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SUMMARY

An assessment is made of the likelihood of visual incapacitation of
bomber aircrew by the explosion of nuclear anti-aircraft weapons. The exist-
ing medical data upon which this assessment is based have been accepted un-
critically and the subject treated as a problem in applied physics,

It is estimated that for an average individual, retinal burns may be
produced at renges up to 60 miles at an altitude of 50,000 ft, and that far
night operations, a pilot may be blind to instrument levels of brightness for

several mimites. The operational significence of the results is not
considered,

The acowracy of the existing data is believed to be questionsble, end
the various steges of the snalysis are given in detail so that a re-assessment
should be straightforward if further data became available,
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VISUAL INCAPACITATION CF AIRCREW BY NUCLEAR ANTI-ATRCRAFT WEAPONS

1 INTRODUCT ION

The crew of a bomber airaraft may take steps to avoid blindness
resulting from reflection of the light flash from s nuclear weapon which it
has just delivered. In such a case, the time and position of the explosion
are known. However, the crew may slso be exposed to the unexpected €lash of
nuclear anti-aircraft weapons which explode too far away to be otherwise
effective or which were aimed at other aircraft in the vicinity. Although
such weapons are likely to have a low yield, appreciable thermal energy may
fall upon the retina when detonation occurs within the visual field., There
is a risk of permanent blindness of the area of the retina coversd by the
image, due to a retinal burn, and of temporary blindness or "dazzle" of
other areas, which may last several minutes.

In this report an assesament is made of the hazard to aircrew for
oconditions typical of a V-bomber mission. The assessment is confined to the
determination of critical conditions, and the effects on the performance of
the crew are not discussed, It is hoped that the results may allow the
military significance of blindness fram this source to be assessed, and may
assist in determining the need far protective equipment,

Several analyses of the problem of visual incapacitation by nuclear
weapons have already been made, but these deal with the "nominal" (20 kt)
Weapon, usually at ground level conditions. It will be shown that the
results are very different for low-yield weapons at high altitudes, and a
re-assessment of the problem seems to be necessary., The most comprehensive
analysis has recently been given by Bridges 92 and the methods employed in
the present report have been largely based on those used by him, It is
recognised that much of the data used is of questionable accuracy, and the
various stages of the analysis are given in detail so that a further assess-—
ment should be straightforward if further data became available.

The matter is treated as a problem in applied physics, and no attempt
is made to deal critically with the purely mediocal aspects,

2 THE EYE

It is pertinent to examine briefly the structure of the eye in so far
as it affects the present work and so that any terms used subsequently will
be recognised.

Fige1 shows a horizontal section through a right eye, seen from above.
Light, entering the protective cornea, passes through the aqueous hmour and
is focussed by the lens on to the retina. The shape of the lens, which is
flexible, is adjusted by the surrounding muscles so that objects at different
ranges may be brought into foous, Whenever a brightly-illuminated objeot is
examined closely, the eye is adjusted so that its image falls upon the fovea
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centralis, a shallow depression in the retina subtending about 0,6° at the
lens, where visual acuity is greatest.

The layer of optic receptors lies near the rear surface of the retina,
in contact with the pigment epithelium layer which absorbs most of the light.
The nerve fibres cerrying the sensation of light pass forward to the front
surface and across it to the optic disc, where they pass out through the
back of the eye on the nasal side, forming the optic nerve, The optic disc
itself is free from receptors and is insensitive to light.

The outer surface of the eye is attached to a system of muscles which
move it as a whole so that a wide field may be secn,

The iris oontrols the smount of light entering the eye in the same way
as that of a camera lens and the aperture or the part of the lens seen
through it is the pupil, For an average individual the pupil diameter is
about O,4 om in daylight and ebout 0.8 cm at night, but these values vary
considerably from person to perso.. In addition to the variation with local
illumination, the pupil diemeter is subject to wide changes in response to
the nervous systems. In partiocular, in times of nervous stress, the pupil
may dilate,

The media which compose the eye do not uniformly transmit radiation of
all wavelengths. They are almost completely opague to radiation of wave-
lengths less than 0,38y (1p = 107% am) or greater than 1.4u. Within the
transparent region the transmissibility is veriable, having a maximum of 8k
at about 0.85u. The mean transmissibility over the whole range is about 40j.

Another mechanism favourable to the reduction of energy received by the
retina is the involuntary blink reflex which oocurs when the eye is stimulated
by a brilliant light. The blink reflex time varies with the individual, but
an average value is about 0.2 secs. In this report this value has been used,
as well as a lower limit of 0,1 sec for comparative purposes, and it is
assumed that upon exposure to a nuclear explosion, the individual blinks and
turns away, receiving only the energy which arrives before the blink reflex
ocours.

From the construction of the retina, it seems that a burn at one posi-
tion could interfere with vision at another, through destruction or inter-
ruption of the nervous or vascular syetems1. In partiocular, a burn on the
optic diso would almost certainly blind other areas of the retina. Further-
more, tension set up in the retina by scars can cause distortion of vision
or eventual detachment of the retina. Recovery of vision after a flash
insufficient to cause a burn, though prolonged in some ocases, is eventually
complete.

There are two principal ways in which the radiant energy from the
explosion can affect the eye. When the fireball is viewed directly, the
optical system produces an image of it on the retina, varying in sharpness
aocording to its position in the visual field, and the concentration of
energy in this small area may give rise 'to a retinal burn. At the same time,
an area round the fireball image will be temporarily blinded or dazzled by
the glare effect. Temporary blindness can also result from the reflection of
radiation from objeots in the visual field when the fireball is not actually
scen. The production c¢f a retinal burn and "dazzle" will be considered
separately,
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3 RETINAL BURNS

31 Spectral distribution of radiant energy

Redient energy of any wavelength contributes to the rise in temperature
which results in a burn®, but it is important to consider the distribution of
energy of different wavelengths produced by the nuolear explosion. This is
because selective trensmission according to wavelength takes place in the
atmosphere, in any other material between the explosion and the eye, and also
in the eye itself.

Little information has been published concerning the spectral distribu~
tion of energy from the explosion as a function of time, but a curve has been
given3 of the equivalent radiating temperature of the fireball, that is, the
temperature of a black body yielding the same energy distribution at any given
time, This curve was prepared from an analysis of the energy in various wave—
bands, and in the absence of better data it appears to be legitimate to use
this ourve in order to calculate the spectral distribution, since the curve
was itself prepared from such a distribution.

The time-history of the radiating temperature of the fircball is
similar for all nuclear weapons when the time variable is scaled according

to W° where W is the yield. The original curve, drawn for a 20 kt weapon,
has thus been used to produce curves far weapons of other yields. Values

"of 1, 3 and 10 kt have been taken as representative yields for nucleer enti-
alraraft weapons, and the deduced time-history of the raediating temperature
is shown in Fig.2,

These curves striotly apply only to weapons burst at sea lovel condi-
tions, and at high altitudes, the time of the first minimum may be signifi-
cantly inareased. However, it is gencrally assumed that the time-histary
of the burst is largely independent of altitude up tc 50,000 ft, the altitude
to which this report refers. There are as yet no experimental data for high
altitude conditions, but should it be shown later that there is a significant
effect at 50,000 ft, the cwrves of Fig.2 would then apply not to weapons of
1, 3 and 10 kt, but to other weapons, whose yield is at the moment
indeterminate.

The amount of energy of wavelength A emitted by unit area of a black
body of asbsolute temperature T in unit time is given by Planck's equation

oA~
E(A) = e (1)
2/\T
e -1

where 01 ard 02 are suppressed constants depending on the units used.

Values of E(A) have becn caloulated for a wide ra.n%g of temperature
and wavelength and are given in standard physioal tables'4., From the
temperature-time curves of Fig,2, the amounts of energy of different wave-
lengths emitted in 0,1 and 0,2 secs were calculated and are plotted in Figs.3
and L4, To plot these curves, velues of E(A) werc obtained fram the equive-
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lent radiating temperature at intervals of 0,01 sec, for wavelengths between
O.34p end 1,46p at intervals of 0,08, In Figs,3 and 4 the function

£
u(n,t) = f B(A) at (2)

(o]

is plotted against wavelength for t = 0.1 sec and 0,2 seo respectively. The
integrations were carricd out nmumcrically.

Figs.3 and 4 represent the spectral distribution of radiant energy
emitted by unit area of the fireball over periods of 0,1 and 0,2 secs for
weapons of various yields. In the first 0.1 sec, most energy is released by
the 1 kt weapon, the 3 kt and 10 kt weapons following in order, However,
up to 0.2 sec, the order of magnitude beccmes 3 kt, 10 kt and 1 kt. Ulti-
mately it must become 10 kt, 3 kt and 1 kt, the order of the total duration.
The reason for the variation lies in the relative position of the first
minimum in the radiating temperature, which being only about 2200°K, does not
allow a significant contribution to the total energy release, It may be seen
in Fig.3 that the fireball of the 10 kt weapon is at a low temperature for
most of the initial 0.1 sec period, whereas the 1 kt weapon reaches its peak
temperature at about 0,05 sec. Also the 10 kt weapon gives maximum tempera-
ture during the period 0,1 - 0,2 sec, whereas the 1 kt and 3 kt bursts have
passed the peak and are already cooling.

The position is complicated for larger weepons, for which the period
before the first minimum becomes of dominating importance because of its very
high temperatures, even though they act for very short periods. In the
mresent study, it was found that the period before the first minimum was only
significant for the 10 kt weapon.

3+2 - Total energy received by the retina - no attenuation

The parameter U(A,t) in equation (2) is the total thermal energy of
wavelength A emitted by unit area of fireball surface during the time intexval
0 to t. Thus, if the fireball diameter is D, the total energy release is

U(n,t) . wD°

which is emitted uniformly into 4= steradiens, Thus, the energy emitted into
unit solid angle is

ba

u(a,t) . m

Now if the pupil diameter is r and the range R, the solid angle sub-
2

tended by the pupil is 195 s and thus the energy falling upon the pupil is
given by 4R

2 2
a(h,t) = UOLE) = e (3)

10

SECRET



This energy is ultimatoly brought to a focus on the rctinal image of the
fireball, of diameter d. The image diameter is related to the fireball
diameter by the geometrical expression

4 _
D

iR

(%)

where r is the distance from the lens to the retina., Thus the fireball image
is of area

= - ﬂf,!f (5)
L4 b g2

Then the total quantity of radiation of wavelength A f'alling within
the image, q(A,t), is, from equations (3) and (5)

2
Q(x:t) = U(’\:t) . p—z- (6)
Lr

Thus, because the energy falling upon the pupil decreases with the square
of the range, as does the area of the retinal image, the intensity of radiation
within the image is independent of the range when no attenuation occurs., This
analysis applies strictly only when the fireball is of oonstant size over the
time t. Since, in fact, it increases with time, only the central portion of
the retinal image receives the quantity per unit area implied by equation (6).
However, this portion may be quite large since, as will be seen later, the
fireball diameter is almost constant after 0,05 seocs for all the weapons
considered. The error is thus greatest for the initial 0.1 seo period.

In order to determine the total radiant energy of all wavelengths falling
upon unit area of fireball image in the time t, equation (6) has to be inte-
grated over the appropriate range of wavelength, i.e.

2
Qt) = /U(x,t) . i—é . a

= fj—z / U(n,t) a (7)

This gives the energy per unit area falling within the fireball image in the
absence of attenuations

343 Atteruation by the atmosphere

At sea level, attenuation of radiation by the atmosphere is due to
scattering by air molecules and dust particles as well as by absorption at

11
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certain wavelengths by suspended water vapour and carbon dioxide. Qxygen and
nitrogen do not absorb radiation of the wavelengths in whioh we are interested.

No experimental data are available for high altitude conditions. It
seems unlikely, however, that a sufficient quantity of dust particles or
absorptive media would be present to contribute significantly to the attenua-
tion. It is therefore assumed that at high altitudes attenuation is due solely
to Rayleigh scattering by air molecules, In this process, energy of wavelength
Ain 2 collimatod beam is reduced by a factor o‘h( R in travelling a distance
R, where

56 &iif,;lf (8)

v is the refractive index of the air, and n the number of molecules per unit
volume,

Now both (v-1) and n are direotly proportional to the relative density,
o, so that if the zero subscript refers to sea level conditions,

(v=1) = o'(v-1)° (9)
and
n = on (10)
Thus, at altitude,
©
k) = 32 cr(v:')o (14)
Zmox

end sirce (1), = 2,9 x 107, n_ ¢ 2 x 10'° ™ end o = 0.152 at 50,000 £t,

(D) = 2.12 x 1072 374 o

1

6ol x 10'-21 )»-l" kilofoot

3042 x 10720 3% gt (12)

if A is in centimetres.

It is evident fram this relation that atmospheric attenuation at this
altitude is only significant for short wavelengths and long ranges., Far
example, the atmosphere transmits 87% of radiation of wavelength O.4u over a
distance of 10 miles. At the same range, the transmission for wavelengths
greater than 1p is virtually 100%.

3¢4 Attenuation by aircraft windscreens

Although called upon to transmit most of the visible radiation
(cas Oulp =0.7u) eircraft windsoreens are totally opaque to ultraviolet and

12
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transmit infrered rediation rather poorly. A typical V-bomber windscreen
may be considered to consist of two glass-vinyl-gless laminates separated by
a dry air space. Each laminate is composed of two sheets of glass 5/16 in.
thick and a vinyl sheet § in, thick,

No accurate date are available concerning the spectral transmission of
such a windsoreen, and it has accordingly been caloulated from the published
properties of its constituents. The trensmissibility of 3/16 in, plate glass
and § in. vinyl have been given for the infrered region’, In the visible
range the curve for v:\)_ngl has been assumed to be the same as for perspex, as
it is in the infrared”>°. The ocurve for glass was extrapolated in this
region to a transmissibility of 98% in the C,5u region. The position of
cut-off at uliraviolet wavelengths depends critigalilj..y on the oamposition of
the glass, and has been taken to be about 0.30p1 1%, These curves are shown
in Fig.5 together with the calculated transmissibility of the whole wind-
screen, carried out on the assumption that 5% of radiation of all wavelengths
is reflected at each glass-air surface.

Specification DTD 218B requires a normal transmissibility in the
visible range of not less than 7064 for windsareens of this thickness, and
DID 869 requires values up to s 80 the values caloulated are of the right
order,

Because of the slope of the windscreen in modern aircraf't, the line of
sight is not usually normal to the surface, and in the V-class bombers, it
may be as great as 60° to the normal, From the basioc data of Fig.5, it is
possible to determine the trensmissibility at any angle » and the ocurve for
60° has been given in addition to that for normal transmission. It may be
noted that although the transmissibility in the visible region is reduced
by less than 10% at 60° to the normal, the values in the infrared region are
considerably diminished,

3.5 Attenuation within the eye

In Fig.6 is given the tranamissibility of the eye media as dedused from
Bridges' datal. (This ourve should not be confused with the spectral sensi-
tivity of the retina, which is much more restrioted.)

As for the windscreen material, the transmission is low at both ends
of the spectrum, and in particular the ultraviolet is severely attenuated.
The intensity of the fireball is highest in this region (see Figs.3 and L)
and thus a oonsiderable reduction is effeoted in the energy actually reaching
the retina,

3.6 Intensity of rediation reaching the retina

From equation (6) it is seen that the intensity of radiation of wave-
length A reaching the retinal image during a time t when attenuation is

ignored is given by

2
ant) = U(at) o B (6)
4r

The fraction of this transmitted by the atmosphere is e MR 4pa if
the fraotions transmitted by the windscreen and pre-retinal media of the eye

13
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are w(A) and m(A) respectively, the intensity of rediation of wavelength A
at the retina is

-h(A)R

2
«m)=§wmmn U, t) (13)

Of the attermuation factors, only that due to the atmosphere is a function of
renge, and its effect at high altitudes is found to be very small., In Fig.7
is given an overall transmission, oovering all sources, as a function of
wavelength., It will be seen that there is very little difference between the
curves for zero and 50 miles range, but that the maximum trensmission is only
about 45%.

It is now possible to caloulate the total intensity of radiation
falling in a given time upon the retinal image. This is done by integrating
equation (13) with respect to wavelength, viz:

A
w>=%[wmmmﬂm%mwu (1)
il

Thus, the whole process, substituting for U(A,t) from equation (2), is
expressed mathematically as

A t
Q(t)= = f—:—z- L w(n) m(n) o h(MR / E(A) dt o ax (15)

o

For convenience of evaluation, the expression

t
w(a) m(2) / EQ) . at = o(d) m(d) . U(x,t) (16)

has been plotted in Iigs.8 and 9 for t = 0,1 sec and 0.2 sec respectively,

To obtain the thermal dose received through any pupﬁ t any range, the
ordinates of these figures must be multiplied by e MR the resulting
ourves integrated and the integral multiplied by p2/hr? (vide equation (14))s
It should be noted that the curves shovmn in Figs.8 and 9 may be used for eny
conditions of altitude and range, if the appropriate atmospherio transmission
is known as a funotion of wavelength.

Representative values of total thermal dose are given in Table 1 for
pupil diameters of O.4 om and 0,8 em, assuming a constant length r, from lens

to retina, of 1.7 cms, The results are strictly for zero range, but they are
not very different for ranges up to 25 miles,

14
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TABLE 1

Total thermal dose received within retinal image of

firetall - oals om >

Line of sight normal to windscreen

Yield kt l 1 3 10
Pupil dia. Oul 0.8 Osl 0.8 Ouly 0.8
cms
~on
?g%ﬁ&% 0.2 1.75 7. 00 2,09 8436 1.87 7.48

3.7 Thermal energy required to produce a retinal burn

Bridges has disoussed in detail eight cases of retinal burns produced
by nuclear explosions at distances up to 10 miles, as well as others pro-
duced by the sunl. In none of the cases involving nuclear explosions has
the yield of the weapon or the atmospherio transmission been stated, and it
hus not been possible to deduce fram the results anything more than the
clinical effects. Also, in the case of solar retinal burns, the time
required is much longer than the blink reflex time.

A number of experimental retinal burns have been produced in rabbits,
both by solar and nuclear sources, The rebbit eye has a larger pupil dia-
meter and shorter focal length than the human eye, and its optiocal blink
reflex time is longer, so that a retinal burn may result at greater distences
from an explosion. In one trial, all the exposed rabbits had retinal burns
out to 27 miles, and some burns were recorded at 42,5 miles,

These experiments have not yielded a reliable value for the tlreshold
of energy required to produce a retinal burn., The rrocess is complicated
by the conduction of heat awey from the irradiated area, an effect which
must depend upon the size of the fireball image.

The smallest thermal dose which has produced a retinal burn in the
ra'b‘git is, 0s14 cals cm™2 at the retina detivered in 003 secs (4.7 cals
am™% sec™1) and this value has been taken by Bridges to be the critical dose
for all ceses, irrespective of the size of the image or the time of
irradiationl. In fact , the critioal dose would be expected to increase with
the time of irradiation, because of heat loss by conduction., Since heat loss
is more significant for small than for large areas, it would also be expected
that the critical dose would increase as the irradiated area is decreased.

inhe experimental data on the production of retinei burns in rebbits,

cover the ranges of thermal d.os? gbtainad in the previous seotions. Some of
these data are given in Table 2/2°,

These results have been selected for analysis since they are threshold values ;
other results have been discarded where it was not established that a smallexr
dose would not have produced a retinal burn.

15
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TABLE 2
Critical thermal dose for retinal burns in the rabbit

D - Time of Diemeter of
1: -2 irradiation irradiated area Remarks
SRy G0 secs om
Os 14 0.03 0,10
22.5 30 0. 14 Average of several trials
72,0 720 0.30 Electric arc
360, 0 120 0.015 Unmagnified solar image

It is impossible to make a theoretical analysis of thermal conduction
in the layers of the retina and choroid because of their complex construction
and unknown thermal properties. However, it was found from the experimental
results given ebove that there is a correlation between the critical or
threshold dose and the factor (¥/d), where t is the time of irradiation and
d is the diameter of the irradiated erea. The results, plotted in Fig.10
on logarithmic axes, fit a straight line whioh suggests a relationship of
the form

£\X
chit = K (E) (17)
where, fram the existing dete,

K = 032 eand x = 0,72, approximately.

The diameter of the irresdiated area in the present analysis is inversely
proportional to the range, as given in equation (4), and it is thus possible
to determine the extreme range at which a burn will be produced - the critiocel
renge. In a virtually transparent atmosphere, it is only the increase in
critiocal uose with deoreasing size of image which results in a critical range
at all. If the oriti?al dose were independent of the size of the image, as
was assumed elsewhere', a retinal burn would result from the wespons oon-
sidered even at an infinite range, if atmospherio attenuation were negligible.

3.8 Oritical range

If it is assumed that the human retina is structurally and materially
similar to that of the rabbit, the critical range at which a burn is just
rroduced may now be caloulated, This is strictly an iterative prooess s sinoe
the value of Q is itself a function of range. Thus, the value of Q for zero
range is obtained from Table 1, and the appropriate value of (t/d) is found
from Fig.10. The value of d obtained frem this is inserted in equation (4)
to give the range, and then a closer approximation to Q may be obtained by
correcting for atmospheric attenuation. The prooess is then repeated. In
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view of the anticipated accuracy, the correction is only necessary for vexry
long ranges, and the values of Q given in Table 1 were used directly where
the range was less than 25 miles, Even at 50 miles, the dose received is
ebout 85% of that at zero range.

Although this method epplies striotly only to irrsdiation ocourring at

& uniform rate, it is oonsidered that because of the simplifying assumptions
made, it is legitimate to take t to be the total time of exposure and D the
diemeter of the firebell at time $/2, The variation of fireball radius with
time is illustrated in Fig.11 fer the wea.poxy: oonoernsd., This figure was

7§a.red from a ourve for the,1 kt fireball 7 with radii scaled acoording to
w and times aoocording to w% after the first minimum, It mey be seen that
the assumption that the diesmeter of the image (and thus of the fireball) is
constant is more nearly true for the larger values of t.

The prinoipal results of the analysis are given in Table 3 , oorrected
to the nearest mile.

IABIE 3

Oritical range for retinal burns ~ niles
Line of sight normal t¢ windsoreen

Yield kt 1 3 10
Pupil dia. cm (O 0.8 0ot 0.8 O &4 0.8
M 0.1 5 31 5 31 N 26
LI
383 8 0.2 5 32 9 51 14 60

These results apply to the production of retinal burns when the ex-
plosion is viewed directly and transmission takes place normally to the wind-
soreen surface, The hazard will be less for other circumstances, and should
be calculable for any particular case. In view of the mmber of variables,
however, only the direct transmission case has been considered in detail.

The most important variable to be considered in a practical assessment is the
angle made by the line of sight to the normal through the windscreen. By
follewing the foregoing method, the critical ranges for angles other than
zero can be determined. In order to indicate the importance of the angle of
transmission, the critiocal ranges for a line of sight making an angle of 60°
to the normal have been computed and are given below in Table L4, An
appreciable reduction in the critical range is indicated.

It should always be checked that for none of the solutions is the range
sufficient for the fireball to be seen as a point source. Beyond this renge,
the image is of constant size but the intensity of radiation within it
diminishes with the square of the range. Far this to be so, the fireball
must subtend at the eye an angle of less than % mimute, and the appropriate
range in the present cases would be several hundred miles, owing to the large
size of the source.
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ZABLE L

Critical range for retinal burns - miles
Linc of sight 60° to normal through windscreen

Yield kt 1 3 10

Pupil dia. cm O &4 0.8 (¥ 0.8 O 4 0.8

;

0.1 3 21 & 24 3 16
o .
-é 8| o.2 3 22 6 33 7 21

reflex

L FIASH BLINDNESS OR "DAZZIE"

4e1 The "glare" effect

As well as producing a retinal burn in many ocases, a nuclear weapon
detonated within the visual field will cause dazzling of other parts of the
retina, This is due to the "glare" effect of the source which affects areas
beyond the actual image, probably by scattering within the eye. The effect
diminishes as distance across the retina inoreases from the image, but it
will be seen that following an explosion, apprecisble areas of the retina may
be blinded for several mimutes under certain ciroumstanoes.

The time taken to recover vision after exposure to a given stimulus
depends upon the brightness of the objeots which have to be seen., It appears
that at daylight levels of brightness, recovery of vision after the flash
would take only a few seconds, although an after-imege may persist until the
following day when the intensity within the image is high, but insufficient
to cause & burn!O, Flash blindness is therefare hazardous only at night, and
the degree of incaracitation depends upon whether the subject is required to
see out of the cockpit or to read illuminated instruments.

b2 Egquivalent brightness

If the illumination at the eye is J foot-oandlesé the glare effect at
points in the retina subtending an included angle of 6° at the lens is equal
to that produced by a uniform brightness field of B equivalent foot-candles
(esfe0.) where according to Bridges?

B = '&%‘2‘2 (18)

The illumination at the eye, J, is a funotion of time and depends on the
intensity of the fireball, If the intensity at any time is I(t) candles, the
illumination at renge R feet is

J(t) = L%) foot-candles (19)
R
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and the equivalent trightness for the retinal location 6 is, from equation (18)

B(t) = 48 1(t) (20)

The factor which is related to recovery time is the product of brightness and
time, which is embodied in the photooham.;’tsal law and which has been shown to
hold even at very high brightness values It will thus be assumed that for
a souroe whioh varies in intensity during the exposure, the recovery time
will be related to the integral of brightness with respect to time. Thus, the
measure of the stimulus will be taken to be the "equivalent integrated
brightness" given by

/ B(t) 4t = ﬁi/ I(t) at (21)

4e3 Fireball intensity

The intensity of the fireball I(t) at any instant is the produot of
the brightness of the surface and its apparent area. It should be noted
that there are no absolute units of luminous energy, the brightness of an
object being defined subjectively acoarding to its effect on the eye when
campared with some standard illuminator. Tables have been prepared of the
brightness of a blqok body radiator at various t atures, as seen by a
standard observer!l, Using the temperature (Fig.2) and radius (Fig.11¥
histary of the fireballs oonsidered, the intensity I(t) was caloulated up
to t = 0.2 secs. This is shown for the three typical weapons in Fig.12.

Lol  Equivalent integrated brightness

Using Fig.12 and equation (21) the equivalent integrated brightness
was celoulated for vsrious values of R2 62, To allow far reflection and
absorption by the winrdsareen the normal transmission at A = 0.55u from Fig.5
was used, corresponding to the middle of the visible speotrum. The trans-
mission of the eye is inoluded in the definition of intensity, and no allow-
ance was made for atmospheric attenuatiun, sinoe the eye acts as a wide
angle receiver and would also reoeive some of the small amount of light
scattered by the atmosphere.

In Figs.13 and 14 the equivalent integrated brightness is given in
e.f.c.~secs as a function of the range in miles and retinal loocation in
degrees, the two figures applying to the periods up to 0,1 sec and 0.2 sec
respectively, It may be seen that although there is little difference be-
tween the three weapon yields up to 0.1 seoc, the order of the integrated
brightnesses is always that of the yields.

4e5 Recovery time

It was mentioned in paragraph 4.1 that the recovery time depends upon
the brigﬁxtness of the objects which have to be seen, Whiteside and
Bazarnik 'O have carried out experiments upon their own eyes, using the sun
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as a source, in order to determine the time required to see a typical dial
hend of brightncss 0,03 e.f.c. as a function of the integrated brightmess
to which the eye had been exposed. The range covered is somewhat greater
than is required here, and the authors have given, for a flash centred on
the fovea, recovery times for the fovea itself and for another retinal
location, Naturally, these effeots vary from individual to individual, but
the results of the twe authors are in oclose agreement.

Bridgeaz has collected other data on the subject and considered the
rroblem in detail., When objects have to be seen against a background of the
moonlit sky, with a brightness of sbout 3 x 107+ e.f.c., the recovery times
have been measured over a wide range of integrated brightncss. These values
will be used in the subsequent work, together with those of Whiteside and
Bazernik for objeots with a brightness of 3 x 102 e.fec., the value appro-
priate to the dial of an instrument illuminated by standsrd ultraviolet
lamps. The latter data have been reduced to the equivalent integrated
brightness, as previously defined, by assuming a glare angle of 10°, In the
original report, the data is said to refer to the "periphery". It has been
ascertainod from one of the authors that the point considered subtended an
included angle of about 10°. The data used are shown in Fig.15,

L6 Typical values

Using Figs.13, 14 and 15, the recovery time for any retinal location
and any range can be determined for the two obJject brightnesses given.

The recovery time to read an instrument dial after seeing a 3 kt
explosion at various ranges is shown, as an example, in Fig.16, This refers
to a retinal location subtending an included angle of 10° at the lens, and
probably represents the limit at which numbers can be seen sharply enough
to be identified. It may be seen that the recovery time is greater than
30 secs for ranges of less than 5 miles. Although a serious hazard, this is
less than might be expected, from an ex~minstion of Whiteside snd Bazarnik's
analysis for thc 20 kt uxplosion, oven whon the smellor yicld is taken into
acccunt. This is partly du¢ to the inorcvased impertance, for the larger
weapon, of the period before the first minimum, but meinly because allcirance
has been made in the present report for the deercase in apparcnt size of the
fireball with range (vide equation (21)). Vhiteside and Bazarnik werc aware
that this could have an important effoct, and drew attention to it, but made
no allowancc in their results, which are accordingly pessimistic.

In Fig.17 the degree of inocapacitation of various parts of the retina
is illustrated, as an example, for a 1 kt explosien at 2 miles and 10 miles
range when night vision is required outside the cabin.

As in Section 3, the only cases considered are those in which the
fireball is viewed directly. The hazard will be less in all other cases.
Ingapacitation by diffuse reflection from cloud when the fireball is not
viewed direatly is thought to be unlikely for the conditions of a bombing
mission. With the rare exception of cumulo-nimbus tops in thundery weather,
the only cloud likely to be encountered above 40,000 ft is cirrus,.which is
very tenuous and likely to have a low reflectivity. Reflection from a cloud
layer below the airoraft, say at the tropopause, will be limited by the
restriction of the visual field in the dowrward direction.

5 CONCLUSIONS
An assessment has been made of the likelihood of retinal burns and

dazzling resulting at high altitudes (50,000 ft) when nuolear anti-aircraft
weapons are detonated within the visual field. The most severe case has been
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aonsidered, i.e. when the fireball is viewed direotly along a normal to the
windscreen, and comparative solutions have been determined for a situation
in whioh the line of sight makes an angle of 60° to the normal.

For an average individual, with 1 blink reflex time of 0.2 seos, it is
found, for example, that a 3 kt weapon would produce a retinal burn at a
range of 9 miles in daylight (O.4 cm pupil) and 51 miles at night (0,8 em
pupil) for transmission normal to the windscreen., The corresponding ranges
for a line of sight making an angle of 60° to the normal are 6 miles and
33 miles respectively. The acouracy of these solutions depends primarily
on the validity, when applied to man, of experimental date obtained fram
tests with rabbits., It does not seem likely that results for the human
retina will ever become available, and this restriction must be acocepted,
but the existing data is far too sparse and should be supplemented by further
experimental results if an accurate assessment is required®,

The degree of flash blindness or dazzle produced by a nuclear explosion
depends on the brightness of the objects which have to be seen. At daylight
levels of brightness, dazzle may only last for a few seconds, but the time
required to see instruments in a darkened cockpit at night may be several
minutes. The recovery times have been correlated, in la?oratory tests, with
the product of the brightness of the source and the time 0, For a nuclear
explosion, the brightness varies widely during the period of exposure, and
the integral of brightness with respect to time has been assumed to apply.
The acouracy of the results depends on the validity of this assumption,
which could be checked fairly easily in the laboratory.

No attempt has becen made in this report to assess the military signi-
ficance of visual incapacitation, but the results given should permit such
an assessment to be made,
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ADDENDUM

Sinoe this report was prepared, a paper was prosented to the 1957
Tripartite Conference on the effects of Atomio Weapons by Lt Col S.A. Bach,
of the U,S. Armed Foroes Special Weapons Projoct entitled "Flash blindness
ard retinal burns". It was stated that this paper was based on new and
unpublished experimental work on the production of retinal burns in rabbits
by Dr W.T. Ham of the Medieal College of Virginia,

The results of this new work bring out strongly the dcpendence of the
critical thermal dose on image size, as shown herein, but the conditions of
the experiments ~ notably the times of exposure - are not stated clearly
onough to permit a curve to be pletted to replace Fig,10. When these new
data are published in full, it sheuld be possible to make a more reliable
assessment of the hazard of rctinal burns then has becn possible here.

* See addendum to this report.
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The author of the U.S. paper conoludes that retinal burns would not
oocur at sea level at ranges greater than 18 miles for weapon yields up to
20 kts Although it is not stated specifically in the text of the paper, it
appears that the results apply to thc dark-adapted eye, and if so, this
represents a oonsiderable relaxation of the hazard compared with that

dotermined here.
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NOTATION

dioaning

Energy of wavelength A umitted per unit area of black body per
unit time

Rayleigh scattering coefficient far radiation of wavelength A
transmissibility of windsoreen to radiation of wavelength A

transmissibility of pre-retinal media of eye to radiation of
wavelength A

Energy of wavelength A\ emitted per unit aree of fireball surface
in time t

Energy of vavelength A emitted by fireball in time t into solid
angle subtended by pupil

Intensity of radiation of wavelength A falling within retinal image
in time ¢

Intensity of radiation of all wavelengths falling within retinal
image in time t

Illumination at the eye from fireball at time t
Equivalent brightness at time t

Intensity of fireball at time t

Diameter of fireball

Range

Critical thermsl intensity for the produotion of a retinal burn
Diemeter of pupil

Posterior nodal distance of eye

Diameter of fireball image

Time of irradiation; optiocal blink reflex time
Number of air molecules per unit volume

Value of n at sca level

included angle subtcnded at lens by given retinal location
refractive index of air

value of v at sea level
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Fig. l--Horizontal section through an adult human eye (after Bridgesl)
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FIREBALL IMAGE 1-7°DIA.
SEVERE RETINAL BURN

GLARE
mqu 400 'oc a,a 4.1 3.3 2'3 R‘CQVERY T'ME

(DIA) \/ MINS.

2 MILES

FIREBALL IMAGE 0-34°DIA.
SEVERE RETINAL BURN

GLARE
Auqst A0° 30° 20° J0°

" N

RECOVERY TIME
([} »50 42 32 Secs.

10 MILES

Fig, 17--Permanent and temporary blindness from 1 kt explosion (pupil
dia 0,8 cm, blink reflex time 0,2 sec, object against moonlit sky).
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