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SUMHARY 

There has been increasing recoAnition that initial radiation may 

often be the controlling effect when civil ian popula tions are exposed to 

the detonation of a nuclear weapon. Concurrent improvements in radiation 

transport calculations and in techniques for t aking into account the many 
I 

factor111 that influence the initial rad i ation expo ure from nuclear weapons 

have led to the development of consistent and relatively accurate methods 

for predicting initial radiation exposures. This report reviews these 

developments and presents state-of-the-art data And techniques for defining 

the free-field initial radiation environment produced at or nea~ the ground 

surface by a wide variety of weapon types, yields and burst conditions. 

The initial radiation environment is de f ined in tenns of the free

field dose or exposure from neutrons, secondary gamma-rays produced by 

neutron interactions with the constituents of the air and ~round, and 

gamma-rays emitted from the decay of fission produ ts during the first 

minute following the detonation. In addition to a definition of the radia

tion sources, the problem of calculating the initial radiation environm~nt 

from a nuclear ueapon requires a mathemacical method for performing trans

port calculations in an air-over-ground geome try, and an appropri~te set 

o f cross section data. In the case of fission-product gamma-rays, ai r 

density distributions as a functlon of time are al so required to account 

for the hydrodynamic effect. 

Transport calculatlons are rarely performed directly for specific 

cases. Detailed dis rte ordinat~s neutron transport calculations have 

b~en per formed b Straker for several source neutron en rgies and a 

limi t d numbP.r of source and detector heights. Th neutron method given 

he re weights Strak r's results by the number of n ut rons escaping th 

ourc at (or i n the vicini t , o f ) e ch o f th indiv ' dual source energi s , 

ix 



I 

considered in the calculations. The results · (i.e., dose vereus distance) 
I I 
from all source energies 

1
are then combined and adjusted to the desired 

sour ce and detector height u1ing ~rench's first-last collisi~n method. 
I ' ' 

Seconda~y gammas from neutron int~ractions in t~e air and ground are 

treated as an extension ofi the neutron problem. 

Fission-product ga11111& rays contiibute the largest fra~tion of the 

initi,1 gampaa-ray dose· in many cases of interest, 

of all -initial radiation components to calculate. 
I ' ' 

gamma-ray source expands fro• essentially a point 
I 

over the ti.lie span of intere1t (the firs~ minu~e). 

and are the 1D9st tedious 

I The fission-product 

source to a volume source 

At the same time, it ,., 
moves upward, decreases in inten1ity, and undergoes changes in energy 

, spectrum. Finally, the fission-product g~a transp~rt in air is s~rongl y 
! I 

influenced by the pertubatibn or the air by the blast (hydrodynamic effe t). 
I • 

Th~ fission-prod~ct g..-a-ray model reported here is based on Monte Carlo 

air transport I calculations by Marshall and ~ells and inctorporatea source 

sp~ctra, source deca• rates', cloud rise ~pproxiaationa, and hydrodynamic 

enhancement treat•nts baaed on the work of a pumber of previoua 
I 

invest !gators. 
• I 

Extensive cpmpartson1 between c&lculations performed wi ·h these de t ailed 

methods and the resul~s of weapons test indicate that methods predict 

initial rad\ ation exposurea aenerally within 25 to 50% •. How ver, the de-

tai1ed methods are not well 1uited for routine pract cal application 
I 

because , they require the u1~ of aachine codes and a thorough wtders t andin 

of t he input data and · of the many steps involved. , Therefore a higb lv 

' mplified model based on the analysis of extensive calculations performed 
' 

with t h detailed 1method was developed. This model, whi h requires the 
' 

u o f nly ~ix charts and dne equation, ~ives results that aRre with th 

d tailed alculatJona within 20% in 110at cues and within 45% in virtual! 

11 ases. 

X 
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I. INTRODUCTION 

During the past decade there has been increasing recognition that 

initial radiation may often be the controlling effect when civilian popu

lations are exposed to the detonation of a nuclear weapon. This recogni

tion results from a better understanding of nitial radiation production 

and propagation coupled with a tr nd t ward moderate yield weapons delivered 

by multiple reentry vehicles. These smaller weapons invariably produce 

higher initial radiation exposures relative to blast, themal and other 

effects than do the multi-megaton w apons once considered to be the prin-

reat to civilian populations. 

nl tmprovemcnts in radiation transport calculations
1

•
2 

and in 

techniqut:. , ,.S for taking into ac ount the many factors that influence 

the initial radiation exposure from nuclear weapons have led to the develop

ment of consistent and relatively ac urate mo~els for predicting initial 

radiation exposures. 5 •6 The purpose of this report is to review th,.ise 

developments and to present state-of-the-art data and techniques for de

fining the free-field initial radiation nvironment produced at or near 

ground surface by a wide variety of w apon types, yields and burst conditions. 

The initial radiation environment is defined here in terms of the 

free-field dose or expo$ure from neutrons, secondary gamma rays produced 

by neutron interactions with th onstituents of the air and ground, and 

fission-product ga11111a rays emitted during the first minute following the 

detonation. Evaluation of th nergy and angle distributions required for 

the evaluation of tr3nsi nt radiatlon effects i b yond the cope of the 

report. 

1 
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The significant sources of initial radiation are iescribed in 

Section II. These in lude prompt neutrons (Le., those r:mit ted simul

taneously with the fission or fusion events), gamma rays from the decay 

of fission products, and secondary gamma rays from neutron intera tions 

( apture or inelastic s att ring) with the nuclei of the air and ground. 

Sourc s of lesser importance ar delayed neutrons, secondary gamma rays 

from neutron interactions with the materials of the device, and prompt 

fission gamma rays (emitted simultaneously with fission). Except for 

certain specia l weapon designs or applications, . these latter gamma-ray 

components may normally be neglected in predicting the total doses or 

exposures becaus they are almost entirely absorbed by the dense wea-
7 8 

pon materials before the weapon has blown complete ly apart. , 

In addition to a definition of the radiation sources, the problem 

of calcula ing the initial radiation environment from a nuclear weapon 

requires a math matica l method for perfonning t ransport calculations in 

an air-over-gro11nd g ometr , :md ,1n appropriate set: of cross s<'ct Ion 

dat.1. In the case of fi. si n-procluct gamma rays, air density clistribu

t ions as a fun t ion of t im are also r qui reel to account for the hydro

dyn ami e f fee t. 

Transport calculations are rarely performed directly for specifi· 

cases. The compli ated and tim - onsuming neutron transport calculations 

are usually per fo rm d fr s veral so urce neutron energies and only a 

s v re l limit d numb r of source and dete tor hei~hts. The r esults of 

uh al ulatfons may be we i ht d by th number of neutrons escaping 

th o r at (or ln th vlcinit of) e h of the individual s urce 

n rg les consid rd in th al ulati ns. ThC' results (i.e., dose versus 

dl. tan· , or th r cf s ir d quantfti s ) from all sourc nergies may then 
b 

and h 

cl and adjust din somP way tu take into account the air density 

so ur · and d t · tor h lght . 

S ondary gammas from n utron intera tions in the air and ground may 
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be treated as an extension of the neutron problem, but in this case, 

the ground composit on may become an important parameter. In parti

cular, the hydrogen content of the ground has a strong influence on the 

intensity and spatial distribution of thermal neutrons (hence, secon

dary gamma production) at the interface. 

Fission-product gamma rays con tribute the largest fr act ion of 

the initial gamma-ray dose in m3n y rases of interest, anti ar0 thC' 

most tvdious of a ll initial radiati on compon0nts to calculate. The 

fissiun-proJu cl gamma-ray s ource exp ands fr0m essentially a point 

sou r ce to ;:i volume source ove r th C' time sp an of interes t ( the first 

minute). At the same time, it moves upward , decreases in intensity, 

and undergoes changes in energy spe trum. Fi nally, the fissfon-product 

gamma transport in air is st rongly i nflu need by the pert ubation of 

the air by the blast (hydrodynami c eff~ t). Because oft~ se compli

cating factors, most fission-product gamma-ray dose predictions were, 

until recently, made using semi-empiri a l methods whi ch left something 

to be desired in terms of accuracy and broad applicability. 

Section III describes dat a and detailed pro dur s for calcula

ting each of the major initial radia i , om n nl • ·· x n v c m-

parisons given in Section IV indl at t 

initial radiation exposures genern] 1 y \ i hi n 25 to 50%. llowe v r, the 

detailed methods are not well sult •d for routine practical applica tion 

because they re quin'? the use of m t hine codes and a thorough under

standing of the input data and o f th many steps involved. Therefore 

a highly simpli f ied model base d on th analysis of extensive calcula

tions performed wi th th C' d ailed me thod was developed as part of the 

present study. This mo d l is given in Section V. 

) 
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2.1 Neutrons 

Fission neutrons are produced by the reaction 

X + 1n + 2 or 3 1n +ff+ 200 MeV 
0 0 

(1) 

1 where n is the symbol for neutrons, ff denotes fission fragments, 
0 

33 235 239 and X represents either of the isotopes 92u, 92u, or 94Pu. These 

isotopes are fissionable by neutrons of any energy and thus will sustain 

a chain reactlon. They are also reasonably stable so that they can be 
238 232 stored without appreciable decay. The isotopes 
92

u and 90Th will 

suffer fiss on by neutrons of high energy only and cannot sustain a 

chain reaction. All of these reactions produce essentially the same 

characteristic neutron fission spectrum. 

Four thermonuclear fusion reactions are of interest for the 

production of energy. 

2D + 2D + 3 
+ 

1 
n + 3.2 MeV 

1 1 2He 
0 

(2) 

2D + 
1 

2D + 
1 

3T 
1 

+ lH + 
1 4.0 MeV (3) 

iD + :T +~He+ !n + 17.6 MeV (4) 

3T + 3T + 4 1 
2He +2 n + 11.3 MeV 1 1 0 

(5) 

1 2 3 where 
1

H, 1o and 
1
T are isotopes of hydrogen (hydrogen, deuterium 

and tritium) and ~He is an isotope of helium. Reactions (2) and 

(3) occur with equal probability. A high percentage of the neutrons 

produced by Reaction (4) have energies of approximately 14 HeV. 
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The number of leakage neutrons (i.e. 1, neutrons that ,actually escape 
I from the weaRon as it detonates) ar,d their distribution in energy are re-

quired to pn,perly define the neutr'on source. Ai though the neutron leak- 1 

age may be anisotropic in some cases·, it is' usually necessacy to trl:?at 
I 

I I 
the neutrons as though they are emitted from d poin,t isotropic source. 

I 

The ·,eut ron sour e term can b pr ise] defined .only 

onsidercd . 

by taking into 

account the design of the s pecifi I 
w op n be · t Th imp?rtant 

param ters are th 
' I 

fiss i~n-to-f,usion ratio, and the amount and con fi gur;i-

tion of the fuel, high expJosive, ta'llper, and cas m terials. Detailed 

s urce t rm cal ·ulahons annot b di's USS d h7 rP. flow vr r, rough approxi

mations of neutron sourc terms can be made for "nominal" weapons without 
• I 

det a iled calculations whi h consid r all of these parameters. 

Table I gives rep esentative neutron source terms for three different 
I ! I 

types of weapons. The "fissi.pn" weapon .'.s repres~n'tative of relathrely 
I 

low-leakage pure fission weapons. The "thermonuclear" weapon • similar 
I '* to the typical intermediate-yield TN wenpon described in Reference 9. 

The " intermediate" weapon may be 

high- l eakage fission weapon bra 

very high fission frac~io~. 

I 

consid red representative of a relatively 
I 

low-yield thermonuclear weapo~ w~th a 
I 

, I 

I ' 

' I 

*see appendix for a comparison of
1
the ' radiation exposures produ~ed by the 

two th nnonuclear weapons. . . 
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Table I. ' Neutron Leakage Spect·ra of Representative Nuclear Weapon• 

(neutrons /KT) 

Energy Weapon Type 
Interval 

(MeV) Fission Intermediate ' . I Thermonu<'le3r 

12.2 - 15.0 5.08+20 l.62t ~2 

10.0 - 12,.2 1.81+20 8.53+21 

8. :i8 lQ.O 11. 32+.•o* 
I 

3. 82+20 6.08+21 

6.36 - 8.18 1.27+21 1.86+21 5.46+21 

4~06 - 6. l'.36 J.00+211 
~ .02+22 6.41+21 

I . 

2.35 - 4.06 8.90+21 2.66+22 I 1.22+22 

1.11 - 2.15 2.52+22 5.99+22 2.84+22 

10.111 - 1.11 :, .84+22 8. 4 7+22 6.18+22 
I I 

0.0033 - ·0: 111 2.22+22 
I 

5.37+2'1 1. 71+23 

Total 9 ._97+22 , 1+90+23 . 3.16+23 

. l 

*Read 7. 32+20 as '7. 32xt020 



2.2 Secondary Gamma kays 

Potentially important sources of secondary gamma rays result 

from the inelastic scattering of high-energy neutrons by the nuclei 

of the air and ground, and the capture of thermal neutrons by the 

nitrogen-14 in the air and by variou e lements in the ground. The 

relative importance of the inelastic and capture ~amma rays depends 

strongly upon the neutron spectrum of the source. 

Any dc?termination of the intensity O ' inelastic and capture 

gamma rays mus t rely primarily upon analysis because of the diffi

culty ind stinguishing the source of the different gamma rays mea

sured in field tests. The first step in the analysis is that of 

neutron transport calculations. The local source strength of inelas

tic gamma rays is an energy dependent response to the local fluence 

of neutrons. Once the source intens ty due to interactions in air 

and ground is known, a gamma ray transport alcuiation must be per

formed to obtain the intensity at detectors of interest. These 

steps may be performed sep rately or, as is the case in recent work, 

they may be combined into a single analysis program. 

The original sou~re for all secondary gamma rays produced in 

the air and ground is the neutrons produced by the detonation of the 

weapon, therefore the neutron source discussion and the representative 

source spectra given in Se tion 2.1 are applicabl to s condary 

gamma rays. 



2,3 Fission-Product G mma Rays 

Gamma rays produced by the decay of fission products following 

a fissi~n detonation are one of the principal sources of radiation 

in the initial radiation time regime (the first one or two minutes 

following the detonation). The intensity of fission-product gamma 

rays reaching a location of inte Last is affected by the complex 

source and media dynamics consisting of the formation and evolution 

of the fireball, the cloud expansion and rise, and the decay of the 

fission produc ts with time. The fission products d~sperse throughout 

the cloud with the p ssage of tie and the shape of the cloud may 

vary from spherical to toroidal as the materials forming the cloud 

rise through the atmosphere. The formation of the fireball and the 

expansion and rise of the cloud depends upon weapon yield, weapon 

design, atmospheric conditions, and oth r parameters. 

Table II lists fission-product gamma ray spectra as a function 
235 10 of time following U fissi.on as measured by Engle and Fisher. The 

gama-ray yields and energy spectra from the fission p~oducts of 
233 239 235 U and Pu are similar enough to those of U that the latter 

may be us d as a reasonable approximation for most purposes. 



Energy 
Interval 
Midpo i nt 

(MeV) 

0.175 
U.261 
0.369 
0.502 
0.662 
0.852 
1.075 
1. 337 
1. 643 
1.998 
2.405 
2.865 
3.383 
3.956 
4.587 
5.277 
6.028 

10 

Table II. Gamma-Ray Spectra from Decay 

of 235u Fission Products 

0.2-0. 

-1 -1 -1 ( photona•fisaion •sec ,MeV ) 

Time Interval (sec) 

1.0-2.0 4.0-5.5 10-13 

1.33 +o* 5.37 -1 3.20 -1 1.45 -1 
6.87 -1 3.37 -1 1.95 -1 9.30 -2 
4.60 -1 2.35 -1 1.31 -1 6.1 7 -2 
4.92 -1 2.98 -1 1.65 -1 7.19 -2 
3.28 -1 1. 94 -1 1.03 -1 4.66 -2 
3,00 -1 1.53 -1 6.50 -2 3.10 -2 
2.18 -1 l. 33 -1 5.62 -2 2.55 -2 
1.45 -1 7. 72 -2 3.7) -2 1.95 -2 
8.68 -2 5.06 -2 2.66 -2 1.20 -2 
6.17 -2 3.46 -2 1.69 -2 7.56 -3 
3.86 -2 2.17 -2 1.09 -2 5.12 -3 
2.87 -2 1.62 -2 7.12 -3 3.51 -3 
1.85 · 1.07 -2 5.29 -3 2.19 -3 
9.71 -3 5.74 -3 2.64 -3 1.24 -3 
7.96 -3 3.37 -3 1.55 -3 7. 12 -4 
1.67 -3 1.21 -3 5.86 -4 2.94 -4 
1.94 -3 7.20 -4 4.54 -4 1.65 -4 

0 *Read 1.33+0 as l.33xl0 

35-45 

3.85 -2 
2.48 -2 
1.86 - 2 
1.67 -2 
1.19 -2 
1.03 - 2 
7.91 -3 
6.84 -3 
4.06 -3 
2.47 -3 
1.78 -3 
1.26 -3 
6.10 -4 
4.60 -4 
2.12 -4 
8.95 -5 
4.16 -5 



III. METHODS DESCRIPTION 

Transport calculations for initial radiation are not basically 

different from transport alculations for any other type of radiation. 

How ver, on them ros opic level, th rear several effects peculiar 

to initial radiation tran port. 

On is the hydrodynamic ff ct, the t rm applied to the pertuba

tion of the air by the nergy imp rted by the blast. This effect has 

a strong influence on the propagation of fission-product gamma rays 

through th air since most of t h mar .mitt d while the sho k front 

moves through the air generating compressed and rarified layers. A 

furth r complication in ctilculating th t r nsport of fission-product 

gamma rays is th ons id r tion of th tim -d pend nt parameters of 

cloud rise and source dee y. 

As compared to moat transport problems, there are considerable 

differences in the g ometry and composition of th media involved in 

initial radiation transport. Normally, th d tonation and mos · of the 

radiation propagation occurs in air, a very low density mat ri 1. The 

air is bound don one aid by th ground which is approximat ly one 

thou and times as d nse. Th air-ground int rf 

a profound influenc on th radi tion tr n1port. 

, consequently, has 

Th pres nee of an air-ground int rface can increase or d creaa 

initial r diation inten iti s s mu h s an order of m gnitude as 

compar d to int nsitics t corr pondin distanc 

m dium. Th dir tion nd m gnitude of the in 

upon th typ of r di ion, th proximity of th 

sourc -d tion di t n 

in n infinite air 

fac ff ct d p nds 

round, and th 

At our -d t tors p ration di tanc 1 as th n am an-free-path 

in ir, loc liz d r l tion from th round g tend to incre s 
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3.1 Neutrons 

Str ker's calculation 
l ground geometry provide 

13 

of n utron transport data for dn air-over

basis for techni~~ s to predict the neutron 

radi tin nvironm nt produ d by the n tion of nucle r w apons. 

Thi ct l n sur1un riz 

t t niqu nd omp r 

th tr n port dat , d scribe the pplication 

th r ult with m , ur m nts. 

It i gen rally not f ibl to calcul te th neutron nvironment 

produc d by a given d ton tiot1 by t rting from fi.rst principle and 

con id ring th fund m ntal ph nomenology of all the p rtinent physi al 

Alt rn tiv ly, h ov rall problem is divided into thr e 

p rt l) n utr n ur d f niti n, 2) n utr n tran port in air, and 

3) 1 d u tm nt . Th 

ind p nd ntl • 

Th nu ber of l aka 

from th w pon as it d too 

r quired to prop rl d fin 

l k gem y be nl otroplc 

tr t th n utr thou 

ourc So 0 th th r 

p rt m b tr t d m r ?r le 

neutr n (i.e., n utron th tactually • cape 

) and th ir di tribution in en rgy a~e 

th neutr n s ur Although th n utron 

in me t is usually n c ry to 

h th y itt d f r ma pint i otropic 

• n id r tlon in d inln n utr n •ourc 

wer dlscu s din S ctl n 2.1. 
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Neutron Transport Data 

1 Straker'• air-over-ground neutron transport calculations performed 

with the DOT discrete ordinates code11 give the spatial, en rgy, and 

angle distributions of neutrons and secondary gamma rays t the air

ground int rface. The sec ndary gaana rays, which will be discuss din 

mored tail in Section 3.2, are from inelastic scattering of fast neutrons 

and capture of both fas t and thermal neutrons in the air and ground. Th 

neutrons are emitted from a point isotropi source lo ted 1S • tera above 

the ground. An air density of l.lxl0-3 gm/cm3 wa assum d for the calcu

lations. ENDF/8 cross sections w r us d. 

Sep rater sults are given for ah of nin our 

or bands: 

No. 

l 
2 
3 
4 
5 
6 
1 
8 
9 

12.2 - 1S.0 
10.0 - 12.2 
8.18 - 10.0 
6.36 - 8.18 
4.06 - 6.36 
2.35 4.06 
1.108 - 2.3S 
0.111 - 1.108 
0.0033 - 0.111 

n utron groups 

Th distribution of n utrona in h • ur group is uniform xcept th 

0.0033 - 0.111 M V group whi ch has a 1/E distribution. 

Th n utr n nd -r y do (4 R2 m2 rad pr sour n utron) ts 

iven (R) o 40 , 79, 15 , 240, 300, 390, 600, 900, 1200, and 1500 

mt rs. Aleo iv n is th n utron fl u nee in h of 22 nergy gro~ps b -
tw en 0 and 1S M V. rn a aub qu nt atudy, 6 th r •ult w r extr pol t 

for ddltion 1 • of 2000, 2500, and 3500 mt ra, nd aom of th v ry 

short rang w re del t d b c us they r of little int r at in v pone 

applic tion The xtr pol tions to 1 rg r ran a wr guid by th 

re ult• of limit d dditlorual c l ul tion for l rg r r ng 8 p rfora d 



l 

by Straker for the 12.2 - 15.0 KeV sou.rce and 'for a fi11ion neutron 
4 source. 

I I 

The complete • et of data extracted from Straker'• calcul tion1 
I 

include the f uence in ea h of 15 en,rgy group• and are 

tabulated in Reference&. Th neutron and• ondary g ..a-ray do•• 
I I 

data r quired by 
I 

the methods describ d in this r po t or given in 
I 

T bl 11 • Th dat nd .son sin,l -collision tissue do given 

in R 17. 

Th 
I 

d n utr n tr . n -p rt t upon our 

n rgy is tr by 'Fl ur 1. whl h h w th n utron d 88 th 

fr t ion f th d t th (0 / t n r thr 

dif YP of h ht of 15 m Th 

d th J . 2 - (wh th 

"-14-H V r ) d r pidly w th 

in r in nt lv 9 pon ur 

ha hl h fu 1 n n urv r 8 

with lk h t r r h pur ft our Th fh on 

our d our nd doe not in lud tr 1 tl n 

by th rl l . 

Fitur 2 lh p tr t r n 

r ultin fro ion, th nnonucl r, nd 14-H V n utron 

ur •• t Lhl ( th n u r n1 h v und r on 

tt rln ln th lr round. th l 8 n h t th r 

tll,l di tin t dH v rlou I 
tr 

It t• pp r nt fr m rl on 0 ul t d 

vlth h t rum nd h nu b r f 
I 

n utr n 1 w in ord r 0 

di t ron nvlr t tlon. 

d h hl v d in in lv r 
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•• ,,,.,,,.,,,.14-MeV SOUR~E 
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THERMONUCLEAR 
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•• •• •• •• •• •• •• •• •• •• •• ••• 
••• 

FISSION SOURCE --..'1 ••• 
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-3 
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R, SLANT RANGE (meters) 

Figure 1. Relative Neutron D01e vs Slant Range for Different Types of Neutron Sources 



-> 
Cl) 

~ 
I 

N 
E 

18 

10-
1 
--...-...-...-...-...-...-----------. 

10-
2 

......... -..+-------------t 
14-MeV SOURCE 

11 o-3~---==----1-----------1 . 
N 

E 
$ 
w 
u 

---1 THERMONUCLEAR 
L---1 SOURCE 

I L---------
~ 10-4 .,__ ______ -+----------t 
3 
u. 

N 
~ 
t: 
~ 

10-St----------+--------1 
FISSION 
SOURCE 

10-6._1 --3~---____. ................ _ __.,_ ...... __ _ 
5 7 9 11 13 15 

ENERGY (MeV) 

Figure 2. Fast-Neutron Energy Spectra at a Range of 900 Meters in Air 
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different "categories" of weapons as indicated in Section 2.1, but 

there may be consider~ble differences within a given category, particu

larly in the number of leakage n~utrons. 

Source Strength 

The first step required to predict the neutron exposure from a 

given nuclear weapon consists of integrating the weapon's neutron 

leakage spectrum over energy intervals corresponding to the 9 source 

energy bands listed ii. Table III. Normally, the neutron source strength 

is specified in te·nns of the number of leakage neutrons per KT (or the 

number of neutrons/MeV per KT) in each of a number of energy groups. 

The source term processing in this case involves the use of a known, or 

assumed, distribution within the original energy groups in order to 

regroup to the desired 9 source energy bands. Source terms for repre

sentative weapons are described in Section 2.1. 

The next step consists of multiplying the neutro1 exposure as a 

function of range, D(R)En' for each source enargy band, En, by the 

number of leakage neutrons, SEn' for the corresponding source energy 

band 

(6) 

Since D(R)En from Table III is in the form of 4nR2 rad per source 

neutron, D(R) has units of 4Ticm2 rad. The absolute neutron dose is 

given by 

D (R) • D(R) . 
n 4TIR2 

(7) 

D(R) as computed from the Table III data is for an air density of 

1.lxlO-l g~/cm3 and a source height of 15 meters. If the neutron dose, 
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I 

D (R), is to be calculated for a different air density, D(R) must be 
n 

interpolated for a scaled value of range, R'J The scaled range is given 

by 

R' • __ p_R ___ ,. 900.91 pR 
X 10-) 1.1 

(8) 

where pis the new air density and' is the original range 1 in air of 

density pat which t~e neutron dose is required., Note t~at ,the original 
. . • '. I 

range R is still used in the denominator of Equation 7; R' is used
1
only 

for obtaining value of D(R). 

Air-~round Interface Effect 1 

' 3 ' A variation of the ·first-last col~ision method· may b~ used to ad~ 

just neutron tr~nspor t ~at~ to ~ource heights other than those for which 
I 

the basic calculations were originallr performed. This method was 

originally developed for t~e purpose of adding interface pertubatlons to 
I ' I 

infinite air results, but subsequent study has shown that it ~s quite 

effective for simply adjusting from one height to another. 
! 

The first-l!st co'llision method provi4es an estiJ11ate 1of the interface 
I 

effect by considering 1) the influence of the ground beneath the source 
I 

upon the number of first c1ollisions in air in the vicinity of the source 
. l ' 

and 2) the influen~e of the ground hene;ith the ,detector upon the number 

of last collisions which occur in air in the vicinity of the deteqtor. 
I ' 

Scattering of neutrons from the ground is treated at both the source 

and the detector , by an alb~do a~proa
1

ch. The first-la~t cpllision method 

applies only to the scattered component and may be expected t·o be valid 

only when the source-detector separation distance is sufficiently ilarge . 
for multiple acattering to be dominant. 

The fir~t-last collision method gives a soµ. rce heig~t factor, f(H 1
) 

I S' 1 
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I I 

and a dctecto¥ height factor, f(H0), which, may be appl~ed to the fluence or 

the dos~ I(R) in ;an infini~e air medium tb obtain the fluence or dose $t the 

same separation distancp (R) but: wherc the source is at height H5 ~nd the 

detector · is at h'eight. "o above the ground: 

T(Hs'"o·R)= ((Hs)f(HD)I(R ~- (9) 
I ' 

1: 
, I 

I I I 

The source height 'factor f(H 5) f.s the rffectivc fraction of the source leak-
1 

age neutrons w,hich undergo first collisions in· air; 'hence, it affects equally 
j I ' • ' 

the multiple scattered neutrons ~rriving fr:om all directions ~t a distant 
I ' 

It is called an effectiv~ fraction becJuse it includes uncollided detector. 
I 

'leutt;ons which strike the ground! but ar'e scattered back out to undergo "first" 

collisions in air •. ' Similarly, f ("o) . is ~he fraction '(as ,compared to infinite 

air)iof neutrons which unde~go their iast collision in air and it includes 
• : I I 

an adjustfuent for reflection from the ground in Qhe vicinity of the detector. . ' 

I 

~f J(H5,8n,R) is already ltnown from a transport calculation performed 
I 

e'xplicitfy for H5 , 
1
H0 , an~ R, the intensi.ty at the same ~etector height, H0 

and range R, but for a different so~rGe ~eight, H5' may be approximated by 

(10a) 

I 

Convers<:lY, the ,intensity at 'the same source height, HS a·nd range R, but for 

'a d i.'fferent detector h~ight 1 H0 ' may b7 appro
1
xim?ted ; by 

( ("o I) 
l(Hs, ¾', Rf= f(HD) l(Jls, "ri· R) . (10b) 

,. 
I 

Figure 3 shows a pl ot 1 of f(Hc:) and, f("o) ve~sus H5 (or H0) expressed 
t' I 3 

1 in mean-free-paths. For sea level ai.r densitr (p=l.29 gm/cm), the mean 

free path1 of fission neut:ions in air is approjXimatel.y 81 me,ters and ! or 
I I , 

,fusion neutrons ("'l4MeV) the m,ean free path is approximately 146 meters. 

'The mean free pa th i s not h'lghly ~ensi ~ive t,o neutron energy; mudif ied 
' ! 

fission spectra 1'3nd weapbn leakage spectra containing only 1 a few percent 
' I 

fission neutrons ha.Je approxiinlately th'e sanie effective mean free path as 
! 

I pure fission neutrons. 
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and a detector height fa tor, f(H
0
), which may be applied to the fluence or 

the dose I(R) in an infi1ite air medium to obtain the fluence or dose at the 

same separation distance (R) but where the source is at height HS and the 

detector is at height "o above the ground: 

(9) 

The source height factor f (HS) is the effective fraction of the source leak

age neutrons which undergo first collisions in air; hence, it affects equally 

the multiple scattered neutrons arriving from all directions at a distant 

detector. It is called an effective fraction because it includes uncollided 

neutrons which strike the ground but are scattered back out to undergo "first" 

collisions in air. Similarly, f("o) is the fraction (as compared to infinite 

air) of neutrons which undergo their last collision in air and it includes 

an adjustment for reflection from the ground in the vicinity of the detector. 

If I(H
5

,H
0

,R) is already known from a transport calculation performed 

explicitly for H
5

, H
0

, and R, the intensity at the same detector height, H
0 

and range R, but for a different source height, 11
5

1 may be approximated by 

(10a) 

Conversely, the intensity ot the same source height, HS and range R, but for 

a different detector height, tt
0

1 may be approximated by 

(lOb) 

Figure 3 shows a plot of f(IIS) and f("o) versus HS (or H0 ) expressed 

in mean-free-paths. For sea level air density (p=l.29 gm/cm3), the mean 

free path of fission neutrons in air is approximately 81 meters and for 

fusion neutrons (~14MeV) the mean free path is approximately 146 meters. 

The mean free path is not highly sensitive to neutron energy; modified 

fission spectra and weapon leakage spectra containing only a few perc~nt 

fission neutrons have approximately the same effective mean free path as 

pure fissi0n neutrons. 
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FISSION: Hs(M) 
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3.2 Secondary Gamma Rays 

As described in Section 3.1, the transport of gamma rays produced 

by neutron interactions in the air and ground was included in Straker's 

DOT calculations for point isotropi n utron sources 15 meters above t e 

ground. These results, which are the only comprehensive results avail

able to date suitable for genera!i~ed application, are included ith the 

neutron data in Table Ill.They may be applied to specific weapon source 

terms using the same procedures described for neutrons in Section 3.1. 

The secondary gamma rays result from neutron capture and inelastic 

scattering by the constituents of both air and ground. According to an 

analysis by Straker which considered results from related Monte Carlo 

calculations, the relative contribution from the different types of 

interactions and of air and ground secondaries is highly dependent upon 
4 the energy spectrum of the neutron source. As shown in FiguLe 4, the 

gamma ray dose fr<'" inel "scic s attering is dominant for a fusion-like 

source (12.2 - 15 MeV), and comprises about 80% of the total at distances 

greater than 200 meters. Ground secondaries are next in importance with 

those from neutron inelastic scattering dominating close in, and those 

from thermal neutron capture dominating at the larger distances. Thermal 

n utron capture in air and intermediate neutron capture in both air and 

ground are of only minor importance. 

With the fission-like BREN neutron source spectrum (the BREN source 
12 

is a bare reactor ), thermal neutron capture in the ground produces 

approximately one-half of the s econdary gamma dose at ranges less than 

800 meters, while thermal capture in air produc~ a similar amount at 

larger distances. As may be seen in Figure 5, .inelastic scattering is 

unimpor tant at virtually all ranges from the BREN source . 

The magnitude of the secondary gamma dose is also strongly dependent 

upon the energy spectrum of the neltron source. Figure 6 compares th 
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eecondary guaa dose vereus dietance fr011 12.2 - 15 HeV and fieeion 

neutron source• in infinite air and at height& of 15 metere. From thi• 

comparison and the one• given above, it eeems apparent that the energy 

spectrum of the neutron eource • ust bet ken into account in predicting 

eith r the quantity or quality (i.e., distribution in energy and ti• e) 

of secondary g~11111c1 rays. 

Another parameter that must be consid red is, of course, th number 

of neutrons leaving the source. The combined effect of differences in 

neutron source strength and energy sp ctra is indicated in Figure 7 which 1 

show• the secondary ga111114 dose versus distance calculated for eeveral 

devices described in Section IV. It is seen that the do••• vary•• much as an 

order of magnitude and that the slopes of the curve also depend upon 

the energy sp ctrum of the source. 

The air-ground interface effe ton the secondary gama rAys may be 

pred 'cted with confidence using the fir t-last olliaion method described 

in Section 3.1 when the neutron sourc con ists largely f high-e~eray 

neutrons. The method b com progres ively worse with deer asing n utron 
4 energy. How ver, in the abs nc of alt rnate m thods, us of th fir t-

la t collision method is probably bett r than ignor ng the interfa e 

effect, particularly in adjusting frov. one source height to another. 

I • 
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3.3 Pi••ion-Product C.... llay• 

Coapared to the neutron probl•, the probl• of calculating 

the dose fro• fi••ion products during the fir•t • inute following the 

detonation of a nucl ar weapon is staple in soae way• and exceedingly 

difficult in other•. 

A• di•cu••ed in Section 2.3, the quantity and th energy 1 · ~trum 

of the, .... ray• froa fi••ion-product decay are e••entially independent 

of weapon de•ign wherea• the neutron• are •tronaty dependent. However, 

the atrength, •P ctrua, height and •ize of the fi••ion-product •ource 

change• during the tia interval that • uat b conaidered. In addition, 

the air aedh• through which the g...a ray• re prop ted change• 
draatically with t ... becauae of th hydrodynamic effect. The neutron 

probl•, on the other hand, may be tre t d aa atatic once the neutron 

leau~• fro• the exploding w apon ha been d tenalned. 

In dev loping the fission-produ t alculatlon method all of the 

abov m ntion d eff t• plus th ir gr und int r fa e ff t were con

tdered.5 Th appro h u d w tot k transport dat for fixed 

our in a a atl air• dium and introdu pprbximation to a ount 

for th various eff ta. 

Only th eff~ t of th fiaaion-product cloud expansion (aourc • iz) 

and attenu ti n within the weapon d bria of th loud w found to be 

n gligible for •e of pr cti lint r st . Li• lt d a nsitivity atudi 

indl ted that th flaaion-produ t cloud could b tre t d I a point 

t1otropic 1ourc . Thia pproxiution i• •ubatantl t d by the re•ult1 

of a more co• pr h n1iv an ly1ia r por d in Re 8. 

D V lopa nt of th tho tart• with ron1id ration of the tran1port 
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of gaaaa rays from an idealized point isotropic source of gamma rays in 

air. Monte Carlo data giving the dose rate versls distance in an infinite 

air medium for monoenergetic gamma-ray point isotropic sources with 

energies of 0.5, 1, 2, 4, 6, 8, and 10 MeV have been reported by Marshall 

and Wells13 • These data are for an air density of 1.293 x l0-3gm/cm3. 

For use in the fission-product calculational method, the Monte Carlo 

data were converted to give the dose p .r source photon. The results are 

listed in Table IV. 

Source Strength 

The air transport data given !•1 Table IV were folded with the 

fission-product energy spectrum in the 0.2 -0.5 sec nd time interval 

following fission. This energy spectrum was taken from the measurements 
10 of Engle and Fisher discussed in Section 2.3 and is representative of 

all ga11111a rays emitted during the first minute following fission. 

As the next step, the resulting data were plotted in the form of 

R2 dose per source photon from fission-product decay versus range R 
2 expressed in mass thickness or optical depth (gm/cm}. This curve was 

fitted by the expression 

where 

and 

(11) 

A• 3.611 x 10-17 and A• 97.04 for R < 21.28 gm/cm2, 

A• 5.826 x 10-17 and A• 30.56 for R > 21.26 gm/cm2• 

Since R2D(R) is the dose (rad} per fission-product source photon, 

it mu t be multiplied by the source strength of fission products. 
23 Assuming 1.45 x 10 fissions/KT, a fission fraction F (i.e., fraction 

of the total yield attributed to fission}, a total yield of W(KT} and 



Source 
Energy 

(MeV) 

0.5 

1.0 

2.0 

4.0 

6.0 

8.0 

10.0 

*Read 
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Table IV. 2 4nR Dose from Point Isotropic 
Gamma-Ray Source in Infinite Air 

2 (cm rad/source photon) 

R, Slant Range (Met'ers) 

165 640 914 1097 1372 

1.696-10* 6.231-12 5.623-13 8.870-14 9.817-15 

3.017-10 2.405-11 4.150-12 1.170-12 1.148-13 

5.342-10 6. 506-11 2 .661-11 1.113-11 2.777-12 

9.476-10 2.527-10 1.034-10 5. 731-11 2. 303-11 

1.270-09 4.242-10 2.136-10 1.271-10 6.014-11 

1.588-09 5.762-10 3.109-10 2.006-10 1.014-10 

2.0l7-09 7.662-10 4.303-10 2.859-10 1.515-10 

1.696-10 as l.696xl0 -10 
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a time-dependent fission-product gamma-emission rate of G(T) photons/ 

sec-fission, the total source strength (photons/sec) at time T after 

fission is 

S(T) • 1.45 x 1023 F W G(T). (12) 

The decay rate (photons/sec-fission) is represented by a fit to the 

Engle and Fisher data: 10 

G(T) • _.....;.0_.;.._8 __ 

1 + 0.87 T 
(13) 

Application of these terms to Equation (11) and rearrangement gives 

the equation for the time-dependent dose (rad/sec) from a stationary 

point fission-product source in unperturbed homogeneous air (i.e., without 

the hydrodynamic effect and air-ground interface effect): 

1.16 x 1023 F WA -R/A 
D(T,R) • ------- e 

(1 + 0.87T)R2 
(14) 

Three modifications of Equation (14) are required to consider the air

ground interface effect, the cloud-rise effect and the hydrodynamic 

effect. 

Air-Ground Interface Effect 

A systematic method for adjusting fission-product gamma ray data 

for air-ground interface effects is not yet available. However, gamma 

ray interface effects are relatively small and, consequently, no adjust

ment or a very crude adjustment may suffice for many purposes. Analysis 

of BREN measurements12 and related calculations for 60co gamma rays 

indicates, for example, that at a separation distance of 730 meters and 

a source height of 91 meters,the dose at a detec tor at the ground surface 
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is 80% of the correspondi~g infinite air dose. On the basis of these 

data, a 'factor of O.S was incorpor~ted into Equation (14) as an 

approximate air-ground interface adjust~ent. 
' 

Cloud-Rise Effect 

To account for clou
0

d rise, a time-dependent separation 

R(T), is substituted for R. R(T) is developed starting with 

fitted equation I I 

I 

• H (T) • 61.0W0.19T0.82 
c, 

I 

distance, , 

the 

which gives the cloud height "c , in meters (with refer~nce t~ the burst 

height) as a function of time (seconds) following
1 
the detonation of a 

. weapon with a yield of W;(KT). , For
1 

a burst height H8 (meter~) and hori.

zontal range RH (meters) to a detector located at t~e ground surface, 

the geometric separation distance (in meters) between the center o~ the 

rising cloud and the detector is 

For use with Equation (14), RG must be converted , to mass thickness 
2 I : 

(gm/cm ) : 

R (T) ·= ,100. p p RG (T) I 
I 

where p is the ,ambient air density' in gm/cm3• 

Hydrodynamic Effect 

I I 

The final modification to Equat'ion (14) is the substitution of a 

modifie~ mass thickness R'(T) in the exponent to account for the change 

• I 

• 1 

05) 

(16) 

(17)1 

I ' 

' I 



I ' 

': 
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I I I 

in mass thickness of air between the source ' and detector caused by the 

hydrodynamic ·effec
1 
t. R'(T) is calculated from R(T) as described below. 

I ' I 

(Note that R(T) must be retained in ithe denominator of Equation (14) 1, since 
I 

I 
the geometric distance is not .chal}ged by ~he hydrodynamic': ef feet.) 

The modif.ied° l!lass 
1
thickness 6r optical depth · is .a 1function of time, 

yield, ambiertt air _density and pressure, source-detector distance before 

detonation, and distance et ti~e T a£ter detonatiod. Several steps a~e 

required to calculate R'(T). 

I I 

Fir.st, a scaled distance, J (meters), is g~ven by 

J . = ! ~.473 10
4 _I~ \ l /,3 ' 

x ,P . 

I 12 ! , 

where P is th~ ambient air Hressure f n dynes/cm and q = 1 fqr an air 
2 1/3 . 

&urst (i.e., burst height > 10 W ) and is equal to 2 for a surfaee 
' I 

1 
! 2 '1;3 ' 1 

I i 
burst (burst height < ·10 , W ) . ('A value of q = 2 wa,~ used in the cab· 

culati.ons presented in this report.) ,· W is : the yield (KT). · 
I 

The scaled distance, J, is used •to calculate a scaled unit less 
I 

time, 1,L, from 

. 
(18) 

L = 0.01183 T 
J 

I (19) 

where~ i~ the ambient air density. Two additional quantities, C and 
I I 

V, are calculated 1from J and L: 
! 

' 

C •
1

J(0.55974L0. 3l 278 + 0.9510t1•0?025 ) , 
I . 

(20) 

w.hen L < p. 55, 

. C = J(L + 0.67279) wh ~~n L > 6.55, (21). 

I ' I i 

/ 
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V .• 0.95134 + 0.17507L-0. 68722 

when L < 6.55, 

V = 1 when L > 6. 55. 

A third parameter, Y, is calculated from V by 

105 (V
2
-1) y = _ __. ___ _ 

7V2 + 35 

2 The effective optical depth (in gm/ cm ) due to enhancement is 

then calculated from 

R 1 (T) "' R(T) I- 2~v
2 

(:
0

) YJ· when R < C 
L56V -35 ° 

R'(T). R(T) ~ -(35 v
2
-1) (Jl, when R0 l 56V

2
-35 Ro)! 

> C 

where R(T) is the optical depth at time T but neglecting enhancement, 

as given by Equation (17) and R is the original source-detector 
0 

separation distance calculated from 

R .,/R2+H2 
0 

y. H 8 , meters. 

The final equation for the total fission-product exposure (rad) 

during the first T seconds following a detonation, including source 

decay, cloud rise, the interface effect and the hydrodynamic effect 
2 at a range of R(gm/cm) is 

22 
D(R) a 9.28 x 10 F W 

T 

r A -R' (T)/A I __ e _____ _ 

-~ (1 + 0.87T} R(T) 2 dT 

Equation (27} and the equations for the various terms were coded 

for numerical solution by computer. The code was used to calculate 

the fission-product gamma-ray exposure as a function of range, air 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 
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density, weapon yield, and burst height. These calculations were made 

with and without hydrodynamic enhancement to better determine the im

portance of the effect. 

An example of the output of the code is shown in Figure 8, which 

illustrates the effects of cloud rise and hydrodynamic enhancement for 

a nominal 1-KT weapon. It is noted that even fr this low yield, the 

hydrodynamic effect increases the fission-product gamma dose by approxi

mately 50%. However, by coincidence, this increase is almost exactly 

offset by the cloud-rise effect. 
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IV. METHODS EVALUATION 

The data and methods described in the previous section have been 

validated through comparisons with the results of other calculational 

methods and with data from field measurements for wide variety of 

weapon: and test devices5•6• The evaluation given here is limited to 

comparisons with various measurements. 

Table V lists an arbitrary identification number and gives the 

general characteristics of eleven 'nuclear devices used in the com

pal'isons. These devices, all of which were detonated at the Nevada 

Test Site or at the Pacific Proving Ground, cover a wide range of 

yields and detonation conditions. They were selected on the basis 

of the credibility and comple:eness of the initial radiation measure

ments. Another condition imposed on the selection process was that 

the leakage neutron energy spectrum for the device (or for a similar 

device) be available for input to the calculations. 

Field measurements of the neutron environment from nuclear weapons 

are subject to a number of uncertainties and it is impractical to verify 

them by replication. Further disadvantages include the fact that 

certain types of experimental studies (effect of source height, for 

example) cannot be performed with a suitable degree of control. Some 

of these uncertainties and difficulties can be overcome to a certain 

extent by using nuclear reactors or accelerators designed to simulate 

the initial radiation from nuclear weapons. 

One of the principal weapons radiation simulation experiments per-
14 formed with a reactor was Operation BREN at the Nevada Test Site. 

The source was a bare reactor operated at various heights on a 465 meter 

tower at the Nevada Test Site. Another significant field test using 
15 16 simulated weapon radiation was Operation HENRE ' also performed at 

the Nevada Test Site. The HENRE source was a high output accelerator 

producing 14-MeV neutrons from the D-T reaction and was mounted on the 

same tower used in Operation BREN. 

/ ) 



Device 
No. 

6 

10 

11 

12 

13 

14 

18 

19 

21 

23 

25 

39 

Tab' e V. Test Devices Selected for Comparison of 
Calculated and Measured Neutron and 
Gamma-Ray Dose 

Nominal 
Yield (KT) 

1 

10 

35 

10 

5 

20 

10 

200 

500 

1000 

5000 

Weapon 
Type 

Fission 

Fission 

Fission 

Fission 

Fission 

Fission 

Fission 

Fiuion 

Thermonuclear 

Thermonuclear 

Thermonuclear 
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4.1 Neutrons 

The neutron leakage spectra for the test devices listed in Table V 

were processed into the 9 source energy bands and folded with the DOT 

neutron transport data given in Table Ill for a 15-meter source height 

using the procedures described in Section 3.1. In addition to doses, 

Pu, Np, U, and S fluences were calculated for each device using the 

more complete set of transport data given in Reference 6. 

The results ~ere adjusted to the burst height for each test; the 

actual heights were generally in the range of 100 to 500 meters. The 
-3 3 air densities were on the order of 1.0 to l.05xl0 gm/cm for the 

field tests, but to facilitate intercomparison, all results (both 

calculated and measured) were adjusted to. common air density of 
-3 l.075xl0 • 

The final results of the calculations for several of the devices 

are compared with the measured neutron doses and neutron 

fluences in Figures 9 through 15. The doses and the S fluences 

(E>~2.7 MeV) calculated using the DOT data generally agree with the 

measured values within ~~cut 25%. The most notable exception among 

the cases compared is Device No. 6 where the DOT dose values are almost 

a factor of 2 lower than the measurements at all ranges. 

The poorest agreement between the fluen~es calculated with DOT 

data and those measured is that for Np (E>'v0.6HeV). I n virtually 

every case, the Np measurements are higher than the corresponding 

calculations. The data measured with the foils having the lower 

threshold energies tend to be more erratic than the others. However, 

few individual measurements differ from the calculations by as much as 

a factor of 2. 
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1 4 , 

St,raker made a special DOT calculation using the BREN neutron 1' 

I I ' 

leakage spectrum and a source height of 8 meters for cpmparison with 
' • I I 

the, measured 8REN dat,!4 Figur~ 16 shows the comparison of the ~alcu~ 
• I I I 

lated and measured neutron dose versus· distance. Agreement within 10 
I 

to 20 percent is indicatl.d at almost all distances. Inciuded in . . i • 

Figure 16 is a similar, ·comparison of the thermal neutron f lu>c. Sine~ 
1 the ~ame procedures and cross ~ections : used i n t~ese special DOT 

I I 

calculations were also us~d in the calculations for monoenergetic 
I I I 

sources,
1 

the comparisons indjrectly substaritiate the later calculations. · 

I 

Data from Operation HENRE15 •16 includ·e free-field neutron and 
' . 

secondary gamma · d1ose versus distance for various combinatidnS' of source 
I : 

and de~ector height. The measured data were normalized to an effe,ctive 
I I 

source strength based on a foil mea~ur emen~ 3 meters beneath the target 
I ! l I 

and the assumption that the target is a point .iso~ropic source. H9w-· 

ever, mapping measurements made at a distance of 1.5 meters from the 
I 

center cf : the target indicate that the source w.is not isotrop~c. An 

analysis of t,he mapping data was :performed to obtain minimum and 
I 6 

maximum effective source ~trengths of an equivalent i~otropic sourqe. 
I 

These values were used to adjust the rneasured 'dati before co~paring 

with th~ calculated1 data. 

tigure 17, compares the adjusted mensured neutron dose for arl 8-meter 

source height . with that calculated using the obT data fbr 12.2-15.0 'MeV 
: 2 ; 

beutrons ~ For slant ranges of 80 gm/cm (~750 met~rs), the calculated 1 

I : ' I I 

neutron dose falls within the minimum and maximum values of the measured 
I 

dose~ : Beyond' 80 gm/cm2,, th~ calculated do,se is a few percent higher 
I 

than the maximum measured value. 
I 

The differepc~s between the measure-. 
ments and calculations, ; although not l A· ge, seem to i be. system~tic. lt 

' I • • 

1is not known wheth~r this is a "real" discrepancy or one resultin~ from 

the tedious ~dju~ting 1procedures necessary to
1
make direct com~arisons. 

I 
Similar comparisons are inclU< ed in Figure 17 for me~sur,em~nts 1 

' made -t t a source and detector height' of 
I 

calculated 'dose is that for in infi~lite 

approxima t ely : 335 meters. 
2 air medium. A s ~gnif Jcant 

difference between the slopes of the measured and c~lculated Jat~ 
I I I 

is noted. 

· I 

The 
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4.2 Secondary Gamma Rays 

There are few sources of data available which allow a direct 

comparison with secondary gamma doses calculated using Straker's 

data. All of the measured gamma doses from weapon tests contain 

fission-product as well a s secondary gamma component s and comparisons 

cannot be adequately interpreted unless the fission-product component 

is known. Section 4.3 provides a number of comparisons of calculated 

secondary gamma and calculated fission-product gamma ray doses ,., ith 

total measured doses. 

15 16 As mentioned in Section 4.1 Operation HENRE ' included 

measurements of secondary gamma rays produced in air by the 14-MeV 

neutrons from the accelerator source. The previously described 

source anisotropy adjustments to the effective source strength were 

applied to the measured gamma-ray dose spatial distributions to obtain 

the results for 8- and 335-meter source heights shown in Figure 18. 

Included in Figure 18 are Straker's secondary gamma doses for 

12.2-15 MeV neutron sources at a height of 15 meters and in infinite 

air. It is perhaps surprising that the secondary gamma-ray measurements 

and calculations agree entirely as well as do the corresponding neutron 

data (see Figure 17). It may be noted, however, that any effects of 

the source anisotropy not properly accounted for in the adjustments 

are likely to be less important for the secondary gamma rays. 
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4.3 Fission-Product Gamma Rays 

In cases where both the air-ground secondary and fission-product 

gamma-ray dose are important, both field test data for the weapon and 

the leakage neutron energy spectrum for the same (or similar) weapon 

must be available in order to make comparisons. The neutron spectrum 

is required to calculate the secondary gamma-ra: component. Eleven 

different test events including 7 low-yield devices and 4 h~gh-yield 

devices (>l00KT) which met these conditions are listed in Table V. 

The low-yield devices include those used in the previous evaluation 

of neutron predictions (Section 4.1). 

Initial gamma-ray calculations were made for each of the 11 de

vices for the geometrical and meteorological conditions reported 

during the field tests. The calculations included the fission-product 

component as given by Equation (27) and secondary gamma-ray conponent 

as given by the data and techniques described in Section 3.2. 

Low-Yield Weapons 

Figures 19 through 25 show comparisons of the calculated air

ground secondary gamma dose, the fission-product gamma dose and the 

total calculated dose with the measured total dos • ~ for seven r~pre

sentative low-yield weapons, all as a function of the slant range 

from the detonation. The yields of these devices range from approxi

mately 1 to 40KT. 

For all weapons except Device No. 10, the fission-product dose 

is seen to be higher than that resulting from secondaries. The total 

measured and calculated doses differ most for Devices No. 6 and 10 

although the slopes agree favorably. The measured and calculated 

slopes appear to be somewhat different for Devices No. 11, 13 and 14 
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I ' 

most measured points ate wel'l. within 
1
5P% of the calculated°· 

I 
The calculations and measurements for Devides No. 12 and 18 

' ' 

are seen to 
I I 

excellent agreement both in magnitude and 
' I 

be in generally 
. ' I 

slope. The largest area of dis~greement is at the short ranges where 
I 

the neglect in tne calculations of cloud expansion and fi~sion-product 

disperson thro1Jgh the cloud is least justified • . 

I ' 

The overall agreement between the measured and calculated total 

doses · is quite good. Considerjng all ~ses ·compared,.approximately 
I I I · I 

80% of the measured points are within 25% of the calculated totals. 

As implied by measurements made at differenF az~muthai angles (see , 

Figure 25, for example), the measured 1data probably have uncertAinti~s 

on the order of 25% or more. The differences between the measurem~nts ,, ' 
. . 

and calculated totals scarcely exceed 50%' in the worst cases. 

High-Yield Weapons 

Figures 26 through 29 show comparisons of the calcula~ed fission-
. ' 

product gamma dose with measuremen_ts for four repr.e'sentative high-yield ., 
weapons. Leakage neutron energy spectra were not available ,for these 

weapons, · therefore, the therftlopuclear spectrum ft:om Table I was u.s~d as 
' I 

a conservati~e representation of all~ , The secondaTy ' gamma dose on 

Figures 26- through 29 , result from the thermonuclear neutron spectrl.DD 

and, as can be seen in evJry case, the seconaary gamma dose is l~ss than· 
I 

I I 
some 15 % of the fission-product exposure. It should be noted that the 

I 

calculations of the secondary gamma data are for air-ower·ground rathe~ 
I 

than air-over-water, whereas all of the high yi~ld tests were in the . 
Pacific. At preseflt we can only specula t e on th,e dif f'erence! but it is 

probably significant. 

, • I 
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It is noted that the measured data for the high-yield devices are 

generally more sporadic than was the case for the low-yield devices. 

In spite of this, considering all cases compared, approximately 80% of 

~ the measured points are within 50% of the calculated total exposures 

and over one-third agree within 25%. Within the yield range of the 

high-yield comparisons (approximately 200KT to 5MT), neither total yield 

nor the fission-to-total yield ratio appears to have a systematic effect 

upon the agreement between the measurements and the calculations. The 

fission-to-total yield ratios vary from less than 0.1 to 1.0. 

Unlike the calculated doses from the low-yield devices, the high

yield calculated values t end to be higher than the measurements. This 

is probably due to the attenuation of gammas by the large amount of 

water pulle up by the surface detonations. This is not included in 

the calculational models. Although less accurate than predictions for 

low-yield weapons, the high-yield predictions are more ronservative. 
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V. SIMPLIFicD MODEL 

The simplified odel provides separate predictions for each of the 

three principal initial radiation components· neutrons, secondary gamma 

rays and fission-product gamma rays. The mode l gives the same results 

as the detailed calculations for neutrons and for secondary gamma rays 

provided the weapon of interest fs ~losely represented by one of the 

three typical weapons included in the model. The model gives fission

product gamma-ray results that agree with the detailed calculations within 

20% for low-yield weapons and within 45% for high-yield weapons. 

5.1 Charts 

Chart 1 

Th neutron dose per KT of total vield at the ground surface is 
-3 given as a function of slant ran in :1 ir with a d nsity of .10:<10 

gm/cm 3 from s urfa ce bur ts of Lhr c , pr sentativ w apon typ s. The 

"fis sion" weapon i s r pres nt at 1-.., t f relativ 1 10\ -leakage pure 

fission weapons. Th "th rm nu lcar" w a1-on is a high-yi ld weapon 

with a large fusion fra tion. The "intermediat " weapon is repr s nta

ttve of ;1 high-1 akage fission w ap n or a low-yield thermonuclear 

weapon with a low fusion fraction. 

To facilitate adju tm nt to other air densities and to confine th 

data to a reasonable numerical rang , the dose in Chart 1 ha been 
') 

multiplied by R~, where~ i s the slant range. This factor mu t be r -

moved to obtain the absolu : d For onv nien c, a plot f the 
-2 reciprocal, R , is in lud d in Chart 1. 
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Chart 2 

This chart corresponds to Chart 1 in all aspects except that it 

gives the secondary ganuna-ray dose rather than the neutroin dose. 

Chart 3 

Th fission-product gamma-ray dose per KT of fission yh ld at the 

ground surface is gi:~n as a f un tion of slant range in air with a 

density of l.lxlO-J gm/cm3 from surface bursts of weapons with various 

total yields. The differ nces in the dose per KT from the various 

total yields is caused by the hydrodynamic and cloud rise effe ·ts. The 

0-KT curve is for a 1-KT yield with no hydrodynamic enhan ement and 

should be used for sub-KT yield weapons. 

Chart 4 

I 
Scaled slant ranges, R, ar given as a function of actual slant 

ran ge R, for varlous alr densiti s. The scaled slant rang s are used 

for r adin doses from Charts 1, 2 and 3 for air densiti oth r than 

l.lxlO-J gm/ m3. Sal d rang R for air densitle not sh wn my e in-

terpolat d fr m th hart or ca l ulat d using th r lationship 

Ch rt 6 

F 

from 

of 

m nt f 

rt I • R p 

l.JxlO-J 

i th d .., ired , I r d n It • 

iv n fr du in n utr n and ndary ammo-ra 

ur f a rm i, rt l nd 2 fr bu r h L h ~ b V tli 

iv n fo r dju tn fi t n-pr duct gnmma-roy do 

for bur 

i du i.nt rp l b w n 

Th urn v r b h vior 

loud ri nd nh n -
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5,2 Equation 

The dose D (rad) from each component is given by the same general 

equation: 

where 

-2 D • W•D(R)•F(H)•R 

W • weapon yield (KT) 

(For fission-product gamma rays, Wis the fission yield rather 

than the total yield,) 
2 (R) s R d~se per KT at slant range R. 

(From Charts 1, 2 and 3 for neutrons, secondary gamma rays and 

fission-product gamma rays, respective!;•. If th air density 
-3 3 I 

differs signifi antly from 1.lxlO gm/ m, use the scaled 
I 

range R from Chart 4 in reading D(R) from Charts 1, 2 or 3). 

F(H) • Burst height adjustment fa tor. 

(Chart 5 for neutrons ands condary garmna rays and Chart 6 

for fission-product gamma rays). 
-2 R • Geometric attenuation factor. 

(Include : in Charts 1, 2 and 3. Note that R is the actual 

rather than the s al d slant; range). 
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Chart 3. Fission-Product Gamma-Ray Dose vs 
Slant Range from Surface Burst 
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Chart 4. Scaled Slant Ranges for Various Air Densities 
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Chart 5. Burst Height Adjustment Factors for 
Neutrons and Secondary Gamma Rays 

--- ( -··· 

I I , : i I i 1

1

+: ; t-~-
• I I ' · ,. I ·, 
. ,- 1 , : ~ . i I .. 

•• •• ; .• I -

' ! 
I 

I j ' I ·- . ·-·--~- ·-· 0-,- ) ; L .: 
• I • - -•: •:~·;---· 

• I 

I I 

. ·1 
' ! i . : ~ I Ii ! - :-~ '. 

'! i I ', , ;T · : 

: .w.~i : 11 ·: · f . :-I ·1 '·l · , i-: 
I I ; , l ·1~-1 : i 
l ' ' I I ' I , r i ·• ···1 ; 

;_ ! ! i 
. ! 

I , : 
• ,.. I ' ,_J - ••• •• --•-

' J I 

, I 

: ,. ,.,. 
i ' ·-
I i j I ' . 

I I ' ,- ' 

I ' ;-I j · 
1· 1' ' 

WEAPON TYPE ; l. 
, I ' 

so 100 150 200 

BURST HEIGHT, H (meters) 

•. i 

I 

' .I 
--r-
. I -
; ·! :·; 
I. 

250 

I ' 

' 1 : ·t 

--, I I 

- - ' I 
' ' •• I l r- -1- · 

I · : • 

I ·1 

I : - I ·1 

I 

' 1 

' ' 
I ' 

300 



1.0 

I 
I 

0.9 ; 

0.8 I 

i 
0.6 r 

I 

0.5 ; 

0.4 

0.3 

0.2 

0.1 ! 
0 

75 · 
I 

Chart 6. Burst Height Adjustment Factors 
for Fiss ion-Product G~ Rays 
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VI. CONCLUSIONS 

I 

Improved ,methods we're ·presented for predicting .the initial neutron 
I ' 

secondary gamma-ray and fission-product gamma.-ray exposures following the 
' ' ' 

;deton,11tion of d nuclear weapon. These , methods incorporate the mdst appro- · 
' 

priate radia' :i.on t tanspott data, and the most effecti've· techniques that 

could be found for treating the various phehomen, involved. 

I 

Extensive co~parisons with measured dota and various calculated data 
1 • 

were made to validate the .methods. 
' I 

Comparisoh w; th the results iof numerous 

weapon tests indicated that 1the neutron dose may 
I 1 I , I 

within about ,25% if tne neutron leaka~e spectrum 
1 

be generally predicted 
' 

of the particular weapon 

is cons1idered. The secondary-samm~ method also appears ~~ give reliable 
I 

results. However ·, it is difficult to obtain direct experimental verifi, 
cation of 1this componen~ because measured gamma~ray exppsures f~om weapon 

I I • I 

tP.sts are usually dominate(\ _by fission-p,rodue;t, ~amma rays. 

A considerable pottion of the study was devoted to a new ,method for 

1 
pred i ,c ting fiss ion-product ga~a-ray exposures. Fiss:ion-p roduc t gamma-ray 

exposures calculated wit'h the new method, when combined w~tn secondary 
' ' 

,gamma-ray exposure.s c·alculated witt-1 ~he above method, give results that 
I 

generally agree with ueapons test data within 25% for low-yield wet3pons 

and 5iO% for high-yield \-7e 1apons. 
I 

To facil it;ate 'rout i~e predic
1
tions of ihitia1 radiation exposures 

without performing det a il e d machine calculations, a highly simp~ified 
I 

model was derived from the l!'esults of extensive parametric calculat i ons 
I 

ferformed with the d~tailed methods. This model' gives fission-product 

gamma''-ray results that agree t.ii th the detailed calculations within 20% 
1 

in most aases a~d within 45% in all cases. The accuracy of the model 
1 

for neutron and seco11dary gamma..:.ray results depends upon how well the 
I 

weapon of interest ' is represented by one of thr~e typical weapons in-

cluded in the model. 
I 

I ' 
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APPENDIX 

Comparison of Initial Radiation Exposures Produced by Two 
Different "Representative" Thermonuclear Weapons 

A "typical" intermediate yield thermonuclear weapon neutron leek

age spectrum was suggeste in ORNL-TM-3396.9 for use in initial radia

tion shielding calculations. A similar thermonuclear weapon neutron 
* leakage spectrum has been selected for use in the forthcoming new 

edition of Glasstone's, "The Effects of Nuclear Weapons. 117 In view of 

the confusion that may arise from the use of similar ut not quite 

identical typical thermonuclear weapons in the unclassified literature, 

and the wide distr bution anticipate d for th£; latter publlcation, the 

lat ' er neut ron leakage spectrum was selected for incorporation in the 

simplified model. 

The similarity of the two we;,.pons is illustrated by the following 

neutron and secondary gamma-ray dose ratioR. These ratios were obtained 

by dividing doses calculated for the indicated ranges using the ORNL-TM-

3396 spectrum by corresponding doses calculated using the Gl asstone 

spectrum. The fission-product gamma-ray doses from the two ~evices are 

identical providing the same fission fraction is assumed for each. 

Range Neutron Ratio Secondary Gamma RAtio 

500 1.38 1. 22 
1000 1.39 1.24 
1500 1. 37 1.22 
2000 1.35 1.20 
3000 1. 30 1.18 
4000 1. 24 1.17 
500() 1.19 1.16 

* P. Dolan, Stanford Research Institute, private conmunication (1972). 
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