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1. I N T R O D U C T I O N

The p r i m a r y  or m i t  i a l  r a d~ ;i t io n  f rom t h e  d e t o n a t i o n

of a n u c l e a r  weapon.  c o n s i s t s  of promp t and de l a 1 1 d compo-
n e n t s , The prompt  r a d i at i m  is composed of t h e  n eu t r o n s

and ~ amri a r ay s  f rom t h e  f i s s i o n  .~nd !or  f u s i o n  p r o c e s s  and

the ’ ;u c o n d a r y  gamm a r ays  r e s u l t i n g  f rom n eu t r o n  c a p t  u r e  i n
t he - a i r  and gr o u n d .  T h i s  componen t  is a f u n c t i o n  of the

Weapon  sou r c e  s p e c t  rum md t h e  b u r st  h e i g h t  r e l a t i ve  to t h e
g r o u n d . The d e l a y e d  r a d i a t i o n  i s  composed  of the  n e u t r o n s

md gamm a rays  e m i t t e d  by the  decay  of f i s s i o n  p r o d u c t s  in
t he t ’ i r e b al l  as w e ll  as the  secondary  gamma r a y s  produced
by c a p t u r e  of t he  d e l a y e d  n e u t r o n s  in t h e  a i r  and g r o u n d .

T h i r  component  of t he  r a d i a t i o n  is a l so  a f u n c t i o n  of t h e

b u r s t  he i g h t .  Because of t h e  p e r t u r b e d  e n v i r o n m e n t  p r o d u c e d
hr  t h e  shock  wave , t h e  d e l a y e d  componen t  is a l so  a f u n c t i o n

of the  b l a s t  y i e ld  of the  weapon . The r e sponse  of a d e L e c t o r

to t h e s e  two r a d i a t i o n  components  depends  on t h e  d e t e c t c

response  as a f u n c t i o n  of i n c i d e n t  p a r t i c l e  energy and the

d e t e c t o r  p o s i t i o n  r e l a t i v e  to the  b u r s t  and g r o u n d .

The pu rpose  of t h i s  work is to deve lop  a d a t a  base

w h i c h  can be used fo r  p r e d i c t i n g  t h e  dose and the  n e u t r o n

to gamm a ray dose ratio due to t h e  i n i t i a l  r a d i a t  i on  f rom

the d e t o n a t i o n  of a nuc lea r  weapon in an a i r  over ground

g e o m e t r y .  The d a t a  are to be applicable fo r  the  a n a ly s i s

of tactical nuclear weapons and thus imp l y low to inter-

mediate yield weapon bursts near the ground with the dose’

determined in a plane near the air-ground interface - There-

fore , the weapon yields considered range from 0.01 to  500

kilotons with burst heights rar.ging from surface to 1000

meters above the ground . The detector plane is located

1.75 meters above the ground and extends out co a radius

-— —~—~~~ - ..1~
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o t  l - 4 ( h )  I t s - t i - i ’ s .  The’ t w o  t ’sp eIu e’s o f  m t  - r t ’ s t  a n -  f t ’ i - e

f i el a  and  ,o -i m r  s h i & ’ l d e d  (re ’ p t’ t - s u u t  i n k ’ , l i t r ul l w i t h i n

an ~~i t ’ -d v e h i c l e )  t i s ue dose  J e t  ut ’t ) r s  I h e  s p e c i f i c

Jose’ j o i n t  i t i -s o f  i n t e r e s t  t o r  1) 0 t h  t h(t p r o r i p t  nd J !;i ,’t ’ d

S C U I I S I S t  of t h e  f o l l o w i n g :

1) Free — f ~ l d  n e u t  ron t i s s : i& ’  J o s e ;

2 )  1-r u e — t i  i ’ld g ir T u u ; i  r ay  t i ssu e  dose’

3) F r e t — f i e l d  st c o n i ar v  K mml a ray  t i s su e  dos e

f rom to :t r n  c a p t u r e  in f o -  a i r  and g r o u n d ;

4) Armor  s h i e l d e d  n eu t r o n  t i s o u t  dose

5) Armor sh i  i l ded  gamm a r ay  t i s s ue  d o s e ;

h) Ar n : o r  s h ie l d e d  se c o n dar . ’ gamm a r ay  t i s s i ie  dose

f r o m  n eu t r o n  c ap t u r e  i n  t h e  a i r  and ground ; and

7) A rmor s h i e l d e d  s e c o n d a ry  gamm a r ay  t i s s u e  dose

f rom n e u t r o n  c ap t u r e  in t h e  a rmor .

I to.-  t e c h n i ques  used in g e n er a t i n g  l i e  d a t a  b a s e  are

o u t l i n e d  in t h e  M e t h o d o l o g y  sec t  ion of t h i s  r e p o r t .  A
P r e l i m i n a r y  I n v e s t ig a t i o n  su c t i o n  p r e s e n t  s a b r i e f  c ross

s e c t i o n  s e n si t i v i t y  ana l y s i s  t o~~t t h e r  w i t h  bas ic  c: i lcu-

l i t  i ro i l  assunip t ions and p er t  i n e n t  fundamental d a t a .  The
C a l c u l at ions s e c t i o n  p r e s e n t s  t h e  mode l s  emp l oy e d  in t h e

p r e d i c t i o n  of the  promp t d e l ; i ’ / ( - d  r a d i a t  ion c o m p o n e n t s  and

a l so  d i s c u s s e s  v a r i o u s  a s p e c t  s of the c a l c u l i t  i o n s  - S e v e r a l

form s of t h e  r e s u l t s  for  a few s e l ec t e d  w e ap o n  b u r s t

s c e n a r i o s  are-  shown i n  t he  R e s u l t s  s e c t i o n ,  A C o m p a r i s o n s

s e c t i o n  p r e s e t - i r s  c o m p a r i s o n s  of the  p r e s e n t  work w i t h

results obtained l roni the l i t e r a t u r e  and  f r o m  o t h e r  ca lcu -

l i t  I oilS. The’ Sunmiary  s uc t i o n  d i s c u s s e s  some f t h e conc lu -

sions c o n c e r n i n g  the  r e s u l t s  o f  t h i s  work ,

- 
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7 . )n - :TII ODOL0GY

I t  is i e n e ’r a l l y !‘ et ’ogn i zed t h a t  t o  ade ’quat  el y predict
he transport of  r a d i  a t  ion i i i  an a i r  over  ground  g e o m e t r y

f o r  t he  burst — d e t  & c t  or r, eo m& ’ t  r i es  of i n t e r e s t  , t h e  e f f e c t
of t h 0  gr o u n d  m u s t  be’ i n c l u de d .  T h i s  e f f e c t  on t h e  p rompt
r i l i a t  ion can  be q u i t e  i m p o r t a nt  , e s p e c i a l ly f o r  p r e d i c t i n g
he d isc  due to  s e c o n d a ry  gamm a r a y s .  For a s p e c i f i e d

we ipOfl bl as t .‘i e l d , t h e  g round  a f f e c ts  t h e  shock wave and

the  r i t e  of f i r e b a l l  r i s e , b o t h  of wh ich  i n f l u e n c e  the
t i m e  in~ i -gr a t e d  d e l ay e d  dose .

2 , 1  PROMPT RADIATION

S i n c e  the  dose f rom any source s p e c t r u m  is r e q u i r e d ,
i t  is c o n v e n i e n t  to solve the adjoint form of the transport

e q u a t i o n . The d e t e c t o r  r e sponse  as a f u n c t i o n  of energy

is t h e n  the  source’ t e rm and the  t r a n s p o r t  e q u a t i o n  is solved

f o r  t h e  a d j o i n t  f l u x , a l so  r e f e r r e d  to as the  source energy
i m p o r t a n c e .  The sou rce ener gy importance represents  the
importance or value of a source particle of a given energy

at a given source-detector distance in contributing to the

dose and forms the basis for a data base to be used in

subsequent studies. Folding a source spectrum with this

importance function will give the dose. The data base is

to he used to predict the dose for any heigh t of burst up

to 1000 meters and for detector ground ranges from 0.0 to

1400.0 meters. Monte Carlo methods for solving the adjoint

form of the transport equation are available but are judged

to be impractical in view of the requirement that the source

energy importance function is to he defined at a large number
of positions . Two-dimensional discrete ordinates solutions

to the adjoint transport equation satisf y the requirements.

Therefore , the two-dimensional discrete ordinates code ,

-- 1~ —
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(1 )DOTSAI , was used to  c a l c u l a t  t t h e  source e ner g y
importance distributions for t h e  two d e te c t o r  r e s p o n s e s .

Since an anal ytic first colli sion source treatment

was u t i l iy e d , t he r e s u l t s  of the  c a l c u la t i o n s  a r e  eleven

matrices consisting of the importance of uncollided and

scattered source particles in contributing to the dose

type as a function of source particle energy and spatial

distribution. These eleven distributions are for the

impor t ance  o f :

1) U n c o l l i d e d  neu t rons  in c o n t r i b u t i n g  to t he

neu t ron  free-field tissue dose;

2) Scattered neutrons in contributing to the

neutron free—field tissue dose;

3) Scattered neutrons in contributing to the air

and ground induced secondary gamma ray free-

field tissue dose;

4) Uncollided gamma rays in contributing to the

gamma ray free-field tissue dose ;

5) Scattered gamma rays in contributing to the

gamma ray free-field tissue dose;

6) Unco l l i ded  neu t rons  in c o n t r i b u t i n g  to the

neutron armor shielded tissue dose ;

7) Scattered neutrons in contributing to the

neu t ron  armor sh ie lded t i s s u e  dose ;

8) Sca t t e red  neutron s in c o n t r i b u t i n g  to the air

and ground induced secondary gamma ray armor

shielded tissue dose;

- ~~~~~~~~~~~~ ~~~~~~~~



0) Scatt er ed neutrons in  c o n t r i b u t i n g  to  t he  a rmo r

i nduced  secondary  gamma r ay  a rmor s h i e l d e d

t i s s u e  dose;

10) U n c o l l i d e d  gamma rays  in c c n tn ib u t i n g  to the

ga mma ray a rmor sh ie lded  t i s s u e  dose ;  and

i i )  S c a t t e r ed  gamma rays  in c o n t r i b u t i n g  to t h e

gamma r ay  armor shielded tissue dose .

2 ,2 DELAYED RADIATION

The solution techn ique emp loyed for the promp t

radiation component is impractical for the delayed rad-

iation. The fission products are in the rising and ex-

panding fireball and thus the geometry changes with time .

The time decay of the source spectra for the delayed

components is assumed to be independent of energy . The

air density is determined by the shock wave and the source

i n t e n s i t y  viewed by the  d e t e c t o r  is a f f e c t e d  by the  r a t e

of fireball rise. Both of these properties are functions

of the weapon b li st yield and burst height. Thus , for a

given burst scenario the delayed component scales directl y
only with the fission yield. Because of these factors a

d i f f e r e n t  t e chn i ca l  approach was u t i l i ze d  for the delayed
r ad i a t i on .

Existing methods for predicting dose from the de lay ed
radiation component are based on the assumption that 4iiR2

dose in a i r  sca les d i r e c t l y with rho-R . often referred to

as rho-R  s c a l i n g ,  where rho-R is the  mass t h i c k n e s s  of a i r
between the source and the detector. Obviousl y, any

27
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c a l c u l a t i o n a l  method  mus t  model the shock wave - fireball
(2 3)phenomeno logy . The IDEA ~~~

‘ code in co rpo ra tes  su ch a
mode l and is design ed to pr ed ic t  t h e pr omp t an d de la y ed
integrated dose in air. The shock wave and fireball

phenomenology include the effect of the ground. Therefore ,

the  I DEA code was u t i l i z e d  in the  fo l lowing  manner .  The
delayed neutron and f-ission product gamma ray source spectra

for  a un i t  source strength were folded with the source
energy importance distributions , resulting in the delayed

dose/source particle in uniform density air for all burst

heights and detector locations of interest , The various

components  were then conver ted  to 4 ’ R 2 dose as a f u n c t i o n
of r h o - R .  As the time incremented blast phenornenology is
t r ea t ed  in IDEA , dose rates are derived from this matrix
utilizing rho-R scaling . The advantages of this procedure

are that the effect of the ground on the dose is thus

implicit and a consistent cross section data base is utilized.

The disadvantage is that many weapon burst scenarios must

be investigated to generate the appropriate delayed dose

portion of the data base. Techniques must then be developed

for applying the results to environments not exp licitl y
calculated.

In summary , the fundamental calculational technique

is the solut ion of the adjoint form of the transport equation
to determine source particle importance distributions as a

function of source energy and source loca t ion . The imp le-

mentation of this method for predicting both the prompt

and delayed dose components will be described in more

deta i l  in the Ca lcu la t ions  sect ion .
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3. PRELIMINARY INVESTIGATIONS

The f i r s t  phase of the e f f o rt  to prepare  a tactical
nuclear weapons radiation environmen t data base consisted
of preliminary investigations to determine an appropriate

cross section data base and group structure , the sensitivity

of results to ground composition , appropriate response
functions , etc. Each of these items as well as other input

data are discussed in this section .

3.1 CROSS SECTIO~1S

Previous calculations of radiation environments for

an air over ground geometry were performed using cross

sections of the 1967 era. More recent point cross section

data have been incorporated in the Evaulated Nuclear Data

Fi le , Version IV (ENDF/IV) used in processing a DNA coup led
37-21 neutron-gamma ray l ib ra ry  main ta ined  and d i s t r i b u t e d
b y the  Radia t ion  Shielding In fo rmat ion  Center  (RS IC)  as
DPL -3 1. Another  multigroup library generated in 1970 has
been d i s t r i b u t e d  by RSIC as the CASK Library (DLC-23)
Additionall y, a 22-18 neutron-gamma ray SAl library was

processed in the Spring of 1974 from the best point data

available including the ENDF!IV data,

3.1.1 Air Cross Sections

The transport of radiation in an air over ground

geometry is dominated by the cross sections of nitrogen

and oxygen with the importance of the ground cross sections

appearing in the calculation of the secondary gamma ray

component. To determine the adequacy of the nitrogen cross

sect ion - the dominan t elemen t for air - compar i s ions  of
ca l cu l a t ions  w i t h  exper imen t s  were made . Previous work~

4
~ has

demonstrated the differences to be expected in results calcu-

lated with the older cross section s (frequently referred to as

29 
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i c  t t r a k e r  se t  ~ 
(5) antI  t he’ n e - e r  ones ( f r e q u e n t  I role ’  m e d

o as he Young set) (6)

The agreement between experiment and calculation i s

used as a measure of the state-of-knowled ge of the cross

sections , Recent integral experiments at Intelcom Rad-

idtion Tech (IRT)~~
’
~ and Christian Alhrechts Universit y~

8
~

offer new results which can he used to evaluate the adequacy

of differential nuclear data,

3.1 .1.1 IRT Pulsed Sphere Experiment

The MORSE code with combinatorial geometrv~
9
~ was used

t o  calculate the IRT pulsed sphere experiment. The exper-

imental geometry was modeled by including only the spherical

styrofoam container and the liquid nitrogen . Both forward

and adjoint calculations were performed using the Straker

and Young cross section sets. The experimental results

are presented as a function of incident neutron energy and

therefore adjoint transport calculations can be directl y

compared with the experimental results and are independent

of the neutron source. The forward calculation s were used

to more efficiently investigate the gamma ray counts due

to neutrons incident on the detector.

The detector efficiencies given in Table 1 were used

us response functions in the forward calculations and as

sources in the adjoint calculations. The gamma ray response

for neutrons incident on the detector is included in the

detector efficiency for gamma rays .

In the forward calculations the detector counts were

scored as a function of time . The time and energy distri-

bution of source neutrons was utilized. In order to compare

with the adjoint results , the detector counts were trans-

formed from time space to energy space and divided by the

source intensity to give detector counts per incident

neutron!cm2 versus incident neutron energy .
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Table 1. Detector efficiency.

_______________ ___________________ Counts Per Inc ident Particle
Inc ident Energy
Particle (MeV) Neutron Gamma Ray

Neu trons 12.2 - 15.0 0.142 0.0116
10 . 0 - 12 . 2 0. 150 0. 0134

8. 18 - 10 , 0 0. 162 0. 0125

6.36 - 8.18 0.180 0.01

4 .96 - 6.36 0.208 0 . 0075

4 .06 - 4 .96 0.203 0. 00525
3,01 - 4 .06 0. 249 0. 00375
2.46 - 3.01 0.266 0. 0025

2 .35 - 2.46 0. 270 0. 0019
1.826 - 2.35 0. 270 0. 0016

1 . 108 - 1.826 0 , 244 0. 00125

0. 55 - 1.108 0. 060 0. 001
Gamma Rays 8. 0 - 10. 0 0. 0 0. 16

6. 5 - 8.0 0.0 0. 163
5.0 - 6.5 0.0 0. 166
4 .0 - 5 .0 0 .0  0. 170

3 . 0 - 4.0 0.0 0. 173
2 . 5 - 3 .0  0. 0 0. 176

2 .0 - 2 . 5 0 .0  0. 179

1.66 - 2 .0 0. 0 0.183

1,33 - 1.66 0 . 0 0. 185

1 .0 - 1.33 0.0 0. 186

0 ,8 - 1.0 0. 0 0. 182

0. 6 - 0.8 0.0 0. 170
0. 4 - 0.6 0.0 0. 150
0.3 - 0. 4 0. 0 0. 070
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The r e s u l t s  of t he  a dj o i n t  t r a n s p o r t  c a l c u l a t i o n s
fo r  t h e  d e t e c t o r  e f f ic i e n c i e s  are  p r e s e n t e d  fo r  n e u t r o n  and
o,irrnsa ray c o u n t s .  The c a l c u l a t i o n s  are compared with the
experimental results for a d e t e c t o r  a t  300 in F i g u r e 1. For
the neutron results at the 300 detector position , the Young
cross section set gives results which are 15 - 20 percent lower

than the measurements in the energy range below 7 MeV . The

Straker cross sections given even poorer results. The

results of the secondary gamma ray calculations using the

Young cross sections give good agreemen t (within 10 percent)

with the measurements for all of the detector positions and

for neutron energ ies greater than 2 - 3 MeV. The St raker

cross sections give results which typ ically are a factor

of 2 high for incident neutron energies above 9 MeV and lower

than the measurements for energies below 8 MeV .

3. 1.1.2 Christian Albrechts University Tank Experiment

This tank experimen t is similar in many respects to

the GRT li quid nitrogen dewar experiment~~’°’ 11) which has

previous l y been calculated using the Straker and Young cross

section sets for nitrogen (4)~ Similar calculations have

been performed for the Christian Albrechts University (CAU)

tank experiment. One dimensional multigroup discrete

ordinates calculations were performed with the ANISN rad-

iation transport code~~
2
~~. The calculations were made with

a unit source in the highest energy group . For comparison

with the published experimental results , the neutron energy

fluxes were’ converted to 4-iR2 fluerice per unit lethargy per

source neutron. The secondary gamma ray intensities are

reported as 4’nR2 photons per MeV per source neutron ,

A compar i son  of the  r e s u l t s  of the  tank expe r imen t  w i t h
calculations using Young and Straker cross sections for neu-

trons and secondary gamma rays is shown in Figures 2 and 3 ,

respective ly. For neutrons , there is better agreement

between measurements and calculations using Young cross

32

-

~

- - -

-

~  

- -

~~~

-- 

~~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. - - --



i~ - 1 
~~~~~‘i - T --

~~~~~~~— ‘r——~~~~~~r~~~~~~~~~
SCATTL UEP NELJ T liONS

!)~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

2 

L 

17
i
~~~~~~~~ 

E
U
C
o

SECON DARY OAMMA RAYS
z _ _ _ _,

2 -
Calculation (Young Cro ss Sec tsons t

IRT Ex0eri rnent 

Calculat ion ISt rak er Cioss Sect ion s )
10 3 —

r -

2 ’

10 —~~~~~ 
— L_ _ I I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I
0 2 4 6 8 10 12 14 16 18 20 22Energy 1MeV)

Figure 1. Ca lcu la t ed  and measured sca t te red  neutron and
secondary gamma ray spectra  at 30° from
Nitrogen Sphere .
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Figure 2. Calculated and measured neutron spectrum at
60 cm from a 14 11eV neutron source in
liquid nitrogen .
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Figure 3. Calculated and measured secondary gamma ray
spectrum at 60 cm from a 14 MeV neutron
source  in l iquid n i t rogen .
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S e C t  ~OU S t han when Straker c r oss  sve’t lO f l S are 0 5 5 (1 - Reg i e n s

of disagreem ent are in t h e  source energy region around 15 >1eV

and ar o u n d  1.5 > 1eV where  the e x p e r i m e n t  i s  h i g h e r .  There  ar e
t .i ir l y minor differences b e t w e e n  t h e  two calculations excep1

in t h e  m e g  ion of t h e  source  e n e r g y .

For secondary gamm a rays , t h e r e  are  si g n i f i c a n t  d i f f e r -
erences between the calculations and measurements. Both

calculations f i ll substantiall y below the experimental meas-

urenle’nts with the calculations based on Young cross se ’tions

being about a factor of 2 lower than the measurement. Although
the a~ reement is better when Straker cross sections are used ,
the shape of the calculated curve does not agree with the

measurement. One possibility of the disagreement is that

gamma ray production in the detector is significant at the

deeper penetration distances and this effect was not considered

in the reduction of the experimental data and could not he

included in the analysis since the detector response was not

p ro v i d e d .

In summary , calculations based on Young cross sections

p red ic t  the  IRT exper iment , whereas calculations based on
Straker cross sections provide results which agree better

with the CAP tank experiment. Due to the improved data on
wh ich  the  Young eva lua t ion  was based , the Yo ung e va l u a t e d  set
was used for the data base calculations.

3.1 .2 Ground Cross Sections and Composition

There are two components that affect the ground

contribution to the radiation environment. These are the

ground composition and the ground cross sections and both

of these factors were investigated.

A typical soil is desired in the sense that its

composition affects the radiation environment. However ,
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he gr o u n d  c “~ gos i t  ion  to be used in the ca icul at ion s sh o u l d
1 t -  select ed w i t h  some j u s t  i f i c a t  ion i n  o r d e r  f o r  t h e  r e s u l t s

0 F , eiie r ally useful. Ar a na l y s i s  of t he  e f f e c t  s of ground
compo s i t  ton iii I m o i s t  u re  c o n t en t  on t h e  r a d i a t i o n  e n v i r o n m e n t s
g r l l d u c e d  at  t he  sir-l’roun d m t  e r f a c s,’ W E ;  p e r f o r m e d .  The
c a l c u l a t i o na l  m o l i e l  c o n s i s t e d  of  a s m a l l  y ield thermonuclear

weaj ol leiio t i t ed a t  a p o i n t  100 m e t  ems above t h e  g round
surt ,ice- Consideration was given to both a tissue dose and
in •-s r-rnor shielded tissue dose response at a point 50 cent i-

l e t  ers above the ground surface’ -

At the Lime of t h e analysis , sensitivity calculations
were restricted to one d i m e n s io n a l  g e o m e t r y .  The bes t  one
dimensional approximation of the air over ground p r o b l e m
for the investi gation of ground effects is a slab geometry

representation . Figure 4 shows the calculational model

used in the one dimensional transport calculations. An air
albedo boundary condition was used above 700 meters. Only

~he first 50 centimeters of ground was included in the
calculation and a vacuum boundary condition was used at the

bott om of the problem . Both of these boundary conditions

are felt to be adequate.

The calculational approach was to assum e a baseline

soil composition to investigate the effects of varying the
composition us i ng first order perturba tion theory . First
order perturbation theor~ assumes that the effects of changes

in soil composition on the free -field and armor shielded

tissue dose are small (less than 10-15 percent). The sonsi-

L ivit v of the air-ground radiation environment was determined

individuall y for a number of elements and the pr ed ic tLd

perturbations due to various soils determined from the element

sensitivitie s . Forward and adjoint calculati ons were perf~ rs;ed

with the one dimensional discrete ordin ates t ransport code ANISN .
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Fi gure 4. One dimensional calculational mo del used
for sensitivity analysis.

38

— 
~~~~~~~~~~ 

- 

- - ‘

- - -.- —- --‘ - --— — .  
~~

%,
~
__ ——- .‘~~~~

-
~~~~~~~~~~~~~

.—- - -, - -

- -
~ 

—



A i i  ra t order pe rturbation anal vs is was performed i i ’ ;  i ng he

A N r s ~; results and t h e  uric dimension al c ro s s  s e c t i o n  5 ( ’ f l S i  —

- - ‘ . ( l 3 )
t i v i t v  analysis code , SWANLAKE - One of t h e  r e s u l t s
obtained from .a’~J~\ N J , A K F -  is the st’ns i t  I v i t  y ’’ due t o the

p e r t u r b a t i o n  crass se c t  ion Set - The ‘‘ sensi ? iv i t :‘‘‘ is e q u a l
to the I ma c t ion a 1 e’h , ings ’  in the t o ta  I resul due’ 0 h
pert ri r l a t  inn  (‘ross section , -~~~~ . That is , the’ ~~i - l ~~~~ j t  ivi

(1)

where

R is the total response , and

is the perturbation to the total response.

If the SeflSi t iV Lt I d ’ S , S. , are determined for ii n ir ;~u - r  of

elements , i , with density lha~~
0
~m , the sen s it i - ’i t y of a

m ixture of elements , Smix~ 
is given by

ik elements

Sm
i = ~~ 

N~S~ , ( 2 )
m=l

re

are the element densities in the mixture,

In order to estimate the perturbation to the t otal response

due to a different soil composition , equations (1) and (2)

can be combined to give ,

# elements

i= l  (
~~~~_ N ~

) 
~~~ s~~~

] 

(3)
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whe re

R is t he  p e r t u r b e d response

is the element densit y for the baseline soil , and

N m i s  t he  e lement  d e n s i t y  for the desired soil.

The results of the forward and adjoint ANISN calcula-

tions for the free-field and armor shielded tissue dose are

given in Tab le  2. The agreement of the forward and adjoint

ca l c u l a t i o n s  is b e t t e r  than  0 . 5%. The armor shie lded res-
po nse due to i nc iden t  gamma rays  is reduced b y approximatel y
a f a c t o r  of 4 for the  sh ie lded  case .  For t h i s  c alc u l a t i o n a l
model approximatel y 907. of the free-field response is due to

incident neutrons while 977, of the armor shielded response

is due to i nc iden t  n e u t r o n s .  The ratio of dose components

is s t r o n g ly dependent on the source-detector range and thus

is different for larger distances.

Several soil compositions were considered . Table 3 gives

~iie at mi c concentrations (14 ,15) for  a number of soils found
in the United States and Western Europe. Results for the

sensitivity of ground composition for several elements are

given in Table 4 f o r  b o t h  the  f r e e - f i e l d  and armor s h i e l d e d

r e s p o n s e .  I t  i s  n o t e d  t h a t  h y drogen is the  most  impor t an t
element from the sensitivty analysis. Other d emon’ s such

as titanium , manganese and mol ybdenum are also important.

The hydrogen content can be q u i t e  l a rge  in soils and vary
substantiall y due to the moisture content. The hydrogen

sensitivity is negative which means that perturbation theory

predicts that the tissue dose would decrease for a small

increase in hydrogen density. For the free-field case most

of the l a rg e  p o s i t i v e  ass it iv i t  le’ s result from s ec o n d a r y

gamma ray production by these elements in the soil. However ,

b r  the shielded tissue response tne secondary gamm a r ay s

- 
j  . 

~~~~~~~~~~~~~~~~~~ 
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Table 2. Forward and adjoint calculated
baseline tissue dose.

Tissue Dose 50 ‘rn Above Ground
(rads /sourc e neutron )

Forward Ad joint

Free- Field

Tot al 2 . 682 x 10~~ 2 , 688 x 10~~
Neutron 2 .412 x 10~~
Gamma Ray 2.702 x 10~’~~

Armor Shielded

Total 2 .496 x 10~~ 2 .500 x 10~~
Neutron 2 .430 x 10~~

Gamma Ray 6. 600 x ~~~~
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Table 4. Sensitivity of calculated total dose
to ground composition .

Sens it iv itya Sensitivity a

Armor Armor
Fflernent Free-Field Shielded Element Free-Field Shielded

- H - 33.0 - 26.5 K 5.24 - 8.40

C 0.595 1.65 Ca 0.0149 - 1. 04

0 1.34 2.24 Ti 26.6 - 13. 6

Na 0.462 0. 892 Cr 0. 798 - 7.32

Mg 1.93 2.52 Mn 18.0 - 50.2

Al 2.25 1.48 Fe 8.63 - 5.4

Si 1.33 1.34 Mo 13. 5 - 1,66

aF a t i l change in dose due to a 1.0 at om ’(barn ‘ cm)  addit ion of the
element.
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from the ground arc not as importan t and the sensitivit y is

in fa ct often n e g a t i v e . Although the sensitivity calculat ions

were performed for a simple one-dimensional model , the results

indica te that the tissue dose may vary by a factor of two or

more depending on the hydrogen Content of the soil.

The effect of moisture in the soil can be est invited

from the element sensitivities for hydrogen and oxygen. In

this manner a unit weight percent increase’ in moisture content

would result in a -3. 4~, and -2.77~ change in the fre’e’-field and

armo r shielded tissue dose , respectivel y. This predicted

moisture content sensitivity was checked by a direct recalcu-

lation of the baseline problem with the addition of 1 weight

percent water and the agreement with the perturbation calcu-

lation was quite good.

The element sensitivities were used to estimate the
correction or perturbation factor given in equation 3 for
all of the soil types listed in Table 2. The results are

given in Table 5. In Fi gure 5 , the ratio of the dose is

plotted as a funcLion of the hydrogen conten t of the various

soils. It is observed that most of the variations in the

dose ratio can be explained by the hydrogen con t ent. The
maximum differences observed ranged from +157. to -387~.

From this investigation which utilized a one-dimensional

model , it was concluded that an area weighted average Western

European soil composition was a reasonable ground composition

to use in performing the calculations. The air-ground tissue

response is fairly sensitive to the hydrogen content of the

soil and a hydrogen density greater than 2.0 x l0~~ atoms/

(barn cm) results in a significantly reduced dose . The

compositions of ground and air used in the data base calcu-

lations are given in Table 6.

0~~~~~~~

_ , _

~~~~~~ 
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Table  5.  S e n s i t i v i t y  of c a l c u l a t e d  t o t a l  dose
to soil type .

Correction Factor , ~ a

Soil Type Free Field Armor Shielded

Mean Earth’s Crust 1.0 1.0

Central German Soils

sand 1.03 1.06

b ess 0.99 1.02
c lay 0. 71 0.78
marl loam 0. 92 0 . 95
shale 0, 84 0. 88

sandst one 0. 98 1.0
marl  0. 84 0. 88

li mestone 1. 01 1.04

granite 1. 03 1.04
bassalt 0. 99 0, 98

gneiss 0. 61 0. 70

slate 0. 92 0. 95
tsoil 1, 15 0. 85

area weigh ted 0. 98 1. 01

United States Soi ls

t 

beach sand 1.05 1. 08

lava c lay 0. 72 0. 72
- 

Nevada dessert 0. 82 0. 82

aThe correction factor is the ratio of the dose expected for the
particular soil and the dose obtained for the baseline case .



1.2 —-- -
~~ T T I -—

1 1  — Q FREE F IE L D
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Fi gure 5. Correlation of total tissue dose with
hydrogen content of soil.
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‘I’ a t i t .  h . ,\ir and gr’ LI nd (‘ (111 511 i i i  (or tae ti t ’a l nu clear
weapons  data tan ’ ‘a l~~ul ~t

Atoms- (barn • centimeter)

Air
a 

Ground
-3 - 3 3Element (1.11 x 10 gm -cm ) (1.6 gni cm

H 1. 753 (-3)
C 1. 639 (-3)
N 3.635 (-5)

0 9 . 620 (-6) 3.035 (-2~
Na 1.586 (-4)

2.577 (-4)

Al 6.969 (-3 ’)

51 1. 093 (-2 ’)
K 4 . 922 (-4)

Ca 1. 529 ( -3)
Fe 2 . 795 ( -4 )

aFIflIl data base results rho-R scaled to 1.19 mg cm a i r  dens i ty  (see
Sec t ion 4 .2 1
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The o the r  component  of  the  e f f e c t  of t h e  g r o u n d  i~; th at

due t o  the  cross s e ct i o n s  for  the  e l e m e n t s  in  t h e  gr o u n d . The
sa me c a l c u l a t ion a l  model used t o  i n v e s t  i g a t & ’  t h e  effect of
composition was also used to determin e the e ffect of usi ng,
different cross section sets. The CASK , SAl and DNA libr ari es
were  u sed to calculate the free field and  armo r shield ed
tissue dose due to a thermonuclear source. Due ~o the l a c k  of
cross sections for some elements in the libraries , different
ground compositions were used and are given in Table 7. The
resu l t s  of t h e  c a l c u l a t i o n s  are shown in Table  8. I t  is n o t e d
that the different cross sections have li t t l e  effect (less
than 57,,) on the results.

The cross section set used for the calculations was the

DNA library . In order to reduce computational effort and the

size of the resulting data base , the cross sections were col-

lapsed with ANISN to a 23-19 neutron-gamma ray library using

the spectrum in air due to a thermonuclear source. The group

structure is given in Table 9.
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Table 7. Soil composit ion used w i t h  each cross
section see .

Soil Composition (atoms barn . cm)

CASK 22-18 SAl 22-18 DNA 38-21
Element Average Soil Average Soil Average Soil

H 1. 753 (-3) 1. 753 (-3)  1.753 (-3)

C 1. 639 (-3) 1.639 (-3) 1.639 (-3)
0 3. 035 (-2)  3 .035 (-2 )  3. 035 ( -2 )

Na 1. 586 (-4)  0. 0 1. 586 (-4)
Mg 2. 577 (-4) 2.577 (-4) 2. 577 (-4)

Al 6.969 (-3) 6.969 (-3) 6.969 (-3)

Si 1. 093 ( -2 )  1. 093 (-2)  1. 093 (-2)

K 4 . 922 ( -4) 0. 0 4 . 922 (-4)
Ca 1. 529 ( -3) 1. 529 ( -3) 1. 529 (-3)
Ti 1.411 (-5 ) 1.411 (-5) 0.0

Mn 1.833 (-6) 0.0 0.0
Fe 2 . 795 ( -4) 2 .795 (-4 ) 2 . 795 (-4)
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Table 8. Calculated total tissue dose as a
funct ion of cross section set

Cross Sect ion Set

CASK 22-18 SAl 22-18 DNA 38-21

Total Tissue Dose (rads ‘sourc e neutron )

Sh ielded 2. 529 (-9) 2.493 (-9) 2. 600 (-9)

Unsh ielded 2. 661 (-9) 2. 593 (-9) 2. 71~ (-9)
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1 1 0 1 , ’ ’ .’ gI’ouf) — i I l ’ l l ’ l t I I ’ ( ’  4) 1 t~ 4 - t  c a l  r 4 l 4 - i . ; ~~r ’

‘.~~‘ l ~~ fl5 r a c l i a t  1 0 1 1  (‘flV l l’ o f l fS ) ’ f l t d a t a  h ,e-~ ’ .

P N cut  ~n Ener~~ Gamma I?av ~ncrg~’

Group ( eV )  Group ( e V ’)
- - ---- . -- -- - -- - - _ _ _--

1. 5 ( + 7 )  — 1. 22 (~ 7) 1 1.0 ( 4 7 )  — 8. 0 (+ 1

2 1 . 22 (+7) - 1. 00 (+7) 2 8. 0 ( 6 )  - 6. 0 ( . 6 )

3 1. 00 (+7) - 8.18 (+6) 3 6.0 (+6) - 5.0 (+6 )

4 8.18 (+6) - 6.37 (+6) 4 5 . 0 (+6) - 4 .0 (+ 6 )

5 6.37 (+6) - 4 .96  (+6) 5 4 .0  (+ 6 ) - 3.0 (+6)

6 4 . 96 (4 6) - 4.06 (±6) 6 3 . 0 (+6) - 2 . 5  (+ 6)

7 4 .06 (+6) - 3.01 (+6) 7 2 . 5  (+6) - 2 .0  (+6)

8 3.01 (-*6) - 2.38 (+6) 8 2 .0  (+6) - 1.5 (4 6 )

9 2.38 (+6) - 2.30 (+ 6) 9 1.5 (+6’) - 1.0 (+6)

10 2 .30 (+6 ’) — 1.83 (+6) 10 1.0 (+ 6) — 7.0 (+5)

11 1.83 (-*6) - 1.11 (46) 11 7 . 0 (+5) - 4 , 5  (~ 5)

12 1.11 (+ 6) — 5.50 (+5) 12 4.5 (-*5) - 3.0 (+ 5) !

13 5.50 (+5) — 1.11 (+5) 13 3.0 (+5) - 1.5 (+5)

14 1. 11 ( . 5 )  — 2.18 (.4) 14 1 .5 (-*5) — 1. 0 (+ 5)

15 2 . 18 ( . 4 )  - 3 , 35 ( . 3 )  15 1. 0 (+5) - 7 .0 ( . 4 ~
16 3. 35 ( 4 3 )  - 5.83 (~ 2) 16 7 .0  ( + 4 )  — 4.5 (+4)

17 5.83 (2) - 1.01 (.2 17 4.5 (+-4’) — 3~ 0 (+ 4)
18 1.01 (42) — 2.90 (.1) 18 3.0 (+4) — 2.0 (44)

19 2.90 (.1) - 1.07(i) 19

20 1.07(41) - 3.06 (40)

21 3. 06 ( + 0 )  - 1. 12 ( .0 )

22 1. 12 (*0 - 4.14 (-1)

23 4 . 14 ( -1) - 1.00 (—5 )
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3, 2 I~ -~- ONS E H ‘~4 CT l ON S

The b i o l o g i c a l  r e s pon s e  t o  r ; i ( I i : I t i ) I 1  is t h e  q u a n t i t  -i of

inte res t in t h i s  s t u d y .  T i s s u e  k , r i : i i i  f o r  t h e  t r oe  f i e l d , i &-

r i a l a t  ion - t i v i r o n r n e n t  in a fl a t cart h geometry , wa s  choi c’r as
t h e  r e sp o n s e  f u n c t  inn  - i t  was also desi ral- le to provide

in rm at  ion on t h e  e x t  i ’n t  of  sh i e Id ing ,  p r o v i d e d  b y a l i g h t

a rmored t a n k .  The response funct i o n  of a comp lex v e h i c l e
depends  upon t h e  e n e r g y - a n g u l a r  d e s c r i p t i o n  of t h e  r a d i a t i o n

incident upon the tank as well as the specific location 1

the  d ( ’t ( ’c t o r  within the tank . Ftecause of random orientation

of a \‘e h i  c Ic w i t  h r e s p e c t  t o  a b u r s t  and a f  t h e  s e v e r i l  loca-

t i o n s  w i t h in a ta n k , a s i m p l i f i e d  model  wa s  used t o  d e t e r m i n e

an a rmor shielded i s s u e  r e sp o n s e  f u n c t i o n .

A one dimen sional calculational model , ill us t rated in

Fi gure  6 , was u se d  w i t h  a t i s s u e  kerm a response  a t  the  c e n t e r ,
The armor composition is given in Table 10. Adjoint ca lcu la~ ions
were performed to determine the neutron and gamma av response

of t h e  s h i e l d e d  d e t e c t o r .  The neutron response consists of h-

neutron dose inside due to i n c i d e n t  n e u t r o n s  and  a c o m p o n e n t
of the gamma r ay  dose i n s i d e  due to gamm a rays produced in t he

armor b y t l i e  i n c i d e n t  n e u t r o n s .  The i n c i d e n t  gamm a rays  a l s o
c o n t r i b u t e  to the  gamma ray dose inside . Table 11 g i v e ; t h e

free-field and armor shielded detector tissue response functions .
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F i g u r e  6. Armor shielded tissue dose response function
calculational model
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Table 10. Ligh t tank armor composition .

Atom ic Concentration
Element Weight Percent atoms (barn . cm)

Fe 95.63 8. 097 x io 2
-

- C 0. 27 L 063 x l0~~
Mn 1 . 03 8 . 866 x 10~~

Si 0. 48 8.081 x 10~~

Cr 1. 07 9. 729 x 10~~

Ni 0. 97 7. 813 x 10~~

Mo 0.55 2 .711 x 10~~

- _
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‘rable 11 . Free-field and armor shielded
detector t i s s u e  response funciions .

Tis sue  K er n l a  } .u’t r
(rads . cm 2 h inc i lent g . t r t i r O ’ )  

- -

Upper A rmor
Group Ener gy Fr ;’e Sh ie1d ~ 0 Gamma

r u n s)  c v )  F ie ld  N e a t  r n  Ray ‘1’  a t

1 l . 50 ( .7  +~. 3 6 ( -  ~) 4 .30 (- 9) 3. 67 ( - l 0 +  ‘ 4 . 4 7 ( -  + ;
2 1. 22 (.7 5.74 (— ‘ 1 3. 77 ( — 94 3. 96 ( —  l o t  - 4 . 17 9 )
3 1.00 ( . 7  5. 17 ( — 1) 3 . 51 (— 9 4.03 (— lO t 3. + 1  ( — ‘I

4 8. 18 (.4 4 . 87 (- +1 3 . 2 0  (- 9 3 . 1 +  ( - 1 0 ;  3 , 55 ( -  ‘ 1 )
5 6 .37  + ; ;  4 . 51 (— 4) 3. 02 (-  9 ’  2 . 7 6 ) - i ) ’) 3. 3 0 ( -  4;
6 4 . 96 (*0 4 . 21 (- + )  2 74 (-  ~~

; 2 . 06 ( — 1 0  2 . 94 (- c
7 4 .06 ( — + 0  3 . ’ + ’ ;  (. fl 2 . 64 ( —  fl 1. 27 ( — 1 0 )  i 2 . 77~~— c
8 3. 01 ( . 6 ’  , 3•3’) ( — 2 , 4 7 ’ — fl 5.T~ (— l It 2 .53  — fl
9 2 .38 ( ,  3 . 0 7 ’ -  ) 2 . 31 (— 9 4 . 2~l (-11 )  2 .3 5  ~ — ~fl
10 2 . 3 0 ( . ~ 3 .05 (- ‘( 2 .31~~~ 4 . ’ 7 ( - i I  2.35 (- ‘n
11 l.8 3 ( . u  2 . + 3 ( —  2 . 0 8 —  ‘~ 

- 2 . T~~( — 1 i  2 . 1 1 ’ — ‘fl
12 !. 11 ( 2 . ~~ (- 1 . ‘~~ - 1. (*0 ( - I I I  - 1 . ~5 -

13 5 . 50 ( . 5  l ,~~ 1 *0 1 . 2~ ~ - 7. 87 ( -1 2 1. 22 C- 9
14 1. 11 ( ‘5 )  4 00 ( — 1 0 )  3 .25 ( - 1 0 +  I 2 .7’. ( -1 1) 3. 53 - 10 ’
15 2 . 13 ( . 4 +  4 f l 9  (-10 )  3 . 2 5  (-10 1  2 ,7~ - t i )  3 . 55 (- f l
16 3 . 3 5  ( — 3 1  1 . ( — 1 1 )  ~ , +1 ~— 1 2  6 . 19 ( — 1 1  1, 08 (— ii)
17 5 .83 ‘ 2 )  1. 67 ( — 1 2  l. -1 ’ * 0 — 12 4 .25 ( — l l )  4 3’ ’ ( — i i )
18 1.01 ( .2 )  . 17 (— 12) ‘ . 27 ( — 1 3 )  5 . 57 ( — l i i  5 . ’ -  ( — I l )
19 2 .90 (.1) ~. Ii ( — 1 2 ’  8. 12 (.13 1 , 14 ( —1 ” )  1. 4 ( — i ) )
20 i .07 (.1t 1 .62 ( - 12  ~, 2T ( - 1 3  i , 3 7 ( - l O (
21 3 .06  ( .0 1  - 2 . 65 ( - l 2  7 . + ’ - . ( - l . f l  1. 9 5 ( - 1 0
22 1 . 1 2 ( 0 ;  4 . 2 .; ( — t 2  ‘5 .; ’; ( _ ~~3 ; 3 . 07 ( — 1 0  3 . 0 8 ( - l O
23 4 . 14 ( - l ’  ‘fl35 (.l2 1 . 13 ( - H )  + ; , 47 - l O ;

Gamma
Rays~

24 1. 00 ( .7 )  2 . 4 2  ( -  9)  0 . 0 , 7 . 12 ( - 1 0  7 . 12 ( - 1 0 )
25 8. 0 0 ( . 6 )  1 . 95 ) - 9) 0. 0 6 . 03 ( - 1 9  +; ry t L i
26 6. 0 0 ( . G I  1 . 84 (- 1) 0.0  i 5 . 77 ( - 1 0 ’  I ~~~~~~~ 

( - 1 1
27 5 . 00 ( .6  1.5 9 ) -  0) 0. 0 4 74 ( - 1 +  -1 . 7~; (- 10 )
28 4 .00  ( . 6 )  1.27 (- in 0.0 3~~67 ( - 1 1  3. ‘7  ( - 1 )
29 3 . 0 0 ( . 6  1 . 03 (- J 0 , 0 2 . (- 10  2 . t* ; (- 19) $
30 2 . 5 0 ( . 6 )  8. 75 ( - 1 0  0.0 2 . 1 ’~ (-10 ;  2 . 1~ ( - 1
31 2 .00 (~ 6) 7 . 05 ( — 1 0 )  0 .0 1,4 .3  ( - 1 0 ;  1, 4 + (—10)
32 I.50(.6) 5.70 (-lO) 0. 0 9 .35  ( - 1 1 )  I ) . 3 5  ( - 1 1 )
33 1 .00 ( .6 )  4.13 (— Ito go 4. 18 ( — 1 1 )  4 . 1 )-) ( — 1 1 1
34 7 .00 ( .5 )  2 . 91 (— 10) 0 . 0 1 , 9 1 ( — 1 1 >  1. 11 ( — 1 1 )
35 4.5O(.5) 2.03 (-101 0.0 7 , 01 (-12) 7 , 11 ( - 1 2
36 3.O0 (.5) 1.03 ( -1 *0  0.0 7 , ( + - 1 ( -13 ;  7 , 14 ( - 1 3 )
37 1 .50 (+5) 6 . 6 0 ) - l I )  0.0 1. 22 ( - 1 4 )  1 . 22 (-14)
38 1.O0 ( .5) 3 .90 ( - l 1 )  0.0 0.0 0.0
39 7.00 ( . 4 )  4 . 79 (- 11) 0.0 0.0 0. 0
40 4.50 (+4) 8. 37 ( - I I )  0.0 0.0 0. 0
41 3.00(.4) 8 . 37 ( - l 1 )  0 . 0  0 .0  0 , 4)

42 2 . 00 ( .4 )  8. 37 (-l1) 0. 0 0. 0 0 . 0 
_______
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4. CALCULAT IONS

The ca lcu l a t i o n s  pe r fo rmed  in g e ner a t i n g  t h e  d a t a  base

for the promp t and delayed dose components are described in

this section , The solution t echni ques outlined previousl’i

are further exp lained and difficulties encountered are noted

and discussed .

4.1 SOURCE ENERGY 1I~~ORTANCE DISTRIBUTIONS IN UN IFORM

DENSITY AIR OVER GROUND

...l .l Geometry Model

The two dimensiona l discrete ordinates multi group code

DOTSAI was used to calculate the energy and space dependent

source importance distributions for the free-field and armor

shielded tissue dose detectors . The calculations were per-

formed in R-Z geometry using the model dep icted in Figure 7,

The point detector response function (the adjoint source)

is loca ted  1.75 mete rs  above the  ground of t h i c k n e s s  1.0

meter. The model extends to 1500 meters in the radial direc-

t ion and for  a nominal  distance of 1275 meters above ~he

ground . An air density of 1.11 x 10~~ gm/cm
3 was used.

4.1.2 Boundary Conditions

The calculations were performed in cy lindrical geom-

etry and the left boundary is treated as the axis of sym-

metry with a reflected boundary condition . The top , right

and bottom boundaries are defined with an albedo boundary

condition. The albedo boundary condition implemented in

DOTSAI is a modified white boundary condition in that a

fraction (the “albedo ’) of the exiting particles are returned

with an isotropic angular distribution. The required albedos

can be calculated from one-dimensional ANISN calculations

using the output boundary currents to calculate the albedo

as the incoming current divided by the exiting current. 

—~~~~~~ - - - - --
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C , i l e u l a t & ’ d  in  t h i s  m a n n e r , the change in energy distribution

of the incoming particles is imp licit and is consistent with

the manne r  in which the albedo is used in DOTSAI - For each

of the five response function sources , the albedo for air

and ground was calculated. The differences among the free-

field neu tron , armor shielded neutron and armor secondary

gamm a ray source albedo s were small as were the differences

between the free-field ganuna ray and armor shielded gamm a ray
sources. Therefore , only the free-field neutron and gamma ray
albedos for air and ground are given in Table 12. However ,

since the albedos were generated for all given source spectra ,

primaril y to investigate any differences , the appropri ate

albedo was used in the two dimensional calculations.

4.1.3 Source Treatment

A well known difficulty in performing two dimensional

discrete ordinates calculations in a low scattering medium

is the discrete ray streaming effect. This effect is due to

the preferential transport of particles along the discrete

angles of the angular quadrature . An effective technique to

hel p alleviate the problem is to analyticall y calculate the

energy and space dependent uncollided flux and generate the

source particle distribution which results from the first

collision. This techni que of treating the source , known as

a first collision source , was used to calculate the source

importance distributions.

To distinguish between the dose from neutrons and the

dose from gamma rays it is necessary to separate these por-

tion s of the detector response functions for use as adjoint

source terms . Therefore , five calculations were required

to det&’rn~int ’ the source importance distributions for the dose

quantities desired. A comp lication apparentl y unique to the

sol’jt ion of the adjoint form of the transport equation for

the cal cu ’.i t  ions performed was encountered .
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T a b l e  12 .  A d l o i f l I  a i r  and gr o u n d  albedo for free-field
neut ron and gamma ray tissue response funct ion
s o u r c e .

N e u t  ru n  ‘( & ‘~~) ) ‘ n 5 U  ~ u u r e t ’  ~~~~~~~~ Iflt ’. 1)’~~ u ,i~~+ - ‘ r - ’ -  1F (Mr ’% ’ ’ I 
________I 1 i n t ~ 

— —
~~~~~~~~~~~~~

-
~~~~~~~~~~~ 

- -  — ‘ -
~~~~~~~~~~ 

-- - —  - -

Neut I’ ’ 5 — ~~ A i r  Ground A i r  ( 0 - u ’

1. 50 *0 1) 1.568 ( — 1 )  1.684 (— 1) 2.59 + (— 1) 4. 75-1 *0;
1. 2 2 ( . 1)  1.771 ( — 1 )  2 . 024 *0 1)  2 , 934 ( — 1 )  5 . 0 . 7  ( — 1 )
1.0 0 1 . 1)  1. 4 14 ( — 1 )  1. 935 ( — 1 )  2 . 43 ( — 1 )  4 . 93- ) )‘ — 1 (
8.13 (.0) 1 .548 (-1) 2.060 ( -1 )  2 4 5 )  (-1) 3.1- + ( - 1 )
6.37 1 .515 (—1) 1. 978 (-11  2 . 682 (-1 )  5 .4~~’; (- I
4.96 1.735 ( — I i  2. 162 ( — 1 ;  3. 707 +~— 1) 5 . 6- - -) ( — 1 )
4 .06 4 . 283 (—I I 3. 985 ( — 1 )  5 , 9*0 ( — 1 )  6 , 7 4 3  ( - 1 )
3.01 1. 659 ( — I )  1. 773 ( — 1  4 . 205 ( — 1 )  5 . 559 ( - 1~
2.38 1. 034 ( — 1 )  4 . 555 ( - 2  3. 435 (-1 )  4 .4 + 2  ( - 1)
2.30 1 . 633 (—1) 2 44+; (— 1) 4 261 ( — 1 )  ‘3 31 * 0 1 )
1. 83 2 .816 ( - 1 )  3. +3 2 6 (-1) 5.257 (-fl ‘~- 93 J ( - 1 )
1 .1 1 (.0 3.026 (— 1) 5 .32  + (— n 5 . *0 1 ( — f l  7 . 50)  ( — 1 )
5 .50 ( — 1 )  4 . 466 ( — 1 )  6 .87 6  ( - 1 )  7. t O :- ;  ( — 1 )  8. 0 * 0  (- 1)
1. 11 ( — 1 )  4 .582  ( — 1 )  6 . 8 1 + — 1  7 . 95 )  (— f l  7 . 72~ ( — I)
2 .18 ( —2 )  5.014 (—U 6.626 (— 1) 8 43’ ( — 1 )  T .3’ 3 ( — l )
3.35 (—3) 4 . 957 ( — 1 )  6. 734 ( — 1 1  8. 61’ ( -11  7 . 377 ( - 1 )
5 .83 ( - 4 )  4 . 863 (-1 )  6 . 6 0 3  (— 1) 8. 7 25 (-1 )  7 .242 ( -1 )
1.01 ( _ 4 )  4 .407 ( — 1 )  6. 570 ( - 1 )  8. 777 ( - 1  7 .183 ( - I t
2.90 ( - 5 )  4 .207 ( — 1 )  6.555 ( - 11  8. 75-  ( — 1 )  7 . 14 5 ( - I t
1.07 ( -5)  4 .162 ( - 1 )  6. 553 ( -1 )  8. 7 9 4  ( - 1)  7. 121 ( - 1 )
3.06 (—6)  3 .700 ( — 1 )  6 .557 ( — 1 )  8. 811 (—1)  7 . 10 0 * 0 1 )
1.12 ( — 6 )  3 . 617 ( — 1 )  6 . 53 7  (—U 8.823 (—1 )  7 . 090 ( - I I
4.14 ( — 7 )  4 . 153 ( — 1 )  6. 765 ( — 1 )  8.93 1 ( — 1 )  7 . 246 ( — 1

( Gamn~a J f l t v s )
1.00 ( 1 )  0. 0 0. 0 3. 226 (-3) 1. 833 ( -3 )
8,00 ( .0)  0 . 0 0. 0 3. 608 (- 3) 1 . o 2  ( - 3 ’
6.00 0. 0 0. 0 3. 660 (— 3 1 . 015 ( - 3
5.00 0.0 0.0 3. 822 ( -3) 2 . 053 ( -3 )
4.00 0.0 0. 0 4.062 (-3) 2.745 (-3;
3.00 0.0 0.0 3.853 ( -3 )  2.143 (-3~2.50 0.0 0.0 3. 847 ( - 3 ;  2. i ” ;  ( _ 3 \
2.00 0.0 0.0 3.385 (-3) 2 . 297 (-3)
1.50 0.0 0. 0 4.405 ( -3) 2 . 555 ( - 3 )
1.00 (40) 0.0 0.0 6.093 (-3) 3.163 (-3)
7.00 (—1) 0.0 0.0 1. 313 (-2) 5 . 543 ( —3 ’
4.50 0.0 0.0 4.818 (-2) 2.679 (-2)
3.00 0.0 0.0 8.184 (-2) 8.830 (-2)
1.50 0.0 0.0 9.720 (-2) 3.891; (-2)
l.00 (-1) 0.0 0.0 1.510 (-1) 9. 74:0 (-2)
7.00 (-2) 0.0 0.0 2.501 ( -1)  5.877 (-2)
4.50 0.0 0.0 1.957 (-1) 1.47 (-2)
3.00 0.0 0.0 9.647 ( -2)  2 .3 ’ 4  ( - 3 )
2.00(-2) 0.0 0.0 1.073 (-2 )  1. 130 ( - 4 )
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M u l l  i group d i s c r e t e  o r d i n a t e s  s o l u t  ions to th e  a d j o i nt
Sransport equal ion are obtained by invert ing energy dependent

input data wi t h respect to energy , including the group-to-

g~’uup t r a n s fe r  probab]. lities of the cross sect ions. (Of

course , meaning ful results are obtained only with appropri a ’.e

source and boundary terms.) In order to calculate the source

importance distribution for a neutron (lose detector , particles

are transported from a therma l energy upward into higher
e ne r gy  groups. The mean free path of a thermal neutron in 1,11

mgi cm~ air is approximatel y 2 2 m e t e r s .  S i n c e  t h e r e  a r e  no

scattering transfers into the group , the flux or importance is

greatl y degraded with distance. Even though the uncollided

component is calculated analyticall y, the multip le within

group scattering and the upscattering to other group s is

determined by iteration within the code . Lack of convergence

and negative fluences were a major problem . Since the lowest

energy group is the first group in an adjoint problem and for

this problem is important in contributing to the transport

process , it appears that an adequate mesh would be about 10

meters or less. This kind of mesh requirement coup led with

numerical difficulties resulted in an alternate approach being

t aken .

To minimize problems with starting with a therma l neutron

source , a scheme was used to calculate the importance due to

both neutrons and gamma rays and to gamma rays alone . By tak-

ing the  d i f f e r e n c e  in the two sets  of r e s u l t s , impor tance

distributions were obtained for neutrons. These results were

then validated by calculating the results for neutrons only

using a fine mesh but limiting the size of the problem to a

600 b y 600 meter grid . There was good agreement between the

results obtained with the two methods. However , due to nu-

merical difficulties and “noise” in the results due to the

interation procedure , results for low energies at very deep

penetration were meaningless and were set to zero .
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-~ . l . 4  A n g u l a r  Q u a d r a t u r e

An S8 symmetric angular quadrature consisting of 48

ang les was used together with a P3 legendre expansion of

the multi group scattering cross sections , Results obtained

with this quadrature indicated severe oscillations as a

function of position . These oscillations were a factor of

Swo or more and therefore resulted in a degradation in

quality of the results. Previous calculations also indicated

this type of oscillation but detailed results were not

p u b l i s he d .

To reduce the severity of this effect , each problem

was restarted for one inner interation per group using an

asymmetric quadrature consisting of 104 ang les. (An S16
quadrature was used in the upward direction with the S8
quadrature in the downward direction.) This approach

reduced the oscillations to a lO-3O~ effect for some energy

groups and removed them altogether for other groups. It

should be noted that the most severe oscillations occured

for those energy groups having a very low dominance ratio ,

i. e ., the within group scattering is small and in general

the mean free path is laige. Some effects of the discrete

ang les still exist in the results but they have been sig-

nificantl y reduced.

Figure 8 shows results for two neutron groups when

48 and 104 angles are used. The use of 104 angles signif-

icantl y reduces the oscillations in the results but also

appears to reduce the overall intensity. Figure 9 shows

a somewhat wors t  case fo r  gamma r a y s .  A t t e m p t s  were
initiall y made to resolve the problem with an S10 quadrature

(70 ang les) but the results were still not adequate. As

noted in Figure 9 , the use of 104 angles removed the major

oscillations. All of the data base source energy importance

— 
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d i s t r i b u t  ions  we re  d e t e r n i i n e d  by p e r f o r m i ng  a t  l e a s t  nn+-

e’r.i t ion w i t h  11) -S . l n ) , l e s.

- . . 2 DELAYED DOSE DATA RA SE

The I DEA code and t he source c-ne r gv import ~l n C e

distributions for unilorn ; de nsity air were ut ilise d to

o b t a i n  t h e -  d e l a y ed dose component s of t h e  da t  a b a s e  A

300.0 met e r g r o u n d  e l + ’ v , I t i . I l ;  above sea l eve l  was chosen

for which the a i r  d e n s i t y  at he surf -ice- is app rox in ;at +‘ lv

1. 10 m g/ c m 3 . ‘l ’he’ re-fI lri’ , he dat a base sou rce  e n e r g y  i n p o r —
tanCe’ distributi ons were rho-R scaled from an ai r  d e n s i ts

of 1.1 1 nl;’ /cm
3 t o  1 .19 mg/ cm 3 . The IDEA code calculat es

t h e  promp t and d e l ay e d  r a d i a t i o n  f rom one or more  weapon

bursts. In the t ransport of the dela yed radiation , the
risin g , and expanding fireball is considered. The varying

air mass thickness from the source t o  t h e  detector due to

the shock wave is d e t e r m i n e d  at each t ime s’ ep wi t h  rho-R

scaling used to determine the radiation ‘(u s e  it t he  d e t e c t o r .

The delayed neutron and fission produc t gamma ray source-

spec t r a  .1cc given in Table ’ 13. These - two spectra were fol0ed

w i t h  h e-  i m p o r t a n c e  d i s t r i b u t i o n s  t o  o b t a i n  t h e ’  dose- /unit

source part ic Ic for all burst heights and gr o u n d  r a n g e s .  The
c - l i v e n  dose qu a n t  i t  ies were- c o n v e r t e d  to 4 R 2 va lues  as a

function of rho-R , where rho-R is t h e  s l a n t  range  ~:Iass  t h i c k -

ness of air as measured from a detector located 1 . 75 meters

j b e . . e  the ground to all possib le- source points. This matrix

~;p~ I hen utilized in a table look-up as illustrated in Figure

10. The figur e dep ict s a d e t  e’ctor configurat ion at m e -  c

second s ~ t ‘ c - u  a weapon burst. At t i r i e  T 0 .  0 seconds , a weapon

burst occurs at .e dista nc e- HB c h o r e -  t h e  ~‘r o un d .  As t he b l a s t

phenomon lo4’ v is  t rca ted in I1)EA , the fireball (t he  d e l ay e d

r a d i a t  i o n  ‘ - ‘ c r e e - )  rises to a point HS above the’ ground a t

ime The mass h i  ckness I t  a i r , - ES , from tile source ‘ o

t h e  ground is determined as w e ’l l  as the mass  t h i c k n e ss of a i r

L . -
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4

‘ 1 5 + 1 1 + -  I D .  1 ) + ’ 1 : + v . ’ ~ fl - l i t  r n  a r i d  f e  S S I I f l  ) I r ’ d u e ’ t  gamma
r a y  s u r e  s t I + ’ e ’ t  ra

Energy Interval Energy In t e r ~’. J

(MeV ) Neutrons /Group (MeV) Gamma Rays-Group

1 . 83 - 1. 11 0. 085 5 .0 - 4.0 0. 0054
1 1 1  - 0. 55 0. 334 4 . 0 - 3. 0 0.0182

0.55 - 0.111 0. 496 3 , 0  - 2.5 0. 0218

0. 111 - 0.0218 0.0797 2 .5 - 2 .0 0.0401
0. 0218 - 0.00335 0.0023 2.0 - 1. 5 0. 0742
0.00335 - 0.000583 0.003 1.5 - 1.0 0. 133

1.0 - 0.7 0. 141
0.7 - 0,45 0. 159

0.45 - 0.30 0. 114
0.30 - 0.15 0. 157
0. 15 - 0. 10 0. 0429
0 1 0 - 0.07 0.0411
0.07 - 0 . 045 0. 0532
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Fi gure 10 . Source and detector configurat ion for
calculation of delayed dose rate.
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b e t w e e n  h~- s o u rc e ’  and  e le t cc’ l I c . ,  RD Thu m a t  r i :~: o l  -5 !t

e ( I s e  v e rsu s  rh — R  i s  t h e n  m t  e ’ r r o g ; e t  ed u s i n g  t h e s e ’  ‘J :+ lI .e - - ;

10 a c t  e,’ l ’ t t l i n t ’  t h e  do~~ + ’ at he d e l  e e l  or . The  1 c i s  t h e - i ;

s u lt i p l i e -e l b y t h i ’  a p p r o p r i a t e -  s o u r c e -  i n c - o s  i t ’ i  and  d i v it h
by t b .. i n t egr a t  ion ime st . ’p  i n t e r v a l ,  Ti le ’ t o t - c l m t  + - ) ‘ r a t  i o n

t, i i e i s  d et e r m i n e d  t o  be c’ t ime at Whic h t h e  m ; l x i n l u n l  I l ( I s e -

r a t e -  f I r  a l l  d e t e c t o r  r e sp o n s e - ; ;  ha s  f - c l  len by ‘it e a s t  a
f a c t o r  of 50.  Th is  p r I c e - h u r l -  was  u sed  f o r  a l l  of t h e  dose
q u a n t  i t  ( C S  f u r  a l l  of t h e  b u r s t  h e i g h t  - b l a s t  y i e l d  c I l n o i n a t i o n s
0) in ter e s t .

‘t h e -  b l a s t  y i e lds  c a l c u l a t  c - h  r a n~y -  f r o m  0 . 0 1  Ji’i t o  100.00
h ’~ i n  powers  of 10 w i t h  a d d i t  i ona l  one’s a t  30 and 500 K T .  The

h e i ;’ t ’ . o t  b u r s t  f o r  w h i c h  t h e s e  :,ix y i e l d s  we re ’ c a l c u la t e d  -ire
13 , 28 , 60 , 129 , 278 and 476 m e t e r s .  In a d d i t i o n , each y i e l d
was c a l c u l a t e d  a t  1 m e t e r  ( s u r fa c e  b u r s t )  and at 1000 m e t e r s .
T h u s , a t o t a l  of -‘+8 b l a s t  y i e l d - b u r s t  h e i g h t  c o m b i n a t i o n s
we ’re c a l c u l a t e d ,  S i n c e  t h e ’  d e l ay e d  dose sca le’ s d i r e c t ly  w i t h
the ’ fi ssion y ield for a given blas t y i e ld , t h e ’  ,1— cta base was
, ‘ e ’i ; er a t c d  f o r  u n i t y  fission/bla st y ield rat ios. The resulting

inte grat ed doses  fu r  each ~~ the  e l even  d e t e c t o r  responses  f o r

the ’ above blast-burst combinations form the delayed dose data

base.
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5. RESUI,TS

I h e  re s u l t s  o f .-i dj oin t calculations .+r+- ‘he -t ’+ -r y ’ /

and s p a c e -  de p e n d en t  impor t -col e ’ di  I t rihut I on wh f cl may a

~n t cp r e t  ed is t h e  c o n t r ih u t  i o n  t o  t h e  - b i t e -  0)  ., ‘i+- ut rein or

ganmi a r ay  source ’  w i t h  c g i yen e n e r g y  t ’  - + ~ d s - c g i v e n  r + i , ’ + ’
and  h e i g h t  above the ’  i - r und . T h i s  d.c  I I I  m a y  ! e -  used w i ’  it an’,
source- sped rum at ~~~~~ h e i g h t  t o  dci e ’rm i ne  t h e  dI s ( -  a t

g iv e- ri range. A Iso , the ’  d c i  a oi ly  be ’ used ‘ e + h e ’ ’ + - rm i nc  t h e
relative i mp o r t a n c e  as c funct io fl of ern-ri ’,y of . c source

spectrum , Separ.e t e dat a are- required for e ach t “pc of r e sponse
f u n ct  i on .

Source  e ’n e ’r g , ’ i m p o r ta n c e  d i s t r i b u t i o n s  as c f u n c ’  i o n  of

ground range  f o r  seven sou rce -  h e i g h t s  (or  h e ’ i g h t s  ( I f  burst) for

the free- -f l e’ld and armor shielded det cct ors i r e - pr +- s c- n cod in

Tab le- s 14 throug h 41. For each heig ht of burst and detector ,

t h e  i m p o r t a n c e  of a source  p a r t i c l e ’  i n  c o nt r i H i t  ing, t o  tH-

p r o m p t  n e u t r o n  and gamma ray t i s s ue  dose is  gi ‘.‘e-n -

Data in Tables 14 through 41 can he used to determine

t h e  component of the dose due to different source energy

spectra. For examp le , in Table 1+ for a ground range of 400

met e -r i - ;  i t  is noted that the importance ’ is approximatel y con-

S t  ant t or e n e r g i e s  g r e a t e r  t h a n  2 .  38 ~‘teV - T h i s  means that

ti e: neutron dose is not sensitive t o  t h e  shape  of t h e  s o u r c e

weapon spec t rum for neutron e-rie’ rg i t ’ s  above 2 .  38 t ’le ’V. I t  is

al so  no ted  t h a t  f o r  n e u t r o n s  w i t h  e n e r g i e s  l ess  t han 20 keV ,

t h e  i m p o r t  c o r e ’  is - i f a c t o r  of 500 less t han ~~~i is for  a h i g h
e n e r g y  n e u t r o n .  D et a i l e d  a n a l y s i s  of t h e  i m p o r t a n c e s  can

indicate the variations in dose at a given range that result

from di lferen t , source spectra. For examp le , Table 14 would

be used f I r the free fi e ld neutron dose component for a burs t

height of 1 met er and Table 15 would he used for the free-field

s e c o n d a r y  gamm a r ay  and p r o m p t  g, a mrn .c  r ay  c o m p o n e n t .  S i m i l a r
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results for armor shielded doses , including the component

due to gamma rays produced in the armor , can be obtained

from Tables 16 and 17. Table 17 indicates that low energy

prompt gamma rays less than 100 keV are totall y sh ield ed by
the armor.

In order to present values of promp t dose it is

necessary to fold a source spectra with the importance

distribution. A detailed examp le is given in Appendix A.

Three source spectra , EM- I fission~~
6
~~. low yield thermo-

nuclear~
17
~ and Henre~~

8
~ are given in Table 42 for an assumed

intensity of each. The Henre source is not a weapon source

spectra but is an approximation to the leakage at 90~ from the

thick target used during the Henre experiment. These normal-

ized spectra are shown in Figures 11 and 12. The neutron

spectra are given in Figure 11 in terms of neutrons/MeV/source

neutron as a function of energy and the gamma ray spectra are

shown in Figure 12 in terms of gamma rays/MeV/source gamma ray

as a function of energy . Folding these three source spectra

with the total source energy importance distributions for each

detector results in total dose isodose (total prompt dose) con-

tours as shown in Figures 13 through 18. These contours indicate

the dose 1.75 meters above the ground as a function of heigh t of
burst

The contours are shown normalized to rads/kiloton of blast

and thus may be scaled with blast yield. The isodose contours

for the fission and thermonuclear sources evidence slight ray

effects compared to those for the Henre source. It should be

noted that for each of the sources there are two burst heights

wh ich will give the same total dose for ground ranges greater
than about 200.0 meters . This is due to the effect of the

ground in reducing the dose .

&



Table 4 2. Neutron and gamma ray source spectra for folding
with source energy importance distributions.

Upper Energy Low Yield
Group (eV) EM-i Fission Thermonuclear Henre

I Neu trons i (Neutrons ‘kT)
1 1.50(.7) 0.0 3.15 (+21) 7.1 (423)
2 1. 22 ( + 7)  0. 0 1. 28 (~ 2 1) 8. 0 (4 22)
3 1.00 (4 7) 7 .34 ( i 2 0 )  9. 57 ( -+-20) 4 . 0 (p 22 )
4 8.18 (+6) 1.27 (421) 1.35 (+21) 2.98 (422)
5 6.37 (+6 ) 1. 67 (+21 ) 2 . 00 (+21) 3. 02 (+22 )
6 4 . 96 (+6) 1.34 (+21 ) 2 .49 (+21 ) 3.00 ( 4 2 2 1
7 4 .06 (4 6) 4 .89 (+21 ) 5.32 (+21 ) 3. 00 (+22 )
8 3. 01 (+6) 3. 83 (÷21) 5 .58 (+21) 2 . 22 (~22)
9 2.38 (+6 ) 9 .32 (+20) 8. 78 (÷20) 2 . 55 (+21 )
10 2 .30 (+6) 7. 70 (+21 ) 5 5 92 (+21) 1.83 (+22 )
11 1.83 (+6) 1.68 (+2 2) 1.50 (+22) 7.~)0 (p 2 1)
12 1. 11 (+6) 1. 17 (+22 ) 1.83 (+22 ) 0. 0
13 5 - 50 (+5) 2 .68 (+22 ) 2 .33 (+22 ) 0.0
14 1. 11 (+5) 1.04 (+22) 1.93 (+22) 0.0
15 2 . 18 (+4 ) 1.19 (+22 ) 2 .22 (+22) 0. 0
16 3.35 (+3 ) 0.0 5.48 (+22) 0.0
17 5.83 (+2 ) 0. 0 1. 66 (+22) 0.0
18 1.01 (+2 ) 0. 0 1.56 (+21) 0.0
19 2 .90 (41) 0.0 0.0 0. 0
20 1. 07 (÷ 1) 0.0 0.0 0.0
21 3. 06 (+0) 0.0 0. 0 0. 0
22 1. 12 (+0) 0.0 0.0 0.0
23 4 . 14 (- 1) 0.0 0. 0 0.0

Total 1.0 (+23 ) 2 .0 (+23) 1. 0 (+24 )
I Gamma Ray J (Gamma Rays/kT)

1 1.00 (+7) 4 .8 (+18) 0. 0 1.00 (+21 )
2 8. 00 (÷6) 5.00 (+19) 1.92 (+20) 3.62 ( +21)
3 6.00 (+6) 6. 73 (+19) 4 .38 (+20) 2 .78 (+21 )
4 5.00 (+6) 2.24 (+20) 1.75 (+21) 5.00 (+21 )
5 4 .00 (+6) 6.35 (+20) 3. 29 (+21) 6. 00 (+21 )
6 3.00 (+ 6) 6 .70 (+20) 1.01 (+22 ) 6. 00 (+21 )
7 2. 50 (+6) 1.13 (+21) 8. 82 (+21) 7. 00 (+21)
8 2.00 (+6) 2 .03 (+21) 1.25 (+22) 1.26 (+22 )
9 1.50 (+6) 4.23 (+21 ) 1.35 (+22 ) 1.64 (+22)
10 1,00 (+6) 4 .96 (+21) 8. 45 (+21) 1.61 (+22 )
11 7.00 (+5) 6.02 (+21) 5.55 (+21) 1.30 (+22 )
12 4 .50 (+5) 4 .14 (+2 1) 4 .07 (+21) 6. 90 (4 21 )
13 3.00 (p 5)  3.08 (+21) 9.97 (+20) 3. 12 (+21 )
14 1. 50 (+5) 1. 43 (+21) 1. 23 (+20) 1.75 (+20 )
15 1.00 (+5) 2.09 (+20) 7.20 (+19) 1.03 (+20)
16 7.00 (+4) 3 0 4  (÷20) 7.60 (+19) 1. 09 (+20)
17 4.50 (+4) 4.09 (+20) 3. 10 (+19) 4,43 (+19)
18 3.00 (+4 ) 4 .09 (+20) 3.10 (+19) 4 4 3  (+19)
19 2 .00 (+4) 0.0 0.0 0.0

Total 
__________ 

3.00(÷22) 7.00(+22) 1.00(+23)
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The dat  a in Figures 1 3— 18 are s imi Ia r t o t ha gene rail v

g i V en  f o r  a ) V t - r p r l S S U r C  r e s u l t s .  B y compa r i n g  t h e  two I vpi s of

c u r v e s  i t  is p o s s i b l e  to  de t e r m i n e  t h e  r e l a t  i o nsh i p  of a v er -

p re s s u re  and dose as a f u n c t i o n  of t he he igh t of b u r s t  - I t

sh ou ld  be noted  t h a t  f o r  large y ie lds  ne a r t-he ground the
d 6 - l a v c d  r a d i a t i o n  i s  si gni  f ic a nt  and w i l l  r e s u l t  in the  (14)54-

~‘e in g  l a rger  w i t h  t h e  c o n t o u r s  t u r n i n g  out as t h e y  a np r o a c h  ‘

g round .  For lower y ie l ds or highe r hei gh t s  of h u r s t , t h e
co n t o u r s  a rc  not a f f e c t e d  s i g n i f i c a n t ly .

An ed i t  code was wr i t t e n  to produce t a b l e s  of dose v e r s u s

ground range f or a given weapo n b u r s t  - The f i s s i o n , t he rmo-
n u c l e a r  and Henre sources were e d i t e d  for  b l a s t  y i e l d s  o f 5 0 ,
10.0 , 30 .0  and 100.0 KT for  bu r s t  h e i g h t s  of 103 , 129 , l8~ and

278 me te r s 1 r e s p e c t i v e ly .  The f~!ssion to b l a s t  y ie ld r a t i o s
are 1.0 , 0 .5  and 0 .1 for  the  f i s s ion , thermonuclear  and I lenre
source  r e s p e c t i v e ly.  The r e s u l t s  are given in Tables  43- 114 .
For each source and he igh t  of burs t , the p romp t , de l a y ed an d

prompt  p lus  de layed doses are given for the  f r e e - f i e l d  and
a rmor sh ie lded  d e t e c t o r s .  The i nd iv idua l  components  of the
dose ar e shown f or each ground range toge the r  w i t h  the  n e u t r o n /
gamma ra~ dose r a t i o .

The v a r i at i o n  of t o t a l  dose (promp t p lus de l a y ed) as a

f u n c t i o n  of burs t  he igh t  is shown in Tables 115-138 for  these

three sources and blast yields . In general . the armor shielded

neutron to garmna ray dose ratio is less than that for the free

field case. Although the gamma rays are attenuated more by the
armor than the neutron s, the shielded gamma ray dose is en-
hanced by gamma rays produced in the armor by the neutrons:
The neutron to gamma ray dose ratio is dependen t on the y ield
and the height of burst and varies from about 0.2 for a 100
KT fission source to about 15.0 for a 100 KT Henre source.

The ratio of the promp t and delayed dose for the fission
and low yield thermonuclear sources are given in Tables 139 -

106

-



is

- 

~~~ - i~~ ~r-~
‘S 

‘S 
- ‘ 

- 

-

_
_ (~~S ~~~45 I ,

*
0 I

: ~~~~~~~~~~~~~~~~~ 4) 0 1!
- - —-

I * 
* 

5 4- 
5 Si 

C - - 3-- s 
~ - 

- - 

S-.— — Q

* 54 -- 
- 

0)- C0 P r. - . I 5 ) 0
- O .,-1

4) 0 4-)
_ 3-1 ;a;i

0 p ~~~~ _ > 3 - ’ . s  -

* SI ‘ -

4, S CSI 3-C > 3- > . 5) 4 - 4

* 
7 a ’ :- - ~ a)

3-
~ 

>
>
~ 

-

4) p >
> 

- 
• 5 - N~~~~~s.~~~5 15) 4—i

o ~~N ~~~‘-~~~~ .

0 * 
35 ‘S ’ S 

-
- .  - 

3 
- a) U)4) 3- - N - ‘00

0 3-1 3 -~~~~ -~~~:~~~ ‘- ‘ < :~
- , 

-

C — 5- U) s- :‘ - . < .< ! ~~ 0) ~ 4-i
* ~

. N 
~-~~

• - -

‘ C P N .4 / ) _ 
-

-

C ,- N - -

5 31 3- N .~~~ 
-

~ 

4 + 4- —~~~ 

-. 

— 4—i 0)
- -  5 II a 5-) 5 454 ~. + - - H

Si 5- s a - 4-—~ ~~ 0
* 5 5 N :5 .~~~~~~- - -~~~~~ - : - . -

* 5 5- 5-1 5 - - - - -
p 5 1- N .4

* ~
- >. N 4 l Q ,~~

* 1 3 N (-C 4 - _ 
- 3< ”~~~~~~~~~~~ - ,  EII~~ bO

— , N 4 _ I ~~ - QN. .,-l
S 

-
a 5< 5 

‘~~ 
‘ 

- 
a--i —i .c

S N. N I - 3 < N  + 5 - -
7 - 3- N. N -~ H

3-: 3- N N 4 - - ‘ - !
5- N (.4 5- - 3< 

. U )  - : - - - .

U)

~ g ) 
~ ~~ L I IH

107

- - - -  __________ — _  — ~~~~~- --—--- - — - — ——- -
~~



146. Similar tables are n o t  present 1 for t lie Henre source

sinc e the de 15 1 visI dose i s ext reme I v sma 11 c, nni a red o t h e  p rompt  -

It i s noted that the armor preferentiall y shields the delayed

radiat ion and for a 100 KT fission source the delayed com-

ponen t becomes equa l to the promp t dose for near surface bursts.

On the other hand , the free-field dose from delayed radiation

is a factor of about four greater than the prompt radiation for

a 100 KT fission source at low heights of burst. For sources

with less fission/total y ield , the delayed radiation is not

as important.

I
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6. COMPA RIS~ NS

T h i s  s u c t i o n  p r e se n t s  c o mp a r i s o ns  o f  s k - l -~~t i - d r e s u l t s
of t h e  h a n d b o o k  d ; i t  base  wi h p u b i  i s hu d  r u s u  1’ s a n - i / o r  ‘ ‘ her

~‘~~i l cu l a t  j oin 1 m e t h o d s .  In add i  t ion , r i - s t i l t  s f rom  sun s  i iv i
s t u d i e s  p e r f o r me d  fn r  he  dc l  av i d dose conip nii -n ’ wi 11 he
p r i - s i ’n t  ed and d i s c us s e d  n S w i - i l  a t ;  a c om p ar i s on  w i t  h e x p e ri  -

m e n t a l  d at a .

6. 1 PR O~’WT AND DELAYED DOSE

Dose versus ground range results for radi ation t ransport

in an air over ground geometry from a 1 2 2  - 15.0 ~ c-V n&’tjtron

source and a fission source spectra~~
9
~weri’ compared with

values from the handbook data base. The sources are 1oca~ ed
15 . ~L4 meters above the ground with the detector 0 5  meter

,ibove the ground. These two sources were folded with the

promp t source energy importance distribution and a comparison

of the neutron tissue dose is shown in Figures 19 and 23 and

a comparison of the gamma ray tissue dose from secondary gamma
rays produced in the air and ground is shown in Figures 21 and

22. The primary differences between the previous results and

those presented here are in the cross sections and ground

composition . The previous dose values were caicul ,-i t € ’d using

Str~-ik -r cross sections while the handbook dat i b a s k ’  U t  i l i z ’ ;l

the Young evaluation ,

The effect of the different cross s t - c t  ions is most

evident irs the secondary gaxmna ray compa risi ns with the

presen’ results approximately a tact o r of 2 low e r  than tht-

previous results , The ground composition used in the previous

calculations contained 8.5 weig ht percent water compared with

3.0 weight percent for the handbook results , From the sensi-

tivity analysis of ground composi t ion and the effects of soil

water co~itent , th e predicted dose from the handbook dat ,i base

would be expec ted to be approximatel y 20’-i~ higher . This is
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~&‘fl -ra 11 v t r u e -  f o r  t he neut ron dose from the 14 MeV new ron
s o u r ce ’ ; h o w e v e r , the dose from the fission source is approx-
i m a t e l y  ~i0’~ - 5O~/~ higher and is due t o  c h a n g e s  in  gamma r ay

production in the ground . The combined cross section and

ground composition interaction results in the differences

shown , The’ effect of the difference in the two detector

heights is assumed to be small,

MORSE and forward DOTSAI calculations for a low y ield

thermonuclear source 36.5 meters above ground have been made
as part of the analysis of terrain effects on radiation .

Figure’ 23 shows a comparison of these results~
20
~ with the

handbook data base. Calculational geometry, cross sections

and material compositions are the same and as expected the

agreement is very good. The use of two separate calculational

methods provides added confidence irs the results.

A comparison with results predicted with the IDEA (75)

code and the handbook data were also made. In order to make
a valid comparison , the ground correction factors from ATR-

Version 4(21) were incorporated . Shown in Figure 24 are the

total promp t and delayed tissue doses versus ground range

from iDEA and the handbook data base for a 10 KT (507, fission)

typ ical thermonuclear weapon burst 129 meters above ground

The IDEA calculations were made with and without the ground

correction factors as noted.

The agreement of the prompt dose between the handbook

and IDEA (75) with a ground correction is satisfactory and

indicates the ground correction factors for neutrons (which

constitute approximatel y 9Q7~ of the dose) are adequate- The

agreement for the delayed dose , for which the fission product

gamma rays dominate , is somewhat worse. This indicates that

the ground affects source gamma rays differentl y than is

presentl y modeled,
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Comparisons have also been made with results predicted

by .s simplified tissue dose model (TDM) for this same weapon
burst confi guration~~ 

~~~. The total prompt and d c ] a v e - d free-

field tissue doses as predicted by TDM and the handbook data

base are- compared in Figure 25.

The prompt dose from the simplified model is based on

one-dimensional source energy importance distributions cal-

culated for infinite uniform air. These importances were

calculated using the same cross sections and air composition

as were utilized for the handbook data base. Correction

t;’ctors for the effect of the ground are those taken from

ATR-Version 3.  As is evident from the comparison shown , the

agreement is very good.

The delayed radiation tissue dose model in TDM is based

on a graphical procedure to calculate the fission produc t

gamma ray dose. Although a hydrodynamic enhancement factor

is utilized to account for the disturbed atmosphere , no

correction is made for the effect of the ground on the delayed
radiation. As is noted in the figure , the TDM results are

approx ima tel y 507~, higher than those predicted using the hand-
book data base and provide further evidence that the effect
of ground on source gamma rays (based on older first-last

collision models) is not treated properly at present .

A comparison of the experimental and calculated fission

product gamma ray dose rate for a typical thermonuclear source
located 450 meters above ground is shown in Fj.gure 26. The

detector slant range is 1440 meters from the burst. The cal-

culated values shown were obtained using IDEA (75) and the

methodology utilized to calculate the handbook delayed data

base. For times greater than about 0.5 second the agreement

is fairly good both in shape and magnitude , with the exception

of times around 1.5 seconds. A sensitivity analysis indicates
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t h a t  t h e  d i sa g r eem e n t  f o r  t imes l t - ~~s t h a n  0.5 second is

partially attributable to the fission produc t gamma ray

source model utilized.

As noted previousl y, an edit code was written to pro-

cess the handbook data base. Since the delayed dose does

not scale directl y with y ield or height of burst , inter-

polation procedures are used in editing portions of the

handbook delayed dose results. As a check of the edit pro-

cedures used to determine dose values at intermediate points ,

two calculations were performed using IDEA and the handbook

methodology for comparision with interpolated dose values

predicted using the edit procedures. The free -field and

armor shielded fission product gamma ray dose versus ground

range from a 5 KT burst at 100 meters above the ground is

shown in Figure 27. A similar comparison for a 200 KT burst

350 meters above the ground is shown in Figure 28. The

interpolation scheme employed gives dose values within about

107, of the calculate~ value and is therefore adequate.
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~~~. 2 DELAYED DOSE S E N S I T i V I T Y  A N A L Y S I S

An a n a ly s i s  o l  t h e  s e n s i t i v i t y  of t h e  d e l ay e d  dose
component  of  t h e  handbook d a t  a to  t h e  f i s s i o n  p r o d u c t  gamllla

ray source model , shock wave - fireball phenomenology model

and ~round a c t i v a t i o n  was p e r f o r m e d .

~~~2 . l  F i s s i o n  Produc t Gamma Ray Source Model

The d e l a y e d  n e u t r o n  and f i s s i o n  pr o d u c t  gamma r ay  s o u r c e

m o d e l s  i n c o r p o r a t e d  in IDEA are based on the assumption t h a t
t h e  ener ~~v and t e m p o r a l  d i s t r i b u t i o n s  are s e p a r a b l e .  A r e c en t
t.-v a lu a t i o n  of t h e  gamm a r a y s  e m i t t e d  f rom f i s s i o n  has  been
performed a t  Los Alamo s~

23
~~. The time integrated spectra alt -

compared in Table 147 . The t ime dependence of the U-235

fission product gamm a rays is shown in Figure 29. This t m i t -
and energy dependent gamma ray source was incorporated in

iDEA and several calculations made to determine the sensitivit y

of the dose to the source model. These calculations did not

Ut ilize the weapon handbook data base since the source spectra

is not constant in t ime aod integration over the source energy

importance would need to be performed for each time period.

Nevertheless , conclusions based on the results should be

app licable to the handbook data base.

The integrated fission produc t gamma ray tissue dose

versus ground range for a 10 KT burst at 129 meters abo~’e the

ground is shown in Figure 30. The detector is located 1.75

meters above the ground . Both the Pu-239 and U-235 time and

energy dependeh t fission product gamma ray sources were used

and are compared with the time-dependent source model in IDEA .

For small ground ranges , the newer source spectra give a dose

a factor of about 2.5 times higher for both the Pu-239 and

U-235 sources. At a ground range of 1200 meters , the dose

from the U-235 source is 507. greater relative to IDEA while

the dose from the PU-219 source is 257~ greater. The dose rate
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I~. I 1 i  I -1~~. ( ( . Y j~~I I I 5~~ TI Ilil -\ I 1~~— 4 5 I ~~ ’ ! l  ) I ~~~~I I i ~~~t ~~; l r f i r l ~~I

I ; i V  —~p - - ! r U ni w i t h  J s  - \ I ; u - s ( ‘ . I lU~ It i’ ’ ) 1 .

Uran ium-  235 Plutonium -239
Uppe r I’ FIeI’ L~. — ______________________ ________________________ —

(M eV) IDEA LASL LASL

10. 1) 0,0 0.0 0.0

8.0 0.0 0.0 0.0

6.5 0.0 0.0069 0.004

5.0 0.0054 0. 004 8 0. 003

4.0 0. 0182 0. 0213 0.017

3 0 0. 0218 0. 0200 0. 018

2.5 0. 0401 0. 0300 0. 027
2. 0 0.0424 0.036 0. 032
1.66 0. 0644 0.053 0.049

1.33 0.100 0.089 0.082

1.0 0.0835 0.070 0.066

0. 8 0. 1090 0. 095 0. 092

0. 6 0. 1380 0. 140 0. 146

0. 4 0. 0835 0. 084 0. 093

0. 3 0. 0942 0. 143 0. 129

0, 2 0. 1052 0. 141 0. 162

0. 1 0. 0580 0.033 0, 040

0. 05 0. 0363 0. 033 0. 040

ELOW = .02

Total KT 5 . 29(+23 ) 7 , 09(+23 ) 6 , 87( *23 )
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Fi 1’ i.ire 30. C a l c u l a t e d  t i s s u e  dose f rom t h r e e  f i s s i o n
product  gamma r ay  source models  f o r  a 10 KT
burst 129 m above ground.
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at a ground range of 500 meters from these calculations is

shown in Figure 31. Since the shape  of t he dose r a t  e cur’.’e-
depe’nds on the shock wave propagation and fireball rise rates ,

the major differences are due to the chang ing energy spect ra

w i t h  t ime . For times greater than 0.15 seconds the variations

are not  l a rge  and indicate that the t ime-energy separation i s
a d e q u a t e  bu t  possible changes in intensit y may be required.

6.2.2 Firehall-Shockwave Phenom~nology Model

The sensitivity ot tne integrated fission product gamma

ray dose to t u e  fireball rise model is shown in Figure 32.

The t h r e e  c a l c u l a t i o n s  are  for  a 10 K’l’ burst at 60 meters

above ground and utilized the calculational methodology of

the-  d e l a y e d  component  of the  handbook  da t a  b a s e .  The th r e e
tireba ll rise models are those of the 1974 and 1975 versions

of IDEA t o g e t h e r  with that of the RANC code- For ;i ll ground

ranges shown , the IDEA (74) fireball rise model results in

t h e  highest integrated dose , the IDEA (75) model  r e s u l t s  in

t h e  lowest integrated dose , with the RANC model in between .

The d i f f e r e n c e -  be tween  the  two IDEA calculations varies from

4.5 at 100.0 meters ground range to 2.0 at 1200 meters ground

range.

The exp lanation for the wide variation in the integrated

dose is given in Figure 33 ir~ which the fireball position for

t he  IDEA (74) and IDEA (75) fireball rise models is shown as

a function of t ime . At  2 seconds after the burst , the IDEA

(75) fireball has risen approximately 70 0 m e t e r s  ve r sus  50
meters for the IDEA (74) fireball. However , at later t imes

the IDEA (75) fireball is rising slower than the IDEA (74)

fireball. The complexity of the interp lay between the ground

and the rising expanding fireball is illustrated in Figure 34

in which the fireball position as a function of time for a

10 VT bur s t a t  i i ev er a l  burst heights is shown . The data for

the curves are from IDEA (75) and are taken from a portion of

231
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Figure ~l. Ca lcui l led free-field tissue dose rate at
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product gamma ray Source models for a 10 KT
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Figure 32. Calculated fission product gamma ray free
field tissue dose as a function of fireball
rise model for a 10 KT burst 60 m above
ground.
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the c a l c u l a t i o n s  p e r f o r m e d  f o r  t h e  d e l a y e d  dose c o mp o n en t

I~ f t h~ - handbook  dat a base -

The r e s u l t s  shown in Fi gure  30 arc no t  n e c e s s a r i ly

typic a l since- the modeling of firehall rise depends on the

y i e l d  and the  h e i g h t  of b u r s t .  In addition , the delayed

radiation dose depends on the mass thickness of air between

the instantaneous position of the fireball and the detector.

Thus , the combined effects of fireball rise- and shock wave

reflection from the ground produce the variation in results.

The emphasis in fireball rise modeling has generall y been

p laced on predictin g experimental data at larger times

(~ minutes) ~ith less emphasis on the early t imes ( - s t -~~o f l l~;)

important in this problem . Consequentl y, the delayed radi-I t ion

data base may require modification if significant changes are

made to the early time modeling of the fireball rise rat e

6.2.3 Effect of Ground Activation

An investigation of the dose due to activated soil carried

aloft in the fireball was performed. A 10 KT fission source

fo r  a b u r s t  height of 1 meter was investi gated. It was assumed

that half the neutrons entered the ground and produced the

resulting activated soil. It was also assumed that all the ac-

tivated soil was vaporized and carried aloft in the fireball.

The IDEA code was modified to treat the decay of the activated

sources in p lace of the fission product source. Figure 35

shows a comparison of the free-field tissue dose- versus range

for the fission product dose and the ground activation dose.

It is noted that for this case the ground activation component

is insignificant.
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Figure 35, Comparison of free-field tissue dose from
fission product gamma rays and ground
activation for a 1 KT burst 1 m above
ground .
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7. SUI—II~ARY

This report documents the results of a stud y performed

to ~;enerate a data base for predicting the radiation environ-

ment of tactical nuclear weapons for air bursts over flat

ground . The radiation environment consists of the promp t and

delayed dose’ fo r  a free-field and an armor shielded tissue

d e t e c t o r .  The stat e-of-the- art solution techni ques and data

used in the calculations have been described in detail.

Detail ed results for a few typ ical weapon spectra have been

pr -st-nt ed in various forms . The sensitivity of t h e  prompt

and delayed components af the data base to several important

parameters has been investigated and results shown .

Portions of the total free-field dose results previousl y

presented in Tables 115 - 138 are sumarized in Figures 36 -

Shown in each figure is the total (prompt p lus delayed) tissue
( l U s t  v e r s u s  g round  range f o r  f o u r  hei g hts of burst from 1

meter to 476 meters above ground for a given weapon source and

blast y ield. Figures 36- 39 are for the EM- I fission source

given in Table 42 for blast yields of 5.0 , 10.0 , 30.0 and

100.0 KT, respectivel y. The assumed fission/blast yield

ratio is 1.0 for the fission source. Figures 4d-!~ show the

predicted total dose from the low yield thermonuclear weapon

source for the above blast yields . The fission/blast ‘-.‘iel d

ratio is assumed to be 0.5 for this weapon . Since the dei ayed
dose component for the Henre source is insignificant , the

total dose/K’l as a function of burst height is given in

Figure 44 fo r  this source.

In general , the predicted dose in an air-over-ground

geometry from prompt neutrons is in reasonable agreement with

previous calculations and do not exhibit the calculational

problems encountered in other studies~
24
~ . The predicted dose

from secondary gamma rays is about a factor of two lower than

previously published data. These observed differences are

238
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p r i m a r i l y thu r e s u l t  of improvements in t he (1 - 055 57-C ? ion

d a t , i  ba se  u t i l L~e-d and in the app licat ion of s t a t e — o f — ’ h o - - a r ?

t r . o n s p o r t  methods - The predict ion of the do .u - f rom p r o m p t

s o u r c e  gamma r ays  in an a i r  over  g round  ~-om(-t rv i s  p r l - s e n t  e(I

for the first time . The main component of th e deLi-it- I do- ;e

i s  t h a t  due t o f i s s i o n  product gamma rays. Uncert ainties in

t h e s e  r e s u l t s  f o r  d e l a y e d  r a d i a t  ion are si gnificantl y la r g er  h - in

u n c e r t a i n t i e s  in the  promp t dose due to severa l effects. For
€- x a~np le-  , the f i s s i o n  produc t gamma ray m t  e-n si tv and 5:0-c ? ra
c o n t r i b u t e  an u n c e r t a i n ty  of abou t - 507~ w i t h  newer c - v - i l u a t  i o n s
resultin g in a hi gher dose. The largest uncertaint y in the

f i s s i o n  p r o d u c t  gamm a ray  dose is that associated wi t h  the

f i r e b al l  r i S e  model . The calculated dose may vary f r o m  7f ~’

to a factor of 3 depending on different fireball rise mode-is

for some yield and heights of burst as a result of this un-

certainty.

Uncertainties in the predicted prompt and dela;c l dose

arise from uncertainties in cross sections , numeric al and

calculatjonal difficulties , and uncertainties in p h e n o m e n olo g y
models. Cross section uncertainties have been noted by

comparing calculations with integral experimental data. In

some instances numerical problems arose due to ray eff e cts

and i t e r a t i o n  convergence .  However , in o the r  cases problems

were  avoided by us ing a lbedo boundary  c o n d i t i o n s . U n c e r t a i n t i e s

in phenomenology were investigated for a few cases to indicate

where  emph as is  should  be p laced on model  v e r i f i c a t i o n. From t h e

ana l y s i s  per fo rmed  fo r  t h i s  work and t h r o ug h  e x p e r i e n c e  in

performing similar calculations , an uncertain ty table is sug-

~; e st cd .  I t  is r e a l i z e d  t h a t  source s p e c t r a , hei gh t  of b u r s t

etc. can have a significant effect on the uncertaint y and

therefore there is no one set of numbers that apply to all cases.

The uncertainty includes the effects of calculational method ,

data and model and should appl y to the typ ical problems i nvolving

y i e l d s  less t h a n  100 KT .
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l’!u- l A n c e r ?  a i n t  i &‘s g, .vero in Tab Ii l6~ are smaller for

SC - I led b u r s t  h e i g h t s  gre’~~ er t h a n  200 m e t  I - r ? .  a n d  are perhaps

1.irgt- r b r  1 ‘n- er  h e i gh t s  of b u r s t .  R e d u c t  i o n  of the uncer-
o ~i i nt I t -s in the prompt r a d ia t  ion w o u l d  r e q u i  r e h i gh a c c u r a cy
experiment ;tl transport . results for b o t h  neutrons and gamm a
r.ivs . Jo rcduc- e the uncertainty in the delayed radiation ,
: u r o  her an a l ys i s  of e x i s t i n g  e x p e r i men t a l  d a t a  and c r i t i c a l
r - v i t - w  ot existing phenomenology modeling is required.

h-ti r t her observations concerning the results depend on

the burst conditions investigated. The delayed component

of the dose may be a significant fraction of the total dose

for near surface bursts with a large fission y ield. In some

insrance- s the delayed dose can be a factor of 2 - 4 greater

t h a n  t h e  p r o m p t .  For the  s imp l i f i e d  armor shielded tissue

detec t or model , t h e  armor reduces  the dose f r o m  source  n e u t r o n s

and gamma rays  but becomes a source of secondary gamma rays.

The net reduction in the dose due to the armor as  compared to

the free-field tissue detector is not large and primaril y
changes the n e u t r o n  to gamma ray dose ratio

In summary , state-of-the-art methods and data have been

u t i l i z e d  to g e n e r a t e  a data  base for  the anal ysis of the
r a d i a t i o n  env i ronment s  from t a ct i c a l  n u c l e a r  w e a p o n s .

- 
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Tab h- 1-I  ~ . tn cer taint i es for t i sSo(~ dose i n  an
a i r / g r u u n d  g e o m e t r y .

Uncertainty

Dose Component At 1000 m At 2000 m

Prompt Neutron ÷ 25~ ÷ 5O~

Sec ondary Gamma Ray ÷ 30~s ÷ 5O~

Prompt Gamma Ray ÷ iO~o ÷ 20’r

Delayed Gamma Ray + 300~ - 200
- 50~ - - 50w-
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A P P E N D I X  A

An ex I : ? i p l e  i s  p r o v i d e d  t o  d e m o n s t r a t e  t h e  use of t h e
e n e rgy  dep e n d e n t  i m p o r t a n c e  f u n c t i o n  d a t a  such as t h a t  f o u n d

in Tables 14 - 41. As noted in the text , the importance

function when mu ltip lied by a source results in the dose.

Consider the problem of calculating the free field

neutron tissue dose at a ground range of 800 meters from

a 10 h i  Henre source at 129 meters above ground . Table 42

gives the source energy spectrum and the importance is taken

from Table 26. Table Al illustrates the required calculation ,

name 1 y

D ( r )  = W S . I
~~

( r)

where

D(r) is the dose at ground range r ,
W is the t o t a l  y ield in k i l o t o n s ,

S~ is the source intensity in energy group i ,

I~~(r) is the neutron source importance for energy

group i at ground range r .

The results shown in Table Al should be compared with the

dose given in Table 73. The slight difference is attributable

to round-off error.

I- 
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T a b l e  A l .  C a l c u l a t i o n  shee t  f o r  sample  p r o b l e m .

Snurce , S. Importanc e , I . (r )  S.~~I . ( r )
Energy Range i i i

Gr oup. i (MeV ) (neutrons N T group) (rads ’ neutron group) (r ad s -KT)

1 15 .0 12 . 2 7.10 ( . 2 3 )  9 . 57 (-21 )  ~3.79 (.3)

2 12 . 2 10.0 8. O O ( f 2 2 )  ~. 74 (-21) 7 . 79 ( .2~
3 10.0 8. 18 4 .00 ( + 2 2 ) 1. 08 (-20 ) 4 .32 (~ 2)

4 8. 18 - 6, 37 2 .98  ( e 2 2 )  1. 19 (-20 )  3 5 5  ( . 2 )

5 6 37 - 4.96 3.02 (~22 ) 1.44 (-20) 4.35 (~2)
6 4 .96 - 4 . 06 3.00 (+22 )  1. 14 (-20 ) 3. 42 ( . 2 )

7 4 . 06 - 3. 01 3.00 (+22) 1.07 (-20 ) 3,21 (.2)

8 3 . 01 - 2 . 38 2. 22 (+22 ) 9 . 84 (-21 )  2 . 18 ( . 2 )

9 2 .38 - 2 .39 2 . 55 (+22 )  8.98 (-21 ) 2 . 29 ( . 2 )

10 2 .30 - 1. 83 1. 83 (+22 ) 6.35 ( -21 )  1. 16(~ 2 )

11 1. 83 — 1. 11 7. 00 (+21 ) 4 . 43 ( — 2 1 )  3. 10 ( . 1)

12 -  23 1. 11 - 1. 0 ( -7 )  0. 0 -- 0. 0

Total

(per KT~ 1.0 (+24 ) 1. 00 ( - 4 )

Total for

1O NT 1. 0 (+25 ) 1. 0 0 ( . 5 t
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