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I . INTRODUCTION

The Air Transport of Radiation (ATR) code has been de-
ve loped to provide a fas t running computer code to predict
energy-angular radiation environments from neutron , gamma-ray
and X-ray sources in the atmosphere . During the development of
ATR , there have been several reports~

1
~
”5
~ descr ibing the capa-

bilities of each version of the code and the generation of the
data bases on which the parametrizations were based. This re-
port summarizes the total capability of ATR-4 - perhaps the most
definitive time-independent version of ATR. Detailed descrip-
tions of the generation and parametrization of each data base
component were described in the previous reports  and only a br ief

desc r ip tion is provided here . Emphasis is placed , however , on

t he ca pabi l i t ies , limi t a t i on s and use of the code . As such , this

report may be considered as a user ’s manual for the ATR-4 code

and except for special cases where the ATR code has been cus-

tomized to a particular computer capability, this version of

the code should replace all earlier versions . The time-depen-

dent version TDATR is documented elsewhere and is treated as a

separate code .

The Defense Nuc lear Agency (DNA) has for some time
sponsored efforts to develop sophisticated transport techniques

and to accurately evaluate cross sections in order to increase

the confidence in and precision of atmospheric radiation trans-

port calculations. ATR was designed to embody the results of

these efforts and make them available to the general community

in a form that eliminates the need for data tables and hand
folding. ATR does not perform radiation transport calculations

but contains , instead , parametric representations of fluence

results derived from such calculations. This approach enables

5



the ATR users to obtain satisfactory results without requiring

either radiation transport expertise or programming sophistication .

Figure 1 illustrates the characteristics of the ATR model.

Neutrons ~ amma Rays X-Rays ] ~~~ssion Product

I I
• Source Spectrum

•Source-Target Geometry INPUT
•Output Specifications

Atmospheric Models of Correcti ons
Density Radiation •.l or c,ir -~ roun
Model and Transport -~ ani Non-Uniform
Mass Scaling in Uniform , Air Effects
Laws Infinite Air

I
•Energy /Angle Dependence

• Internal/External Responses
•Constant Response Cont~ irs OUTPUT
• Output -Data Regroup

Figure 1. ATR Model
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A summary of the development of the ATR code is presented
in Table 1 which describes reports which have been published

with a very brief description of their content . Since ATR has

been an evolving code , changes in later versions have made
the previous ones incomplete or obsolete. In addition , new
features such as a simple fission product model have been added

and are documented in this report. Thus , this report serves to

document the new features in ATR-4 as well as to summarize the

capabilities of the complete code package

.7
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TABLE 1. ATR DOCUMENTATION SUMMARY

Report Content

SAI-7l-565-LJ Paper given at RSIC Workshop on Radia t ion
(November 1971) Transport in Ai r .  Describes logic of code

and some data ba.~e development.

DNA 28031 First report describing basic concepts of
(May 1972) ATR and the f i rs t  distr ibuted version of

the code--describes neutron and secondary
gamma ray data base generation . Includes
air-ground and exponent ia l  ‘ir correction
factors.

DNA 3 144Z (2)  
Users manual for ATR-2 version ~if the code- -

(April 1973) does not describe data base generation .

DNA 3279T Describes data base generation for photons
(August 1974) (prompt gamma rays and X-rays) and the prompt

gamma ray air-ground correction factors .

DNA 3362Z (4) 
Summary of the capabilities of the ATR code

(August 1974) with updates to ATR-2.

DNA-38l9F Describes ATR-3 including new data base using
(Jul y 1975) DNA cross section library , new air-ground cor-

rection factors , low energy X-rays and new
REGROUP routine.

DNA 406 1 (6) Describes TDATR , the time depen dent prompt
(January 1976) photon and secondary gamma ray version of ATR .

This report Describes fission product model and summarizes
total capability of the ATR-4 code

.8



2. GENERAL DESCRIPTION OF THE ATR CODE SYSTEM

The ATR code was developed to provide an easy- to-use
means of determining the complete radiation environment from

a nuclear weapon burst in the atmosphere . An “engineering” ap-
proach was taken in that the results of detailed calculations

were parametrized to provide a compact data base instead of

providing a table of results from a radiation transport code .

Thi s “engineering ” approach results in a trade-off in accuracy
and data storage requirements. In addition the treatment of

the effect of the air-ground interface and exponential atmo-

sphere is provided by utilizing “correction factors”

rather than parametrizing many detailed transport results.

Because of the lack of detailed data bases for these two ef-

fects , the “engineering” approach may be inadequate for some

applications, but the philosophy of utilizing the best data

available in a consistent manner has been adopted. Due to

lack of data available , correction factors ~re only app lied

to integral quantities.

The ATR code is a user oriented code which can be executed

in either a batch mode or from a desk teletype unit . For many

problems the built-in sources and responses may be adequate ,

thus reducing the amount of input data that is required. Yet

the flexibility to investigate a very specific case is main-

tained by allowing all aspects of the problem to be input .

Table 2 lists the components of radiation that can be calculated

by ATR . Results are provided at fixed detector locations with

any source , detector or ground elevation allowed . Figure 2
shows the definition of the geometry models utilized. 

The9



TABLE 2.  RADIATION ENVIRO NMENTS CALCULATED BY ATR

Types of Radiation:

Neutrons

Secondary Gamma Rays

Prompt Gamma Rays

X-rays

Fission Product Gamma Rays

Results:

Energy-angular fluence and current
(except for fission product gamma rays)

Ang le integrated results
Energy weighted results

mass thickness of air is determined between the source and
detector and results are scaled to an equivalent distance in

homogeneous air. The data base was calculated with an air den-

sity of 1.11 mg/cm3.

The fundamental calculation in ATR is to determine the

free-field fluence for a given problem geometry and source

spectrum. In order to calculate such problems for the actual

atmosphere , two assumptions are made :

1. The transport of radiation between source and
target can be approximated by homogeneous air
transport results for a density equal to the
average density between the source and target
altitudes.

2. The corrections due to air-ground interface
and exponential air density effects can be
included as perturbations to homogeneous air
results

10



~ 1035 g/cni2 
_ _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _ _ _  

VACUUM 
—

Non-Uniform Air Corrections
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—
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~~~~~~Target
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_______ _______ 
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Figure 2. ATR Geometry Model
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The general calculational scheme in ATR is therefore to scale

transport results from the parametric model density of 1.11

mg/ cm3 to the average density of the problem and then to in-

clude correction factors for the effects of an air-ground

interface and exponential air density. These correction factors

were essentia lly neg ligible for altitudes from 1-15 km. Density

scaling laws for the Boltzmann equations show that the angular

f lux 
~~

(E ,c
~
,r) in the transformed system of density p t (r

~
) is

related to the flux in the original system at density p (r) by

= K2 
~~

(E ,Q ,r
~
)

where
r
~~

= K r

and

=

i.e., for

P~
r
~~

= P r

2This is the well, known result that the 4ir r flux depends only

on the mass of air through which the neutrons and photons are

being transported. The ATR parametric mode l is based on 4rr2

quantities as a function of penetration distance in gm/cm

The total mass of air between source and target for a given

problem is calculated from R~~ and used to obtain 41TR~ qu an-
tities from the parametric data base , i.e.,

4i~R
2
~~ = 4iiR2~~5 S 0 0

For

R~~~= R p
S 0 0

12



where

= average air dens ity of the problem
p
0 air density of ATR data base (1.11 mg/cm3)

= radiation free-field fluence calculated by para-
metric equations at density p0 and distance R0

= radiation free-field fluence of the geometry of
interest.

The average air density of the problem is calculated from

I H T

~ H 
p( z) dZ

— S
U U
LL

T S

where p(Z) is the variation in the atmospheric density
as a function of altitude above sea level .

The atmospheric-density is modeled from the 1962 U.S.
Standard Atmosphere for altitudes from 0-300 km based on a
product of 32 exponential terms and is used for altitudes from

0-100 km. Above 100 km, an empirical curve fit is used.

The data base of ATR-4 was calculated for neutrons , second-
ary gamma rays , prompt gamma rays and X-ray s using the ANISN~

7
~

discrete ordinates code and utilizing the DNA cross section ii-

brary~
8
~ for all but X-rays .~~

23
~ Resul ts as a func tion of source

energy and range , detec tor energy and angle for ranges to 550
gm/cm2 were determined . Since the earlier versions of ATR were

based on neutron and secondary gamma-ray results determined with

the cross sec tions evalua ted by Straker , the new data base was
produced by the parametrization of correction factors to the

earlier data base . Thus it is possib le to evaluate differences

due to cross sect ions since the earlier data base was no t de-
stroyed. The fission product gamma-ray capability in ATR-4 is

13
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based on simple empirical models , and the basis of the radiation

transport used in the fission product model comes from pervious

ATR techn iques . A more de tailed discus sion of the da ta bases
is given in Section 3.

One of the main features of the ATR-4 code as well as pre-

vious ATR models is the use of control commands for selecting and

executing options. The list of con trol commands for setting up
an ATR run is discussed in Section 6. In general , the order of
control commands is immaterial for any given set of problems . The

initialization routine contains some calculations on parameters

which can be evaluated on the basis of other parameters as well
as some s~:orage initialization . When a command is read in and

interpreted , the corresponding subroutine is called to interpret

and properly place all of the parameters corresponding to the

command. Errors in control command format or structure are noted

immediately but no other visible action is taken by the code until
the *EXC command is used , at which point output is generated which
may be just a few numbers or hundreds of pages , depending on the
input parameters .

The code also contains a set of subroutines which permit

an essentially format-free placement of numbers. The reading

of values is upward compatible in that real values need not

contain decimal points. Control commands and their associated

parameter values are cumulative so that even after the results

of a par ticular problem have been disp layed , the parameter

value s and f la gs rema in the same for the next problem unle ss
specified anew with another command of the same type. Con-

sequently, onl y the most essential parameters need to be
specified from one problem to the next . This feature allows

multiple run s to be made easily wh ich require only a f ew par a-
meter changes to be made for each problem . In order to clear

out unwanted parameters the *STOP command is used after which

the prob lem must be comple tely respecif ied .

14



2.  1 I’ ~METR IZATION ACCURACY CONSIDERATIONS

~g the accuracy of ATR parametriza tion of one
dimens .~tion transport , the convention is adopted
that th~ ~~ ~u L a .  y is rela t ive to the da ta base from which the
fits were produced. Comparisons with other independent calcu-
lations using , say, different cross section s, energy group
structure , or transport methods should first be made with the
data base. In this manner , the accuracy of the parametriza-
tion can be separated from the problems associated with making
comparisons of independent transport calculations. The data
base used for parametrization of the neutron and secondary
gamma ray transport  is similar to the data reported by Straker
and Gri tzner . The generation of the data bases for the
prompt gamma rays and X-rays are described in a document by
Woolson , et

The parametrization of the data bases contains three
separate fluence quantities which were independently fit. These

quan t i t i e s , the to ta l  f luence , the normalized scalar fluence ,
and the angular dependent ratio function are described in fol-

lowing sections . During the fitting process , accuracy standards

were established for each of the fluence quant i t ies .  These
standards  are given in Table 3. The parametrization was based

on finding techniques which would fit most of the data to the

average accuracy standards given in the table . A second order

correction method was then employed to improve the accuracy of

the fits which exhibited anomalous errors.

The final parametrizations incorporated into the ATR code
are generally accurate to within the stated standards . In parti-
cular , the total fluenc e fun ct ions and normal ized scalar fluence
were foun d to be gener ally much more accurate than the standards
indicate . The ra tio fun ction f i ts , which con tains the informa-
t ion abou t the angular varia t ion of the fluenc e , were

15
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TABLE 3. ACCURACY STANDARDS FOR PARAMETER IZATIONS OF
INFINITE HOMOGENEOUS AIR TRANSPORT IN ATR

Accuracy
Fluence Type Definition Standard

Total fluence T(E5,R) = If ~ (E 5~R,E~~u) dii dEd

Normalized f ~ (E ,R ,Ed,lJ ) d~iscalar F(E s,R,Ed) 
= T(E ,R) 10%

fluen ce s

4 ( E  ,R ,Ed,u)
Ratio function R(E ,R ,Ed~

ii) = T(E ,R) F(E
~~

R ,Ed) 
20%

compared only on the average with the data base values for prompt

gamma rays and X-rays since the angular fluence calculated by

discrete ordinates for photon transport usually exhibit non-

physical variations due to the strongly peaked angular distri-

butions . Although the scalar fluences (integrated over angle)

are accurate , the differential angular fluence required some

smoothing. Thus , the comparisons of the ratio function fits

were made with the smoothed angular fluences and not directly

with the individual data base values.

16
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3. ATR DATA BASES AND THEIR PARAMETRIZATION

Different components of the ATR data base have been

developed over a period of about five years . The first neu-

tron and secondary gamma ray data base utilized the cross

sections assembled by Straker around 1967. This data base

was used in Ver sions 1 and 2 of ATR and wa s repla ced by a new
data base generated with DNA cross sections evaluated around

1974. The new data base for neutrons and secondary gamma rays

was first distributed in Version 3 of ATR and because of the
• need for comparisons with older calculations , the new data base

was incorporated as a modification to the original data base.

The prompt photon data base first appeared in Version 2

of ATR with modifications to the X-ray data base to extend it

to lower energies in Version 3. A delayed gamma ray (fission

product) data base was added in Version 4. A separate version

of ATR , TDATR , contains the time dependent prompt gamma ray

and secondary gamma ray data base.

The ATR data base consists of four separate entities: a

neutron and secondary gamma ray data base , a prompt gamma ray

data base , an X-ray data base and a fission product data base.

The first three sets of data were generated in infinite , homo-
geneous air at a density of 1.11 mg/cm3 by the discrete ordi-

nates radiation transport techniqu e. The transpor t calcula t ion s
were p erform ed out to a ran ge of 550 gnjcm2 for neutron s , secondary
gamma rays and prompt gamma rays . For the X-ray calculations the

range was dependent on source energy but covered at least 15

mean-free-paths for uncollided (source) particles.

17
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Each radiation transport data base consisted of energy and

angular dependent fluence as function of range for individual

source energy bands . Thus , each separate data base can be

described in terms of a four-dimensional  array of fluence
values, def ined by

f
iij+l

~sikj 
= J dE J dii 

~S
(r I,E ,ii)/

~
Ek ~~j

where

j k~ = four-dimensional array of fluence values corn-
~~ -~ puted by discrete ordinates with source energy

index , 5 ;  range index , 1; receiver energy index ,
k; and angle index , j; for neutrons , secondary
gamma rays , prompt gamma rays , and X-rays. The
units ~~~~ the f1uenc~ quai~t ity  are par t ic les
(neutron ,p h o ton) / cm L _ MeV ’~_ st eradian_ source “par-
t ic le” in energy group s.

( r . , E . u )  = radiat ion f luenee  environment at range r j ,
S I energy E and ang le cosine p in par t ic les /

cm2-MeV-steradian per unit source in energy
group 5 .

r .  = range mesh point , in air at  dens i ty  1.11
~ mg/cm3 .

(Ek,Ek+l) = lower and upper limits of energy band k.

Ek÷l - Ek.

(iij.~
Ij÷1) 

= lower and upper limits of angle cosine bin j.

= ij+l - llj
~

In t~he following the average value of the energy within a

group denoted by ! and defined by

* keV for X -rays.

18



E +E
- n n+l

n 2

is used. Similar relationships will be used for the angular

bins . Additionally, the notation EL, E11 will be used to

indicate the lower and upper energy limits of a particular

data base.

The ATR models of the radiation environment retain the

group-wise features of the data base for source energy groups,

receiver energy groups , and angle cosine groups but reconstruct

the environment as a continuous function of r .  The ATR scattered
fluence model was constructed as a product of three functionals
which exhibited slower variation as a function of range than the

basic fluence quantity. The fluence model including the un-

collided contribution is given by

- o r  S ..
S k 

______

~ Sk~~
(r) = T (r) . F k( r )  • RSk~

(r)  + 
4rr r2

where

= ATR fluence model at range , r , for source band
s; receiver band , k; at,~d angle cosine band , j .
Uni ts  are pa rt i c l e s / cmZ _ MeV_ s te rad ian_ source  in
group S .

T (r)  = to ta l  scat tered f luence in un i t s  of pa r t i c l e s/
cm2 - source in group s.

F k (r) = normalized scalar f luence shape in units  of
{ f ract ion  of T5 (r)  in energy group k }/ M e V .

R k . ( r )  = ratio function in uni ts  of { f ract ion  of
~ T5 (r)  . Fsk(r) in cosine bin j}/steradian .

= total macroscopic multigroup cross section for
energy group s.

= kronecker de l t a  func t ion .ik

= forwardmost angular bin .
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In this representation , most of the spatial  variation of
the fluence is built into the total fluence function T (r);

the energy depen dence is contained in the scalar fluence shape
F k (r) ; and the angular dis t r ibut ion , in the ra t io  funct ion .

Several relationships exist between the real environment

and the ATR modeled fluence 
~ Sk~

(r) . These relation-

ships are summarized in Table 4.

TABLE 4. SCATTERED FLUENCE RELATIONSHIPS”

ATR Model Radiation Environment

Ek+ 1 P j ÷1
0skJ 

(r) J dE f  du~~5 (r, E,

Ek U
i

1

T
~ 

(r) 2~ f dE f  dp~~ (r, E, ~
EL -1

E 1k+1

2nJ  dE di4~ (r, E , ~

FSk
(r) k 

EH 1

2ff 
~
Ek f  dE f  ~~~~ (r, E, ~

EL -I

+ 1

J d~i~~ (r , E,

R (r) ~1
ski E 1k+1

2w~~jf 
dE f dp~~ (r, E, ~z)

Ek -1

Notation defined in the text , uncollided fluence no t included .
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Note tha t with the fluence mode l u t i l i zed  by ATR there
may be several ways to construct a given fluence q u a n t i t y .  For
examp le , the energy-dependent scalar fluence could be constructed

from the ATR models by the operation

2ir ~ . skj (r)
J 3

however , it can be also retrieved by

-o rs 6
T (r)  Fsk( r ) + 

471r 2

The secon d a l t ern at ive  is mo re accur ate b ecau se it does not

contain possible errors presen t in the ratio function fit. Inter-

nall y ATR employs the most accurate representation in calculating

fluence quantities.

The ATR code always performs integral  mass scaling to
correct for densi ty dif f erences between the inp ut pr ob lem

geometry and the data base calculat ion . If necessary , cor-
rections are made for air-ground interface or high altitude

perturbations. The resulting scaled and corrected fluences ,

denoted by the primed quantities , are functionally related to

infinite homogeneous models by

~ skj 
(r)  = ~~ skj (y) ~hg~h5 ,h~

)

where hg is the groun d hei gh t re la t ive  t o sea level; hs ,ht
are the source and target  hei gh t s  r espec tively relative to

the ground height; and

h +h
r 1 çg  t

= 

l.llxlO 3 T1~~~~~i 
~~+h 

p(h) dh
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where ~ (h) is the atmo spher ic dens it y at hei ght h above
sea level. Detailed information concerning the scaling con-

s i d e r a t ion s  can he found  in Ref . 1. The ATR o u t p u t  quan-

t i t i e s  w i l l  now be g iven in terms of o p e r a t i o n s  on the sca led

.ind correc ted data.

Energy-Angular Dependent Fluence

F . ( r )  = ~ S .~ 
‘ . (r) AE particles

kj s s skj ~ cm2 MeV steradian

where

sourceS = source st r en gth in f or en erg y band .~E
s M eV s

~p~ular Dependent Fluence

particles
F. (r) = ~ S ~~ 

‘ . ( r )  A Ek E5 
— 2

s k s sk~ cm steradian

where AEk is the receiver energy band for group k.
I

Energy Dependen t Fluence

-o r
S 1 particles

F k
(r) = ~ S [T~~( r)  F ’ ( r )  AE + e _ _ _ _ _ _ _ _

s s sk ~ 4~ r
2 6

skj cm
2
MeV

Total Fluence

I -o r 1

F ( r )  = ~ S AE ‘T ’ (r) + e 
s 

]

Particle~
s s l s  2

L i~r cm

Energy-Angular Dependen t Energy Fluence

MeV(r)  = ~ S ~ 
‘ . (r) E AEs skj k ~ cm’ MeV steradian3 5
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Angular Dependent Energy Fluence

e .  (r) = ~ S 
~ kj 

(r) 
~k 

L\E
k ~E 2 

MeV
s k cm •s teradian

Energy Dependen t Energy Fluence

ek
(r ) = ~ S5 E~ [T

t (r) F
~k
(r) AE ± 

~~:
2 6

sk] cm2.~~~

Total Energy Fluence

~(r) = 
~ 

S 
~~ 

AE5 [Tt(r) F’
k (r) A Ek + :::~ 

6
5k]

Energy-Angular Dependent Number Current

Ckj (r) 
= ~ S5 ~ skj 

(r)  
~~~~. AE5 2 

particles
s cm •MeV•steradiari

where and 
~~+1 are the cosine boundaries of cosine group

i ’  and = (u~+ii~~ 1)/2.

Angular Dependent Number Current

c .(r) = ~ S 
~sk

.(1
~ ~~~~. AE AE par t ic les

S k ~ 3 3 S cm steradian

Energy Dependent Number Current

ck
(r) = 

~ 
S 

~~k~
(r) ~T. 2ir A~~ AE particles

Total Number Current

c(r)  = ~ S5 ~Sk.~
(r)  

~~ 
2~ A ii~ AEk AE 5 

par ticles
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Energy-Angular Dependent Energy Current

— —  MeV
i
kJ

(r) = L. S5 ~skj~~~ 
Ek i i .  AE 5 2

s cm •MeV•steradian

Angular Dependent Energy Current

( r )  = ~ s~ ~ 
(r) 

~k 
Ti. AE k AE 5 2 

MeV
s k cm •steradian

Energy Dependent Energy Current

ck
(r ) = 

~ skj Cr) Ek U~ 
271 AP~ AE5 cm~~~eV

Total Energy Current

c (r ) = ~ S ~ SkJ~~
’
~ 

E~~ 271 A u ~ AE k AE 5 
MeV

Energy-Angular Dependent Response

R ( r )  = ~ S ~ 
‘ (r’ R AE response

kj s skj / k s MeV•steradian

where Rk 
is the response function in units of response/

particles/cm2 for energy group k.

Angular Dependent Response

R .(r) = ~ S ~Sk~
(r )  R

~K 
AEk AE 

~~7~n

Encrgy Dependent Response

= 
~ 
S~ ~~ [T~

(r) F
~k

(r) 6E5 + ::: ~ 
6
Sk] 

r esponse
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Total Response

I - ‘r  1
R(r) = 

~ 
S~ Rk \E J T ~ (r)  F

~k (r) AE k + 
e 

2 ~sk ’ 
response

s k  4iir J
An op tion exists in ATR to obtain “4nr2” quantities. When

“ 4 ’r 2 ” output  is desired , the previous defined quant i t i es  are
mul t i p lied by the 4i~r

2 constant and units  of cm2 are placed
in the numerator of the u n i t  definition .

3 .1  NEUTRONS AND SECONDARY GAMMA RAYS

The data base for neutrons  and secondary gamma rays was
generated using the DNA cross sections for nitrogen and oxygen
as they existed in early 1974.

The cross section data actually used in generating the ATR
data base were in the multigroup form . Briefly, multigroup cross
sections are produced by expressing the angular variation of the

scattering cross section as constants in a Legendre series ex-
pansion and performing weighted averages of all cross sections
over the energy variable. The ANPX~

1
~~ code , which at the time was

only fully operational at the Oak Ridge Nat iona l  Laboratory  (ONRL ) ,
was used a t ORNL to generate the multi group cross sections . The

same 22 neutron group and 18 photon group energy structure in

previous ATR version s was used. A hand modification was made

to add 10.8 MeV nitrogen capture gamma-rays to the top photon

group (8-10 MeV). The cross sections used in generating the

new ATR neutron and secondary gamma-ray transport data basc can be

obtained from ORNL , Radiation Shielding Information Center (RSIC).

The radiation transport calculations were performed us-

ing the ANISN one-dimensional discrete ordinates code . The

calc ulation s were carried out in a manner similar to the pre-

vious data base calculations. Gaussian quadrature of order

16 (S 16 ) and ~ P 5 Legendre expansion were employed. The
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calculation s were made in spherical geometry out to a range of

5 km in air , of density 1.11 mg/cm 3 and 185 radial intervals

were used. A separate transport calculation was performed for

a uniform source in each of the top 18 neutron energy groups.

If ~5 (E 5 ,E~~,r~P) represents the old data base for source

energy group E5 , detector energy group Ed, range r and angle

~i and P D (E ,Ed,r ,p) represents the new data base with the

latest DNA cross sections then by integrating both quantities

over ang le , the following ratio function is obtained:

q CE ,E ,r)
— D s dts.c , iz. ,t.A,r — 

~ 
(.,~

. 
~~

.
S 

~~ ‘~s’~ ‘ d’

Previous versions of ATR made available the approximation

+ S (E ,Ed,r) to the Straker data base. Thus by parametrizing

R (E ,Ed,r)

= 
~

(E ,Ed,r) ~ S
(E S ,Ed,r)

is the representation of the new data. In actual practice , the

following ratio function was parametri:~ed:

~D
(E ,E~~,r)

R(E ,Ed~
r) S

P S (E ,Ed,r)

The ratio function for neutrons was relatively straight-

forward to curve fit by:

R ( E  ,Ed ,r) exp(a 0 + a1r + a2r
2)

~~ 0

that is , for a given source and detector energy group the log

of the ratio function is presented as a polynomial function of

distance in gm/cm 2. Thus , the p~irame trization coeFficients are

functions of source and detector energy. For some sources even
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the quadratic term was not necessary. Fewer than 600 coefficients
were necessary to comp letely represent the neutron ratio function .

For the secondary gamma rays , the curve fitting procedure
was significantly more complicated. Each curve was examined

as a function of distance and the more comp licated curves re-
quired fourth order polynomials. Furthermore , there were some
ratio functions which required a function of the following form:

R(E S ,Ed,r) = exp(a0 + a1r + a2r
2 

+ a3
r3 + —~~ ~~ a5 /i)

for adequate representation . In all , nearly 1200 coefficients
were necessary to represent the secondary gamma ray ratio func-
tions .

• A final comparison was made with the data base to

make sure that the approximations did not compound in an un-
reasonable manner. The spectral comparisons show that the
maximum error of 

~D
(E 5 ,Ed,r) versus 

~
‘
D (E ,Ed,r) is on the

order of 10 percent.

After the spectral parametrization was complete , com-
parisons of the angular dependence were made and large errors
were “massaged” or corrected by simple combinations of linear

function s of distance. These massage function s were applied

to the four forwardmost angles and the averaged backward angles.

Attempts were made to keep angular errors in the parametrized

data compared to the calculations less than 20 percent , however ,
larger errors may occur in isolated cases. Special attention was
given to the four forwardmost angl.es since they constitute most

of the importanc e of the angular distribution as well as behave

in a manner that lends itself to parametrization by smooth func-

tions . The averaged backward angles were not compared pointwise

directly with the data base becaus e at some points the data base

values contained zeros or exhibited other nonphysical behavior .

The averaging scheme assures the physical trends in the data .
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3. 2 PROMPT GAMMA RAYS

The promp t gamma ray data base was generated in a manner
similar to that for neutrons. Multigroup cross sections were pro-

cessed from point data using the SMUG~
10
~ code . DTFXR AY~

11
~ cal-

culations were performed for a source in each of the 18 gamma
ray groups. The resulting energy-angular fluence was then

processed to subtract the unscattered fluence. The scattered

fluen ce ~~ (E ,r ,E ,p) is a function of source energy, E5 ;

range r; detector energy , E; and angle cosine with respect

to the source receiver ray , p . The parametric modeling was

performed with the goal of achieving accuracies in modeling

the integral fluence quantities such as energy spectra with-

out compromising the modeling of the more differential data.

The total scattered fluence function , F(E ,r), was fit

with a function of the form :

A A A
W( p ) = A1 + A2 /T + A 3~ + 

—~~~ + + .4
where ~ is the distance parameter in gm/ cm2 and the A~ are

the constants of the parametrization .

The first step in modeling the scalar fluence was to

generate a “reference shape” by fitting the spectra for a given
source band at a range (several mfp ’s from the source) where the

spectra displayed the asymptotic variation . Next , the energy

fluences from each mesh point of the data base were normalized

to the reference shape such that the value of juxtaposed fluences
agreed at one energy normalization point , EN .

Several differen t techniques were used to generate the
spectral shape at a given distance. The scalar fluence func-
tion integrated over energy is normalized to unity by defini-
tion , thus only the relative variation of shape at a given
distance has to be computed from the fits. The reference shapes
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for the gamma-ray sources were chosen at a distance of 3 mfp (a t
the source energy) and modeled with a third degree polynomial ,

S0(E ,p 0
) = exp {A

0 + A1 m E  + A2(inE~
2 + A3(QnE)

3
T

where p0 is the reference distance in gm/cm2.

A five parameter fit in distance was then made of the shape

at the detector energy which corresponds to the source energy, E :

S(E 9,p) 
= exp{B

0 + B1 k.np + B2(~np)
2

+ B3(inp)
3 

+ B4(inp)
1}

The spectral shape for energies above the normalization energy

(0.75 NeV) was computed with S(E ,p), and S(E ,p ), by

S(E,p) = exp
l
in S0(E ,p )

/ in E-2.n E \
+ (

~Qn E~~~n ~
_)(in S(E5,~~) - in S0(E~~~~)) , E~ <E<E5

The shape below EN was assumed to be identical to the re-

feren ce sha pe

S(E,p) = S0(E , p )  ; E < EN

Then the normalized scalar fluence is given by

S ’ (E ,p) = S(E,p)/f S(E,p) dE

Special techniques wer e used for the lower sourc e energy
groups. Here , the fluence in each group was £ it as a function

of distance :

S~~(p )  = exp (A 0 + A1 mnp + A2(inp)
2 + A 3(t hpY 1}

p < 142 gm/cm2

29



S .(p) = exp [in S~ ( 142 )  + in(552)-i n(142) (in S.(522) 
- in S

~ (l42))]

142 < p < 522 gm/ cm2

where S.(p) is the unnormalized shape for energy group i

(i < 4), and the quantities s
~~

142
~ 

and S~~(522) were saved

in ATR.

Comparisons of the parametric fits of the normalized

scalar fluence and the data base values indicated the fits

were generally within l07~ of the data base except at the .511
MeV annihilation peak . A constant factor was used to correct

this anomaly .

The angle dependent ratio function is generated from the

data base by the equation

~ (E ,r ,E ,p)
R(E ,r ,E , p)  = ___________________

J q ( E  ,r ,E ,p) dii
— l

The parametrization of the ratio function for photon transport

was considerably more difficult than fitting the scalar fluence

function . The ratio function is three dimensional for a given

source energy , adding one more independent variable to the para-

meterization . Furthermore , several of the angular quadrature

points had zero fluence values , particularly close to the source .
The zero values arise from negative flux fix-up in DTFXRAY which
is employed where the grad ien t of the fluence is so steep tha t
extrapolation to adjacent quadrature points results in a negative
fluence .

The first techniques that were tried in fitting the ratio
func tion were un successful . These attempts avoided the zero fluence
problems by fitting a cumulative or integral function defined by
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I (E ,r ,E ,p) =1 ~ (E , r ,E ,p) dp

The fluence could then be retrieved by differen tiation of the

integra l fit. This technique appeared at first to provide a

smoother function to fit across quadrature points with zero

fluence values. Although the integral function could be fit

with good accuracy, the functions differentiated from the fits

were not of satisfactory accuracy when compared to the data

base values.

The method finally employed involved grouping the

sixteen angular fluence values into a set of six groups. The

ratio function for each of these six angular groups was

modeled with two dimensional fits in detector energy and

range for each source energy. The ratio function for the

sixteen angular bins was then reconstructed from the six

group fits.

The ratio functions for the gamma rays were collapsed

to the six group s according to the data presented in Table 5.

TABLE 5. ANGLE COSINES OF COLLAPSED ANGULAR
GROUPS FOR GA~~IA RAY S FR OM AN
ASYt~~ETRIC S16 SET

F-
Angular Index Angular Cosine

1 0.9983100 I

2 0 . 9808660
I 3 0.9558195

4 0.9245530
5 0.5174825
6 -0.7786290

The collapsing consisted of averaging the angular denendent

fluence over the quadrature point .~ ~n each Darticular group .

The new data was normalized at the lowest energy according
to the formulas
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R.(E,p) = f.(~ ) R ! ( E ,p) i 1 ,6

Rj(EL,p) I

where the source energy variable has been dropped for con-
venience , EL is the lowest detector energy in the data base
(0.02 MeV), and the index i refers to one of the six collapsed
angular groups. The functions R(E ,c) were then fit with third
degree pol ynomials in range and detector energy by

R~ (E ,~~) = exp{A0(~) f A
1(~

) ( ~nE) + A~( )(nE)
2 

+ A 3(~ )(QnE)
3
~

and

A .(~ ) = exp{B.0 + B 1(Qn~~) + B .7 (Ynp ) 2 + B.3(~n~)
3} , j = 0, 3

The actua l number of coefficients required was reduced by over
a factor of four by combining coefficients over several groups.

The normalization factors f1(1) were found to be ap-
proximatel y constan t in . These factors were simp ly saved
in an 13x6 array , one for each source and angular group .

3.3 x-~~vs
The x - r ay  data base was generated in the same manner as

the promp t photon data base. The DTFXRAY discrete ordinates
code was used to determine the X~ ray fluence for a source in
each of the 18 ~ -r~ v groups. The p~irametri:~ation of the X-ray

t r a n s p o r t  d a t a  was a l so  p e r f o r m e d  in a manne r  s i m i l a r  to t h a t
f or gamma r ays . H owev e r , t h e  r e f e r e n c e  shapes  for  the X - r a y
da t a  base were chosen as the sh ape a t the distance 5 3 . 8  g m/ c m
and f i t  w i t h  a t h i r d  o r d e r  pol y n o m i a l :
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S ( E , p )  = exp{A0 + A
1 
thE + A2(inE)

2 + A3(inE)
3}

A fit of the fluence in the fourth group ~25-30 key) was made as

a function of range

S(E 4,p) = exp{B0 + B1 inp + B2(inp)
2}

where E4 = 27.5 keV and for all energies below EN (50 keV)
the spectral shape was computed by

S(E ,~~) = exp{in S(E ,p 0) + (~n S(E4,p)

- ~n S(E 4,p0
) ) } E < EN

Several specialized corrections were made to shapes just below

EN to increase the accuracy of the models.

For energies above EN, a difference function was formed

from the data defined by

c~n S (E ,p ) — in S(E,p)
D(E , n )  = in S (E , p 0) 

- in S(E ,~~)

This function was fit both in energy and range

D ( E ,~~) = A
0C’) + A 1(p) m E  + A2(p)(inE)

2 
+ A3(p)(inE)

3

where

A . ( ~ ) = B .0  + B. 1  Qnp + B.2 (inp)
2 + B .3(inp)

3

+ B.4(Qn p)
1 

, 0 < i < 3
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Finally, for energies above EN the shape was computed by

S(E ,~~) = exp [in S (E , p)  - D(E , p )  • {in S(E , p )

- Zn S(E~~~P )}] , E > EN

where the shape at the detector energy corresponding to the

source energy was fit in range

S(E ,~~) = exp{C0 + C1p + C2p
2 

+ C3
p 3 + C4p~~ }

with five parameters.

Similar to the gamma ray models , special techniques were

used for lower source groups. For the third and fourth source

group , each non-zero fluence group was fit in range . The

second source group was fit in range with a fifth order poly-
nomial.

The normalized scalar fluence function for the X-ray

sources was calculated by normalizing to unity the spectral

shape computed using the techniques discussed above .

The angular data are treated similarly to the gamma rays.

The data are grouped with the X-ray data base being collapsed

into the six groups according to Table 6. The four most forward

TABLE 6. ANGLE COSINES OF COLLAPSED ANGULAR GROUPS
FOR X-RAYS FROM A SYMMETRIC S16 SET

Angular Index Angular Cosine

1 0.98940
2 0.94460
3 0.86560
4 0.75540
5 0.36980
6 

— 
-0.7 5540
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angles were each allocated one group . Again , the functions

were normalized at the lowest energy , EL, by the equations

R
~

(E ,P) = R~ (E ,p )  i = 1,6

Rj(EL,~~
) 1 i = 1,6

and the R~~(E~~~) func t ions  were modele d .

A 4x6 array consisting of the R~ for the highest four
energy groups (including the source group) and the six angle
group s was saved at two ranges. The value of R ’ for any
range for  the hi ghest  four  energy group s and six angular group s
was f oun d by linear interpolation between the two ranges. For
any energy group below the four highest in energy , R is found
by l inear in t e rpo la t ion  in energy between the four th  from the
highest energy group an d the val ue at the lowest en ergy which
is re qu ired to be unity by the normalization .

The si x an gu lar f l u en ce va lues are comp u ted fo r both  the
gamma and X-rays by the fo l lowing r e l a t ionsh ip

= F(E , p )  S (E ,~~, E) R~~(E , p ) . f . ( ~~) , i 1, 6

A s t ra ight f orward i n t e rp ol at ion sch eme as a f u n ct i o n o f an g le
cosine is the n used to obta in  the 17 angular  values of

~ .(E , n ,E). The original data base had a low energy cutoff of

10 keV , but  fo r some high a l t i t u d e  app l i ca t ions the lower energy
f luence  can be i m p o r t a n t .  The decision to emp loy a lO-keV cut-
o f f  in the earlier versions was based largely on the results of

Banks and Coleman .~~~
2
~ Their calculations indicate that 

energy

f luence  f rom p h o t o n s below 10 keV drops at least five orders of
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magnitude in about 2 gm/cm2 of air--about 10 meters at sea

level but 2 km at 40 km altitude . The extension of the photon

data base below 10 keV was performed by treating the uncollided
component only. Table 7 gives the group structure and cross

sections used internally to determine the uncollided fluence.

The 18 fine groups are collapsed to two groups (.1-i. and 1.- il)

k eV) f or out put .

TABLE 7. LOW ENERGY X-RAY TOTAL CROSS SECTIONS

Grou Energy C ross Sectionp Boundar ies  (keV) (cm l)

1 0.1  - 0 . 2  2 4 . 3 6 0 8
2 0 . 2  - 0 . 3  7 . 2 9 2 1 7
3 0 . 3  - 0 . 4  3 .44374
4 0 . 4  - 0 . 5  6 .39955
5 0 . 5  - 0 .6  15.5199
6 0 . 6  - 0 . 7  11.9949
7 0 . 7  - 0 . 8  8.35611
8 0 . 8  - 0 . 9  6 . 0 7 2 1 7
9 0 . 9  - 1.0 4 .60307

10 1.0 - 2 . 0  1.54431
11 2 . 0  - 3.0  0. 225 12 1
12 3 .0  - 4 . 0  0. 124977
13 4 . 0  - 5.0 6.23239(-2)~

’

14 5 . 0  - 6 . 0  3 . 4 0 6 9 l ( - 2 )
15 6.0 - 7.0 2.l8828(-2)

16 7.0 - 8.0 l.42225(-2)

17 8.0 - 9.0 9.54224(-3)

18 9.0 - 10.0 6.8529(-3)

Read as 6.23239 x io~~ .
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That is , the 18 fine group structure is used internally in

ATR , however , only two summary groups appear in the output .
The two groups represent the accumulation of results for

those energy limits. Thus , if ~.(r) represent the output

of the response (fluence or dose) in the first two groups
and ~ .(r) stands for the internal representation of the fine

group structure , then the following relationships hold:

-a .  r
= S. V . e

.1 . 1 3

= ~ c~jr)

where

r = the slant range

S~ = the so ur ce sp ect rum va lu es

V. = the dose weights  (Table 18) or other  fluence weights
as applicable

a . = the cross section values l is ted  in Table 7

i = 1 or 2

j  = an index into the f ine group s t ruc ture

= l and j 2 = 9 when i = 1

= 10 and j 2 = 18 when i = 2

Section 6.1 deals with the X-ray source specification .
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3.4 FISSION PRODUCT GAMMA RAYS

The fission product gamma ray data base consists of em-

pirical equations which describe the growth of the debris cloud ,
the rise of the debris , the mass thickness of air between the
debr is an d the de tec tor , and the transport of the photons
through the disturbed atmosphere .

The air transport data for the f iss ion product model was
generated by Version 3 of ATR . The source values given in

Table 14 are the result of integrating the time dependent source
dis t r ibut ion o f En g le an d Fisher~~~

3
~~over al l  time and regrouping

the resul t s  into  the ATR energy group s t ruc ture .

The fo l lowing  f our dose res pon ses

• Henderson Tissue

• Concrete  Kerma

• Air Kerma

• Sil icon Kerma

were calculated using the dose response function values of

Table 16. These dose values were calculated at several points
of slant range as a function of rho-R (i.e. units of gm/cm2)

to a maximum distance of 300 gm/cm2 for an air density of
1.11 x 1O~~ gm/cm 3 . The dose va lues were then f i t  by the
following six parameter equation :

f ( r )  = 4n R2D.(r) = ex~(a0 + a1 V’~ + a2r + + +

where D.(r) represents one of the four dose responses as a

function of r in units of gm/ cm2 , R in cm and the a~ 
are

the  parameterization coefficients. Thus , 24 coefficients give

an excellent representation of the transport data for the four

dose responses. In fact , the relative error is on the order

of a percent.
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The source s t rength  of fission product gamma rays is

given by:

S(T) = 1.45 x io23 FYG(T)

at time T after fission ; where it is assumed that there are
1.45 x 1023 f i s s ion s / K T , a f i ss ion  fraction F , a total yield
Y in KT and a t ime dependent  f iss ion product  gamma emission
rate of G(T) photons/sec/fission . The decay rate G(T) is

given by

G (T) = 
1+:87T photons/sec/fission

which is obtained by a fit to the Engle and Fisher data. Note
that the  number  a F f i s s i o n s  /KT is inc luded  as a m u l t  ipl ier . and
thus  the number of ‘pa r t i c l e s” gene ra t ed/ KT must  be included as
a n o r m a l i z a t i o n  f a c t o r  for  neutrons  and gamma r ay s i f they are
to be compared with the fission product results.

Thus the  t o t a l  dose is:

D . (T , r)  = 
1.16 x ,, l0

23 F Y f ( r )
1 4 R ~~(l+ .87T)

It should he noted  t h a t  r and R are r e l a t e d  to each o ther  for  a
particular geometry configuration. R is the line-of-si ght dis-

tance measured in cm and r is the mass thickness of air in that

same distance measured in gm/cm 2 . For a fixed R , r can change

due to the shock wave .

Fur the r  m o d i f i c a t i o n s  such as a i r -g round  i n t e r f a c e  ef f e c t s ,
cloud r ise and hydrodynamic effects are applied. The air-groun d

interface correction factors util ize d in the fission product data
base are from a modified first-last collision model. Table 8

presents a summary of air-ground function s which are used in
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TABLE 8. AIR-OVER-GROUND CORRECTION FUNCTIONS
FOR FISSION PRODUCT GAMMA RAYS

Mean Free 

— 

C(H ) C(H
T
)

0.00 0.834 0.875
0.01 0 .843  0 .882
0 . 0 2  0 , 8 4 7  0 .887
0 . 0 5  0 .855 0 . 8 9 7
0.10 0 . 8 6 7  0 .9 10
0 . 2 5  0 .893 0 . 9 3 5
0 .50  0 .9 2 1  Q~ q59
0 . 7 5  0 .943  0 . 9 7 3
1.0 0 0 . 9 6 1  0 .981
1.50 0.983 0.991
2 . 0 0  0 . 9 9 2  0 .9 9 5
3.00 1.000 1.000

t he  f o l lowin g manne r .  I f  H is the sour ce hei ght and HT
the target height (both measured relative to the ground), then

the  dose at slant range r* is cor rec ted  b y the  f o l low in g f a c t o rs :

D~ (r~ = D.  (r I  C( H
s

) C( HT )

where C(I1(~) and C(ft..) are obtained from the values in Table 8

by i n t e r p ol at  ~~~~ H and ‘1T 
are converted to a corresponding

number of mean-free-paths by assuming an average energy of 1.3

MeV for the fission produc t gamma rays.

The cloud rise effects are inherently time dependent ,

the re lore  , R becomes t ime  d e p e n d e n t  R ( T )  and its f o r m u l a t i o n

comes f rom  t he f i t  t ed  e q u a t  ion for  t ñ e  c loud  he i  gu t  H m e a s ur e d

from t h e  b u r s t  p o i n t  as a f u n c t i o n  of t inie T :

Hc(T) 61 ~~~l9 T 82 meters

* r is mass thickness.
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where Y is the weapon yield in KT. If RH is the
horizontal range between the source and detector , then

the following equation holds for R(T):

R(T)  = + C
(T) + H

5 
- HT

}2

and

r(T)  = R(T) T

where ~T is the average dens i ty  in gm/ cm 3 of ai r b etween
and H

T. The f i rebal l  r ise  mode l is in dependen t of hei ght
of burst  and thus may d i f f e r  from other more de ta i l ed  models
such as that in the IDEA~

’5
~ code .

A modification to the mass thickness r(T) is made to
acco unt  f or the h y dr od ynamic e f f e c t  whic h creates  a per t urba t io n
of the air mass. The following expression gives the scaled dis-
tance , J:

J = 3 . 4 7 3  x l0~ (
~~~

)

l/3 
meters

where Y is the yield in KT as before , P is the air pressure
in dynes/ cm 2 at the  source a l t i tu d e  and Q is given by the
following relationshi p:

Q = 1 if 
~ 
2RFB

Q = 1 + .6 
(
1 - 

2RFB) 
if H5 < 2RFB

where Hs is the source height above the ground and RFB is
the radius of the fireball.
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Given the yield Y in KT and letting RD represent the ratio

of air density at the burst point to the density at sea level ,

the following expressions are used to determine the fireball

radius :

/ ~
RA 

= .033 
R”4D

RG 
= 20 Zn(1 + .OSR .A)

- 
RA/RA RGR

~-

RFB 
= 1000 [3R + .1 R (27.5 R 9 

- 5 R)] (meters)

The fireball radius is also used to control a validity indicator

on the output , that is , an asterisk will appear on the dose out-

put corresponding to distances that are less than two fireball

radii away from the source.

A scaled unitless time is calculated from the scaled

distance by:

L = .01183 1 (p/p) l/ 2  ~

where p is the air density at the source altitude .

On the basis of J and L there are two other quan-
tities which are ca1culated:~~

1’4
~

If L < 6.55 then

C = J .55974 L’31278 + .951 LL0002S and

V = .95134 + .17505 L~~
6872 2
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If L � 6.55 then

C = J(L + .67279)  and

v = 1 . O

A parameter  X is obtained from V:

— 1O 5(V 2 — 1)

7V + 3 5

Finally , the modified mass thickness , r ’ (T) is given by

2
r’ (T) = r (T)  2 1V for R5 < C

56V -35 \ /

r ’ (T) = r(T) 1 - (35~~
2 1)) 

(c) for 2 C
\56v - 35

where Rs is the original slant range between the source and
detector .

The final equation for the time dependent dose including
the cloud rise and hydrodynamic effect is given by:

D,(T,r) = 
1.16 x 1023 FYf [r’( t )]

1 4 irR(T) ( 1+ .87T)

This must be integrated over time in order to obtain the

fission product gaimna ray dose:

- 1.16 x io
23 FY ~~ O f[r ’ (T )  JdT

D
~

(r) - 4~ , R (T ) 2( l+  .87T )
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T0 is chosen to be 60 seconds and the integration is per-
formed by a 12-point gauss quadrature in each of three regions :

1. 0 - 1 seconds
2 . 1 - 10 seconds
3. 10 - 60 seconds

The air-ground interface correction factors are administered

for each term of the integral since the configuration of the

source height is time dependent .
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4. BUILT-IN SOURCES , RESPONSE FUN CTI ONS
AND ANGULAR QUADRATURE

Although ATR has the f l ex ib i l i ty  to u t i l ize  any neutron ,
gamma ray or X-ray source or any response function , it is con-

venient to have “standard” sources and responses that can be

used with a minimum of input . All  bu i l t - in  sources and response
functions are in the 22 neutron and 18 gamma ray group structure
given in Tables 9-11. Note that the neutron source energy range
is narrower than the response energy range . It is also noted

that  the neutron group s t ructure  s t a r t s  at the lowest energy group
wi th  the highest energy - 15 MeV - being the upper boundary of the
last group . Similarly, the photon groups increase with energy .

Table 12 contains the group structure for X-rays .

T’wo neutron source spectra are built-in . A weaponized
fission source and a typical thermonuclear source are con-

tained in ATR-4.  The bu i l t - i n  values are g iven in Table 13.
The prompt and delayed gamma ray sources are given in Table 14.
There is no built-in X-ray source spectrum although a black

body spectrum may be easily specified.

Many common response functions are built-in . Tables 15-17

give the response functions for neutrons , gamma rays and X-rays .

As noted in Section 3, a low energy (<10 key) X-ray fluence is

calculated internally . The response functions used in this

energy range are given in Table 18. For specific problems ,

other response functions may be utilized , see Section 6.4.

All sources and response functions are isotropic but an

energy-angular dependent response may be us ed by performin g the

integration with the energy-angular fluence external to the ATR

code . The angular quadrature weight and angular intervals are

given in Table 19.
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TABLE 9. SOURCE ENERGY BOUNDARIES FOR NEUTRONS (MeV)

1. l.O7(-5)~
’ - 2.9(-5) 10. 2.35 - 2.46

2. 2.9(—5) - l.01(-4) 11. 2.46 - 3.01

3. 1.01(-4) - 5.83(-4) 12. 3.01 - 4.07

4. 5.83(-4) — 3.35(-3) 13. 4.07 - 4.97
5. 3.35(-3) - 0.111 14. 4.97 - 6.36

6. 0.111 - 0.55 15. 6.36 - 8.19
7. 0.55 - 1.11 16. 8.19 - 10.0
8. 1.11 - 1.83 17. 10.0 - 12 .2

9. 1.83 - 2.35 18. 12.2 - 15.0

TABLE 10. DETECTOR ENERGY BOUNDARIES FOR NEUTRONS (MeV)

1. 0 - 4.l4(-7) 12. 1.11 - 1.83

2. 4.14(-7) - l.12(-6) 13. 1.83 - 2.35
3. l.12(-6) - 3.06(-6) 14. 2.35 - 2.46

4. 3.06(-6) - l.07(-5) 15. 2.46 - 3.01
5. 1.07(—5) - 2.9(-5) 16. 3.01 - 4.07
6. 2.9(-5) - l.O1(-4) 17. 4.07 - 4.97

7. l.Ol (-4) - 5.83(-4) 18. 4.97 - 6.36
8. 5.83(—4) - 3.35(—3) 19. 6.36 - 8.19
9. 3.35(-3) - 0.111 20. 8.19 - 10.0
10. 0.111 - 0.55 21. 10.0 - 12 .2

11. 0.55 - 1.11 22. 12.2 - 15.0

*NuTnbers in parentheses denote factors of powers of ten .
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TABLE 11. SOURCE AND DETECT OR ENERGY BOUNDARIES FOR
PROMPT GAMMA RAYS , AND DETECTOR ENERGY
BOUNDARIES FOR SECONDARY GAMMA RAYS (14eV)

1. 0.02 - 0.05 10. 1.33 - 1.66
2. 0.05 - 0.1 11. 1.66 - 2.0
3. 0.1 - 0.2 12 . 2.0 - 2.5

4. 0.2 - 0.3 13. 2.5 - 3.0

5. 0.3 - 0.4 14. 3.0 - 4.0

6. 0.4 - 0.6 15. 4.0 - 5.0
7. 0.6 - 0.8 16. 5.0 - 6.5
8. 0.8 - 1.0 17. 6.5 - 8.0
9. 1.0 - 1.33 18. 8.0 - 10.0

TABLE 12. SOURCE AND DETECTOR ENERGY BOUNDARIES FOR X-RAYS (keV)

1. 10 - 15 10. 75 - 90
2. 15 - 20 11. 90 - 105

3. 20 — 25 12. 105 - 120
4. 25 - 30 13 . 120 - 140
5. 30 - 35 14. 140 - 160
6. 35 - 45 15. 160 - 190
7. 45 - 55 16. l9~ - 220
8. 55 - 65 17. 220 - 260
9. 65 - 75 18. 260 - 300

--- - -- ~~~~— —

~~~~~~~~

- 
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TABLE 13. SOURCE SPECTRA FOR NEUTRONS

Fission Weacion Thermonuclear
;roup Energy Boundaries Source Values Source Values

(14eV) (F raction in Group ) (Fraction in Group )

1 l.07(-7) - 2.9(-5) 0 0
2 2 . 9 ( - 5 )  - 1.OI(-4) 0 2 . 0 O ( - 3 )
3 l . O l ( - 4 )  - 5.83(-4) 0 2.40(-2)
4 5. 8 3 ( — 4 )  — 3.35 (—3) 0 1.22 (—1)
5 3 . 3 5 ( — 3 )  — 0.111 2 . 2 2 7 ( — I )  3 . 6 5 ( — 1 )
6 0.111 - 0.55 1.693(-1) l . 0 2 ( -l )
7 0 .55 - 1.11 2 . 159( -1 )  8 . 5 0 ( - 2 )
8 1.11 - 1.83 l.468(-l) 6.20(-2)
9 1.83 - 2 . 3 5  l . 06 0 ( -l )  2 . 8 0 ( - 2 )
10 2.35 - 2 . 4 6  5 . 7 4 3 ( - 3 )  5 . 0 O ( - 3 )
11 2 .46 - 3.01 2 . 8 7 l ( -2 )  1 .90 ( -2 )
12 3.01 - 4.07 5.481(-2) 2.60(-2)
13 4.07 - 4 . 9 7  l . 1 7 7 ( - 2 )  l . 7 0 ( — 2 )
14 4 . 9 7  - 6.36 l.832(-2) l.80(-2)
15 6.36 - 8.19 l.274(-2) l. ’~7(-2)

16 8.19 - 10.0 7.342(-3) l.41(-2)
17 10 .0 - 12.2 0.0 2 . 5 6 ( - 2 )
18 12.2 - 15.0 0.0 7.06(-2)
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TABLE 14. SOURCE SPECTRA FOR GAMMA RAYS

Promp t Fission Delayed Source
Group Energy Boundaries Source Values Values ( F r a c t i o n

(MeV) (Fract ion in Group ) in Group)

1 0.02 - 0.05 3.084(-2) .0363

2 0 . 0 5  - 0.1 l . 3 5 5 ( - 2 )  .0580
3 0.1 - 0 . 2  8 . l 6 4 (-2 )  .1052
4 0 . 2  - 0 . 3  6 . 8 7 2 ( - 2 )  .0942
5 0 . 3  - 0.4 8.678(-2) .0835

6 0 . 4  - 0 . 6  l . 7 6 8 1 ( - l)  .1380
7 0 .6  - 0 .8  l . 40 l7 ( -l )  . 1090
8 0. 8  - 1.0 l . 0042( -1 )  .0835
9 1.0 - 1.33 l . 0 7 2 9 ( -l )  . 100

10 1.33 - 1.66 6 . l 8 3 ( - 2 )  .0644
11 1.66 - 2 . 0  3 . 9 3 5 ( - 2 )  .0424
12 2.0 - 2.5 3.756(-2) .0401

13 2 . 5  - 3.0  2 . 2 3 3 ( - 2 )  .0218
14 3.0 - 4.0 2 .1 16( -2 )  .0182
15 4.0 - 5 . 0  7.483(-3) .0054

16 5 .0  - 6.5 3.230(-3) .0

17 6 . 5  - 8 . 0  6 . 7 9 0 ( - 4 )  .0
18 b . 0  - 10.0 1 .580(-4)  .0
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TABLE 16. DOSE RESPONSE FUNCTIONS FOR GAMMA RAYS ( rad / (y / cm 2 ))

Upper Henderson Concrete Air Silicon(4’roup Energy Tissue Kerma Kerma Kerma(14eV)

1 0 . 0 5  8 . 3 7 ( — l l )  5 . 9 0 ( — 1 0 )  4 . 4 0 ( — 1 l )  4 . l 3 ( — 10 )
2 0 .1 3 . 9 0 ( -l l )  1 . 20 ( - l0 )  9 .75 ( -11 )  7 .25( -11)
3 0 . 2  6 . 6 0 ( -l 1)  8 . O O ( - 1l )  5 . 9 2 ( - 1 1)  7 .25( -11)
4 0.3 1.22(-10) 1.20(-10) l.11(-1O) 1.17(-10)

5 0.4 1.77(—10) 1.68(-l0) 1.63(-l0) l.65(-lO)

6 0 . 6  2 . 5 6 ( - 10 )  2 . 4 2 ( - 1 0 )  2 . 3 8 ( - 10 )  2 . 3 7 ( - l O )
7 0 . 8  3 .5 0 ( - l O )  3 .30 ( -10 )  3 . 2 6 ( - l 0 )  3 .28 ( -1O)
8 1.0 4 . 4 5 ( - 10 )  4.10(-10) 4.l0(-10) 4.lO(-1O)

9 1.33 5 . 3 0 ( — 1 0 )  5 . 0 5 ( — l 0 )  5 . 0 5 ( — 1 0 )  5 . O 5 ( — 1 O )
10 1.66 6.44(-10) 6.15(-lO) 6.15(-lO) 6.1O(—10)

11 2.0 7.35(—1O) 7.15(—lO) 7.13 (-lO) 7.12(—lO)

12 2.5 8.75(-10) 8.40(-10) 8.30(-10) 8.40(-10)

13 3.0  l . 0 8 ( - 9 )  9 .80 ( -10 )  9 . 5 2 ( - 10 )  9 . 8 5 ( - 1 0 )
14 4 . 0  l . 2 7 ( - 9 )  l . l 8 ( - 9 )  1. 12 ( -9 )  1. 2 0 ( - 9 )
15 5 . 0  1.5 9 ( - 9 )  1 . 4 6 ( - 9 )  l . 3 4 ( - 9 )  1 . 4 8 ( - 9 )
16 6 . 5  1.7 6 ( - 9 )  1 . 80 ( -9 )  1. 6 0 ( - 9 )  1 .83 ( -9 )
17 8 . 0  2 . 0 7 ( - 9 )  2 . 18 ( - 9 )  1 . 9 0 ( - 9 )  2 . 2 8 ( - 9 )
18 10.0 2 . 4 2 ( - 9 )  2 . 6 5 ( - 9 )  2 . 2 4 ( - 9 )  2 . 8 0 ( - 9 )

51 

-~~~~~ -4-_- -9—-—-- --- - - - - --’-4---’- _ - - - - ---c —.- ’--  



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

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

TABLE 17. DOSE RE SPONSE FUN CTI ONS FOR X-R A YS

(rad/(x/cni 2)) except the gold dose which is ((cal/gm)I(x/cm2 ))

Upper
Gro up Energy Henderson Gold Kerma Air Kerma Sili con

Tissue Kerma(KeV)

1 15 6 . 0 5 ( - l O )  6 . 3 9 ( - 1 4 )  4 .6 8 ( - l 0 )  3 . 5 6 ( - 9 )
2 20 2 . 8 9 ( — l O )  7 . 3 2 ( - l 4 )  2 . 0 4 ( - l O )  l . 7 3 ( - 9 )
3 25 1. 7 0 ( - l O )  4 . 8 2 ( - 1 4 )  1 . 2 4 ( - l O )  l . 0 0 ( - 9 )
4 30 1. 12 ( - l 0 )  3 . 4 4 ( - 1 4 )  8 . 0 9 ( -l l )  6 . 4 9 ( - l 0 )
5 35 7 . 9 9 ( — l l )  2 . 59 ( - l 4 )  5 . 7 8 ( — 1 1 )  4 . 5 2 ( — 1 O )
6 45 5.48(-ll) 1.83(-14) 4.07(-ll) 2.94(-lO)

7 55 3 . 9 7 ( - l l )  1 .2 3 ( - 1 4 )  3 . 0 7 ( — l l )  l , 8 4 ( - l 0 )
8 65 3 . 4 6 ( - l l )  3 . 9 6 ( - 15 )  2 . 7 7 ( - 1 1)  l . 3 0 ( - 1 O )
9 75 3.37(—ll) 6.80(—15) 2 .79(—11) 1. O 1( - 1 O)
10 90 3.54(—1l) 1.65(-14) 3.06(—11) 8.19(—I1)

11 105 4.06(—11) 1.93(—14) 3.55(—11) 7. 12(—11)

12 120 4 . 7 3 ( — l l )  1 . 5 3 ( — 14 )  4 . 16(-1 1)  6 . 7 8 ( — 1 1 )
13 140 5 .58 ( - 11 )  1 , 2 2 ( — 1 4 )  4 . 9 5 ( — 1 1 )  6 . 8 8 ( — 1 1 )
14 160 6 . 5 9 ( - l l )  9 . 6 8( - 15 )  5 . 9 2 ( - 1l )  7 . 3 6 ( - 1 1)
15 190 7.96(—11) 7.54(—15) 7.19(—11) 8.22(-11)

16 220 9 . 6 7 ( — l l )  4 . 8 3 ( - l 5 )  8 . 7 6 ( - 1 1)  9 . 5 0 ( — 1 l )
17 260 1.l6(—l0) 4.56(-15) l .06(-10) l. ll (-10)

18 300 l . 4 0 ( — l O )  3 . 6 1( - 1 5 )  l . 2 7 ( — l 0 )  l . 3 1( - L 0 )

52



------— - -  - ----

TABLE 18. LOW ENERGY X-RAY DOSE RESPONSE FUNCTIONS
(rad/(x/crn 2)) except the gold  dose wh ich
is ((cal/g)/(xlcm 2 ) )

Boundaries  Go ld Ai r Si l iconGroup (keV) Kerma Kerma Kerma

1 0 . 1  - 0.2 3.79(-l4) 5.349(-8) 2.O83(-7)

2 0 . 2  - 0 . 3  12 . 9 4 ( — 1 4 )  2 . 6 1 8 ( - 8 )  l . 7 6 1 ( — 7 )
3 0.3 - 0.4 20.98(-14) 1.38l(—8) l.323(-7)

4 0.4 — 0.5 23.29(—14) l.339(—7) 1.OOl(—7)

5 0 . 5  - 0 . 6  2 3 . 4 4 ( — 1 4 )  l . 2 7 9 ( — 7 )  6 . 2 9 5 ( — 8 )
6 0.6 - 0.7 24.20(-14) l.118(-7) 4.893(-8)

7 0 . 7  - 0 . 8  2 2 . 9 2 ( - 1 4 )  9 . 0 4 3 ( - 3 )  3 . 9 l 8( - 8 )
8 0 . 8  - 0 . 9  2 l . 7 0 ( - l 4 )  7 . 4 5 0 ( - 8 )  3 .2 13( -8 )
9 0 . 9  - 1.0 19.9 1(-14)  6 .198(-8)  2.684(-8)

10 1.0 - 2.0 14 .26 ( - 14 )  3 . 4 7 7 ( - 8 )  2 . 9 l 8 ( - 8 )
11 2 . 0  - 3.0 l8.56(-14) 1.189(—8) 7.063(-8)

12 3.0 - 4.0 :~1.56(-14) 6.083(-9) 3.837(-8)

13 4 . 0  — 5 .0  15 . 9 7 ( -l4 )  3 . 9 3 5 ( - 9 )  2 . 4 l 3 ( — 8 )
14 5 .0  - 6 . 0  l 1 . 5 9 ( - l 4 )  2 . 6 O l ( - 9 )  1 .652( -8 )
15 6 . 0  - 7.0 8.91(-l4) 1.898(-9) 1.2O9(-8)

16 7.0 - 8.0 7.08(-14) l.418(-9) 9.31O (-9)

17 8.0 - 9.0 5.81(-14) LlOO (-9) 7.300(-9)

18 9 . 0  - 10.0 4 . 8 7( - l 4 )  8 . 7 7 3 ( - 1O )  5 . 7 8 0 ( - 9 )
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TABLE 19. ANGULA R QUADRATURES , COS INES AND ANGLES

Cosine Angle

Index Quadrature Quadrature Boundary Boundary
Cosine Weight Lower Upper Lower Upper

1 - .989401 l . 3 5 7 6 3 ( - 2 )  -1.0 - .97284 180.0 166.6
2 - .944575  3 . 11268( -2)  - .97284  - .91058 166.6 155.6
3 - .86563 1 4 . 7 5 7 9 3 ( - 2 )  - .91058 - .81542 155.6 144.6
4 - .755404 6.23145(-2) - .81542 - .69080 144.6 133.7

5 - .617876 7 .4 7 9 8 0 ( - 2 )  - .69080 - .54120 133.7 122.8
6 - .458017 8 . 4 5 7 8 3 ( - 2 )  - .54120 - .37200  122 .8  111.8
7 - .281604 9 . l 3 0 17 ( - 2 )  - .37200  - . 18940 111.8 100.9
8 - .095012 9 .4 7 2 5 3 ( - 2 )  - . 18940 0 . 0  100.9 90 .0
9 .095012 9.>~7253(-2) 0.0 .18940 90.0 79.1

10 .281604 9.t3O17(-2) .18940 .37200 79.1 68.2

11 .458017 8 . 4 5 7 8 3 ( - 2 )  .37200  .54120 6 8 . 2  5 7 . 2
12 .617876 7 . 4 7 9 8 0 ( - 2 )  .54120 .69080 5 7 . 2  4 6 . 3
13 .755404 6 . 2 3 14 5 ( - 2 )  .69080 .8 1542 4 6 . 3  35 .4
14 .865631 4 . 7 5 7 9 3 ( - 2 )  .81542 .91058 35 .4  2 4 . 4
15 .944575 3.11268(-2) .91058 .97284 24.4 13.4

16 .98940 1 1. 3 5 7 6 3 ( - 2 )  . 97284  1.0 13.4 0 . 0
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5. AIR- GROUND AND EXPONENTIAL AIR CO RRE CTION FACTORS

The ATR data base is a parameterization of infinite air

results. Many problems of interest involve the location of a

source or detector near the air-ground interface or near the
“edge of the atmosphere” . A rigorous solution to the treat-

ment of these two extremes would involve the generation of a

much larger data base than that required for infinite air.

Because such a data base does not exist and its generation was

beyond the scope of the presen t work , an engineering approach

was taken in correc t ing  the i n f i n i t e  air resu l t s  to accoun t
for the air-ground interface and the exponential atmosphere .

The earlier versions of ATR utilized a first-last collision

model which was dependen t on the source height and detector

hei ght in m e a n - f r e e- p a t h s .  This  model  which  w:is deve lope d  for
neutrons was also used for secondary gamma rays. It was ex-

tended for use for prompt gamma rays and modified for use in

treating the exponential air correction . It was realized that

the logical reasoning behind the appropriateness of a first-

last collision model does not hold for secondary gamma rays

and when a better data base became available it was incorporated

into ATR-3.

The correction factor approach based on a limited data

base leads to uncertainties in the results and the user should

examine the app licability of ATR for each particular problem

based on his accuracy requirements. For all correction factors ,

corrections are only made to intensity and no change in spectra

or angu la r  d i s t r i b u t i o n  r e su l t s  from a correct ion for  the air-
ground interface or exponential atmosphere .
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5.1 AIR-OVER-GROUND FACTORS FOR NEUTRONS AND SECONDARY GAMMA

RAYS

For the neutron and secondary ganm~a ray transport model
in ATR , air-over-ground correction factors are based on calcu-

lations utilizing the two-dimensional discrete ordinates code
1~~DOT. ~‘ Several dose responses were calculated in an air-over-

ground geometry for a series of source altitudes up to 300 m.

The calculations were performed with ENDF-IV cross sections in

the 22 neutron and 18 photon group structure of ATR . The

air and ground compositions employed in the calculations are

given in Table 20 and only two separate neutron sources were

used at each burst height - the 14 MeV source and the weapon

f i s s i on  source g iven in Table 21. The source heights used

in the calculations were 1, 50 ,100 and 300 meters .

TABLE 20.  A IR AN D GROUN D COMP OSIT IONS
(a to m s/ b - c m )

Element Air (i - - = 1 . 2 2  g/~~) Groun d (r  = 1.7 g/ cm 3)

H 9 . 7 6 5 6 - 3 W ’

N 4 . 0 2 4 2 - 5
0 1 .0697-5  3 . 4 7 9 0 -2
Al 4 . 8 8 2 8 - 3
Si 1 .1597-2

Read as 9.7656 x l0~~ .

~orrcction factors for air-over-ground radia tion trans-

port involve the ratio of the air-over-ground result to the

infinite air result at the same slant range and air density.

The tissue dose in infinite air was calculated by ATR.
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TABLE 21 . WEAPON FISSION SOURCE

Group Upper Energy (MeV) Spectrum

1 15. 0.0

2 12 .2  0 . 0
*3 10.0 7 .3 4 2 - 3

4 8. 18 1 . 2 7 4 - 2
5 6 . 3 6  1.832-2
6 4 . 9 6  1 .177-2
7 4 .06  5.481-2
8 3.01 2 .871-2
9 2. 46 5 . 7 4 3 - 3

10 2. 35 1.060-1
11 1. 83 1.468-1
12 1. 11 2.159-1
13 0 . 5 5  1 .693-1
14 0. 111 2 . 2 2 7 - 1
15-22 0 .00335 0 . 0

*

Read as 7.342 x l0~~ .

In the air-over-ground calculations , for each source (14 ‘.‘IeV and
fission) there are four burst heights and for each burst height ,
four target altitudes were selected at approximatel y 0.5 , 50 ,
100 and 400 mete r s  above the groun d .

‘If DG (H S,HT,R) represents the air-ground tissue dose as

a function of source height (Hs)~ 
target height (HT) and hori-

zontal range (R), and DA (H S,HT,R) represents the infinite

air ATR tissue dose results in a similar functional form , then

the correction factor C(HS,HT,R) is

Dc (Hs ‘1~T’ 
R)

C(Hs,HT,R)= D ( H H R)
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This correction factor was parametrized as a power series :

CIII ,H ,Rr~~a + a R + ... + a R n
\ S 0 T j 0 1 n

That is , for a given source height and target height , the cor-
rection factor is curve fitted as a function of horizontal range .

The number of terms is 4, 5, or 6 depend ing on which polynomial
fit gave the best approximation . For neutrons and secondary

gamma rays , two sources , four source heights and four target

heights , a total  of 281 coefficients were necessary to ade-
quately represent the selected data base.

The correction factors are applied differently depending on

the source and detector heights , see Fig. 3.

hl~ (100 in)

1 2 3 4 5 6 7 8 9 10 11

1 4a 3a

2 0

3 2a
in)

4 ______________ _______ _______________________________________________________

5

5
6

7 4b 2b 1

8

9

10 ___________ ______ ___________________________________________

3b 5

Figure 3. Regions of Interest for Air-over-
Ground Correction Factors
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For a geometry configura tion in region 0 , (i.e. source less

than 300 meters and detector less than 400 meters) the cor-

rection factor C(HS,HT,R) is evaluated from the parametriza-

tion . In region 5 , C(H S,HT
,R) = 1. For the other regions

the correction factor is computed by the following formulae :

1000-H
1. C 1 

= 1 + {C(300 , 400 , R) - 1) . 
600

1000-H
C(H

S
,HT,R) = 1 + (C1-1) 700 

S

1000-H
2a . C(H S, HT , R) = 1 + {C(300 , HT , R) - 1} 700 

S

1000-H
2b.  C(H s, HT , R) I + {C(H s, 400 , R) - 11 600 

T

200-H
3a. C(H S, HT , R) = 1 + {C(30 0 , HT , R) - 1) 200 

T

200-H
3b. C(H s, HT , R) = 1 + {C(H s, 400 , R) - 1} 200 

S

1000-H
4a. C1 1 + (C (300 , HT , R) - 11 . 

700

200-H
C(H S, HT , R) = C1 + {C ( 3 0 0 I H T , R) - C 1

} . 

200 
T

1000-H
4b . C 1 I + 

~I C ( H s, 4OO , R) - I I  600 
T

200-H
C(H S, HT , R) C 1 + 

~
C(H s 1 4 OO , R) - C 1

} 
200 

S
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These calc u la ted  correct ion f ac to r s  then  mu l t i p ly the
infinite air results in ATR to produce the air-ground corrected

data. The correction factors from the parametrization of

the 14 14eV source are used for source energies above 5 14eV.
The correction factors from the fission source are used for

source energies below 5 MeV . Due to the parametrization in

the different spatial regions some minor changes in shape can

occ ur nea r t h e bo un da r ies but these  “pe r t ur ba t ion s” are gene r a l ly
le ss t han l0~~. Since the co r r ec t ion  f a c t o r s  are based on a
tissue dose response , values for other responses may be in error.

5.2 AIR-OVER-GROUND FACTORS FOR PHOTONS

The r e is no data base or first-last collision model
similar to that developed for neutrons with which to correct
for air-groun d interface effects on the transport of photon s
in air . Because of the predominant forward scattering dis-’
tribution of high energy photon s , there is less of a perturba-
tion of infinite air results due to the air-ground interface.

The correction factors that were emp loyed for the promp t

gamma-ray transport were based on a modification of French~ s
U7)

f i r s t - l a s t  co l l i s ion  method .  Because the K l e i n - N i s h i n a  sca t te r -
ing distribution is peaked in the forward directions for gamma-
rays , those garmna rays which leave the source in direction s
pointing away from the detector point (or target) will

have l it ~ le e f f e c t  on the dose a t  the d e t e c t o r .  This  is ~:rue
fo r  p ho ton  transport in both homogeneous atmosphere and ah-

ove r-~~r oun d ~e o m e tr i e s .  Ca l c u l a t i o n s  by W o o l s o n  in i n f i n i t e
homo geneous a ir~~~

8
~ and a i r -ove r -g round~~~

9
~ in d i c a t e  t ha t  in

both cases the contribution to the dose from backward directed
photo ns is g e n e r a l l y  about two orders of m a g n i t u d e  or more
below the dose contribution from forward directed photons. This
suggests a revision of French ’s method to accoun t for the fact
that the most important effect of the ground is to remove the

contribution to the dose from photons which have left the source

in directions toward the detector and scattered into the ground.
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The original first-last collision model does not dis-

tinguish between the directionality of the source particles

in accounting for the e f f e c t  of ground removal of f ir s t
collisions or for the effect of removal of the last flight

photons due to the presence of the ground. To account for
these “effects” the model was modified for prompt gamma rays
by assuming that a fraction of the photons are unaffected.
That is

F = (l-x) + xF

where F~ is the promp t gamma-ray correction factor , F is

the f i r s t - l a s t  coll ision model correction fac tor  and the para-
meter x is a number between zero and unity. The lower the

value of x the greater the importance of directionality, i.e.

the effect of groun d removal of photons is only important for
the fraction x of isotropically emitted photons and it is

assumed that (l-x) photons are not affected by the ground.

The value of x was chosen , rather arbitrarily, to be .25 and

does not vary with photon energy.

The correction employed in ATR for the air-ground inter-

face effect on prompt photon transport can be expressed by

the equation

= Fy (H s) F
Y

(H T) ~~~~~

where 
~ 

(H s,HT,R) is the ATR result for source and target

heights H
~ 

and HT respectively at range R and ~~ (R) is
the infinite air fluence at range R . The functions Fy (Hs)
and Fy (HT) are the modified source and target first-last col-

lision model correction factors for prompt gamma rays . These

factors are given in Table 22 as a function of the number of

mean-free-paths from the ground.
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TABLE 22. AIR- OVER-GROUND CORRECTION FACTORS
FOR PROMPT GA14NA RAYS

Me an Fr ee F (~-L,) F ( H  )
Path  S T

0 .00  0 .834  0 . 8 7 5
0.01 0.3—Y~ 0.882
0 . 0 2  0. -~L,7 0 .887
0 .05  0 . 8 5 5  0 . 8 9 7
0.10 O .~~67 0.910
0 . 2 5  0 . S~~3 0 . 9 3 5
0 .50  0 .9 2 1  0 . 9 5 9
0 . 7 5  0 . 9 4 3  0 . 9 7 3
1.00 0. °6l 0 .981
1.50 0 . 9 8 3  0 . 9 9 1
2.00 0.992 0.995
3.00 1.000 1.000

This method of correctin g for the air-over-ground per-

turbation s in gamma ray transport does not account for the

increased dose over the infinite homogeneous air dose for

groun d ranges c lose to the  sour ce for  source hei gh t s  w i th in ,
say, 100 meters of the ground which is due to albedo scattering

in the ground.

Correction factors for the air-over-ground interface

effect for X-ray transport were derived from a series of photon

transport calculations performed by Coleman to generate EMP
sources due to the air-ground asymmetry . Coleman reported

results for 1 meter and 200 meter source heights and horizontal

ranges to 1000 meters .

An analysis of this data indicated that doses at targets

above the source point for most cases were within l0~ 2O17,, of the

infinite medium doses for the same slant range. This data also

indicated a general trend that the dose at ground targets was

on the order of 50°!>, below the infinite medium dose.
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A two dimensional  a ir-over-ground correction funct ion
C ( R ,y) was generated from Coleman ’s data for X-ray transport .

This function is used in the following manner

~ ~~~~~~~~~ C ( R ,y)  ~~ (R)

where 
~ 

(H S,HT,R) is the ATR result for source and target

hei ghts  H~ 
and HT respect ively at range R , ~~~( R ) is the

infinite medium fluence at range R and y HT/H S. Tabulated

values of the correction factor C (R ,y) are given in Table 23.
Functional value s for  g iven R and y arguments are foun d by
in t e rpo l a t i on  in the table. Correction factors are employed

in th i s  model onl y if the ta rge t  hei ght is within 200 meters
of the ground.

TABLE 23. VALUES OF THE X-RAY AIR-
GROUND CORRECTION FACTOR

Range y = HT/H S
(m) p .~~~~ 1.0

50 0.12 0 .201 .412
95 0.16 0 .35  . 72

140 0 .17 0 . 3 7  .85
185 0.19 0 . 4 2  .86
225 0.224 0.45 .87
275 0.286 0.54 .89
325 0.39 0.65 .92
375 0 .48  0 .68  1.0
425 0.48 0.70 1.0
475 0 .48 0 . 7 2  1.0
525 0.49 0.73 1.0
575 0.50 0.74 1.0
645 0.50 0.83 1.0
715 0.50 0.83 1.0
785 0.50 0.83 1.0
855 0 .50 0 .83  1.0
925 0.55 0.85 1.0

1000 0 .55  0 . 9 0  1.0
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5 .3 CORRECTI ON FACTOR S FOR EXP ONENTIAL ATMOSPHERE

Due to the decrease in atmospheric density near the
“edge ” of the atmospher e , radiation transport results may

exhibit a significant departure from results which are scaled

by the mass thickness of air along a line from ~h e sou r ce t o
det ec tor . At a l t i t udes  ab ove 40 km , the dose may dev i a t e  si g-
nificantly from one dimensional , density scaled results because
of significant changes in atmospheric density over distances

comparable to a particle mean-free-path .

Corrections for non-uniform air density effects were ob-
tained by extending the first-last collision mode l to include

the density variation versus altitude in the numerical integra-

tion scheme . The first collision correction factor for source
altitude was obtained by numerical integration of the equation

F(H s) 
~~~~ f°f’~~~~~ ’C~~(Z)e__

T 
— dXdZ

_ H
s X + Z

whe r e 
~‘ T is the  t o t a l  c ross sec t ion  in air  in cm2/ grn , W ( Z )  is

a we ig h t i n g  f a c t o r  g iven by F ( H s+Z) to accoun t for  m u l t i p le
s c a t t e r ing and is obta ined  by an i t e r a t i o n  of the  above equa t ion .
A term to accoun t for reflection is zero , since neutrons are

not reflected from the top of the atmosphere.

The last-collision correction for target altitude was ob-

tained from numerical evaluation of the above integral without

the weighting function . The numerical results for F(H5) and

F(HT) are listed in Table 74 as a f u n c t i o n  of a l t i t u d e  in t erms

of the m e a n -f r e e - p a t h  to the top of the atmosp here .  These cor-
rection factors were applied uniformly to the scaled infinite-

air results in ATR for both neutron and secondar~ gamma rays.
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TABLE 24.  EXPONENTIAL AIR CORRECTION FACTOR FROM
THE FIRST-LAST COLLISION MODEL AS A
FUNCTION OF MFP FROM THE TOP OF THE
ATMOSPHERE

H (MFP) F ( H 5) F( HT )

0 0 0
0.010 0.067 0.180

0.030 0 . 0 9 2  0 . 2 2 9
0 .060  0.133 0 .300
0 . 0 9 0  0 .166 0 .350
0.140 0.210 0.408
0.210 0 .271  0 .482
0 . 3 2 0  0 . 3 7 3  0 .585
0 .490  0 .491  0 . 6 7 6
0 . 7 7 0  0 .642  0 . 7 9 3
1.200 0. 808 0 .890
2 . 0 0 0  0 .920  0 . 9 6 7
3.100 0 . 9 7 5  0 .980
4 . 9 0 0  0 .985  0 . 9 9 0
7 .900  0 . 9 9 6  0 .998

H > 7 . 9  1.000 1.000

Verification of the adequacy of this mode l is not complete due

to the lack of an adequate data base.

There are no high altitude correction factors in ATR for

promp t gamma rays and for X-rays. Results at high altitudes

for these sources are infinite air results scaled to the actual

mass thickness of air. When an adequate data base becomes avail-

able , correction factors should be included for photon sources.
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In summary , air-ground correction factors based on
Henderson tissue dose are used to correct the intensity of
infinite air results for neutrons and secondary gamma rays.
Only intensity corrections are made to energy-angular distribu-
tions and corrections are based on results for a 14 14eV source
(for source energies greater than 5 14eV) and on results for a
fission source (for source energies less than 5 MeV). A
modified first-last collision medel is used for prompt gamma

rays and a data base is utilized for X-rays. Exponential
atmosphere corrections are based on a modified first-last
collision model for neutrons and secondary gamma rays and

no corrections are applied to promp t gamma ray and X-ray re-

suits. As a more complete data base becomes available , both
the air-groun d and exponential atmosphere correction factors

should be reevaluated.
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6. ATR (()~-~- 1ANI).-~

In the development of ATR , attempts ~-iere made to utilize

a command structure which is user oriented , simple and con-

venient yet provide a wide variety o1 options for describing

the problem. The ATR command structure can be divided into

four separate groups:

• Source

• Geomet ry

• O u t p u t

• E x e c u t ion

The source commands deal with the descri ption of the source

ene rgy d i s t r i b u t i o n  and i n t e n s i t y  for  the various compon ents
of radiation . The geome t ry commands are  used to describe the
burst , ground and detector locations . The output commands are

used to insure that the required quantities are available in

the desired units. The execution commands provide the means of

performing several calculations without repeating all the in-

put.

All of the commands utilize the same basic structure ;

a typical command is of the general form:

~<CO~~1AND WORD~ ,~- UNITS DEFINITION~~, — L IST OF VALUES~

All commands must beg in with an asterisk. If  an ATR command is
too long to  fj t  on a single 80-character line , the command may

be continued on subsequent lines not beg inning with an asterisk.

The restrictions on continuation are that no single part of an

AIR command , such as a number , may itself be split into two

lines and there should be at least two numbers (values) on the

first card image. The comman d word is generally a mnemonic

name for the type of action to he taken .
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Figure 4 illus trates the various general commands and

the por t ion of AIR a f f e c ted by each. A list of the command

words is given in Table 25 with a verbal descri ption of the

command words g iven in Table 26 , and a summ,-irv descrip t ion

of t h e  ATR commands i s  g iven in Table  27 .

The second f i e l d  of the  general command , or u n i t s  de-

finition , is delimited by commas. The un its definition field ,

wh ich is optional , serves to exp lain tile meanin~ of the

numbers in the list of values that f o l l o ~.~s .  Typ ical units

include :

MEV - Energy values

KEV - Energy values

PE R MEV - Source values

COS - Cosin e ang le val ues

Spec ific sets of unit definitions are appropriate for

each command. A default unit definition has been selected

from the set appropriate to each command , and is used when-

ever the units definition with its surrounding commas are

omit ted.

The l ist of values field of an ATR command is used to

specify the numerical data a command may require . A number in

a list may appear in a variety of form s to suit the part icular

user or problem . For example , some of the forms in which the

number 600. may appear are as follows :

400 400. 4 E+2 4 .+2 4+? 4000-1

At least one number must appe ar in a list - of values element.

Two or more numbers are separated from one another b y the
occurrence of one or more blank characters . Therefore , the

user i s  r e s t r i c t e d  from s p e c i fy i n g  a n umber in which internal

b lan k s  appear , o r which  is sp l i t  on t w o  or more card  imag es .
A f u r t h e r  r e s t r i c t  ion exists upon the magnitude of such
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TABLE 25 . LIST OF COMMANDS

1 *z_ SOURCE ( i )  value
2. *z..SVAL , units , values

3. *z..EVAL , units , values

4. *Z~~~~~4 value

5. *z_YIELD value

6. *BBODY _ y,  uni ts , values
7.  *FP_ y ,  value
8. *xx , un i ts , value(s)
9. *Cxx , un i t s , val ue ( s )

10. *G ROUN D , uni ts , value
11. *E XC , 4PIRSQ
12. *DEL command(s)
13. *STOP
14. *F IN
15. *TITLE n
16. ~P R I N T / z / ( i 1 i2 . .

17. *W R I T E / z / ( i  i2 . .

18. *DOSE/z/
19. *CONSTRAINT/z/(xx i value) , units

20.  *FLjJXWT/z/, un i t s , values

21. *E..R E G R P / z / ,  uni ts , value s

2 2 .  *A.. R E G R P / z / ,  un i t s , values
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TABLE 26 .  SYNOP SIS OF ATR COMMAND WORD S

thSOURCE( i )  - indicates  tha t  the i source option will
be chosen

SVAL - in dica tes  that an energy dependent source
intensity will be entered

EVA L - indicates that  the energy group boundaries
w i l l  f ol low

NORN - source normalization value follows

YIELD - yield of the weapon

BBODY - indicates that a black body X-ray source
spectrum will be specified

FP - indicates parameters for fission product source

xx - indicates that the geometry component and
— associated va lues wi l l  fo l low

Cxx - indicates the location of constant response
calculation

GROUND - specifies the ground elevation above sea level

TITLE - alphanumeric  character  s t r ing  iden t i f yin g the
problem

PR INT - specifies which response option will be
p r i n t e d  as out put

WRITE - indicates which response options will be
wr i t t e n  on an ex t e rna l  s to rage  device

DOSE - indicates types of dose to be calculated

CONSTRAINT - indicates that the coordinates for a constant
response value are to be determined

FLUXWT - fluence weighting factors which are to be input

E-REGRP - regroups energy dependent fluences into desired
energy groups
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TABLE 26. SYNOPSIS OF ATR COMMAN D WORDS (Con t ’d . )

A-REGRP - regroups angular dependent fluences into
desired angular bins

EXC - an action command to execute the problem
specified by prior input

DEL - deletes individual geometry or output commands

STOP - indicates the end of a problem , initializes
inp ut f l a g s

FIN - indicates the end of a session
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numbers since a number is interpreted as a function of up to

three integer parts (a whole part , a fractional part ) and an

exponent), none of the parts of a number may exceed in magnitude

the greates t  integer value appropriate  to the host machine , nor

can the number generated f r om these th r ee parts exceed the host

machine ’s allowable range of representable numbers.

There are three different numeric formats in which

data may be input :

1. A s t r i n g  of numbers all  separated by one or more
blank characters from each other .

2. A starting and ending number separated by an incre-
ment specification in parentheses.

3. A r epe t i t i on  f a c t o r  fo l lowed by an a s t e r i sk (*)
character followed by the number to be repeated.

Numeric entries of all three types may be mixed and can be used

in any o rde r .

A de ta i led  d iscuss ion  of the inpu t commands is given in
the next four sections.

6 . 1 SOURCE COMMAN DS

The sou rce commands are number 1-7 in Table 25 .
The re are several ways t h a t  an ATR source s p e c t r u m  can be
specified. For each particle in ATR there are standard ,
built-in source spectra which can be used or new values may
be input . The following specific commands may be used .

~z-SOURCE(i) value

= N , G , X for neutron s , prompt gamma rays , and X-rays re-
spective ly, and has the same meaning for other source
related commands.

i = 1 , 2 , 3 , 4, 5 , or 6 with meanings that are described in
Table 28 for each particle .
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I
TABLE 28. SOURCE OPTIONS FOR ATR

Value of i Prompt
in *Z_SOURCE (i) Neu trons 

Gamma-Rays X-Rays

1 Fission Fission Black Body

2 Thermonuclear Not Used Not Used

3 12.2-15 MeV Not Used Not Used

4 His togram Histogram Histogram

5 Point Point Point

6 Fiss ion! Not Used Not Used
Fusion Mix

For example , the command: ~N-SOURCE(l) will sele ct the

in ternal  spec t rum fo r the neu t ron f i s s i o n  source (see Tabl e ~3

for the actual values) which then will stay in effec t until it is

replaced by another neutron source command. (Note that the

neutron detector energy spectrum covers a wider range than

the source spectrum.) For X-ravs the C~X~ S O U R C E ( l )  command
must be accompanied by *BBODY.~y commands to specify the para-

meters of the black body spectrum .

His togra m and poin t values of the source spectrum can

be en tered by us ing the *z_SOURCE(4) and the *z_SOURCE(5)
commands respec t ive ly in conj unc tion wi th the ~z-SVAL and
C’CZ..EVAL commands which are used to enter source values and

corresponding energy values. Onl y the C’~z_ SVAL is needed if

the source values being entered correspond to the internal

eneriv structure. The source values must be placed in se-

quence of  low to high energy values. When both the source

and corresponding energy values are input ,then the energy
values either correspond to histogiam boundary values by

havin g one more energy value t han source value , or they cor-

respond to p i n t  source values in which case there will be

the same number of energy and source values. Again , the

energy v-d ues must be specified in ascending order , and the
source values mus t correspond to the energy values.

7~
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In the event that external energy values are specified ,

ro ut ine s are cal led by ATR to regroup the source values to the
internal  energy-source group structure. The user must exercise

caution when the input spectrum to be regrouped contains ex-
treme gradients at the end points or embedded zero source values.

The ma ximum number of en er gy or sour ce values is arb i t r a r ily
limited to 50.

Source spectrum normalization (in units of particle/KT)

and yield (in units of KT) can also be affected by using the
‘~z-NORN and the *z...YIELD commands. The spectrum will not be

normalized if *z_NOP,N is not specified (standard internal

spectra are normalized to 1). The default yield is 1 KT. The

total source output which is printed with the source spectrum

configuration is the produc t of the normalization and yield.

Some care must be exercised in source specification when

running sequential problems with ATR. When both sourc~ and

energy values are needed it is not adequate in sequential

prob lems to specify only the source values. Subsequent problems

in which only source values are given will assume the source

values app ly to the internal energy group structure . Therefore

both the energy and source values must be specified every time

one or the other is to be changed.

It is a common programming technique for a user to set

up energy and source values in one problem , changing only the

yield and/or the normalization for subsequent prob lems . When

both the yield and the normalization are subsequently specified ,

there is no confusion . When the normalization is specified

at least once , and only the yield is changed , ATR will always

normalize the source spectrum to the given normalization before

administering the yield. If the yield is never specified , it

is assumed to be unity. A problem can arise if the normalization

is never specified. Because ATR assumes no inherent normalization ,
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it integrates the source and uses the result as the normaliza-

tion (but does not save that number as the normalization value

for subsequent problems), and then administers the yield. There-

fore , if only the yield is changed in the next problem , ATR wi ll
integrate the source spectrum it used for the previous problem

to arrive at a new normalization . In other words , the normaliza-

tion for the next problem is essentially the total output from

the previous problem . Therefore a normalization should be

specified at least once even if The standard internal source

spectra are used.

The “value” is only meaningful for z=N and i=6 in which

case the value (between 0 and 1) represents the fraction of

fission neutron s relative to the total number of neutrons

(fission + 12 .2 - 15 MeV).

Examp les:

1. *N_SOURCE(2)

which selects the internal thermonuclear s~. ctrum
(no other commands are necessary for the source
spectrum specification).

2. *G_SOURCE(l)

which selects the internal promp t gamma ray fission
spectrum .

3. *X_ SOURCE(4)

which means that accompanying *X_SVAL and optional
*X_EVAL command(s) specify an external X-ray histo-
gram source.

4. *N_SOURCE(6) .5

which selects a neutron source of fission/fusion
(i.e ., 12. 2 - 15 MeV) mix each contributing one-half
to the total source spectrum .

78

-

~

.- ---- - —

~

----.

~

- - -

~

- - . - - -  _



5 ,, - .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-_

~z-SVAL , u n i t s,  values

z = N , G o r X .

un i t s  PER MEV , PER KEy , PER GROUP , and def ines  the uni ts  on the
source values .  If the uni ts  are not specified then the
d e f a u l t  choice is set in te rna l ly to PER GROUP .

val ues= source values corresponding to e i ther  the in ternal  energy
st ruc ture  or the ener gy va lues read in b y the  ~c z_ EVA L
command. The order is assumed to be from low energy to
hi gh energy .

Fo r X-ray sources and when the ~X-SVAL command is used alone
wi tho ut the ~X- EVAL command (see below) then the source spect rum
is rep resen ted  in a 20 group s t ruc tu re : The two summary group s
fo l lowed  b y the  s t anda r d 18 groups .  When both  the ~X -SVAL an d
*X EVAL commands are used , t he  low en er gy grou p s are re gr ou p ed
in to  the in te rnal  18 f ine  group s and the spect rum above 10 keV
is regrouped into the high energy 18 groups for i n t e rna l  repre-
sentation . The output will appear in the 20 group structure

as d4 scussed above .

E xamp les:

1. ~N-SVAL .01 .> ‘) 33 100 21.

which de f ines  th c  ne utron source values for the low
five energy groups .  Other  groups are a u t o m a t i c a l l y
f i lled wi th  zeros .

2. ~N-SVAL , PER GROUP , .01 10 33 100 20.

which has p rec i se ly the same e f f e c t  as Example 1.

3 .  ~X -SVA L , PER KEV , . 2  .2  1 .5  .33  . 1 .1 .1

which put s source values into the lowest eight energy
group s of the X-ray source spect rum where the f i r s t
two groups are .1-I .  keV and 1. - 10 keV .
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‘~z-EVAL, units, values

z = N , G , X.

u n i t s  = MEV , KEy. The defaul t unit is MEV for neutrons and
prompt gamma rays and KEV for X-rays.

values  = source energy bounda ry values ( i f  opt ion (4 )  was
chosen) or source energy point values (if option (5)
was chosen) . The orde r is assume d to be f rom low to
hi gh energy values.

Exam p l e s :

1. ~N-EVAL lE -7  lE -4  2E-2 .11 .56  2 5 1 2 . 2  15

which defines the source energy values in MeV for
neut rons .

2. ~X-EVAL , KEy , 10 50 170 235

which de fines  the  ~: -ray source energy values in keV
a l t hough the  un i t  desi gnat ion is not  n e c e s s a r y  since
the default unit definition is keV for N-rays .

~ z-NOR M va lue

z = N , G , X.

value = source n o r m a l i z a t i o n  in p a r t i c l e / K T . The d e f a u l t  value
o f the  i n t e r n a l  source spec t r a  is 1 and there  is no ex-
p l i c i t  un i t  d e f i n i t i o n  fo r  t h i s  command.

Examples :

1. ~N -N OR N 2+23

which no rma l i ze s  the  neu t ron  spec t rum to the  value of
2 . 1 0 23 n c u t r c ~n s /KT

2 .  ~G-NORM 1

which normalizes the prompt gamma ray source spectrum
to  1 gamma r . iv/ KT .
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~z-Y IELD value

z = N , C , X.

va lue = sour ce y ield in KT. The de fau l t  value of the source
y ie ld  is 1 and there is no explicit unit definition
for this command.

1. ~N-YIELD 100

which produces a yield for neutrons of 100 KT .

2. ~G-YIELD .2

which produces a prompt gamma-ray y i e l d  of . 2 KT .

“BBODY-y, units, value(s)

y one of E , T or W rep resen t ing the to tal energy
n o r m a l i z a t i o n , bl a ck bod y te mp e r a t ur e or wei ght
associated with each black body component .

uni ts  = KEy , MEV for v=T (default unit in KEV) and is KEV ,
MEV , KT (kiloton) for v=E (default unit is KT). v W
ind ica tes  the f r a c t i on of energy in each black bod y
compo n e n t .

va lue ( s )  = t o t a l  energy value or t empera ture  values  or wei ght
val ues .

This command only app lies to X-ray source spectra which

are described by components represented by a black body dis-

tribution . The black body spectrum specified in terms of

f r e q u e n c y ,  v , is w r i t t e n  in s tandard  n o t a t i o n

8Th’~ _______U ( v )  

~c 3 e~~~’KT~~
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and the t o t a l  energy released is ,

- 8 i ( K T ) 4 ? X3dX 8n (KT)4 (~~4j  U ( E )  dE 
~~~~~~~~ oJ eX _ i  C 31-i 3 ‘~~~

where  X = h v/ K T .

If we define the energy normalized spectrum b y :

g ( E ) d E  = 
~~~~~~ 

X d X

so that

f
g(E) dE = I

then the correspodning number spect rum is given b y :

15 l X 2 dxf ( E ) d E  — . 
~~~~ xe - l

The t o t a l  number of p hotons e m i t t e d  for an energy normal ized
spectrum is ,

J f ( E )  dE = ~~~~~ 

~~~~~ ~f —
~~~

--—-

It  can be shown t h a t

Of e
X
~ l 

dX = ~ (3)  • F ( 3 )  = 2 . 4 0 4

where -~ is t h e  Riemann Zeta f u n c t i o n  and I’ the gamma function
and

f ( )  dE = i-~ ( 2 . 4 04)  2 . 7 ( i ~~~ 
=
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so tha t  when

g( E ) dE = 1

then

f ( E )  dE = .37/KT
0

For a ser ies  of b l ack  bod y energy wei ghts W~ such that

~W .=1 , and for a total energy output ET, then the number of

photons  in energy group (E g E g~~1) is g iven b y

E /KT .

N 

~~~~~ 

E
T 

~~~ E~~ KT~ 

1 
f ’ (E)  dE

where f’(E) = E / e  -1 and the total number of photons is

W
= E

T
(.37) 

~

Notes on black body source spectrum specification :

1. If no v=E command is specified ,then the default
value E=l keV w i l l  be used.

2.  I f  on ly  one va lue  is g iven on the  y=T co mman d and
no v= W command is p resen t , then W 1 is set to  1
automaticall y.

3. If more than one value is given by the y=T command ,
then there must be the same number of values given
by the  ~~~~ command.

Ex amp les:

1. ~ X - S O U R C E ( 1)
~BBODY-E - -

~ BB ODY -T 25

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



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

which specifies one black body x-ray spectrum with
the fo l lowing  parameters  in terms of Eq. (1):

E = .2 KT , T~ 
= 25 keV , W 1 = 1

2. ~X-SOURCE(1)
*BBODY E 20

~BBODY-T , KEy , 3 12 28
*BBODY_W - 5 - 2 - 3

which specifies a composite of three black body spectra
with the following parameters: N 3 , E = 20 KT , T1 = 3 KE y ,
T2 = 12 KEy , T 3 = 28 KEy , W 1 = . 5 , W2 = .2 , W3 = .3 .  That
is 50°7. of the energy is represented  by a 3 keV bl ack body
spect rum , 20~, by a 12 keV and 30% by a 28 keV spectrum .

~FP-v values

= Y for  d e f i n i n g  the yield in KT
= F for defining the fission fraction

value = yield in KT or fission fraction

Since the fission product model is source spectrum independent ,

these are the only commands that are needed . The fission

fract ion is preset to one in ATR and is the default value .

There is no default value for th e y ield.

Examples:

1. ~FP- Y 100
~‘FP-F .5

represents  a weapon y i e l d  of 100 KT and a fission
f r a c t i o n  of . 5 .

6. 2 GEOMETRY

The geometry  confi gura t ion  for  ATR is i l l u s t r a t e d  in F i g .2
(pg . 17)  wher e the component  coord ina tes  are :

= source altitude

t-IT(FIT) = target altitude
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R s (RS ) = slan t range

R H (RH ) = horizontal range

0 (AN ) = slan t ang le

Three consis ten t comp onen t s p e c i f i c a t ion s de f ine  a comple te
geometry configuration with respect to the  groun d level (as
long as one of them is either HS or HT) , and the other two
componen ts can be calculated fron the three . T h e r e f o r e . ATR
requires the specification of three geome try components , one
of which  may have up to  50 different values . The s p e c i f i ed
o u t p u t  r e s u l t s  are  t h e n  d i sn l a v e d  for the v a r i o u s  geome t ry
c o m b i n a t i o n s . The f o r m a t  of t h e  i n p u t  comman d is

~xx , units , values

where xx is rep laced b y one of HS , HT , RS , RI-I , A N .  The un i t

options include most of the reasonable units that are ap-

propriate. Values may be specified in a list separated by

blanks or in the format : n
1 

(n) n 2 , signif ying values rang-
ing from n

1 
to n

2 
in steps of n. In this case n2 

mus t be
a r i t h m e t i c a l ly  g r e a t e r  t han  n 1.

Two of the  p o s s i b l e  geomet ry  c o nf i g u r a t i o n s  r e s u l t  in
amb ig u i t i e s .  When RH , RS and HT are sn e c i f i e d , there is no
inheren t i n fo rmat ion whe ther MS shou ld  be p laced above or
below MT. In order to resolve the ambiguity the characters
“+ and “- “ should be used wi th the *HT comman d t o  i n d i c a t e
that HS should he placed above or below HT respec tivel y (e.g.

~HT - 1000) . The o t h e r  a m b i g u i ty  occurs  when RH , RS and HS are

specified and the p lacemen t of the targe t hei ght is in question .

In this case , the + and - characters are used w i t h  the *HS com-
mand to p lace the target above or below the source respectively.
If no charac ter is specified then the default is + .

There is also an option in ATR to move the ground to a

des ired altitude. It is effected by the ~cGROUND comman d and
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all specifica tions involving HS and HT are interpreted relative

to the ground. When sequential runs are computed with ATR , the

groun d is not a u t o m a t i c a l l y  r e se t  to zero unless respecified by

ano the r  ~ GROUND command or a *STOP command is e n c o u n t e r e d .

To spec i f y the fixed coordinates for a constraint calcu-

la t ion , the command: ~Cxx should be used in con l unction with

the ~CONSTRAINT command. In this case xx has the same meanings

and options as the other geometry comnonents (except RS , The

s lan t range , is not  a l l owed  as i t  is the  geome t r i c  componen t

to he de t e rmined  by t he  c o n s t r a i n t  p r o b l e m) .

~x x, un i t s ,  v a l u e ( s )

x x = one of RH , RS , HT , MS and AN d e n o t i n g  horizon tal
range , s lan t range , t a r g e t  hei gh t , source hei ght ,
and slan t ang le respec t ive ly (Fi g. 2).

units = one of N (meters) , KM , NJ LE , YD , KFT , and FT for
the distance specification and one of DEC (degrees ’)
RAD (radians) , and COS (cosine) for the angle speci-
fication . Because of the symmetry of the geometry
conf igura t ion abou t the source the range of admiss ib le
ang les is from _ 900 to +900. Defaul t unit for the
d i s t a n c e  s p e c i f i c a t i o n  is N ( m e t e r s )  and fo r  ang le
it is DEC ( d e g r e e s) .

value(s) = one or more values of the corresponding geometry
component. The maximum number of values for any
coo rd ina t e  is a r b i t r a r i ly f i x e d  at 50.

As m e n t i o n e d  above , t h r ee  of the ~‘eometr v  commands d e f i n e

a comp l e t e  ATR g e om e t r y . Each  geome t ry component  may have
several value s in princi p le; however , the intended use is for

two of the components to have single values and the third

component  to have one or more running values. Another typ ical
use is to  have multip le values for two components and one value
for the third , in which case the two components with the multi-

ole values will be successively naired and used with the sing le
va lue of the  t h i r d  component

86

----  - --- —- 5--~~
_ - 5 -

~~~
.- . - - - -- --- -—- ——



- 5- — - - - -- ~~~- . 5 —_ - - -

There is a special unit definition option (CM) for
xx RS which  is a l lowe d if the  fo l l owing  geometry  conf i gu ra t ion
is s p e c i f i e d :  HS , fiT , RS .  In this case the values associated
with the xx = RS command are interpreted as g/cm2 of the slant
range . The CM unit option is r e s t r i c t ed  to t h i s  conf i gura t ion
only .

Examples:

1. ‘~HT + , KN , 1
~RS , KFT , . 5  ( . 5 )  10
~ RH 100

which s p e c i f i e s  the  t a rg e t  hei ght at I kilometei4,
several  values  of the slan t range s t a r t i n g  at .5
kilofeet and ending at 10 k i l o f e e t  in s t eps  of .5
k i l o f e e t , and the  horizontal range at 100 meters .
Note that the coordinates may he specified
in differen t units. Also , the source al titude w i l l
be calculated to be above the target altitude .

2. ~HS 2000
~AN , DEG , 10 (10) 80
*RS , RN , 1

which specif ies the source altitude at 2000 m e t e r s ,
the slan t angle rang ing from 10 degrees to 80 degrees
in s t e p s  of 10 degrees , and a slant range of 1 kilo-
meter. The DEC unit specification for the slan t
angle is superfluous since it is the default unit.

3. *115 , KM , 2
*HT , RN , 2
*RS , GM , 50 120 380 410 550

which specifies coaltitude source and t a r g e t
at 2 k i l o m e t e r s  above the  groun d and t he  s l a n t  range
of 5 d i f f e r e n t  v a l u e s  in u n i t s  of g / c m 2 .

*Cxx, units, value(s)

xx = RH , HT , HS or AN.

units = same as above .

v a l u e ( s )  = one or more values specif ying the geometry component.
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Two of these  c o n s t ra i n t  g e o m e t ry  commands must  accompany
the *CONSTRAINT command with one of the geometry components hav-
ing a single value and the other having one or more values . If
both have more than one value then ATR will arbitraril y pick the
first value of one of the coordinates as the fixed value .

Examp les:

1. *CHS , RN , 10
~CAN -90 (10)  90

which def ines the f i x e d  coord ina tes for  a con stra in t
calcula tion . The source a l t i t u d e  is f i x e d  - i t 10 kilo-
me ters and the slant angle has several values be i’~een
-90 degrees and +90 degrees in steps of 10 degrees.

2 .  *CHT , KFT , 0 20 50 80 150 180
~ CAN 0

which  s p e c i f i e s  s ix  d i f f e r e n t  c o n f i g u r a t i o n s  for  t he
target altitude in kilofeet and zero slant angle.

*CROLTN D, u n i t s,  va lue

uni ts = same as distance units above .

value = d i s t a n c e  value  of the  ~‘roun d re la t ive to sea leve l for
the ATR problem geometry.

I f  this command is no t sp e c i f ied then sea level  w i l l  he
used for the ground level. If this command is specified , cor-

responding HS or MT s p e c i f i c a t ion s are in terore t ed re la t ive to
the ground level.

Examp les:

1. ~GROUND , KM , .5

which specifies the groun d to be at half of a kilo-
me ter above sea level.

2. *GROUND 500

which has the same effect as examp le (1) since the
default uni t definition is meters .
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6 . 3  OUTPUT

This  s ec t ion  c o n t a i n s  the descr i p t i o n  of commands t h at
either directl y or indirec tly a f f e c t the ou tpu t of resu l ts from
ATR. By specif ying several of these options , many d i f f e r e n t

problems can be run conc ur rent ly.

There is a problem counter built into ATR which is auto-

matically incremen ted b y one every t ime an ~EXC command is
encountered; however , each of these problems can be assigned
a t i t l e  b y us ing  the  *TITLE command. The problem co un te r  is
reset to one following a *STOP command.

The pr imary ou tpu t mechanism is embodied in the *PRINT
and *WRITE commands , by which the f u l ly de ta i led  ang le-energy

output of ATR response characteristics can be obtained. It is

also possible to limi t the detail of the output to obtain an

integral radiation response environment. Table 29 contains the

possible ATR response op tions cor respond ing  to op t ion s in the
*PRINT and *WRITE commands and Table 30 further details the

units associated with the responses. Of course , the output

is labeled with the proper physical units for all of the responses.

The read and prin t logical unit definitions correspond to

the industry standards. The built-in logical unit values are :

5: input unit for command input s

6: output unit associated with *PRINT command

8: output unit associated with *WRITE command.

The *WRITE command is used to place the results from ATR on an
external storage device such as disk or magnetic tape for further

analysis.

Dose a t several geometry coordinates can be obtained simp ly
by the use of the *DOSE - mmand and in this case no other output

command is necessary . There are ei ght sets of built-in dose re-

sponses for neutrons and four fc-r photons , see Section 4 for
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values of the response functions. In the event that the standard

dose responses are no t adequa te , the user can spec if y responses
of his own by the *FLUXWT command. Up to five sets of these out-

put commands can be specified: one each for neutron s , secondary

gamma rays , prompt gamma rays , c ombined secondary  and promp t

gamma rays , and X-rays. These responses are stored until deleted

by the *DEL command or *STOP command or the termination of the
program b y the ‘~FIN command.

Isodose contour values of any of the integrated responses

can be ob tained by the use of the ~CONSTRAINT command which cal-
cula tes the geome tr y conf i guration corresponding to a predeter-
mined response level for given values of two other geometry

coordinates.

The output of differential results or results integrated

over onl y one of the independen t variables can be disp l ayed
according to user-desired energy or angle boundaries by usint.

the *E_RECRP or ~A-REGRP comman ds respectively . The output

will be regrouped from the internal energy and/or angle repre-

sen tation to the user specified boundaries. These two L ommands

can be used individuall y or together. If a full angle-energy

dis tri.. bu’ ion is stecified by the outtu ’ commands , then a two -

dimensional regroup wi ll t a k e  p lace before th e results are

disp l ay ed .  The ang le  a n d / o r  ene rgy  s p e c t r u m  is reurouued over

t he  ran~’es s p e c i f i e d  by t h e s e  commands .

I t  should  he emp h a s iu e d  t h a t  fo r  any g iven ATR p r o b l e m
any and  a l l  of  t h e  o u t p u t  commands can be s p e c i f ie d  for  any
and a l l  of the  parti cles provided t h a t  t he  set of commands is
c o n s i s t e n t  and L h a t  t he  p rope r  source  s p e c t r u m  has been s p e c i f i e d .
An ATR problem in T h i s  sense i n c l u d e s  a l l  cumulative specifica-

t ions pr i or to an *EXC command. One examole of inconsisten

output definition is to specify *E_REGRP or ~A-RECRP with out

s p e c i f y ing a non-ze ro  r e sp o n s e  i ndex  fo r  e i t h e r  a *PRTNT or

*WRITE command.

_ 5- _ _
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6.4 SPECIFIC OUTPUT COMMANDS

*TITLE n

n = up to 74 characters used as a problem descriptor title to
identify the output . The title will remain in effect until
a new title is entered or a *STOp command is encountered.

*PRINT/z/(j1
j .

z = N , C , X , NG , GG , T representing neutrons, prompt
gamma rays, x-rays, secondary gamma rays, com-
bined prompt and secondary gamma rays and total
response respectively. The GG option sums the
quantities obtained for the secondary gamma rays,
prompt gamma rays and fission product gamma rays.
The T option is used in conjunction with the PRINT ,
DOSE and CONSTRAINT commands to obtain the total
neutron plus total gamma ray results for the fol-
lowing doses:

Henderson Tissue
Concrete
Air
Silicon (ionizing)

The resulting reponse value , of course , will depend
on which source defintions are present. That is ,
if both neutron and prompt gamma ray source spectra
are specified than all three values of neutron ,
secondary gamma ray and prompt gamma ray results
are accumulated. If only the neutron source spec-
trum is specified , then the results for neutron and
secondary gamma ray radiation are accumulated. Table
31 details the possible input and output configurations .

i1,i2,etc. = integer values between 0 and 13 separated by
blanks corresponding to the response options
listed in Table 29. Note that options 9 through
12 are used only for neutrons. If a minus sign
(“- “) precedes the number , the fully differential
angle-energy disp lay of the output will be sup-
pressed and only output detailing the response as
a function of angle (integrated over energy) and
as a function of energy (integrated over angle) is
displayed accompanied by the cumulative total re-
sponse . The minus sign makes no sense preceding
the 0 option which is the summary print option
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TABLE 31. OUTPUT POSSIBILITIES AS A FUNCTION
OF SOURCE SPECIFICATION

Dose or Required
Cons traint Source Ef fec tive

Ac tivated By Specifications Output

N N N
C G G
X X X
FP FP FP
NG N NC
CC N ,C NG+G
CC N ,G ,FP NC+G+FP
CG N ,FP NG+FP
CC G ,FP G+FP
T N N+NC
T N ,G N+NG+G

T N ,FP N+NG+FP
T N ,G ,FP N+NG+G+FP

Key : N: Neutron

G : Prompt Camina Ray

X: X-Ray

FP: Fission Product Camrna Ray

NG: Secondary Gatmna Ray

CC: Combined Gamma Ray

T: Total
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which include s total integrated quantit ies of
Henderson tissue dose , ionizing s il icon dose ,
fluenc es , curren ts , ex ternal f lux weigh t and
average energy .

The s ummary pr intout also includes forward and
backward quantit i es which are obtained by inte-
gra t ing over the forward angles (i.e., p > 0) and
backward angles (i.e., p < 0) respectively . Any
number of appropr iate integer op tions may be in-
cluded and their order is immater ial . Also , print
op t ion commands ar e cumulative through success ive
*EXC commands unless turned off by using the *DEL
command. Fi ssion produ ct dose output cannot be
obtained using the PRINT command--the DOSE and
CONSTRAINT command must be used.

Examples:

*pRINT/N/(O -1 4 -9 13)

which specifies the output for neutrons of the
summary as well as following responses: number
fluence (omit full energy-angle detail), energy
current (with full energy-angle detail) , concre te
dose (omit full detail) and external flux weight
(wi th fu l l  deta i l ) .

2. *PRINT/GG/(O -2 6)

which specifies the summary of ret. , number
current (omit full detail) and conc. ~. dose re-
sponse for combined secondary and protnpt gamma
rays.

3. *PRINT/X/(6)

which spec i f ie s the ful l  de tailed pr in tout of the
gold dose response for X-rays .

4. *PRINT/T/(o)

which specifies the summary of the total responses
from all specified sources.
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*WRITE/z/(j1 i2 . . 
.)

This c ommand is analogous to the *PRINT command in terms
of option interpre tation with the excep t ion that op tions 15 and
16 mus t be spe cif ied if the re sul ts from the *DOSE or *CONSTRAINT
commands , respec tively, are to be placed on the external stor-
age device. (Note that option 14 is not used.) Options 15 and

16 are not used wi th the *PRINT command because the *DO5E and
*CONSTRAINT commands automatically turn on the corresponding
print options .

The consequences of the MPJRITE options are precisely the
same as those of the *PRINT options except that they are
output to a different output device.

Examp les:

1. WRITE/NG/(2 5 8)

which specifies the detailed output of number current ,
Henderson tissue dose and silicon dose for secondary
gamma rays to the external storage device .

2 . WR I T E / G/ ( 6  15 16)

which is the specification of detailed output of con-
crete dose , the results from the *DOSE command and
the results from the ~CONSTRAINT command for prompt
gamma rays to the external storage device.

*DOSE/z/

z = N , G , X , NC , GG , T, FP

This command automatically prints integrated dose values

as a function of the running coordinate specified by the geom-
etry setup . There are eight different dose responses for
neutrons and four different dose responses for photons .

The FP command is used to ac t iva te the f i ssion produc t

mode l . The summary and other pr in t op t ions cannot ac t ivate
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the f i ssion produc t model becau se there is onl y dose informa-
tion in the model and also because i t does not contain any
angular dependence . Table 31 de tai ls  the poss ibl e outpu t

con f igura tions f or the DOSE and CONSTRAINT command s as a
function of source specification . This table illustrates

which sources must be defined in order to get the ef fec tive
output when the “particle” definition construction is used. For

example , if the command *DOSE/CG/ is specified for the output

and neutron , prompt gamma ray and fission product sources are

speci f ied , then the output will be the sum of secondary gamma

ray plus promp t gamma ray plus f ission produc t gamma ray
radiation.

Examp les:

1. *DO5E/N/

which specifies the dose vs. running geometry co-
ordinate for neutrons.

2. *DO5E/X/

which sp ecif i es the dose vs . running geome try co-
ordinate for X-rays .

3. *DO5E/Fp /

which spe cif i es the f is sion produc t dos e at the
running geometry coordinates.

4. *DO5E/T/

speci f ies that the total dose fr om all sp ecif ied
sources be determined for the running geome try
coordin ate .

*CON5TRAINT/z/(xx i value), units

z = same as for DOSE .

xx =RS .

i = is the response designator (only options 1-13 are
meaningf u l ) .
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value = constant response value of (non 4~trR
2) fluence , curren t ,

dose or external f lux wei ght for which the con straint
geometry is evaluated. The value cannot be a 4rrR2 re-
sponse , since this may be double valued .

units = same as the standard distance unit definitions. This
unit definition designates the output uni ts of the geo-
metry dis tance coordinates . If no units are speci f ied ,
the default is meters .

Thi s command combined wi th two geome try coordinate speci-
f ications calcul ates the value of coord inate RS which corresponds
to the prede termined response level given by the value. Of
course , care mus t be taken to spec if y a consis tent and valid se t
of geometry configurations .

Examp les:

1. *CONST RAINT/N/ (RS 13 3+15) , KFT

This combined with two commands (Cxx) of constraint
geometry coordinates specifies isodose values of the

- 
slant range (Ru) for neutrons where the response
value is 3.101) of the external flux weight. The
distance values will be output in units of kilofeet.

2. *CONSTRAINT/CG/(RS 1 5+6), MILE

which specifies the constraint calculation of the
slant range on the number fluence value of 5 .106
for combined secondary and promp t gamma ray s. The
di stance values w i l l  be disp layed in units of mi les
on the output .

3. *CONSTRAINT/X/(RS 6 2+12)

which specifies the constraint calculation for x-rays
on the s lant r ange , th~ cons tant response value of
the gold dose is 2.lOl~ and the dis tance coordina tes
wi l l  be output in meter s which is the defaul t when
the units  are not specified.

4 *CON5TRAIN T/Fp/ (R5 5 lE+5)

specifies that the distance RS in meters corresponding
to a f i ss ion  produc t dose of l0~ rads is to be de ter-
mined .
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*FLUXWT/z/,unjts~ values

z = N , C , X, NC (same as C) .

units = arbitrary , user spec i f i ed uni ts , up to 16 char acters
(no t includ ing a comma) that will  appear on the output .
If no units are speci f ied then the commas should not
appear .

values = f lux we ight values to be used for weighting the ATR
energy spectrum and must correspond to the internal
energy structure (low to high energy values) and con-
tain 22 neutron , 18 gamma ray and 20 X-ray numbers
depending on x.

The f lux we ight values will remain stored by ATR
unt i l  the termination of the run or until a *STOp
command is encountered.

Examples:

1. ~FLUXWT/NG/,CM~*2 ERGS/GRAM , 5.9-8 1.2-8
8.-9 1.2-S 1.7-8 2.4-8 3.3-8 4.1-8 5-8 6.15-8
7.15-8 8.4-8 9.8-8 1.2-7 1.5-7 1.8—7 2.2-7 2.65—7

this command specifies external flux weights for
se condary gamma rays corresp ond ing to the internal
18 de tec tor energ y group s in ord er of low to high
energy values.

2. * F L UX W T/N / ,  RADS SIL. KERNA , 0 0

0 0 0 0 0 0 0 2-11 3.1-11 3.4-11 4.2-11
4.7- 11 4.8-11 4.8-11 5.1-11 5.5-11 6.6-11 6.4-11
6.6-11 7 .5-11

which specif ies external f lux weights for neutrons, the
22 values correspond to the internal neutron detector
energy structure , the 9 low energy values being zero.

*E_RECRP /z/, units, values

z N , C , X , NG , GG.

uni ts = MEV , KEy . The def aul t uni t is MEV for neutron s and
prompt gamma rays and KEV for X-rays .
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values = energy boundary values (low to high) which will be
used to regroup output results.

In versions 1 and 2 or ATR , problems have been encountered
wi th the regroup function . Version 3 incorporated a new method.
The basic problem can be stated by the following . Given a set of
{f(x.)} defined on the set {x.}, one needs a mechanism to cal-

culate the set {f(x~)} corresponding to a given set {x~ } which

is different from {x.}. In actual practice some of the {x.}

may be the same as some of the {x~ }.

These data may be in either histogram or point form and

the regroup mechanism must accoun t for both types of data. The

approach utilized is based on procedures that fit a third order

polynomial spline function based on five adjacent points. The

consequence of the spline is that the derivative s are also

matched at the transition points .

The form for the polynomial is:

2 3y p0 + p1(x-x1) + p~,(x-x 1) + p3(x-x1)

where

p0 
= y 1

= t l

= {3(y 2-y1)/(x2-x1) 
- 2t, - t 2 } I (x 2 -x 1)

p3 {t
1 
+ t

2 
- 2(y2 -y 1)/ (x2 -x 1) } I ( x 2 -x 1) 2

In addition , the slope t at the middle point is defined in

terms of the slopes m1 at the corresponding points:

t = (1m 4-m 3 1 m2 + 1m 2-m11m 3)/(1m 4-m 3 1 + m2-m1 1)
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This spline interpolation scheme is app lied to the cumu-
lative integral and the interpolated values are differentiated.

Examp les:

1. *E_ p~GRp/NG/ ,~~ v , .1 .5 . 2 3 5 10

which specifies the six (seven boundary values)
groups to which the output will be regrouped for
secondary gamma rays . The unit definition is
superfluous since MeV is the default unit for this
case.

2. *E_ p~GRp/X/lO 45 70 95 150 240 300

which specifies the energy boundaries in keV (the
default unit) to which the output will be regrouped
for X-rays .

*A.REGRP/z/, units, values

z = N , C, X , NG , GG

units = DEC (degrees), RAD (radians), COS (cosine). Default
units are degrees.

values = angle boundary values (low to high cosine values)
which will be used to regroup output results. An
odd number of values must be input .

Since the natural unit for the angle dependent data in

ATR is the cosine of the angle , the user must exercise some

care in the treatment of this command. The default unit is

degrees and the value range is 0-180 degrees. However , this

means that if the cosine values (ranging from -l to +1) must

be entered low to high then the degree values must be entered
high to low. Also since degrees and radians are directly re-

lated , if radians are used for the units then the values must

occur high to low .
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Examples:

1. *A_ R.EGRP/N/ ,COS , -l - .5 0 .25 .5 .75 1.

which specifies the angular regroup of neutron out-
put to the given cosine values.

2. *A _ REGRp/x/ ,DEG , 180 120 90 60 45 lC 0

which specifies the angular regroup of x-ray output
in units of degrees although the unit definition is
not necessary in this case.

6.5 EXECUTION

Several commands in ATR are concerned with the flow of

control of the execution . Many ATR commands fill corresponding

buffer regions or set appropriate flags , and their order is

immaterial. However , commands described in this section take

e f f e c t  immediate ly  a f t e r  being entered.

When the *EXC command is encountered , ATR executes all
concurrent problems and disp lays the r e su l t s .

The *DEL command deletes selected input buffers , i.e.

it clears the effects of certain previous commands or group

of commands.

The *5TOP command nullifies all previous commands and

clears the internal flags ; it would normally follow an *EXC

*EXC 4PIRSQ

This command causes the execution of the concurrent ATR

problems and the display of the results. If the comma appears

after the *EXC then the resulting values will be multip lied
by 4TT R2 where R is the slant range in centimeters.

102

. . - .

~

—----- .---



- . -- ~~~~~~~~~~~~~ ---- ~------ ~~~~~~~~~~~
_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . -~~~--  ~~~~~~~~~~-~~--- . - - ~~

*DEL command(s)

command(s) = on~ or more of the following list:

1. GEOM
2.  DOSE
3. CONSTRAINT
4. E-REGRP
5. A-RECRP
6. PRINT
7. WRITE
8. FP

Several deletions may be effected at once with a single *DEL

specification , provided that the corresponding command words

are separated by blanks. There is no command for source

spectrum deletion since the effects of a source can be nullified

by deleting the corresponding print options . In any case , the

*STOP command also resets all specifications, even those relating

to source , including the ones that can be selectively reset by

*DEL.

The special command (CEOM) can be used to erase the set

of buffers associated with the geometry coordinates. When the
user specifies a set of coordinates , the components already

specified can be changed. When it is desirable to define the

geometry with a different set of components , the *DEL GEOM

command should be used and the complete geometry specified .

Examples:

1 *DEL DOSE CONSTRAINT FP

this command deletes the effects of the dose and con-
straint commands previously entered as well as those
specifying the fission product source .

2. *DEL GEOM A-REGRP E-REGRP

this command deletes the previously defined geometry
configuration as well as the angle and energy regroup
boundary values .
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*STOP

This command clears all flags and internal buffer areas

set up by previous specifications . ATR is initialized and
comp lete problem specification must follow the STOP command.

*F IN

This command terminates the program with a FORTRAN STOP .
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7. ATR APPLICATION INFORMATION

The ATR code has been implemented on several different

computers and an attempt has been made to keep the code as

computer independent as possible. The code is written in

FORTRAN IV with Hollerith constants kept at a maximum of four
characters to the computer word. ATR versions have run on

the following computers : Univac 1108, CDC 6600, CDC 7600 ,

DEC System 10 , CE 635 , IBM 360 , IBM 370. The code can be run

in a timesharing interactive mode as well as in a batch oriented
environment .

Version 4 of the ATR code takes about 62K words of core on
the DEC System 10. The execution time is typically one second
or less for most ATR problems .

7.1 COMMON ERRORS

Most user errors on input occur in the specification of

the source . The convention is that energy values and corre-

sponding source values are to be entered from low energy to

high energy . Also , if point values of the source are specified,

then the number of energy values must match the number of source

values. Similarly, if a histogram source spectrum is specified
in a group structure other than that used in ATR , then the

number of energy values must be one more than the number of

source values . If source values are entered corresponding to

the internal energy structure then the energy values need not

be specified but only 18 values are required for either neutron

and/or  gamma ray sources.

When multipl e problems are run and only the y ield com-
ponent of the source is changed from one problem to the next ,

then at least once (preferably for the first problem) a
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normalization should be entered so that the code will normalize
the source to the normalization value for every problem before
multip lying by the yield.

A common geometry error occurs if an impossible configura-
tion is specified. For example , the following set of geometry

— specifications :

*HS ,}(~ ,2
*HT , KM , 1
*RS 500

is in error since the slant range value is too short to reach

from the source to the target.

The following describes the error diagnostics that are
possible from ATR Version 4.

Error messages produced by ATR are of two types :

1. errors in the form of commands

2. errors in the content of commands

The first is associated with the input phase and the second

with the execution and output phase of the code . The next

two sections will elaborate on the error messages and corre-
sponding probable causes. Error messages are always preceded
by two asterisks.

7.2 INPUT PHASE ERROR MESSAGES

j **UNp~COGNlZABLE CONTROL COMMAND <input characters>

Which means that the command just entered is invalid.
The <input characters> field displays the first ten
command characters as interpreted by ATR .

2. **MISSPELLED CONTROL COMMAND--INTERPRETED TO BE
<ATR Command>

In certain instances ATR ~‘forgives” the misspellingof a command and displays the form of the command as
interpreted by ATR . Further processing of the com-
mand then takes place beginning with the first blank
or comma character, whichever occurs first.
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3. **OPTION <Option numbers> NOT IMPLEMENTED

This signals that the command was recognized but the
option corresponding to the command is not imple-
mented in this version . This error message should
not be seen in Version 4

4. **ILLEGAL SOURCE SPEC

This covers a multitude of errors relating to the
form of the *z_SOIJRCE (i) command , such as parenthesis
left off or in wrong place , or the value of i does
not correspond to permissible values.

5. **ILLEGAL UNITS SPEC

Which reports errors encountered relative to the
“ , units , ” specification for source related commands .

6. **ILLECAL NORM SPEC -- ASSUME 1.0

Which wil l  appear if an illegal normalization command
is specified. This error need not be corrected if
the value of 1.0 is an acceptable source normalization .

7. **ILLEGAL YIELD SPEC -- ASSUME 1.0
Which is very similar to (6) but applies to source
yield.

8. **PARTICLE DEFINITION ERROR

This will occur if the particle definition of an out-
put command is in error .

9. **~J~ fl’ DEFINITION ERROR

Which reports errors encountered relative to the
“ ,units ,” specification for non-source related
commands . Further processing of the command begins
with the first blank or comma character whichever
occurs first.

10. **VALUE PARAMETER ERROR

Which means that a value entered as part of the
“value(s)” field does not correspond to acceptable
value definition . This error message does not cover
all possible value errors.
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11. **OVERPLOW OF NUMBER OF VALUES

This signals that the number of values entered by
the particular command exceeds the number of values
allowed (for most commands this number is 50).

12. **VALUE SEQUENCE ERROR

Which usually means that the “low-to-high” condition
was violated in the “values” field; however , only
the first two values are examined.

13. **ILLEGAL OUTPUT SPEC

Which means that an error was detected concerning
the processing of a *PRINT or *WRITE command.

14. **CONSTRAINT DEFINITION ERROR

Which means that  the form of a *CONST RAINT comman d
is in error.

15. **CO~1~~ND DOES NOT BELONG - <command>

Which means that the argument of a *DEL command is
recognized as an ATR command but is improper as the
argument of the *DEL command.

7 . 3  EXECUTION AND OUTPUT PHASE ERRO R MESSAGES

1. **ERROR IN < p a r t ic l e>  SOURCE SPEC

Which means that the source specification correspond-
ing to the <particle> is found to be in error. Usually
this is due to regroup errors in the source specifica-
tion or non-corresponding number of source and energy
values or the wrong choice of parameters in the
*z...5OURCE(j) command.

2. ~*NO SOURCE SPEC

This error message usually follows those of type (1)
above and signals that all of the source specifications
are found in error . This message is usually followed
by: ~‘~*EXECUTION ABANDONED .
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3. **CEOMETRY CONSISTENCY ERROR

This means that the specified geometry coordinates
specified are inconsistent , i.e., the three coordinates
chosen by the user do not specif y a consistent geometry .

4• **GEOMETRY DEFINITION ERROR

Which means that the given values of the geometry co-
ordinates specified are in some way in error , e.g.,
specifying a longer horizontal range than slant range .

5. **CONSTRAINT FLUX WEIGHT DESIGNATOR ERROR

Which means that the response designa tor index specif ied
by the *CONSTRAINT command is in error.

6. **CONSTRAINT EVALUATION ERROR i

Which means that the evaluation of the constraint
problem for the given constraint geometry configuration
cannot be obtained because of one of the following
reasons depending on the value of i:

1. geometry consistency error
2 . geometry evaluation error
3. number of initial iterations is greater than 10
4. number of gm/cm2 is greater than 1050 during the

iteration process 
-205. number of gm/cm2 is less than 10 during the

iteration process
6. no convergence after 20 iterations

7. **ABOVE CONSTRAINT RESULT MAY BE IN ERRO R

Which refers to the line of the geometry configura tion
just above this error message and it indicates that
the computed slant range is less than the built in
acceptable value.

8. **REGROUP ERROR

Which signals that some kind of error was encountered
when regrouping the input source spectrum or that an
error was encountered on regrouping output results.
One possible source of error is embedded source spect-
rum values which are zero.
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9. **EXECUTION ABANDONED

Which usually mean s that there was not one acceptable
source spectrum specification .

10. **EXECUTION COMPLETED

This message appears whenever ATR has completed its
in tended purpose and is ready for more input commands .
It is not an indication of an error.
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APPENDIX A

FISSION PRODUCT GAMMA RAY DOSE COMPARISONS

The engineering mode l utilized in ATR to predict the fis—
sion product dose is based on empirical equations which provide

a reasonable fit to experimental data from large yield weapons .
The parametrized models used in other codes such as IDEA~

11
~

are generally much more complex and are based on detai led
phenomenology calculations . To provide a comparison between

the two models several calculations have been made .

Figure A-i shows the fireball rise rate for a 10 KT burst

as it is modeled in ATR (independent of height of burst) corn-
S pared with the burst height dependent data for IDEA . Since

the phenomenology used in IDEA (based on the LANB~
20
~ code from

the Air Force Weapons Laboratory) is still undergoing develop-
ment , the more simplified model is used in ATR . As further

data on fireball rise becomes available , the model used in ATR
should be reevaluated.

Comparisons of dose values generated by the fission

product model in ATR are made with other available data .

Figures A-2 to A-4 present comparisons with curves generated

by the IDEA code . For these figures the ground level in ATR

was placed at 300 meters in order to correspond to the air

density at which the IDEA curves were generated. The target
height is 1.75 meters. Figures A-5 and A-6 also have the same

ground and target parameters and they illustrate the source

and fireball rise model sensitivity respectively .

Figures A-7 through A-1O represent other examples of com-

parisons with IDEA and also TDM which is a code used to calculate

tissue dose in air-over-ground geometries.(22) For these com-
parisons the ground is at zero as is the target height.
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In genera l these comparisons show that  the ATR mode l
represents the fission product component of radiation reasonably
well. The areas of serious disagreement with other codes are

due to the simple fireball rise model used in ATR since the

fission product model is relatively sensitive to the fireball

rise ra te . The object ive of imp lementing a f i ss ion  product
mode l in ATR that is very fast , with each problem taking only a
fraction of a second , has been met. The limitations must be

rea l ized however.
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APPENDIX B

SAMPLE PROBLEMS

The following sample problems are a representative sam-
ple of some of the capabilities of ATR Version 4. Each problem

was chosen to point out some of the major features of the code .

Each problem will be described in some detail , and the input
as well as the output is presented. If these problems are run

in a single ATR session , then the *STOP command should be used

after each problem definition.
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Samp le Problem 1

This problem presents the use of the fission product part

of ATR . The f iss ion product source has a y ield of 10 KT and
a f ission f rac t ion  of 0 . 5 .  The source and target are both at
1 km height and the separation slant range s tar ts  at 500 meters
in increments of 100 meters to a maximum of 1000 meters . The

dose is evaluated for each of the geometry configurations
and presented. 
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ATR SAMPLE PROBLEM 1 - INPUT

* l I l l f  ~~~~~~~~~~~~ l . ’ $ ~~ 1 — •.~~~~~

* f  r’ ’ ! I

* f  .‘—I ~

I I
~~~~~~~ 

L,~~~ , i 1 1 ) 1 ’
F / I ~

‘ /
*1- X I
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ATR SAMPLE PROBLEM 1 - OUTPUT

A T I~ ~~l; ~~ Ii .
~ J ‘~A 1 - ’ t(I- P1, I~~LF’ .1 I — A 1~~ V F k S T I I J  11

a a A * * * * * * * * * A A A * * * * A * * * * * * A A A * * * * * *

F I SS II ~ ~~ I i  • 1 I IF- I ~~ • I II 4 II  ~ I • I ~
. S I’  l~ F ‘~A C I I I iN~~ ‘ -, 

• I’ 
(~f — (i 1

* * A * * * a a * * * a a * * * A * * * * * A A A * * * * A A * * A A

A l  r’~ P} i I I F ~I I 4 i , ~~”t- k F p
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*t- i W I Z .  I,’f :I;t- ~~~~~~ I~~ ’-,~ ’ I 1 < ,  ~~~~~~~~~~~~~~~~~~~~~~~~ 1 .~~ 11O~ , F I , (l .~~1 1 c ’ T I  t-~,

S L A N T  k A ~~(;F 5: • J _ t., ) l I & , t’,t~ _ t.~h c I , M /r .
. * A ?, l .hLI I~’~F I , (l .7

~1 1 M L L F S
T A PGf  I AL I • ~ ‘ z 1 ~ 11 I~ I , I I I, • 114 1 1. 1.1/C  “IA *,), ~ • ?i-~ ~ r i , 1)~ h2 1 ‘~J I F S
s n.jt~LF l

~I_ T • ‘-‘5: I • I’ ‘ I 1 1  F’, • 14 *  ‘ ,i- ’,/i~ **?, 3. ?~‘ 1 ~c E l  , (1 • h~~ I Hi l l S
* S L A N I  A IH. I  I- ~~~i: ~~~~~nl 1 f ~~,P~ F - 5  ( r , S :  1 ( I l 1 ( . f l ( l )

~~ . A I  (. I L A IhI l  F~~~~i 1 1 1 1 1 11 C I I I I I f l )! ’~A l F S

* * * * * * * * a  * A * * * * A k  A * * * A A * A * A * * * * a * * *

F lSS II I~ ~‘I~~i i i p ( J  ‘I l ..~F V S . ~ I A ’ .! 4~~’ ’I;F
. . ,1SI- I ht- .,~~F I ’ S i lN 1 1  SS I ’ t -
‘1 

~~~ ?: r INC % I  T I
‘ 1 SF ~~ ~ t I~
)flSF it : S~ 1 11 1111

S L A ~’ i T  ~~A : I , F  ‘ ‘ ‘ ‘ ~F 1 ‘ t I - S I -  ? I) I I SF ~ r ) ’j .SF- ~.

S.I I I~ I ) V s ~l I v ? ~~~~~~~~~~~~ 1 .35F  f~ ’ ’ 4  ,.~~‘,F +(t~ I • 1~~F +1114

‘t~~~ ’)E +~~ ’, 1 .e’ lf + l 3 3. F”~~~ + ’ t S , . 1 ? F + t I ~
?~~?$I ’ t ,l 4 .s . / 9 F~~~i~ 1. ’l14 L + C ’~, A .~~~~F + I I ~~
1 . ? 1 t 4 0 .’, t’ . 1 f l F + n~ I . i ~’ F + ~~3 1 . 1 I F + f l ~q .og - IcF + l)? -I ‘,.F, I I-4~% r 1 . r ’ 7 F + i ~~ ‘- .I I F + , ? 9 .?4E +O?

1. f l O ~) F + O 3  1 ;~~ -~ 1F - . ( , ( ’ “,• ‘-~*,I + ,?  ~ . 2 c F . - ~? ~
_,. .01 i+I I?

* * a * * * * * * A A * * * * * * * • * * * * * * ~ * a * * * * A *
* * E x I - ( : ’ s T  T i ’  I t~ Pi t- T F~~
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Samp le Problem 2

This problem demonstrates  the to t&l  dose opt ion of the code .
The sour ce spectra used for the ca lculatio n are specif ied as
the in ternal  standard option of f i s s ion  source for  both
neutrons and prompt gamma rays . Th~- normalization and

weapon yield values are not specified , thus the internal de-

fault values are used. The geometry configuration is such that

the source is at a height  of 1 km , the detector is at a height
of 2 m and the hor i zon ta l  range varies from 100 m to 500 m in
steps of 100 m. For each one of the geometry confi gurat ions
the total dose is evaluated and disp layed . The tota l dose in
this case is the sum of the dose contr ibutions fr om neutron s ,
secondary gamma rays and promp t gamma r ays .  The dose values are
4i~R 2 q u a n t i t i e s .

NOTE : If f i s s ion  produc t gamma ray s were also included , they
woul d dominate the dose , sin ce the sourc e consisted of
one neutron and one gamma ray but the fission product

r e su l t s  include the number of f i ss i o n s /K T .
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ATR SAMPLE PROBLEM 2 - INPUT

* 1 1 1 1 1 —  c,, ’ I I  F — - ~~t~~~- i- ’ — , . i .~: v i .~ S r

1 I
F- I ?

* Fl I
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~ II ) ,  ) ‘ ‘~~
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~
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*1 ~
[ ,
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ATR SANPLE PROBLEM 2 - OUTPUT
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ATR SAMPLE PROBLEM 2 - OUTPUT (Cont ’ d .)
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* * * * * * * * * A * A l  * * * * * * I * A * * A * * A * * A * * * *

**E x I I L IT I Q~4 r :i ~l P 1 l i l t)

132



Sample Problem 3

This prob lem i l lustrates  the X-ray re la ted  capabil i t ies
of the code . The source de f in i t ion  is a composite of two
black bod y spectra , one wi th  a temperature of 10 keV and the
other of 20 keV . The weighting of each of the black bod y
spectra is the same : 0.5. The total output is 0.4 KT. The
geometry configuration consists of both the source and the
target being on the ground and two slant ranges are used , one
at 100 m and the other at 200 m. For each of the geometry
configurations , the radiation summary is disp layed on the output .
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ATR SAMPLE PROBLEM 3 - INPUT
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ATR SAMPLE PROBLEM 3 - OUTPUT
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ATR SAMPLE PROBLEM 3 - OUTPUT (Cont ’ d . )
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Samp le Problem 4

This samp le problem i l lus t ra t es  the use of the *CONSTRAINT
command. The promp t gamma ray source spectrum uses is the stan-
dard fission source with a normalization value of io

24 gammas/KT
and a y ield of 20 KT. The neutron source is the bu i l t - i n
thermonuclear spectrum wi th  a normal iza t ion  of 6 x 1023

trons/KT and a weapon y ie ld  of 100 KT. One fixed component

of the geometry is the sour ce height at 1 km the other is the

slant ang le which varies from -10 degrees to 30 degrees in
steps of 10 degrees.  For each of the f ive geometry conf i gu-
rations the slant range is evaluated for which the response

value is the same as specified by the *CONSTRAINT commands. The

p rompt gamm a ray tota l fluence is constrained to have a value
of 106 , the neutron total f luence is con strained to have a
value of lO~ and the secondary gamma ray Henderson t issue dose
cons t ra in t  value is 0.1 rads.
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ATR SAMPLE PROBLEM 4 - INPUT
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ATR SAMPLE PROBLEM 4 - OUTPUT
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ATR SAMPLE PROBLEM 4 - OUTPUT (Cont ’d .)
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Sample Problem 5

This prob l em i l lus t ra tes  the output  of spectral information
for neutrons and secondary gamma rays . The neutron source is

the bu i l t - in  14 Mev spectrum with a normalization value of
2 x io 23 neutrons/KT and the yield is 10 KT. The source is

located on the groun d , the target  is at 1 km and the slant
range is 200 gm/cm 2 . The output details the summary and spectral
f luence value s d is t r ibuted  over angle and over energy but not
the ful l  ang le-energy distr ibution.
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ATR SAMPLE PROBLEM 5 - INPUT
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ATR SAMPLE PROBLEM 5 - OUTPUT
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