
• ■ ■■    ■     ■ -     . ■ 

;        ■ , 

to 

CO 

b*RESEARCH   SLXidi 
,■»„ 

ECürroLOG 
r^iSM—or.iiii umiiiiiiiiiMii 

DEVELOPMENT 

1NOOR.PORATH3D 

L_IP"E SCIENCES  DIVISION 

I 

I 

V. V ^ l, 11 A T J n ?:   C) F'   J^ Y }..   H /', Z A R D 55   Jv P. Ü :•/ 

N U C hEA  ■•   DT 1 or;   . .' 0>'TS: 

J/,>,;.r;s   A .    NICKET... 

Final R<" r>or(. 

Contrac! No.  F-4i6C9-6c^C' 0U49 

Raproduced by the 
C L £ K ß I N G H O ü S £ 

for Federal; Scientific d Techi 
Information SfsringfleW Va  2215I 

I", i- 

.1     S .  ]    ) S _ ■ , CO   A-, i:... i .   . nC! 

loci: DIN [si >n (/ I 'SC) 

B70 

■J 

1     8531 N. NEW BRAUNFELS AVE.   •    SAN ANTONIO, TEXAS    VQBIT 



. mi*mm#im mmnm-nMn,^^^iiiiwii«wiuiiwiiSBHKW»i^^B 

EVALUATION   OF   EYE   HAZARDS   FROM 

NUCLEAR   DETONATIONS 

SENSITIVITY ANALYSIS 

JAMES  A.   NICKEL 

SEPTEMBER 1970 

Final Report 

Contract No. F-41609-69-C-0049 

USAF School of Aerospace Medicine 
Aerospace Medical Dhlsion (AFSC) 

Attention SMOPA 
Brooks Air Force Base, Texas   78235 

PREPARED BY: 

%& (sJtcLP 

APPROVED BY: 

is A. Nickel,  Ph.D. 
Principal Research Mathematician 

Thomas j": White 
Manager/Analysis Section 

^ /? M JivJ 

Ralph G. Allen,  Ph.D. 
General Manager 

.  .     ■ ■ ■     . 



■■iij»«.»*  m    »if 

FOREWORD 

This report was prepared for the USAF School of Aerospace Medicine, 
Aerospace Medical Division (AFSC), Brooks Air Force Base under Contract 
F41609-69-C-0049 and covers the period from July 1969 - August 1970.    Mr. 
Everett O. Richey, Chief, Oculo-Thermal Section. Ophthalmology Branch, 
USAF School of Aerospace Medicine, was the contract monitor.   Grateful 
acknowledgment is made for the assistance provided by Mr.  Richey to this 
effort. 

ii 

• 
■■ 



ABSTRACT 

I 

The retinal exposure equation, from which safe separation distances 
hav«-b*en calculated,  was used as a basis for developing a linearized 
equation.    New scaling laws for the spectral power and fireball radiance 
were also developed.    These equations were» used in deriving a variance 
equation for the safe separation distance.   This equation is expressed in 
terms of the variances of the independent variables:   retinal exposure,  time 
of irradiation, yield,  observer and burst altitude.    The importance of retinal 
irradiance at the time of cutoff (as effected by blinking or introduction of 
other shielding) is demonstrated by an analysis of the coefficients in the 
variance equation,  supported by a limited set of calculations.    Retinal 
irradiance is affected by variations in the f-number of the eye and pulse 
profile of the fireball.    The largest variances occur when the cutoff time 
is near a radiance maximum (approximately a thermal maximum).    Small 
increases in the variance are realized with increased differences in the 
vertical separation of observer and fireball, but these appear to be of im - 
portance only with very low yield weapons. 
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INTRODUCTION 

This final report describes  the analysis conducted by the Life Sciences 

Division of Technology Incorporated for the Aerospace Medical Division, 

Brooks Air Force Base under Contract   F41609-69-C-0049.    The scope of 

the contractual effort was to explore the relative magnitude of changes in 

eye safe separation distance predictions as the input parameters are varied 

within reasonable limits translating uncertainties in the values of the input 

data into uncertainties in the value of the predicted'safe distances 
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It has been demonstrated that an intense flash from a nuclear detonation 

may be a serious eye hazard at distances much greater than for any other 

significant effect.    Various studies have been undertaken to determine the 

parameters involved in determining the safe separation distance and develop- 

ing suitable mathematical models for investigating the relationships     This 

study extends the safe separation distance of the modeling by Technology 

Incorporated by considering the sensitivity of the safe separation distance 

to the input parameters. 

With respect to retinal burns,  the safe separation distance is defined 

as the minimum horizontal range from fireball to observer which will prevent 

the observer from sustaining permanent eye damage before protective action 
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can occur.   In the case of flashblindnoss the safe separation distance Is the 

minimum horizontal distance from the fireball to the observer that will enable 

the observer to recover the ability to perform a specified visual task within 

10 seconds of the initiation of the flash. 

In this report, new scaling laws for the fireball parameters and a 

linearized approximation to the safe separation distance as a function of the 

input parameters have been developed. 

The general details of this investigation are given after the  summary 

in sections III, IV and V.    Section VI then presents a more detailed dis- 

cussion of the parameters and the derivation of the coefficients used in the 

linearized equation to the safe separation distance and variance equation. 

Section VII is concerned with approximating the values of the various 

coefficients 

■ 
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II 

SUMMARY 

In order to investigate the sensitivity of the input parameters for the 

determination of the safe separation distance, new scaling relationships 

as developed in Air Force Contract F41609-70-R-0007 were used.    These 

scalings compare with previous results but were adjusted to correspond 

better with test data and theoretical calculations. 

The linear, or first order, approximation of the safe separation distance 

and corresponding variance equation were derived and analyzed to determine 

the relative importance of the variables.    The parameters selected as 

independent variables in the analyses were threshold exposure, duration 

of exposure, yield, height of burst and observer altitude 

The values of the coefficients in the linear approximation and variance 

equation are dependent upon the coordinate values about which variations 

are considered     For a given set of conditions,  small variations in observer 

altitude, height of burst and yield are generally the least significant.    Retinal 

exposure, though not treated as an independent variable, is potentially the 

most significant parameter affecting safe separation distances.    The retinal 

irradiation at cutoff significantly contributes to the variance.    Large 

variances are probable when the observation of the fireball is terminated 

close to maximum fireball radiance levels 

. . 
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Thc changes in the safe separation distance resulting from a 10% increase 

in the values of critical threshold exposure,  time of irradiation and yield for 

specified scaled times arc given in Tablel.   These values apply if the height of 

burst and observer altitude are approximately equal, otherwise the indicated 

values should be increased by a correction factor, the ratio of the Pythagorean 

length of the optical path to the safe separation distance.   It is important   to 

observe that the changes in safe separation distance resulting from a change in 

time of irradiation or yield depends upon the cutoff time as measured in scaled 

time.    These changes are independent of the choice of safety factor value used 

in making the initial calculations of the safe separation distance. 

TABLE 1 

CHANGE IN SAFE SEPARATION DISTANCE CORRESPONDING TO A 10% 

INCREASE IN THE INDEPENDENT VARIABLE 
(nautical miles) 

Scaled Time Threshold Exposure Time of Yield 
Irradiation 

0.001 -1.53 
0.01 -1.53 
0.10 

- 
-1.53 

0.56 ■ -1.53 
1.0 -1.53 
1.8 -1.53 

10. -1.53 

+1.65 
+0.35 
+0.07 
+1.72 
+1.93 
+1.08 
+0.15 

+0.05 
-0.50 
-0.62 
+0.08 
+0.17 
-0.20 
-0.59 

The variance of the safe separation distance for flashblindness and retinal 

burns is approximately proportional to the visibility for fixed yields and 

cutoff times.   Deviations from proportionality become noticeable for low 
- 

yield devices as the difference between height of burst and observer 

■ ■ 
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altitude changes. 

A particularly significant factor is cutoff time near a thermal maximum. 

Small errors in cutoff time at these critical points can be a source of large 

errors in computed safe separation distances.   It follows that if protective 

devices are used to effect cutoff of the incident radiation at the eye,high 

reliability of time response is important. 

, 
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LOW ALTITUDE WEAPON SCALING LAWS 

The simplest form of low altitude scaling assumes that power and fireball 

radius can be given as fixed functions of scaled time.   This also implies that 

with well defined fireball edges the radiance should be a fixed function of 

scaled time.    This, and other considerations were used in deriving the 

scaling laws used in this analysis.   These scaling laws are: 

P = W0,6 (p0 /D)0'42P* (t*) watt (1) 

FR = W0'3 (p0 /p)0"21 FR* (t*)        cm (2) 

2 2 2 
N =(1/{4TI )) p* (t*)/ [FR* (t*)] watt/cm ster        (3) 

t = 0.035 W0,42 t30 / P)"0" 4?t* sec (4) 

The following assumed expressions for powr, fireball radius,   radiance 

and time formed the basis for the above laws; 

^ a b 
p =   J P dX = Wa (Po/P) P* (t«) (5) 

X 

FR = WC (p0/p)d FR« (t*) (6) 

N = PA4n2 (FR?) =(]/(4TT^)Wa'2c {f^/o)6'26 P«(t#)/[ FR*{t«)]2        (7) 

t = KWe (p0/p)ft* = t2maxt* (8) 

' 
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where 

P = total power (watt) 

P.   - spectral power (watt/n) 

W = yield (KT) 

o/p = ratio of sea level to burst height density 

P* = scaled power 

t* = scaled time 

FR = fireball' radius (cm) 

FR* = scaled fireball radius 

2 
N = radiance (watt/cm ster) 

K = constant 

\ i X = minimum and maximum wavelength for determination 

of yield. 

The exponents a,b,c,d,e and f were determined from consideration 

of the NASL Dominic field test data and theoretical calculations reported 

by the AFWL and Xockheed (DASA 1589).   Since no detailed first pulse data 

is provided by the theoretical calculations,  the pulse shape was chosen to 

look like an average of the NASL measurements.    DASA 1589 gives an 

equivalent color temperature history for a wide range of yields and all burst 

heights up to 20 km for both first and second pulses.   These data support 
■     .■ ^    ■ ■ 

the determination of radiance by an equivalent temperature as a function of 

scaled time, independent of altitude and yield,  for burst heights less than 15 km. 

. 



Hence, a = Zc and b = 2d.   Scaling with altitude from the NASL data is not 

very sensitive since the range of burst heights is limited.    The Lockheed 

calculations suggest that peak power may be scaled with b = 0.42.    Then 

d = 0.21.    The Lockheed calculations also suggest that a = 0.6 from which 

c = 0.3. I 

I 
I W     = fPdt = f Wa(p /r^bp* {t*)KWe (p   /p)f dt* 

T       ^ V. O O 

I 
I where K is a proportionality constant 

The total thermal yield W     is given by 

= KWA+e {p0/p)b+f JP* (t«)dt*. (9) 

AWFL and Lockheed calculations show a slightly rising thermal yield 

fraction with increasing burst altitude, while scaling of the Dominic low 

altitude data shows thermal yield fraction to decrease slowly.   Consequently, 

the thermal yield fraction is assumed independent of air density, that is, 

b+f = 0 or f - 0.42.   The thermal yield fraction as a function of yield is 

WT /W = KW*46"1 JP* (t«) dt*. (10) 

Time scaling from DASA 1589 gives e =0.42 which is less than the 0.47 

indicated by the NASL measurements.   Again because of the wider range 

of those calculation«, it is assumed that c ■ 0.42.   This allows the thermal 

0.02 fraction tu increase slowly with yield as W Time to first max- 

3 -2 mum,  t* -2 x 10*  , and time to minimum, t= 7.5x 10 
l.mitx min 
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have not been changed from previous exposure model scalings.    These 

values differ from those obtained with DASA 1589 but safe observer distance 

calculations are not sensitive to small variations in t   .   and we have no 
mm 

better information than the NASL measurements for t. .   The choice 
1 max 

of K and the scale assigned to P, determine the thermal yield.   The 

12 
values chosen here for P at the first and second relative maxima,  8.3 x 10 

13 watt and 2.1 x 10    watt respectively, are in agreement with both NASL n 'jasure- 

ments and DASA 1589 calculations.   For the P* (t*) shown in Figure 1, 

t*    . . 0 
min p« (t*)dt* = 11 x 10    joules (11) " i 

I 
I 
I 
I 
I 
I 

A 

I first pulse maximum and 10 0K for the second pulse maximum and, as noted 

and 10 
JP* (t*)dfc# = 4.2 x 1013jo«les 
0 

If K is taken as 0.035, the thermal yield fraction for the first pulse is 

100 WT/W = 0.09 W0,0Z% (12) 

and the total thermal yield fraction for both pulses is 

100WT/W = 35W0,02% (13) 

«; 
From DASA I589i equivalent color temperatures are about 10   K for the 

before, not very sensitive to yield and altitude.   We have therefore used 

a black body spectral distribution and a temperature T(l*) as shown in Figure 

1. 4 
1.   The temperature has been adjusted over the range from t*     10      to 
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t* a 10 so that 

N-l^x^^'d^V-44*104'^-,,] (.4, 
0.34 

2 2 2 
= P* (t«)/(4TT    [FR«(t*) 3    ) watt/cm ster 

The limits of integration on wavelength were chosen to correspond to the 

limits used in the field test measurements. 

11 
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IV 

RETINAL BURNS 

A-     Safe Separation Distance 

The safe separation distance,  R,  is implicit in the equation for retinal 

exposure 

Q=J    Hrdt 
o 

where 
H«. = retinal irradiance r 

T0 ~ time of irradiance 

It is calculated as that value of R for which 

(15) 

Q =k Q s   c 
(16) 

where Q   is the threshold exposure determined from experimental data 
C ■        . ' • ■ ■       ; 

and k    is a safety factor,   If Qft is the retinal exposure corresponding to 
s . 

specific values of the safety factor, k , and threshpld exposure. Q  , 
8 C - 

then,  corresponding to this value of Q0,  time of irradiance T0, weapon yicH, 

W  , height of burst, HQ, and observer altitude A0,  a safe separation distance 

R0 is determined by equation (15).    In order to assess the sensitivity of 

R to variations in the parameters Q  , T  , W  , H    and A  ,  a linear equation 
o      o       o       o o 

has been derive 1 by means of the implicit function theorem   under the 

assumption that retinal exposure, Q,  time of irradiance, t,  weapon yield 

W,  height of burst H and observer altitude A are the independent variables. 

The derived equation is given in equation (17) and the functional forms 

12 
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assumed in the derivation are briefly discussed in Section VI 

R = R   -CR L / (LJ k    m - (H -A )2 k )]{(Q-Q )/Q (17) 
OOO ORO OOK oo 

-[H (T )/Q 1 (t-T ) - 0.42 [l-T H (T )/Q  ](W.W )/Q roor o oroo oo 

+ [(H -A )uk„/L    - 0.013 (l-T Hm/Q  ) ] (H-H ) o     o      H     o o r    o     o      x        o 

-[(H  -A ) uk   /L ](A-A ) } 
O       O A       O O 

where 

2 2       2 L   = (H  -A )   + R  ; This can be interpreted as the Pyihagorean 
o o     o o     . 

estimate of the slant range. 
■ 

0     = R  /E 
o o 

.     ■ '    ,, 

E ~  radius of the earth 
"■■''"■.■.; ' ■   ■ ,■,   .'■' 

k^ik   ik. = are mean value estimates of the extinction 
R    H    A 

coefficient in the transmission term.   , 

u = parameter defined on the unit interval determining 

the proper mean value estimate. 

B.   Yariance of Safe Separation Pietancg 

Assuming that the parameters used as independent variables in equation 

(17) rre in fact pairwisc independent,  the variance of the safe separation 

distance is given by 

13 
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i • f^'-o'2' K k(*o' ^vVI ^ Qo +[i (To'/Q>T <18» 
+ »•17" (' -    f oHo(T0)/Qo)2    ^/W* +C(Ho-Ao)8«V/LX 

+ [(Ho.Ao)u^Lo   -0.013(1-    VyT^/Q^}. 

where 

0   > standard deviation of threshold exposure 

a    - standard deviation of exposure time 

I 0     = standard deviation of yield 

I 0   = standard deviation of heigl.': of burst 
H 

a.  « standard deviation of observer altitude. A 

If the height of burst and observer altitudes are the same,   or if the retinal 

Irradiance Is constant over the time of Irradiation such that 

Q    =TftH (T ), (19) o       o  r   o 

equations (17) and (18) can be simplified by deletion of the yield term and 

part of the height of burst coefficient. 

^•    Variance Estimate for Specific Gonditiona 

Figures Z through ? exhibit safe separation distance curves corres- 

ponding to an assumed visibility of 60 statvite miles for a selected set of 

yields (0. I, I, 10,100, 1000KT),  times of irradiance (0. 1 and 1.0 seconds), 

and heights of burst (Ikft,  10 kft).   Associated with each of these curves 

14 
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are probability curves indicating safe separation distances, where it is 

assumed that measurements giving rise to these curves are not exact but 

represent a mean value estimate of these parameters.   It has been assumed 

that the variables used in the calculations are normally distributed variables 

such that 

O^/Q    = 0.1 
Q     o 

a  /W   =0.1 
W     o 

a. =0.25 nautical mile 
A 

% 
= 0.25 nautical mile 

■ 0.05 sec if T   =0.1 sec 
o 

am = 0.10 sec if T   =1.0 sec T o 

Figure 2 contains the safe separation distance curves for yields of 0.1 and 

1 KT with a one thousand foot height of burst.   These curves arc labeled P.. 
50 

(0.1) and P.. (1.0) respectively.   The subscript 50 indicates that under the 
50 

assumed normal distribution of the variables, there is a 50% chance that 

the safe separation distance will not exceed the Indicated values.   Associated 

with each yield are two other probability curves corresponding to the safe 

separation distances below which the true value can be expected to lie 75 and 

95% of the time.    These curves illustrate that with increased observer 

altitude, the potential error in the calculated safe separation distance 

Increases. 

15 

.   . ■ 



• 

E 1 • 
e I 

•2 
IAJ 9 
O 8 z 
< l 
ÜC s 
-J 1 
< ß 
1- & z « o j» 

N i E a o M 

z 1 
£ 

two aannnv   MaAaasao 
16 



* 

": o 2 —.  uj   u __ <o 
O    (O    I 

I 

E 
c 

Ul o z 
< 

o 
N 
S 
O 

« 

2 

2 

1 
8 

o 

8 

•I 
e 

•«« 

(UM) aominv    y3Ad3sao 
17 



■ 

I 
I 
I 
I 
I 

N 

Figure 3 is similar to Figure 2 except that the height of burst is 10 kft. 

In both figures,  the potential relative error in calculated safe separation 

I distance is large.   It should be observed that, as borne out by the standard 

deviations as given in Table 1, the absolute errors for low altitude bursts are 

of the same order of magnitude for yields from 0.1 to 1000 KT. The relative 

error, however, decreases as the safe separation distance increases. 

On each of the Figures 4 through 9 are two base curves representing the 

calculated (mean) value for safe separation distance for the given yield and 

height of burst.   The two curves are distinguished by the assumed mean cutoff 

times (0.1 and 1.0 seconds) and are again Interpreted as the values below 

which the safe separation distance will occur 50% of the time.   Associated 

with each of these curves are again probability curves bounding the safe 

separation distance at the Indicated probability level.   For these yields 

(10,100 and 1000 KT), a greater homogeneity of variance was experienced 

and the dependence on observed height Is all but suppressed for the range of 

calculations made and used In the graphs. 

For the 100 KT yield curve with cutoff of the time of Irradiance of 

0.1 second, the standard deviation Is about 20% larger than for other yields 

and cutoff times.   This anomaly occurs when the cutoff time Is near a 

critical point on the radiance curve, grossly affecting the time coefficient In 

the variance equation.    This effect will be realized to some extent whenever 

the cutoff time occurs near a thermal   maximum. 

I 18 
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TABLE 1 

STANDARD DEVIATION OF THE SAFE SEPARATION DISTANCE 

W = 10 

W« 100 

(Nautical Miles) 

Height of Burst (kft) 

W = 0.1 

T = 0.1 
o 1 

10 

W = 1.0 

T = 0.1 1 

10 

T =0.1 o 1 

10 

T   a 1.0 
o I 

10 

T   « 0.1 
o 1 

10 

T   » 1.0 
o 

1 

10 

W ■ 1000 

T «0.1 
o 1 

10 

T « 1.0 
o 

1 

•10 

Observer Altitude (kft) 
10 20 30 40k 

1.64       1.72       1.92       2.24 

1.69       1.64       1.69       1.86       2.09 

1.63       1.64       1.70       1.78 

1.64       1.63       1.64       1.68       1.77 

1.69 

1.69 

1.66 

1.66 

1.70       1.74       1.78 

1.72       1.72       1.73 1.74 

1.75 1.69 1.69 1.72 

1.66 1.69 1.74 

1.66       1.66       1.68       1.70 

2.16       2.16       2.18       2.22 

2.16       2.16      2.16       2.18      2.21 

1.64       1.64       1.65       1.67 

1.64       1.64       1.64       1.65       1.66 

1.72       1.72       1.72       1.73       1.74 

1.58       1.58       1.58       1.59 

1.58       1.58       1.58       1.58       1.59 
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FLASHBLINDNESS 

The problem of detennininc; safe separation distances for protection from 

flashblindnoss is related to determining safe separation distance for retinal 

burns in that a threshold exposure, depending on observer-instrument 

conditions, is used in prescribing the distance.   The assumption is made that 

if the expoBure to the retina at a radius of 450\x from the center of the fovea 

does not exceed a critical value, visual acuity will recover in ten seconds or 

less.    The equation is then 

F Er USOM   ^c UBOH (20) 

where 

F    > 1 is a safety factor (4 is currently being used) 

E     is exposure received 

E     is the critial exposure of 450iiimage for 10 seconds recovery 
c 

5 
8x10   troland seconds (night) 

1 
2x10    troland se  ends (day) 

Estimates of intraocular scattering and atmospheric scattering have been 

made fron, experimental data and used for exposure calculations of images with 

radii in excess of 450nwhen the exposure exceeded E   'F.   These estimates can 

be improved by calculating  the retinal image and exposure from a transfer 

function.    The effect of atmospheric scattering on the retinal image of 

the source is considered to bo negligible for high visibility atmospheres. 
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The optics of the eye are such that beyond 50|i from the edge of the 

geometrical image,  the light intensity may be neglected.   We have therefore 

used the exposures from the image center out to the distance where image radius 

is 450fiwith zero exposure at greater distances.   The problem is then to find the 

slant range S,   so that: 

F E    = E    if radius of image >   450M (21) r        c 

S = FR x 17000/450   if radius of image < 450u 

where 

FR is the fireball radius and E   is calculated from r 

2VV 
V 2.24x10      (PDe£f)   )^   V^ NVj Tx T,   AX.At. 

i       l    J 

PD ff=PD'\/l.0.85   PD2/8    + 0.002 PD4/48. 

(22) 

(23) 

The parameters in these equations are 

PD = pupil diameter (see section VIB). 

V     ■ "viBibility" function 

N       = spectral radiance 
Vj   ' o 

T    (S) = spectral transmisjivity of optical path (fireball to cornea 

only). 
■      ■      . 

Since equation (22) is functionally similar to equation (15) as considered in 

section IV,  a separate analysis has not been made.   Similar conclusions 

may however be drawn.    The standard deviation   for the safe separation 
■ 

distance is not expected to differ appreciably from that for retinal burns. 
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VI 

FUNCTIONAI   PARAMKTERS OF THE RETINAL EXPOSURE 

The lincari/.ed equation for the safe separation distance (equation 17) 

was derived from ihv total differential of the retinal exposure equation by 

I using the implicit funt lion theorem.   The retinal irradiation, used in equation 

(15) to define the retinal exposure, is expressed as a functional of the source I 
I 

H    =   f   P,(W.Hlt)Tr(H,A,R,X)/(l6TfÄ(t)FR£(W,Hlt))dX    (24) 
r        ■        A r 

X 
i To calrulato the required partial derivatives and investigate their contribution 

I 
I 
I A.    Source Spectral Power and Fireball Radius 

spectral power,  P, fireball radius, FR, f-number of the eye, f, and the 

transmission terms,   T   .   as 
r 

! 

to the linear cqualiun for the safe separation distance and the variance 

equation, the functional forms of these several functions will now be 

considered. 

The functional form of the source spectral power and fireball radius were 

considered in section III with figure 1 providing curves to represent these 

I functions in terms of scaled time.   The retinal exposure equation can also 

be  written   as a function of source radiance by using equations (3), (24) and 

(15) giving 

To    X 
U--"/4 J0

O   j'    NTr/f2(t)   d\dt. (?5) 
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This form is useful in calculating two of the needed partial derivatives.    The 

data fur this curve was taken from the values of P and FR of Figurcl,  but 

could have been derived from the fireball temperature curve and radiance 

equation (14). 

B.     Pupil Response 

Pupil response to the incident radiation enters the exposure calculations 

through the f-numbcr of the eye.   Measurements of pupil response have been 

made by various researchers since 1760,  and has been summarized by 

Lowenfeld (1).    The correlation of experimental measurements relating   the 

square of the f-number and time in the interval between the latent period of 

no response (lasting 150-300 msec) and the time minimum pupil size is reached 

(approximately 2 sec.) is good.    Thus for this investigation,  the following 

behavior has been assumed, 

f2 = f2 O^t^O.Ssec. 
o 

f2 = f2   + 15.35 (t-0.3)        0.3^ t*:(32-f2)/15. 35 + 0.3 (26) 
o - o 

f2 = 32 0.3 +(32.f^/15.35   <   t 
o "" 

where f    is the initial f-numbcr of the eye.   It is further assumed that the 
o 

square of the f-numbcr of an eye with a 3mm pupil diameter is 32 (i.e.   17mm 

focal length). 
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C. Transmission Term 

In addition to radiation wavelength,  the transmission term depends on 

the fireball - observer distance, height of burst and observer altitude.   It 

then contributes to three of the terms in the linearized safe separation distance 

equation and variance estimate.    The attenuation of the radiation emitted from 

the fireball results primarily from Rayleigh scattering by atmospheric 

molecules, and particulate scattering such as considered in the Mie theory. 

The transmission of radiation for a given wavelength Xis given by 

Tr =exp(-|j  kxds) (27) 

where k   is the monochromatic extinction coefficient and the integration is 

carried out over the optical path of the radiation. 

I 
I 
I 
I 
I 
I 
I 
! 

The maximum tranmissivity will be realized for an atmosphere devoid 

of aerosols and other particulates.   In this case the Rayleigh molecular 

scattering theory would apply and monochromatic extinction coefficient,  though 

not constant^  is approximated by 

k  «[32TT3(n  -I)2/ 3L0\
4] (p/p0). (28) 

In this equation 

n  s index of refraction of air at standard temperature and 
pressures.. 

19 3 L = Loschmidt's number - 2.68726 x 10    molccules/crn 
o 

p   = density of air at height of evaluation. 
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p     =  density of air at standard temperatures «nd pressures. 

X    =  wavelength of radiation. 

For atmospheres with water aerosols and dust particles the extinction 

coefficient is modified hy the addition of terms such as given in the Mie 

scattering theory.    As a single term it is a summation over the different 

sized particles and can be written 

2 

where 

k    -YN. na.    K(a.) (29) 
p       J   i       i i 

N. ~ density of particles of radius a. 

(number of particles per mil volume) 

tt . = 2 n a. / X.    (dimensionless) 

K (01)    ~ an efficiency factor depending upon wavelength of 

radiation and electromagnetic properties of material 

forming particle (dimensionless). 

Water as a liquid aerosol is a major constituent of our atmosphere, however, 

the distribution of particle sizes varies considerably.   A graph of the efficiency 

factor for such an aerosol is given in Figure 11.   Tabled values of the efficiency 

factor for various values of a and indices of refraction of the liquid can be 

1(2) 
found in Middlelon. 

Dust particles,  also constituents of the atmosphere,  may be metallic or 

dielectric,  each presenting different scattering coefficients.    Curves 

(3) 
taken from Hynek       showing the relative behavior of metallic and dielectric 
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materials arc given in Figure 12.    Solid particles have an enormous absorbing 

power if they are of the most efficient si/.e and can contribute substantially 

to the attenuation of radiation.    For example,  0. 1 mg of solid matter spread 

2 
over 1 cm    gives nearly complete opacity, while 1 kg of gas per square 

centimeter is almost completely transparent. 

The limitations of using the theoretical formulation for the transmission 

term in determining the coefficient of the linearized equation are evident.   In 

particular,  one must make allowances for variations in the atmospheric 

density and unknown nature of the aerosol and other particulate distributions. 

Practical estimates of the attenuation can be made from the definition of 

(4) 
visibility as given by Johnson       when order of magnitude estimates are 

necessary.    Using this definition and an assumed threshold of brightness 

contrast of 0.02,  the attenuation coefficient, k, and range of visibility, V, 

then must satisfy the relationship 

kV = 3.912 (30) 

Thir result will be used in determining a value for k to be used in the variance 

estimates.    In evaluating ihe partial derivatives, however,  the variability of 

k and its relationship to the transmission through equation (27) must be 

considered. 

D,     The Partial  Derivatives of Retinal Exposure 

The linearized equation for the safe separation distance is fundamentally 

34 

• • 



. 

a differential relationship with the coefficients being derived from quotients 

of partial derivatives. Using equation (25) as the basic equation for retinal 

exposure, expressions for the partial derivatives can readily be obtained. 

1.     Time 

The partial derivative of the retinal exposure with respect to the time of 

irradiation is the simplest to obtain,  since this time enters the equation only 

as the upper limit in the final integration.   Hence, by the fundamental theorem 

of calculus 

öQ/ciT    =H  (T ). 
o        r    o (31) 

This partial derivative indicates that the rate of change of retinal exposure 

with respect to changes in time of exposure is equal to the retinal irradiance 

at the time of cutoff, a fact corresponding to the definitions. 

I 
I 
i 
I 
I 
I 

2.    Yield 

Yield dependence is immersed in the functions for source power and fire- 

ball radius.   However, by transforming the variable of integration from real 

time to scaled time'and taking advantage of the apparent independence of 

spectral radiance on yield, one gets 

Q = 0.03E(Tr/4)W0,42( p/pn)0'4Z' 

T*     X ? 
J        J     N(t^)[T   /f   (^)]dXdt« 

o x i 

(32) 
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where 

It follows that 

^     «   ^or ,.r0.42 .  ,      0.42 „   , 
T  =0.035 W (p/p ) T *. 

o o o 
(33) 

öQ/dW (0.42/W)[Q-ToHr(To)] . (34) 

If the retinal irradumce is constant over the time of exposure,  the factor in 

brackets will vanish identically.    This, however,   is not the case for nuclear 

fireballs.    As a function of T   ,   this factor can be positive or negative,  a 
0 

fact considered again in section VII B. 
■ 

3•  Sate separation distance,  height of burst and observer altitude. 

To evaluate the partial derivatives with respect to the variables R,H, 

and A (safe   separation distance, height of burst and observer altitude),  the 

transmission termf; are brought into play, which in turn involve a line integral 

evaluated along the optical path.    For case in computation,  the variables R, 

H and A are expressed in polar coordinates with the origin at the center of 

the earth.    Then with E the earth's radius, one defines 

0    ■ R/E 
0 

r^(ElA) (E-III) sin^  /[(E+H)sin(0 -0) + (E+A) sin^]. 
o o 

(35) 

(36) 

In equation (36) f :  0 prescribes the radial coordinate of the observer and 

d - ^    the radial coordinate of the fireball.   The differential of arc length 
o 

along the line of sight is given by: 
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(ds)2 = [ r2 + (dr/dd)2 ]  (d0)2 = rV (d$)2 (37) 

where 

e=[7 (H-A)2 + 2 (Leos t)   (E+A) (EiH)J/ C(E+A) (E+H)8in ^3 

The partial derivative of retinal exposure with respect to the safe 

separation distance R can be written 

T      '* 

\ 

with similar expressions in the other two partial derivatives.   Since 

aQ/aR^/4jyr"
XNTr/f

2.   blnT^R  dXdt (38) 

InT    = •'QI   r" k   d0 Vic   cU (39) 

a(lnTrVaR=(-l/E){2ejo
0   rar/a^  kxd0 (40) 

| +9(E+H)2\lHH-de/ö0o   J0
0  r l^d^  } 

I a(lnT)/aH = -2e r r(ar/öH)kxd0 HD 

I ^3II( 
b   2 r   K d Ö 

1 
| bdnT^/dA^Ze J0

O r>/ÖA kxd0 

I 
I 

(42) 

-{3  9/5 A) Jo     r    kx d 0. < 

I Since the retinal exposure is an increasing function of time and the 

I 
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I 

length of the radialion iulorval (_\, X),  the first mean value therein for Stieltjes 

(5) 
Integrals       can be applied to equation (38) to yield 

öQ/aR - -Q {(20/E) J   0 r (or/c^ ) k  d 0   + (43) 
Jo ^b     R 

{E-mf  3kR(II)/K +(1/K)ao/B0o SI   r\*t) 

The cooffieient k    is that value of the monochromatic extinction coefficient, 

k ,   selfcU.'d from the interval ( X,  X ) to bring about equality.   The existence 

of this value is assured by the above mean value theorem.   In this application, 

k- ,   is independent, of wavelength. 

By use of similar arguments 

ÖQ/ÖA -    Q { 2 0  ^     r(är/aA) kAd0 (44) 

k 2 
+(5e/öA)r0r kd^} 

o A 

where k.  is the appropriate value of monochromatic extinction coefficient to 
A 

assure equality, again independent of wave length. 

The partial derivative with respect to height of burst has an additional 

term resulting from the dependence of the radiance on this parameter.   This 

additional term is o'lained by transforming  to scaled time and differentiating 

as was done for yiehl.    Again,   with an appropriate value of k   i 
H 

*8 
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(.0 • o   Z. 3 Q/öH =   Q { 2eJo   r(Ör/öH) k^l 0+(a9/aH) J^  r l^d ^} 5 

+[0.42/(p/pJ]   [ö(p/pJ/aH]   [Q - T H    (T  ) ] 
o o   r 

I 
Since R,  H and A are small relative to the earth's radius,  E,   some 

simplifying approximations can be made without significantly affecting the 

values of the partial  derivatives.   In particular,  terms which are of the order of 

E      can be, and have been dropped in the following coefficient evaluations. 
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VII 

ESTIMATES OF COEFFICIENT VALUES 

The coefficients appearing in the linearized equation for safe separation 

distance and the variance equation arc not constants bvit arc dependent upon 

the parameter values near the conditions about which the behavior is to be 

assessed.   In this section,  estimates of the coefficient values are made for 

use in estimating the total variance in the safe separation distance calculations. 

^*     Threshold Exposure 

The coefficient of threshold exposure as it appears in the linearized 

equations is the reciprocal of the partial derivative of threshold exposure 

with respect to the safe separation distance.   This term squared is the 

coefficient of the threshold exposure variance in the variance equation.   If 

the values of the atmospheric attenuation coefficient k-  (H) and k    are app- 
R K 

roximalely equal,  the threshold exposure coefficient can be written in a 

simplified form,   that is 

| ^oVW    +Ro  ^^o-V    +Ro]k^ * (46) 

2 ,    ^    * L.     I   %2.„  2 
| ^o-V   kR^Q)^V(Ho'A0)  +Ro'(kIloQ) 

■ 

I In this latter expression,  k is also a mean value estimate for the atmospheric 

attenuation,  independent   of the radiation wavelength.    By assuming a 60 mile 

I -1 visibility,  and using equation (30) to estimaie k, k      is 15.34 miles,  the value 

used in making the following estimates. 
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In evaluating the variance, the factor 1/Q in equation (46) is associated 

with the standard deviation of Hie threshold exposure a    to give the ratio 

0   /Q.    The standard deviation 0- is a measure of the dispersion of threshold 

exposure  values experienced by the hypothetical population receiving retinal 

burns.    Since this population is limited,  animal data has been used to estimate 

the values of ö  /Q.    The life Sciences division of Technology Incorporated 

has carried out experimental studies to determine the threshold exposure for 

retinal burns in rabbits      and later in primates. Problems of correlating 

the animal data to human eye response and pulse profiles of nuclear detonations 

still remained.    Complications arise in that the threshold is not only a function 

of image size, intensity and  exposure duration, but also appears to depend 

upon retinal temperature. 

TABLE 2 

RATIOS OF STANDARD DEVIATION TO THRESHOLD EXPOSURE FOR 

5 HOUR BURN THRESHOLDS ON MACACCA MULATTAS 

Image Diameter Exposure Time (msec) Average; fixed 
mm 2 10 40 100        1000        image dia. 

1.46 
- 

.046 .031 .063 .100 .06 

0.72 .028 .150 .068 .111 .137 .10 

0.35 .036 .074 .059 .068 .102 .07 

0.25 .002 .031 .040 .058 .068" .04 

0.12 .016 .051 .030 .035 .040 .03 

Average; fixed 
exposure time. 

.02 .07 .06 .07 .09 .06 
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The ralius of slamlard dovialion to threshold exposures exhibited in 

Table 2 were derived from five hour burn threshold data taken from 

(81 experiments on Macaeca Mulatlas   as reported by Miller. The optical 

structure of the monkey's image forming media is scaled proportionally to 

that of the human,  hence it is assumed that the ratios of standard deviation 

to threshold exposure is the same.    To be on the conservative side,  it has 

been assumed that 

0Q/Q   « 0.10 (47) 

This value corresponds to the largest average for the image diameters in 

Table 2. 

B.    Retinal Irradiance 

Retinal irradiance contributes to the coefficient for the time of irradiation 

and also enters into the equations through a factor modifying the coefficients of 

I yield and height of burst.    Retinal irradiance defined in equation (24) can 

be approximated by 

H « [TTN«(t*)/{4f2 (t*))]j^    T dX (48) 

This relationship allows the use of the source radiance of Figure 10 in 

discussing the behavior of the terms influenced by retinal irradiance. 

The effects of time variation can be estimated by observing that 

42 



I 
I 
I 
I 
I 
I 

•     "W0./ 0T2 - ^.-'V^W2- (49) 

The expression H  (T  )AT    is the last term in the Riemann sum representing 
r    o       o 

the integral for Q   .    The ratio H  (T  )/Q    for times in excess of 30 milli.-units 
o r     o      o 

scaled time is plotted in Figure 13.    From this curve it is evident that for 

a given time increment,   the maximum contribution to the variance will occur 

in the neighborhood of the second thermal maximum.    If [± is taken to be 0. 1 

second,   the contribution by the expression in equation (49) is 0.04.    If, 

however,  the variation in At is 0. 5 second,  this term has a value of 1, 

evidence of the importance of fast reliable time mechanisms for cutting off 

the radiation. 

Retinal irradiance is the primary element through which the time of 

irradiation induces variations in the safe separation distance.   This in 

turn can be modified by pupil response.   By using the time scaling equation 

(4) and setting t <   0.3   sec,  (t* = 1), 

W (p/p   )^ 167 (50) 

defines the region where safe observer distance determined by the second 

power peak will be affected.   For values of W and p/p   below the hyperbola of 

equation (50',  the pupil will not begin to shut down until after t_        .    At sea 
Zmax 

level the effect begins at about 167 KT and at a 15 km height of burst at about 

1 MT.    If t    .   =0.3 sec,   the pupil response will effect the entire second pulse. min i     r r r 

This would occur for a sea level yield of about 80 MT. 
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Thf rutitial irradiaiu-o alsc» enters into the equations as a modifier of 

the yield and height of hurst coefficients through the dimensionless number. 

1-T H  (T  )/Q (51) 
o   r     o       o 

This quantity i« plotted as a function of the scaled time of irradiation in 

Figure 14,  and is seen to be bounded between plus and minus one with positive 

values occuring only when near a time of maximum radiance.    The possible 

change in sign has an influence on whether,  for a given cutoff time,  increasing 

the yield increases or decreases the safe separation distance.    This kind of 

behavior is expected when one considers that changes in yield,  accoz'ding to 

the scaling relationships,   will change the real times of thermal maximums. 

-4 
For scaled limes In excess of 5x10     ,   this modifier suppresses the 

contribution to the total variance from weapon yield and height of burst, 

except when the cutoff time is near the thermal minimum or for times in 

excess of three units scaled lime. 

C.     Yield 

The contribution to the variance by yield is given by 

VW:0.l76'{r(M   -A   )2+R   2]/[R2k2f}. (52) 
o      o o o 

(1-    T II  (T  )/Q  )2   ^JVW  * o   r     o       o        Wo 
• 

2        2 
Each factor of this e.vprcssion has been discussed  except the ratioa      /W 

W        o 

To determine a  representative value for this ratio,   lot A W be the maximum 
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deviation of yield from the design yield,   that is 

W    - AW < W < W    + A W. o ""     o 
(53) 

According to small samp'e statistical theory,   the standard deviation can be 

approximated by onu sixth of the total range,  hence if 

it follows that 

AW = e W 

ow«e W  /3. 
W o 

(54) 

(55) 

2        2 
If c < 3.3,    0      /W        <0.01 and the variance contribution by yield satisfies 

2. 2.2 
VW <0.00176<i[(H  -A)2+R  ^/(R    k2) 

0      0 o o 
(56) 

■ ■■ 

D.    Height of Burst 

The coefficient for the variance contribution by burst altitude has two 

terms, each contributing a particular functional behavior. Letting u be a 

scalar defined on the unit interval,  the total contribution is given by 

VB Hl/R2)  [ (H.-AJu-p.2l7(H   -A  )2 + R2   ' o     o o     o (57) 
■ ■- : 

(1-T H (T.)/Q    )fo„Z. 
o   r    o       o H 

Using figure 14,  it is evident that the contributions arc additive if the cutoff time 

(in scaled time) is in excess of 10      but less than 0.45 or in excess of 1.5. 

The variance contribution will be the largest for scaled times near 10     or 
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if in excess of 5.    This provides an upper bound 

Vii Sft/R2) 1  0-   -A )   + 0.2l/(H   -A )2 + R    f o*. 
O O       O 1/      o       O OH 

(58) 

II is assumed the standard deviation of burst altitude is 0.25 nautical miles 

Corresponding to the assertion that the height of burst will be measured to 

within  1000 feet,   50% of the time. 
-.1 

K.    Qteserver Altitude 
, 

The coitlrihuliDn it. tola! variance induced by errors in the observer alti- 

tude is probably the simplest expression.    The unknown parameter in the 

estimation is u,  a number taken from the unit interval.    Assuming a standard 

deviation of 0.25 nautical miles,  the variance contribution due to variations 

in observer altitude are bounded by 

[(M   -A  )2 u2/ K2I  af   .< 0.0625    (II  -A )2/R2 

o     o o'    A o     o o (59) 

v 

As the differemc between the height of burst and observer altitude is 

reduced  relative to the safe sepa ration distance,   the relevance of this term 

also dec peases. 

■ 

.' 
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CONCLUSIONS 

Some characteristics of the«  safe   separation diHlancr,   can he qual- 

itatively determined from the linearized equation.    The more significant 

effects are; 

1) An increase; in the allowable threshold exposure,  permits a decrease 

in the safe separation distance. 

2) An increase in exposure time requires a corresponding increase in 

t the safe separation distance. 
V       v'        ■:- ■■■■. '       .    -■ 

3) Changes in yield have a conditional response,  in that an increase in 

yield corresponds to an increase in the safe separation distance 

if the cutoff time is near that of a thermal maximum (or  maximum 

radiance),  but a decrease for other cutoff times. 

; 

r^lX 
'V. 
•S J 

4) Errors in measuring the height of burst and observer altitude are 

of lesser significance than errors in measuring threshold exposure, 

time of irradiation and yield for low altitude bursts. 

5) For fixed height of burst a decrease in observer alHtude results, 

in a decrease in the safe separation distance. 

6) Further modifications on the safe separation distance result from 

variations in the height of burst.   An increased height of burst; 

when the lime of cutoff is near a thermal maximum,  corresponds 

■     ■     ■ ■ ■„...,. 

■ 
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to an increased safe separation distance, from that stated in 

paragraph 5 above,  but for other times a decrease.   This effect 

is generaUy very small for low altitude bursts. 

7) Weapon yield effects and part of the height of burst effects 

drop out of the linearized and viariance equations when the 

retinal irradiancc is constant.    This simplification and its 

implications provide arguments for adequately representing 

the radiance profiles in experimental studi  "■, 

Continued physiological investigation and mathematical analysis are 

needed to understand better the factors determining threshold exposure and   . 

retinal irradiance.    These investigations should include the effect oi random 

changes in the f-number of the eye,  radiance profile,  including intensity of 

radiation,  and rates of change,  as well as image size and energy density. 

As the mcchamsins producing retinal burns and flashblindness 

arc more precisely defined,  threshold values and the parameters causing 

variations of the threshold values will also be more precisely specified. 

Some experimental data with primates has provided evidence that retinal 

tcmperivture rise may be a suitable criterion for retinal burns.   If 

(his is further substantiated,  the threshold investigations may concentrate 

on correlating the incident radiation profile to heat production in the eye. 

Similarly,   studies on ihv rliemiatry of flashblindness need to bo correlated 

with the s.if»' sepuration btudier resultirg in belter defined thresholds. 
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