H+12 hours. Circular
white lesion with a gray star-shape is surrounded by white. Superiorly,
there is red pigment; inferiorly, a floral-shaped area. This is surround-
ed by concentric rings from within—outward of yellow, red, and yellow
colors. The lesion has 3 diopters of elevation and is 2.0 mm in diameter.
Subsequent examinations showed lesion as wide as when first examined,
but the elevation (edema) was gone and it was black and white in color.
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Figure 4.7 Retinal lesion in left eye of Rabbit 75 exposed to Shot Teak

at 155-mile surface station and photographed at H+11 hours. Itis a

pearly white oval-shaped lesion with a reddish center and has a peri-
pheral yellowish halo. It has 1 diopter of elevation and is 0.91 mm in

diameter.
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Figure 4.8 Retinal lesion in right eye of Rabbit 43 exposed to Shot Teak
at 307-mile air station and photographed at H+ 26 hours. It is .a circular
lesion with a white center surrounded concentrically by a black ring and
a yellow peripheral area. It has questionable edema and is 0.53 mm in
diameter. Subsequently, the lesion became much smaller.
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Figure 4.9 Photomicrograph of retinal lesion in left eye of Rabbit 70
exposed to Shot Teak at 41-mile surface station. Histology: This
section shows an area of retina with a loss of its pigment epithelium,
rod and cone layer, and outer nuclear layer. The inner nuclear layer
is disorganized, and the inner molecular layer is cystic and disor-
ganized. Adjacent to this area, there are scattered clumps of retinal
pigment and disorganized retina.
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Figure4.10 Photomicrograph of retinal lesion in right ®ye of Rabbit 35
exposed to Bhot Teak at 73.8—mile air station B-36 No. 2). Histology:
An area not shown in this photograph had totally lost the retinal lmyers.
Except for the pigment in the chorioid, all pigment has been dispersed
from the area. Large areas adjacent to the severely svarred area have
disrupted retina and chorioid. Glial tissue is present in the vitreous
cavity of the zlobe.
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Figure-4.11 Photomicrograph of retine] Iesion in left eye of Rabbit 33
exposed 1o Shot Teak .2t 73.8~mile air station ({B-36 No. 1). Histelogy:
Magnification approximutely 600 times. Whole area of lesion not shown.
In‘the original slide, justto'the might of the retinal fold (artefact), the
pigment epithelium is presant in clomps only. Inthe section shown in
‘the photograph, ‘the pigment spithelium is disrupted and the remainder
of‘the retina completely disorganized. Apparently, much of the tissve
pictured, especially in‘the .area to the might ©of the Jesion, is glial tiswsue.
48
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Figure 4.12 Photomicrograph of retinal lesion in left eve of Rabbit 58

exposed to Shot Teak at ¥o-mile surface station. Histolozy: This see-

tion shows an area of disvrgenized chorioid, loss of pizment epitheliom,

loss of rods and cones, and dissolation of the remaining retinal laverns.
43
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Figure 4.33 Photonmucragrarh of retinal losion m Ieft ove of Rabbit s

X

exposed to Shot Teak at 135-mule swriace station.  Histology:y This
sechion denionstrates an arex with clummng of the pimment epitheiium,
ioss of rods and eones, - and disorganization of the sutor vetmal Ingers.
The muey perve-fiber nver has an inereas 1 maoranhises.
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A.3.2 Photooell Resdings. During Shot Tesk, the
photooel]. traoes went_off scale at the beghming of: thie
ghut, ewowpt for-two. or thres. cxsss, and:then dropgped
bank. ony. seade. in.a: snosth. curve. that: in: sonse. cases
of this. curve by giving normalived. defiections: for: five

showed. greater discrepancies. than can be explained
as experimental error.

A.3.3 Angnlar Correction. During Shot Tesk, the
average roll of the USB DeHawen was. 3.5. degrees. and
of the UBB. Cogswell, 5.degress. At zerc.ttme for

TABLE A.1 CGALOHIMETER READINGE

Omoillograpgh  Thermul Inteseity

o Trece: Number (Retiwnt. Rxpersure)
cal,/om?®
Fhot Teak:
Johimston Telemd L aat 5 I.2
1. amnt:6 1.3
1 axdiIT 1.0
2 amet 5 1.3
Aweragge L2
VN Deftaven 5 0.26
6 Q.31
8 0.30
9 .22
Avenege: .27
TS Cogpaweil 5 0,083
& 007G
Awecrage: 0.086
TR Hitoditi = Diefisction too soail’ to rmessare:
focs i 4 Q. 0X0 T
Shot Oramge:
UNE- Bboser * 3 0.07
s 0.06
2 0. 08
Avensge 0.07
UlE: Eilgpersom 4 (W
& Q.08
Average 0.075
USE Deflkven * x Q. 008
3 Q. 006
Average 0007
C-87 4 . 0038S

= Direct line of-sigint to fnskall imerrapted by ciomss.
T Hee best ostimaie of thermal intemsitr in Tabe A3

vaiues: nf slapse time after time zero. The first vaioe
was-olosen to be the Brs time daring whitch 2 repre—
Samistive numiier-nf traces were-haok on-scxie.

During Sho: Jrange, the pintocei]l traces ™se in
L ORT SpoDE TO 3 leved winbh wWRE maimxined wethin
4 Teer peroen for sbewr .27 sscona. whereupen the
“race droppen Cibese 10 1ts zero .ine .n another . as
sesnmsk. An atttanpt to reiste the:amplitetie of the de-
aeiver-with-thie-onltsvimeter resling at-thie -seame -
tiom, aeveas:dbee ty the nervasiization-of Tadile A2,

»®

Shot Oramge., the UNE- Bjgerven nd rolled 2.5 dugrees
awey fromn the firchnl]l and the UBE Dollaven, 1.3 deg-

ress awey; the armplitede: of rodl of the CEE: Dumer was
negligitie. The amowat of pitedr of all of the shipe was
neghigide. The deweation frosn corvect hessling was in
7o cxse grester than ¢ degrees. Iasswwmch xe the srtar
aused Dy 1mproper orvemtation of the cxiorimeters s
phooasils wae-an insensittve fmotion of -amghe - for -swmail
mghes-afiarrer, e arretiine-en- k- aew ware



Mo pitch, roll, or heading information were avaii- almost identical for each station. This indicates that

shie for the US8 Hitokiti. Howewer, the divect line of the ratio of the radiant energy incident at any fixed
sight for this siip wss interrapted by clouds, and so imstant, in the wave-length region in which these cells
any ressonsble errors in oriestation would not be wig- were seusitive to the total incident radiant energy, was
niilicant. coustant for these stations. The fact that the values
TABLE A.2 PHUTOCELL READINGE, SHOT TEAK
Valoss sve raw deflsctions divided by the product of the average calorimeter reading at
the: stetion: (from Tsbie A.1), the fiiter trassmitinance, and the seusitivity of the photocell.
Decillograph Normaiised Deflsction Interval After Zero Tine
Trace Nawmber 20 msssc 40 meec 80 mmec 80 mmec 100 mmec
Avbitrary Units
Joluyseon Telwmd 7 % 5 9 5.7 3.9
8 =B 13 8 4.9 3.2
TS8 Delinwen 2 24 14 9 6.2 4.3
TS Cogwwell 3 %= 15 9 6.1 4.3
4 on* oB* OB * 5.9 | 4.3
TS Mitohdti 1 st - I5% 10t 6.7t 487t
c-m 1 4 3 20 14 10
2 on* 27 7 12 9
* OFE scads.
+ Thie: vailuws 1or the UIE Hitohiti ceeid wot ¥e aormaiized as the others were, bscause
no cxlorimeter was swsilubie from Tabie A.1l. Instesd, to facilitate comperison of the
curve with thie etliers, thie U8B Ritvhiti rendings were simply sormalized to make the
20-meec resding eyual 25.

AZ4 Sp - Cizrecter of Resliution. The fict for tike C-97, which was at 2 much greater raage than
thint: the diste of Tiable A.Z show the same shimpe of thie sbove thres stutions, were dowble the others indi-
ourve: Jor-encly stutéen in St Tenk slicwtes that, for omtes that either the proportion of emexgy in the sensi-
‘thie wave-langth regien in which the plisteceils were tive region of te phiotoceils kad incrensed with distence

TABLE A.3 CUORRECTED VALUES OF
RADEANT EXPOBURE
ution Redimmt Exposure
cal/cm’®
Shot Teak:
Jobsoom: Inlamd 1.2
USE Dellgwen .27
USE Cagoweil ’ 0.086
DB Bitohiti ~ 0.0007
C-97 0.015
Shot Oramge:
USE Bumer * 8.07
ON5 Bgperson 0.0%5
D86 Peligven * 0.007
C-97 0.0035
= Direct lime of sight to fireball inter-
rupted by clouds.
aunaitiva, sliber tis ralstive spectral emittanee of or eive the eslerimeter rending for the C-97 shatien
e Tiall @i net vary:grouly with tme or-olbe e was i srrer.  The hAlor-enphention Jeems mUre
anugiere was net-signilinnly seluctive in s trane- Mhely, Weomme Sisve is wo eviilince of qpuetral Whuages
mituses.  For e Rinutex Biwnd, 005 Bollvvesn, and samoug the Erst Wiree stations.
WIS Cogwall stativns, e normalived valubs were During Shet Orenge, the phetecel] treses again dad -
§7



nearly the same shape from station to station, leading
to the same conclusion as was reached in the first sen-
tence of the previous paragraph.

A.3.5 Time Characteristic of Radiation. As stated
in Section A.3.2, the photooell traces for Bhot Teak dif-
the ssme cells, networks, galvanometers, and opera-
ting conditions were used for both shots, there was
apparently a real difference in the time characteristic
of the two shots. An accurate estimate of the time
characteristic of the thermal radiation camnot be made
from the present data, becsuse the photooells used
were selective in their spectral response, amd the ratio
of enexgy in the sensitive wave-length region of the
photooells to the total energy was probably not constant
from instant to instant for the duration of the shot. A
further complication lies in the fact that the time ocon-
stant of the galvanometers may have been too great for
the rate of fluctuation of the thermal radistion.

A.3.6 Radignt Exposure. Table A.2 shows that the
ratio of the photovell resdings to the sverage calorim-
eter resding was constant within about 5 peroent from

station to station for Johnston Island, USS DeHaven,
and USS Cogswell in Shot Teak. This indicates that
the random error in the calorimeter readings was
within about 5 percent for these stations.

For the C-97 station, the ratio was close to double
that for the other stations, indicating, as mentioned
in Section A.3.4, either a spectral effect or, more
likely, an error in the single calorimeter reading
available for the C-97. Weighing these two possibili-
ties equally results in a revised estimate of the ther-
mal intensity at the C-97 station: namely, the value
0.015 cal/cm?, with a random error within about 33
percent, instead of the value 0.010 cal/cm? given in
Table A.l.

For the station on the USS Hitchiti during Shot Teak,
where no calorimeter reading was obtained because of
the low thermal intensity, similar reasoning based on
the photocell readings gives 0.0007 cal/cm?® as the best
estimate of thermal intensity.

No correction of the calorimeter data of S8hot Orange,
on the basis of photocell data, can be made.

The corrected values of radiant exposure for Shots
Teak and Orange are given in Table A.3.
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Bilver Bpriag 19, M.

Director, Material Lab. {Oode 900), Wew York Nawal
Bhipyerd, Brooklyn 1, N.Y.

Oosmandiag OITicer emd Diveetor, Bavy Electronics
lsboratory, Bean Dlage 32, Oallf.

Commandiang Officer, U.8. Savel Nine Pefense lab.,
Tonama City, Mla.

Oumanding UfTiver, U.8. Taval Defonse
Isboretory, San Pranstoce, Salir,: ; ek,
Info., Py,

Commniing OfTiver snd Directer, U.S. Faval Clvil
Inglmering ladborstory, Port Tuensme, Callf,
ATIN: Cole 131
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93 Commanding 0ffiiver, U.B. Wawal Bohools Command, U.8.
Havel Btation, Tressurs Island, San Pransisco, Deldf,
Byperinsenient, U.8, Neval Postgreduste Bohool, Mmberey,

Dalir.
0ffioer-in-Charge, U.B. Nawval bohool, 0EC Offioers, T.B.
Neval Construction Bn. Denser, Port Zusnems, Talif.,

TR B 8%

CHine Jaice, DaliY.

Commanding OEPiger, ‘Nevel Alr Msserisl Osater, Fhila-
dalphiie 12, Pa. ATTN: Pechnioal Date Br,

‘Companding 0rfiiger, ‘U.E. Naval Alr Development Center,
Johnsville, Pa, ATITN: ‘BAR, Liibrarian

VEPioer-in-Change, U8, ¥ewil Bupply Hesesrch mnd
‘U.)l;.ha-nt Pacility, Nevel Bupply Cwiser, Bayonns,

Commardant, U.B. ¥arine Corps, Washington 25, D.C.
ATIN: Code AUIH

Pivector, ‘eritas Corps Janling Toros, Bevslopmert
Qerteer, Y08, Quaritiva, Wa.

Tommending OfTiver, U.B. Wavel TIC Bokool,, T.8. Wevel Atr
Bration, Bliyseo, Brunmitok, Be.

Thite? of 'Waval Dperetions, Bepurtamit of the Wavy, Weahing-
tton 25, DL, ATTN: ' 0P<0YB5

‘Chiief, Bureau of ‘Navel ‘Weapons, Navy Departmert., Weshing-
ton 25, DiC. ATIN: RR12

WIR YORCE ‘ACTIVITIES
Hq, 'UBAF, ATIN: Dperstions Analysis O¥f'ice, DITive, Vice

1116
‘Che? of Btalt, Washington 25. D. L.
EX7 Murtmvum . TIAYF, Yuulitugton 25,

107115

TN ; -KFCCE
I18-128 Aty Ww m UBAP , ACB/I
R OToATS) eeitingan 25, 5 ’
129 Direstor ormmmm, PC8/D, . VIMF,

“deelitngton 25, D,C, ATIN: Buiduice -and ‘Wewpors Div.,
The Buygeon Genwerel, ‘HQ. USAF, Weshington 25, D.C.
ATN: Bio.~Def. Pre, ‘Med, Division
Tommender, Tectical ALlr Tommand, Langley AFB, Ve, ATIN:
Doo. Bessurity Bramsh

130
53
132
133
13
135-136
137-42

n—-ur, Hy. Kty
Amivews -AFB, Yashington 25, w.n. ATIN: m

Tommauider, AIT Torws Balltvtic Hiveils Div, ;. ARC, ALy
Fores it Post Ufftes, los Amgeles &5, Dulir, ATM: AWEO

Tommander, AF Casbridge Wewedrch Dexiter, L. G. Bnscom
Yield, Bedford, ‘Mess. ATIN: TRET-2

Copmarider, Alr Foroe Bpecial Hedpons Derter, Kirtland A¥S,
Albuowerawn, N, Mex. ATIN: Tesh. Tufo. ‘& Tutel. Div.

M2-143 Director, Afr University Library, ‘Heowell AFR, Ale,

M Commmsder, Lowry Techntosl Treining Tenesr (W),
Lowry A¥S, Benver, Coloredo.

k7

2h8-1k9
150-251

152
u53
a5k
35

6
aI57
138-061
162
63
164165
166
267

168

269

70

1n-173
T-175
176-180
1B1~150

51
192-225

Commandant, Bchool of Aviation Medicine, TRAF, Aero-
space Wedteal Canter (ATC), Brocks Air Force Base,
‘Tex, ATIN: Col. Gerritt L. Hakhuis

%, 1009th Bp. Wpns. Squatron, IR. TMAT, Weshington

Dy Waloe

Cosmander, ¥right Atr Dewslomment Oenter, Wright-Patterecn
AT, m-ytun, Dhio. ATTH: WCACT {(For WOOBI)

Director, DEAT Project TAND, VIA: TEAT Limlecn Offiee,
The XAND Corp., 1700 Main Bt., Santa Monica, Calif.

lnm, Alr Dele By Tabegre Mv,, L. C.
Henscon Fiald, Bedford, MNass, ATTH: SIIE-B

Commander, Alr Tesimicel Intelligence Center, THAY,
Wright-Petberson AFS, Ohio. ATIN: AFCIN-UBla,

Assistant Thief of Btaff, Iutelligence, 3R. VSAFE, AFO
633, Wew York, N.Y. ATTN: Din of Alr Sarwet

in<Chite?, Pacific Alr Foroes, APO §53, Sen

Trancisco, Dalir, ATIN: PFCIZ-NB, Base Necovery

OTEER DEPANDENRT OF TEFENSE ACTIVITIES
Director of Be T h and Bogt ing, Washington 25,
“10.C.. KTIN: Tech,

Dirwctor, Wespons Systens Bvaluetion Group, Moom INN0,
The Peutagon, Meshington 2%, D.C.

Thite?, Jefense Mouic Supyort Agency, Weshington 25, D.C.
AITH: Joouwmnt lifbrery

m;-m,mu—-u,mmn—,m,

Commuler, Fisll Gommant, TeEL, Juslis Bese, Alvegusrewe,
N, o, AOTH: TG

Commuyier, Fisll Commnd, IKEA, Bunlis Dese, Alugeergus,
™. Wex, ATTH: FOWT

tm, JIRT, Arlington Tall Suwetion, Arltegton 12,

me,mwmwmmhm
‘trxtion, 1580 "H" Bt., WN., Neshington 25, D.0. KTIN:
r., R, V., Rols

Tousmner-inlhifel, Btrewmgic Alr Demmmd, VTutt A8,
b, AITN: DB

Commmwdatt,, ununm,nml.m RN, Weshingtan
25, D.C. AITR: (OIN)
i ¥: - ETsoer, DTTioe of ‘the Duited Btutes

Dooumsrts
Wwtionel Ww mﬁm "u‘ a0 ’5,
Wov York, W.Y.

ATOHIC TENGY CUREETON ACTIVITIRS

.8, Atomic Erevgy Commission, Tetimiveal Livrery, Weshing-
ton 25, D,C. ATMN: For WA

Ios Alsmos BrientiTic laborstory, Meport Litewry, P.0,
Box 1663, 1os Alwmos, W. Mex, ATIN: Telen Pelman

Bandia Torporation, Clsssilfisd Pomment Division, Bendita
Bame, Albuguerque, N. ‘Mex. ATIN: K, J. Bmyth, Jr.

Un!mumy of TaliZornia Iswrenve Tedistitm Deborstory,
P.D. Box 808, Livercre, Dalif. ATIN: Tlovis &, Trely

Weapon Pata Bection, b!‘ﬂu of Teohmivel InPormation
Extension, Dak Ridge, Temn.

DITive of Tevhnital Information Extension, Osk Nidge,
"enn. (Burplus)
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