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2 ABSTRACT

This report is intended to be used as an aid to military mission
planners in determining allowable proximity to a nuclear fireball from the
standpoints of permanent retinal injury and the temporary effects of flash-
blindness. Pertinent physical and physiological phenomena are discussed

in moderate detail; the nucleus of the work being a family of curves which

‘ indicate acceptable separation distances for the prevention of retinal burns
and flashblindness. Detailed instructions for approximating acceptable

separation distances using a slide rule are included as an appendix.
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I. INTRODUCTION

It has been known for many years that damage to the eyes can occur
as a result of viewing a very bright light, and that this damage could result
in a permanent loss of visual acuity, The early evidence of retinal damage
produced in this way was observed in individuals who had viewed a solar
eclipse without adequate eye protection(l). The resulting loss in vision

was called ""eclipse blindness', and even now despite frequent warnings

to the public, injuries from viewing eclipses are still reported(?‘).

The development of nuclear weapons introduced a new and potentially

more hazardous source of radiation capable of producing eye injuries., The

potential for eye injury was recognized from the beginning since protective
goggles were worn at the first atomic bomb test in 1942--and in each te:t

thereafter.

The first experiments dealing with the effects of a nuclear flash on
the eyes were conducted by the Air Force School of Aviation Medicine in

1951 during Operation Buster. It appears, however, that this problem was

o b e M

not discussed in the open literature until 1953 when it was pointed out (3) that,
because of the focusing of energy by the eye, injury could be sustained at
extremely long distances--much longer distances than those at which injury

could be produced by any other direct effects.

Following Operation Buster came a series of field experiments to

study the effects of nuclear detonations on vision. This series of field studies




culminated with an extensive experiment conducted during Operation

Dominic and Fishbowl in 1962 (4),

Today, there are several sources of radiant energy that are
capable of producing retinal damage, and most of these sources possess a
much greater capacity for producing damage than does the sun, With the
exception of the Q-switched laser--an ultra-high power mode of laser

(5,6)__the

operation that introduces a new spectrum of biological damage
mechanism by which injury to the eye is produced appears to be the same

in all cases, viz,, the production of regions of elevated temperatures in the
retina and adjacent regicns as a result of absorption of the incident radiation
energy. Since permanent injury appears to be simply a consequence of
generating excessive temperatures, no matter whether the source is the sun,
a nuclear detonation, a normally operated laser, a pulsed xenon tube, an
incandescent plasma, or some other high intensity source, the damage
produced will be similar in each case--differing or’+ ' a result of variations

in the conditions of exposure, differences in the cha: .. - -istics of the sources,

and differences in the subjects themselves,

The significance of chorioretinal burns depends upon a number of
factors. Some of these factors are associated with the physical characteristics
of the actual lesions--such as size, location, and severity. These factors
determine the particular visual function affected and the extent of loss of

function. In contrast, other factors involve the consequences of having
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suffered a loss of visual function, These factors deal with the importance
to the individual of the specific function affected, the extent of the functional
loss, the possibility of partial recovery, and the potential for partly over-

coming the loss by visual training and/or practice.

II. GENERAL DISCUSSION

This report was developed for use in determining acceptable proximity
to nuclear detonations in so far as eye effects are concerned. Two potential
mission hazards are dealt with - retinal burns and flashblindness. Weapon
yields from , 01 KT to 25 MT at burst and flight altitudes ranging from sea

level to 100,000 feet have been considered.

The distances determined using the retinal burn envelopes are the
minimuni allowable distances from fireball to observer that are considered
""safe', i, e,, distances at which no permanent damage will be produced

before a reflexive blink occurs and protects the eye.

The distances determined using the flashblindness envelopes are also
minimum allowable distances, but in this case, they refer to temporary
rather than pern;anent visual impairment. These curves describe the
distance at which 10 seconds of flashblindness will be experienced, i.e.
distances at which it will take 10 seconds tc recover at least 20/120 acuity,

sufficient acuity to obtain useful informaticn from flight instruments.




Weapon characteristics, atmospheric transmission, and pertinent
aspects of the physiology of vision are discussed cursorily in order to

acquaint the reader with the basic concepts involved and to relate retinal

exposure to loss of visual function,

To the extent possible, the prediction techniques emplecyed incorporate

the results of observations taken during the most recent nuclear tests (4),

Weapon Characteristics

There are several basic differences between nuclear and conventional
high-explosive weapons. A nuclear explosion may be many times more
powerful than the largest conventional explosion, a nuclear explosion is
accompanied by highly penetrating ionizing radiations, the fission products
remaining after a nuclear explosion are radioactive, and a large amount of
the nuclear energy is converted to thermal energy (light and heat). ‘This
thermal energy is the energy that is responsible for chorioretinal burns

and flashblindness,

Figure 1 shows the distribution of energy from a fission weapon in
a typical air burst. For detonations in the atmosphere below 100, 000
feet the fraction of energy converted to thermal energy lies between 30
and 40 percent (7) and is taken as 33 percent in the calculations described

herein.

At lower altitudes, a gaseous fireball is formed and essentially all

of the thermal energy is emitted in two pulses (Figure 2) (7). The first
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FIGURE 1. Distribution of energy in a typical air burst
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pulse is relatively short and contains approximately one percent of the total
energy. The second pulse, which contains the remainder of the energy, is
much longer. Although the first pulse contains only one percent of the
energy, under certain circumstances it is capable of producing permanent
injury to the retina. For detonations at higher altitudes, more of the thermal
energy appears in the first pulse. For very high altitude detonatiuns,

essentially ali of the energy is emitted in a single very short pulse,

The amount of thermal energy arriving at the position of the observer
depends upon the weapon design, its size, altitude of the detonation, distance
to and altitude of the observer, and characteristics of the intervening

.

atmosphere. Estimation of this energy comprises a large part of the problem

of predicting safe separation distances,

Atmospheric Transmission

Before reaching the eye, the radiant energy emitted by the fireball is
attenuated by the atmosphere through processes of scattering and absorption.
Attenuation by the atmosphere is a subject of some complexity due to the
variety of phenomena and situations which can be involved. In general,
attenuation of radiant energy by the atmosphere depends upon the composition,
characteristics, and distribution of the atmosphere in the path between
detonation and observer and the energy spectrum of the emitted radiation,

The composition, distribution, and characteristics of the atmosphere vary

from time to time and place to place and frequently are difficult or impossible

-



to predict with any accuracy. For the retinal burn problem, it is not

necessary to consider all of the phenomena involved, or to account for the .
full range of situations and variations which can occur. It is sufficient to
limit consideration to the unscattered or image forming radiation transmitted
through a clear cloudless atmosphere, the situation most favorable to the
production of retinal burns, under the assumption that transmission through

the atmosphere may be described adequately by the expression:

“ 1
eff eff
= -k i ‘ -
TAT exp A ™ J exp kw wJ
where:
m = the mass of air in the path between detonation and observer ,
(a function of burst and observer altitudes and horizontal range).
w = the mass of precipitable water vapor in the path between detonation
and observer (aiso a function of burst and observer altitudes
and horizontal range).
kt;ff = effective narrow beam extinction coefficient of dry air,
keff = effective narrow beam extinction coefficient of water vapor. '
w

The Standard U. S. Atmosphere (1962) is used as a model for air density

i

variation with altitude whereas an exponential decrease with altitude is

assumed for water vapor density.



Interaction of Radiant Energy with the Eye

The effects of thermal radiation on the eyes may be classified as
permanent (chorioretinal burns) or temporary (flashblindness). Concentration
of thermal energy on the retina by the eye lens system can result in injury
to the retina, However, this will normally occur only if the source of energy
is in the field of vision so that an image of the source is formed on
the retina, Because of the focusing of energy by the eye, the distances at
which chorioretinal burns can occur may be much greater than those where
thermal radiation produces skin burns. This comes about as follows: the
irradiance (energy per unit area per unit time) incident on the eye is inversely
proportional to the square of the distance from the fireball. However, the
area of the fireball image on the retina is also inversely proportional to the
square of the distance from the firetall. As a result, the irradiance at the
retina in the image of the fireball is independent of the distance from the
fireball--except for the effcct introduced by atmospheric attenuation.
Fortunately, atmospheric attenuation increases with distance so that
distance can provide protection. There are two other factors which enter into
the problem in a significant way--one is pupil size and the other is blink time.
In order to admit more light, the pupil of the eye normally enlarges at low
levels of illumination, Thus, under conditions of low ambient illumination
(dusk or night) the pupil will be larger than in daylight and allow more of the
thermal energy from the fireball to strike the retina. Average pupil diameters
assumed for this work were 6. 5mm (night); 5mm (behind 2% gold filter), and

2. 5mm (day).



Considering blink time, it is apparent that only radiation received prior
to closing the eyes in a reflexive blink can contribute to the production of .
retinal damage. As a result, the time for a blink to occur can be important.
For the predictions made herein, exposure times are taken to be 250

milliseconds for small weapons and 450 milliseconds for larger weapons.

III. RESULTS OF EXCESSIVE EXPOSURES

Choi.cretinal Burns

A sketch of the human eye is shown in Figure 3. For purposes of
discussion, the eye may be compared to a camera., Light rays received
by the eye are refracted by the cornea, lens, and ocular media so that

they are focused on the retina producing there an image of the fireball. .

Mechanism of Production

Heat generated in the retina and adjacent structures will in time
diffuse away from the area in which the image is focused and will also
be conducted away by the flow of blood in the vascular bed. If the rate
of heat diffusion in an area is less than the rate of heat generation in
that area, the temperature will increase. If the temperature exceeds
the biological tolerances for the area involved, injury to the photo-
receptors (rods and cones), to the optical nerve tissue and other
structures in the retina and choroid may result--with a subsequent
permanent loss of vision. Current research efforts are attempting

to define threshold temperatures but relatively little reliable
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quantitative information exists at present. Until more knowledge

is gained in this area, it will be necessary to continue to base
threshold criteria upon visual observations of retinal changes produced
in laboratory animals and, with appropriate safety factors, extrapolate

these results to humans.

Effects on Vision

The degree of visual impairment caused by a retinal burn will be
dependent on the size, severity, and location of the burn. The size
of the image, which influences the size of a burn, depends on the visual
angle subtended by the object--i, e., the size of the fireball and its
distance from the observer. The severity of a burn depends in
general upon the amount by which the exposure exceeds the threshold
exposure. The function affected will be determined by the location of
the burn(s). For example, sustaining a burn in the fovea would be
most detrimental to visual acuity and color vision since the fovea is
employed for high acuity and color recognition. A burn in the periphery
would have less effect onvisual acuity, and, barring complications, could
resultina scotoma or blind spot that might not be noticed. From Figure 4,
it can be estimated that burns exactly centered in each fovea and large
enough to include the central 2.5 degree visual field, would reduce
visual acuity to about 57 percent of normal (20/35 on the Snellen

scale). In theory, if the central 10 degree visual field were destroyed, the

12



acuity would be 29 percent (20/70). Even if the central 20 degrees of
vision were destroyed, an extremely unlikely situation, visual acuity

would be reduced to approximately 20 percent, i. e, about

20/100.

A schematic drawing of central field defects and the burns responsible
for these defects are shown in Figure 5. The burns numbered 1-6 are
shown in the region of the macula as they would appear in size and
relation to the optic nerve. Burns having corresponding numbers result
from a bilateral view of a single source. Corresponding scotomata
are plotted on the field charts. The centrally located 1.8 mm (6 degree)
burn would cause a permanent visual impairment of approximately
1/2 to 3/4 of normal if centered on the fovea., Visual acuity would
probably be no better than 20/60 even after edema has subsided. Burns
located off the fovea should not reduce acuity, but only produce blind

spots.

Extra-fovzal burns may produce visual defects that are significantly
different than foveal burns. Since 2 lesion of the nerve fiber layer
produces a defect which corresponds to the area which is served by
the affected fibers and not the area of the lesion, a small heavy burn
near the disc could cause an extensive field defect as well as a
localized scotoma at the site of the burn. The course of the nerve

fibers of the retina are shown schematically in Figure 6. Figure 7

13
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shows field defects produced by damage to nerve fiber bundles.

It should be emphasized that the loss of vision resulting from
retinal burns although permanent and uncorrectable, will not take
the form of total blindness. Burns can result in some impairment
of vision in the form of blind "'spots', but complete visual incapacitation

as a result of retinal burns is extremely unlikely,

Flashblindness

The temporary decrease in visual sensitivity following exposure tu a
bright light has been termed flashblindness, and the time required to regain
visual function is called recovery time. In considering recovery time, it
is necessary to specify the visual task or the particular visual capability
desired since the time required to reach a given level of visual performance

depends upon the performance level selected.

Mechanism of Production

Briefly, high-luminance lights produce afterimages of the shape
and size of the priimnarsy images. The initially perceived brightness of
an afterimage is .. .ated to the amcunt of photo-pigment bleached in
the area covered by the image, and the decrease in afterimage brightness
with time appears to be related to the regeneration of the photo-pigments.
An afterimage appears as a bright area in the visual field (or a dark

area--depending upon the luminance of the background) and reduces

16
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contrasts in a scene subsequently imaged within the area occupied

by the afterimage. In order for an object to be seen '"through' the
afterimage, the object must produce a primary image of sufficient
brightness to create detectable contrasts. Against the background of
an afterimage, detail that could be detected prior to a flash may be
indistinguishable until the afterimage decays to a brightness level
permitting perceivable contrasts, As a result, recovery time depends
generally upon the integrated incident luminous energy, the luminance
of the subsequent scene, and the visual acuity required for perception

of the particular detail desired.

Effects on Vision

Figure 8 (8) shows the general form of recovery time as a function of
stimulus flash energy--assuming a constant flash duration. Target
luminance is the parameter between curves. For very low flash
energies, there will be no significant effect on visual function., However,
as flash energy is increased, an increase in recovery time becomres
apparent. For exposure levels beyond those at which maximum bleaching
occurs, recovery times may change very little with an increase in flash
energy. However, as the flash energy approaches the threshold for
injury, recovery time increases rapidly until injury occurs. At this

point, function is lost irreversibly.

The relationship between target luminance and recovery time can

also be inferred from an examination of Figure 8. Increasing display

19
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luminances are represented by successively displaced curves in the
figure. Note that recovery times decrease with increasing target
luminance. Clearly, target luminance is an important variable and
recovery times can be significantly reduced by increasing target

luminance.

IV. PREDICTION METHODS

Retinal Burn

Detailed calculations illustrating the techniques employed in determining
acceptable separation distances are given in Appendix A, A brief summary of

the method is given below:

The total energy per unit area focused into an image on the retina is
called the retinal exposure, Qr(CALC). This quantity varies inversely as a
function of distance to the fireball due to atmospheric attenuation and can be
calculated for the human eye--provided atmospheric attenuation and the thermal
characteristics of the weapon are known. For the curves contained in this
document, a blink reflex of 0. 25 seconds is assumed for yields below 1 MT

and 0. 45 seconds for yields of 1 MT and above.

Experiments using rabbits, plus data obtained from limited studies
involving humans, serve as the basis for determining the allowable or safe

retinal exposure, Qz. This is the maximum exposure for which no

21



burn will be produced (9),

From a practical standpoint, concern over retinal burns occurs only
when there is an impairment of vision, However, the relation between
impairment of function and minimal ophthalmoscopic-"" - detectable lesions is
not yet clearly established. To account for the inherent uncertainties, the

following safety factors have been introduced:

a, Calculated retinal exposures, Qr(CALC), are arbitrarily multiplied
by a factor of two in an effort to allow for possible inadequacies

in weapon data and the method of calculation, Thus Qr: ZQr(CALC).

b, Minimal burn threshold data, determined from experiments on
rabbits, are converted to human sub-threshold values by
T
decreasing the measured threshold values, Qr(MEAS), by a

T
factor of four., Thus, QTr =Q (MEAS)/4.
r

Briefly, Qr is calculated as a function of the distance between the
observer and the fireball taking into account weapon characteristics, atmospheric
transmission, and properties of the eye. The allowable distance of nearest
approach (safe separation distance) is then obtained by comparing values of
Qr to values of QT!_, also calculated as a function of the distance between
observer and fireball, The safe separation distance, measured along

the earth's surface, is the distance at which Qr = Q i_

22



Since Qr is dependent on the total masses of air arnd water vapor in
the path between detonation and observer, safe separation distances vary
with both detonation altitude and observer (flight) altitude. Figure 9
illustrates the model used to take these geometrical factors into account

in the results presented in Figures 13-116,

Figure 10 shows a plot of Qr and QTr vs. horizontal range. The point
of intersection of these curves (Qr = QZ) defines the minimum allowable
distance of approach for one particular burst and flight altitude combinati-
To generate an '"envelope' curve such as shown in Figure 11, large numbers
of Qr and Q-f. curves must be examined. This was done using e; computer
program and the results are contained in Figures 13-116. For distances inside
the boundariesdefined by these curves, there is the possibility of eye injury
as a result of retinal burns. For distances outside the boundaries, no injury

ir predicted.

Flashblindness

Flashblindness envelopes are generated in much the same manner as
are the retinal burn envelopes, i.e., a calcualted exposure, Er' is compared
to an allowable exposure, Ef . However, in this case, the calculation of the
exposure is somewhat more complicated than in the case for retinal burns.

A brief description of the approach is given here with a detailed description

appearing in Appendix B.

23
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Typical retinal burn safe separation envelope.

FIGURE 11.



If the image of the fireball falls directly on the fovea and the image is
approximately the size of the macula (or larger), a significant period of
flashblindness can result--even though no burn is produced. For this case,
calculation of the exposure is accomplished exactly as for retinal burns except
that the exposure is expressed in troland-seconds.  However, if
the fireball subtends ar; angle less than about three degrees (one millimeter
image diameter) it is possible to ''lock around'" the afterimage using the para-
fovea area where acuity is still relatively high (10}, Thus, a very small after-
image in the macula may be annoying but it does not present a significant
decrement in visual acuity, Accordingly, recovery time is computed for a
foveal exposure from the direct (unscattered) radiation only when the image
of the fireball is equal to or greater than one millimeter. When the image of
the fireball is less than one millimeter, ii is assumed that the limiting stimulus
will be presented to the fovea by diffuse radiation that reaches the retina after
being scattered from the air, clouds, ground or water, and by the clear media
of the eye itself. Calculation of this component of the luminous energy is in
principal much more complex than is the calculation of the direct unscattered
radiation that makes up the image. Estimation of the scattered component is
accomplished through an adaptation of the method described by Vos (11)(12).
Exposures calculated in this way are compared with threshold exposures (for
a specified recovery time) determined in laboratory experiments using humans(l?’)'

As before, the condition Er=E‘:‘ defines the safe or acceptable separation

distance,

27




According to the procedures discussed above, the curves presented
in Figures 13-116, describe distances at which visual acuity will return to
20/120 at the center of the fovea, or at 1-1/2 degrees from the center of the
fovea, within 10 seconds under typical cockpit lighting conditions, Figure

12 shows a typical flashblindness envelope.

V. MISSION PLANNING

The charts (Figures 13-116) included in this section can be used to assess
the retinal burn and flashblindness hazard in planning nuclear strike missions.

It is assumed that, for planning purposes, the following are known:

1) Weapon yield
2) Detonation altitude
3) Opbserver altitude

4) Day or night detonation

With the charts and this information, allowable separation distances or
'"danger-zones'' can be established. The term '"dange--zcuc' does not mean
prohibited zone, but merely that appropriate safety measures should be taken
to insure aircrew eye safety while in the zone. Each of the curves has the same
format, with altitude given in thousands of feet and horizontal range given in
nautical miles. Figures 1] and 12 illustrate the use of the retinal burn and
flashblindness charts in determining allowable separation distances. The steps

to be followed in using a chart are outlined below:
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1) Select the set of '"day' or '"'night'" curves for the weapon yield
under consideration. FEach curve applies to a particular burst
altitude as noted in the legend. Identify the curve which represents

the desired burst altitude.

2) Select the observer altitude on the ordinate and follow this

altitude horizontally to its intersection with the envelope curve.

3) The abscissa of the point of intersection is then the allowable
separation distance. This value can be used directly on a map,

or the slant range can be calculated as follows:

1/2

Obs. Alt. - BurstAlt. )2
6. 08

Slant Range (Naut. Miles) = [(Horiz. Range)2 +

Where Horizontal Range is in nautical miles and both Observer

Altitude and Burst Altitude are in kilofeet.

Safe separation envelopes have been calculated for detonations during
daylight (with and without a 2% gold visor for protection) and for night detonations.
The protection afforded by the gold visor is sufficient to eliminate the hazard of
retinal burns for day exposures for all of the situations considered, therefore,

no envelopes are presented for this combination of conditions.

It should be emphasized that the '"safe separation'' distances presented here
pertain only to retinal burns or flashblindness and are specific to the exposure

conditions assumed, e.g. 0.25 second or 0. 45 second blink time, 2.5 mm or
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6.5mm pupil diameter, etc. If an allowable distance for flashblindness is less
than an allowable retinal burn distance, the conclusion is simply that retinal burns
present the limiting approach distance insofar as these two phenomena are
concerned. It may be that in some instances the blast, thermal, or radiation
hazard extends to a greater distance than either the flashblindness or retinal

burn hazard. In this case, the allowable approacu distance is not determined

by retinal burns or flarhblindness,
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No Retinal Burn Envelope Exists for the Fullowing Co: litions:

DAY MISSION
W = 9000 KT
HB = 5 KFT and 10 KFT

FILTER: NONE

FIGURE 33
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No Retinal Burn Envelope Exists for the Following Conditions:

DAY MISSION
W = 23000 KT
HB = 10 KFT

FILTER: NONE

FIGURE 36
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HORIZONTAL RANGE (NAUTICAL MILES)

FIGURE 66
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