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A MONT E CARLO TRANSPORT ROUT I NE F OR THE

“ U . S . STANDARD ATMOSPHERE ” ( 1 9 6 2 ) TO AN AL T I TUDE O F 9 0 K I LOME T ERS

b y

C . J . E v e r e t t , E . D . C a s hw e l l , R . G . S c h r a n d t

ABSTRACT

F o l l ow i n g t h e 1 9 6 2 U . S . S t a n d a r d A t mo s p h e r e r e p o r t ( NASA , USA F ,
USWB ) , t h e e a r t h ’ s a t mo s p h e r e t o 9 0 k m i s s u b d i v i d e d i n t o e i g h t h o r i -
z o n t a l z o n e s , i n e a c h o f wh i c h t h e t e mp e r a t u r e i s a s s ume d a l i n e a r
f u n c t i o n o f a l t i t u d e . T h e b a r ome t r i c e q u a t i o n i s i n t e g r a t e d o n t h i s
b a s i s t o o b t a i n f o r nw l a s f o r t h e n ume r i c a l d e n s i t y f u n c t i o n , wh i c h
c l o s e l y a p p r o x i ma t e s t h e t a b u l a t i o n o f t h e r e p o r t c i t e d . F u r t h e r
i n t e g r a t i o n t h e n y i e l d s Mo n t e C a r l o r o u t i n e s f o r t h e u s u a l “ d i s t a n c e
t o c o l l i s i o n ” d e c i s i o n . A f l ow d i a g r a m i s i n c l u d e d , w i t h a l l r e q u i r e d
c o n s t a n t s . T h e me t h o d , wh i c h i s mo r e r e a l i s t i c t h a n a n e a r l i e r o n e
b a s e d o n a s i n g l e e x p o n e n t i a l d e n s i t y , ma y b e u s e d i n c o n j u n c t i o n w i t h
a n y n e u t r o n a n d / o r p h o t o n c o d e , b u t w a s i n t e n d e d p r i ma r i l y f o r t h e
e x i s t i n g ( MCP ) p h o t o n c o d e , wh i c h a l l ow s f o r p a i r p r o d u c t i o n , c o h e r e n t
a n d i n c o h e r e n t s c a t t e r i n g w i t h a p p r o p r i a t e f o r m f a c t o r s , a n d f l u o r e s c e n c e
s u b s e q u e n t t o p h o t o e l e c t r i c a b s o r p t i o n . A s e r i e s o f s u c h p r o b l e ms w a s
r u n o n t h e CDC - 7 6 0 0 , w i t h a mo n o e n e r g e t i c p h o t o n p o i n t - s o u r c e ( . 5 , 1 . 5 ,
5 . 0 M e V ) a t 5 0 k m a l t i t u d e , d i r e c t e d v e r t i c a l l y d ownw a r d , u s i n g t h e
U . S . S t a n d a r d A t mo s p h e r e , a n d f o r c omp a r i s o n , a n e x p o n e n t i a l a t mo s p h e r e
a s s ume d i n e a r l i e r s t u d i e s . T h e d i r e c t t r a n s m i s s i o n i s t a b u l a t e d , a n d
s a n e d i s c u s s i o n o f t h e r e s u l t s i s i n c l u d e d . I n q e n e r a l , t h e U . S .
A t mo s p h e r e a l l ow s l e s s p e n e t r a t i o n w i t h a f a c t o r - o f 1 / 2 -
u n c omn o n .

1 . THE DENS I TY F UNCT I ON w e a s s ume a f o r c e

F o r a c o l umn o f a i r a b o v e t h e e a r t h ’ s s u r f a c e

S ( F i g . 1 ) , o f a r e a A , a n d h e i g h t Z * = 9 0 k m ,

Iz *—

a n d

F ( z ) = F ( z +

o r l e s s n o t

v a r i a t i o n

~Z) + p ( AA z ) g

h e n c e a p r e s s u r e g r a d i e n t

d p / d z = - p ( z ) g ( z ) ( 1 )

wh e r e p = i i k T ,p = ( M / No ) i i ,g = g o / [ l + ( z / RE ) ] 2 , i i

Z+&Z
b e i n g t h e mo l e c u l a r n ume r i c a l d e n s i t y ( s e e T a b l e I

—

— z f o r n o t a t i o n ) . T h e c o n s t a n t p e r c e n t a g e c omp o s i t i o n

( c f . [ 1 ] ) f o r ZCZ * i n s u r e s t h e c o n s t a n c y o f t h e

,L. C= n ( z ] / f i ( z ) ; 2 < Z *

a v e r a g e mo l e c u l a r w e i g h t M , a n d o f t h e r a t i o

A

F i g . 1
o f a t om i c t o mo l e c u l a r d e n s i t y .



k =

M=

No =

9 0 =
RE =

R=

K=

TABL E I

1 . 3 8 0 5 2 7 X 1 0 - 1 6 e r g / ° K , Bo l t z ma n n c o n s t a n t

2 8 . 9 6 4 4 gm , a v . “ mo l e c u l a r wt . ” o f a i r ,

c o n s t a n t f o r z < 9 0 k m

6 . 0 2 2 5 7 X 1 0 2 3 , A v o g a d r o ’ s n umb e r / mo l e

9 8 0 . 6 6 5 c m / s e c 2 , e a r t h s u r f a c e g r a v i t y ( GME / R~ )

6 3 7 1 k m , me a n e a r t h r a d i u s

No k = 8 . 3 1 4 3 2 x 1 0 7 e r g / ° Kmo l e , g a s c o n s t a n t

R / Mg o = 2 . 9 2 7 1 3 X 1 0 3 c m / ° K

A I R COMPOS I T I ON
( z < z * )

Mo l e c u l a r % Nume r i c a l
Comp o n e n t Comp o s i t i o n

N2 7 8 . 0 8 4

’ 3 2 2 0 . 9 4 7 6

A r . 9 3 4

C02 . 0 3 1 4

N e . 0 0 1 8 1 8

Su b s t i t u t i o n i n ( 1 ) y i e l d s t h e d i f f e r e n t i a l

e q u a t i o n

d ( i i T ) / ( i i T )= - Mg d z / RT

f r om wh i c h w e o b t a i n t h e h a s ’

r e l a t i o n

c d e n s i t y - t e mp e r a t u r e

[/

z
i i ( z )= iii(Ti/T(z)) e x p - Mg ( z ) d z / RT ( z )

1 ( 2 )

‘ i

wh e r e z i < z * i s a n a r b i t r a r y a l t i t u d e , a n d

i i = i i ( z i ) , T i = T ( z i ) .

F o l l ow i n g [ 7 ] , w e s u p p o s e t h e f u n c t i o n T ( z )

d e f i n e d b y a b r o k e n l i n e o f 8 s e gme n t s , a s i n d i -

c a t e d i n F i g . 2 , a n d g i v e n e x p l i c i t l y i n T a b l e I I .

W e h a v e t a k e n t h e e x a c t v e r t i c e s o f [ 1 ; T a b l e I 4 e ] ,

b u t a s s ume d t h e T - s e gme n t s l i n e a r i n a l t i t u d e z ,

r a t h e r t h a n i n “ g e o p o t e n t i a l a l t i t u d e , ” t o f a c i l i -

t a t e c omp u t a t i o n . How e v e r , w e u s e i n ( 2 ) , f o r e a c h

o f t h e 8 z o n e s , t h e e x a c t v a l u e o f ~ i = f i ( z i ) t a b u -

l a t e d i n [ 1 ] , a n d , t o a c h i e v e “ g o o d n e s s o f f i t , ”

t a k e f o r g ( z ) a c o n s t a n t v a l u e ~ i ( T a b l e III) s u c h

t h a t i n t e g r a t i o n o f ( 2 ) g i v e s i i ( z i + l )= i i i + , . T h i s

p r o c e d u r e r e s u l t s i n a f u n c t i o n i i ( z )c l o s e l y a p p r o x -

i ma t i n g t h e t a b u l a t i o n i n [ 1 ] .
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Zi <

U i =

F i g . 2

T h e i n t e g r a l i n ( 2 ) i s e a s i l y e v a l u a t e d f o r

o f t h e t wo t y p e s o f t e mp e r a t u r e f u n c t i o n T ( z ) :

F . F l a t c a s e . T ( z ) ~ T i o n Zi < Z < Zi+,.

( 2 ) , w e f i n d

( 3 )fi(z)/iii = eXp[-(z-zi)/tii]

H i = K i T i ( ~ ) ; K i = R / MS i ( c m / ” K )

S . S l a n t c a s e . T ( z ) = T i + r i ( z - z i ) o n

z < ‘ i + l ” I n t e g r a t i o n i n ( 2 ) y i e l d s

ii(z)/iii = [ , + u i ( z - z i ) [ H i - ’

I ’ i / T i ( c m - l ) ,H i = l / K i l ’ i ,K i = R / M i j i ( c m / OK )

( 4 )

H e r e , t h e s l o p e I ’ i i s i n “ K / c m , a n d H i i s d e me n s i o n -

l e s s . T h e s e r e s u l t s a r e c o l l e c t e d i n T a b l e II.

II. D I STANCE TO COLLISION

A b e a m o f N “ p r o j e c t i l e ” p a r t i c l e s , o f e n e r g y

E , p a s s i n g t h r o u g h a t h i c k n e s s d l o f a i r o f a t om i c

d e n s i t y n ( z ( 9 . ) ) ,a n d “ ma c r o s c o p i c c r o s s s e c t i o n ”

u = u ( E ) ( s e e b e l ow ) , s u f f e r s a n a t t e n u a t i o n



co

c1

C2

, C3

C4

C5

C6

C7

i Z i c m
—

o 0

1 1 1 . 0 1 9 + 0 5

2 2 0 . 0 6 3 + 0 5

3 3 2 . 1 6 2 + 0 5

4 4 7 . 3 5 0 + 0 5

5 5 2 . 4 2 9 + 0 5

6 6 1 . 5 9 1 + 0 5

7 7 9 . 9 9 4 + 0 5

O= z o < z < z l ( c m )

2 < 2 < 2
1 2

Z 2GZ < Z 3

Z 3 < Z < Z 4

2 < 2 < 2
4 5

Z 5 < Z < Z 6

Z 6 < Z < Z 7

z < 2 < 2 = 9 . 1 0 6
7 8

STORAGE

F i = i i o / i i i

1

3 . 3 6 6 1 1

1 3 . 9 1 4 8

9 2 . 6 2 5 2

8 5 8 . 1 0 1

1 6 1 3 . 0 1

4 8 7 8 . 6 6

6 1 2 1 3 . 6 5

H j

TA8 L E I I

T = T o + r o ( z - z o )

T = T
1

T = T 2 + 1 ’ 2 ( z - z 2 )

T = T 3 + I ’ 3 ( z - z 3 )

T = T 4

T = T 5 + r 5 ( z - z 5 )

T = T 6 + r 6 ( z - z 6 )

‘ 5 T 7 ”

- Ho - l
i i = i i o [ l+ Uo ( z - z o ) ]

i i = i i l e x p [ - ( z - z 1 ) / H1 ]

- H2 - 1
i i = ; 2 [ 1 + U2 ( Z - Z 2 ) ]

- H3 - 1
i i = i i 3 [ l+ U3 ( Z - Z 3 ) I

E = f i 4e x p [ - ( z - z 4 ) / H4 ]

- H5 - 1
i i = i i 5 [ l+U5 ( Z - Z 5 ) ]

- H6 - 1
i i = i i 6 [ l+U6 ( Z - Z 6 ) ]

; = ~ 7 e x p [ - ( z - z 7 ) / H7 ]

- 5 . 2 5 5 8 3 9 6

6 . 3 7 2 6 2 9 8 + 0 5 c m

3 4 . 1 6 2 9 4 3

1 2 . 2 0 1 1 3 3 5

8 . 0 4 7 4 1 5 1 + 0 5 c m

- 1 7 . 0 8 1 7 8 9 9

- 8 . 5 4 0 7 5 7 7

5 . 4 3 0 2 6 5 7 + 0 5 c m

( 8 ) 9 0 , 0 0 0 + 0 5 -

No t e : x * y me a n s x x 1 0 f y

TA8 L E III

i iiho

T .998269

1 .995134

2 .991810

3 .987621

4 .984449

5 .982329

6 .978096

7 ,973775

dN / N = - u n ( z ( g ) ) d k

a n d h e n c e s a t i s f i e s t h e “ d e c a y ” l a w

[J
t

f!(k) = N(0) e x p - u n ( z ( ! 2 ) ) d t
o 1

U i c m - ’

- . 0 2 2 5 1 8 7 9 9 2 - 0 5

. 0 0 4 5 7 7 9 7 1 4 - 0 5

. 0 1 2 0 9 4 2 0 9 5 - 0 5

- . 0 0 7 2 5 8 9 5 6 2 - 0 5

- . 0 1 5 4 8 5 4 7 6 4 - 0 5

‘i “K

2 8 8 . 1 5

2 1 6 . 6 5

2 1 6 . 6 5

2 2 8 . 6 5

2 7 0 . 6 5

2 7 0 . 6 5

2 5 2 . 6 5

1 8 0 . 6 5

-3
ii: c m

2 . 5 4 7 1 + 1 9

7 . 5 6 6 9 + 1 8

1 . 8 3 0 5 + 1 8

2 . 7 4 9 9 + 1 7

2 . 9 6 8 3 + 1 6

1 . 5 7 9 1 + 1 6

5 . 2 2 0 9 + 1 5

4 . 1 6 1 0 + 1 4

ri OK / c m

- 6 . 4 8 8 7 9 2 - 0 5

0

. 9 9 1 8 1 7 5 - 0 5

2 . 7 6 5 3 4 1 - 0 5

0

- 1 . 9 6 4 6 3 6 5 - 0 5

- 3 . 9 1 2 4 0 5 6 - 0 5

0

1 8 0 . 6 5 6 . 5 9 1 0 + 1 3 -

W e t h e r e f o r e r e g a r d t h e e x p o n e n t i a l a s t h e p r o b a -

b i l i t y Q ( L ) o f t r a n s m i s s i o n t h r o u g h d i s t a n c e 9 . , a n d

P ( 9 . )= 1 - Q ( R . )a s t h e d i s t r i b u t i o n f u n c t i o n f o r c o l -

l i s i o n a t d i s t a n c e < ! ? . Wh e n n ( z ( ! L ) ) i s w e l l d e f i n -

e d f o r a l l L < a , a n d Q ( m ) = O , s e t t i n g a r a n d om

n umb e r

s e r v e s t o d e t e r m i n e t h e d i s t a n c e t t o c o l l i s i o n i n

a n i n f i n i t e me d i um . T h i s s i mp l e r u l e i s s u b j e c t t o

v a r i o u s q u a l i f i c a t i o n s i n t h e p r e s e n t c a s e , a s i n d i -

c a t e d b e l ow .

I n wh a t f o l l ow s , w e s u p p o s e t h e e a r t h t o b e

f l a t ( z * < < RE ) , a n d t h e a t mo s p h e r e a b o v e i t d i v i d e d

i n t o t h e 8 a l t i t u d e z o n e s o f T a b l e II. T h u s a p r o -.
j e c t i l e , t r a v e l i n g a d i s t a n c e k > O i n t h e d i r e c t i o n

3



n = ( u , v , w ) f r om a p o i n t o f d e p a r t u r e P = ( X , Y , Z )

i n t h e i - t h s u c h z o n e , w i l l t h e n b e a t a n a l t i t u d e

( F i g . 3 )

z ( k ) = z +W ! L ”

wh e r e t h e a t om i c d e n s i t y i s

n ’ ( z ( ~ ) )= C i i ( z ( ! ? , ) )= C i i i “ i i ( z ( R ) ) / i i i= c i i o ( t i i / i i o )

( 6 )

x fi(Z(k))/fii = ( nO / F i ) f i ( Z +wL ) / f i i; F i ~ f i O / f i i

( s e e T a b l e II).

‘i+l ‘i+l ‘ T .1 + 1

z - - - w
P

‘ i
n i , T i

s 0 1 (w= Cosez)

F i g . 3

E x i s t i n g c o d e s a l l ow c omp u t a t i o n o f t h e q u a n -

t i t y

a = l / u n o ( 7 )

wh e r e nO i s t h e a t om i c d e n s i t y o f a i r a t s e a l e v e l ,

a n d

i s i t s “ ma c r o s c o p i c c r o s s s e c t i o n , ” t h e f j d e f i n i n g

i t s f r a c t i o n a l a t om i c c omp o s i t i o n . I n e v a l u a t i n g

( 5 ) , w e w i l l t h e r e f o r e u s e ( 6 ) , ( 7 ) t o e x p r e s s

u n ( z ( ! t ) )= ( o n o / F i ) i i ( z ( k ) ) / f i i= ( A F i ) - l

( 8 )

x ii(ztwWii

i n t e r ms o f h , t h e s t o r e d F i , a n d t h e d e n s i t y r a t i o s

o f ( 3 ) , ( 4 ) .

It r e ma i n s t o s h ow h ow a r a n d om n umb e r r i s

u s e d t o d e t e r m i n e t h e d i s t a n c e k t o c o l l i s i o n , i n

e a c h o f t h e c a s e s F , S a b o v e .

F . F l a t c a s e . Su b s t i t u t i o n o f ( 8 ) , ( 3 ) i n ( 5 )

g i v e s

W e

[
r = Q ( l ) = e x p -(AFiE)-7~~e-wtd~

I

( 9 )

E = e x p ( Z - z i ) / H i , w=W l l i i

a r e f a c e d w i t h t h e f o l l ow i n g p o s s i b i l i t i e s .

( l o )

~ “ From(9)$

r = Q ( ! L )= e x p [ - ( A F i E ) - ’ k ]

a n d w e s i mp l y s e t

! L = L ; L = - A F i E 2 n r , l > r >O ,

0 6 1 < 0 ,

F o r w# O , ( 9 ) b e c ome s

[r = Q ( t ) = e x p - ( A F i EW ) - l ( 1 - e - wL ) ] ( 1 1 )

o r ! = - W - l L n ( l - WL ) ( 1 2 )

~ “ I n ( 1 1 ) , Q ( = ) = O , a n d ( 1 2 ) d e -

f i n e s ! t o nO< ! L < _ f o r l > r >O

t i ” F o r W > 0 , ( 1 1 ) s h ow s t h a t t h e r e

i s a n o n - z e r o p r o b a b i l i t y

Q ( c o ) ‘ e x p [ - ( A F i Ew ) - l ] > 0

o f t r a n s m i s s i o n t h r o u g h a n i n f i n i t e

( 1 3 )

me d i um w i t h n o—

c o l l i s i o n , a n d t h e r e f o r e o n l y r a n d om n umb e r s r > Q ( M )

d e t e r m i n e c o l l i s i o n s w i t h 9 . c CO . I n t h i s c a s e , w e

t h e r e f o r e h a v e t h e a l t e r n a t i v e s

F + k ( 1 > r > Q ( c o ) ), O<WL < l , O< ! l . <m f r om

( 1 2 ) ,

F + . w (Q ( c a ) > r > O ) , l <WL , L =CO .

4



1

( 5 )

~ .

s . S l a n t c a s e . Su b s t i t u t i o n o f ( 8 ) , ( 4 ) i n

y i e l d s

[ .

- H i - 1
Q ( k ) = e x p - (X F i ) - l ~ ~ ( V +U i wg )

1
dk ( 1 4 )

V= l + u i ( z - z i ) > o

No t e h e r e t h a t I H i l > 1 , a n d V i s t h e r a t i o T / T i

a t t h e p o i n t o f d e p a r t u r e P . W e a g a i n c o n s i d e r t h e

p o s s i b i l i t i e s .

~ F r o ” ( 1 4 ) $

r=Q(~)=exp[-(AFiJi+’r~]

a n d w e t h e r e f o r e s e t

H . + 1
$ =V1 L ; L ~ - A F i L n r ~O , l a r > 0 ,

o < ! ? , <m

F o r w#O , w e o b t a i n f r om ( 1 4 ) ,

[

- 1r = Q ( k ) = e x p - ( A F i U i wH i )

[

- H i - H i
x v - ( V+ u i w t )

1]

[

- H t - l / H i
o r 9 , = ( V - LU i wH i )

1 /
- v U i w

( 1 5 )

( 1 6 )

( 1 7 )

w i t h L a s i n ( 1 5 ) .

In c o n s i d e r i n g t h e r e ma i n i n g c a s e s , i t i s w e l l

t o b e a r i n m i n d t h a t : n ( z ) i s a p o s i t i v e d e c r e a s i n g

f u n c t i o n o f z ; U t , H i b o t h h a v e t h e s i g n o f I ’ i ;a n d

Q ( P . ) i s a d e c r e a s i n g f u n c t i o n o f ! L f o r w - 0 , w i t h

Q ( 0 ) = 1 .

5 - - ( w< O , r i < O ) . A s i n c a s e F - , w e h a v e

Q ( m ) ‘ O , a n d ( 1 7 ) d e f i n e s 9 . 0 n 0 6 ! L < r n f o r

l > r >O .

F + ,

s * ( w> o , r. > o ) . T h i s i s a n a l o g o u s t o C a s e

s i n c e

Q ( c o )= e x p
[
-(kFilJiwtj )-’

a n d t h e r e a r e t h e a l t e r n a t i v e s

1
v-Hi >0

- H i
S+ + ! t ( la r > Q ( m ) ) , O< LU i wH i < V ,O<L<CC

f r om

l i n e

s i t e

( 1 7 ) s
- H i

SU - ( Q ( c o ) > r > o ) , v < LU i wH i , J ?= CO .

I n t h e s e c a s e s , T i s i n c r e a s i n g w i t h l . , o n t h e

o f f l i g h t . In t h e r e ma i n i n g c a s e s , t h e o p p o -

i s t r u e , a n d n e i t h e r n ( t ) n o r Q ( ! z ) i s d e f i n e d

f o r T / T i = V + U i w ! t< 0 . How e v e r , s i n c e T / T i r e -

ma i n s p o s i t i v e t h r o u g h o u t z o n e i , w e ma y p r o c e e d a s

f o l l ow s :

S - + ( W <O , r ’ <> 0 . Q ( ! l ) i s d e f i n e d f o r

0 < ! < L * , wh e r e V +U i w ! l * = O a n d Q ( l . * )= O .

H e n c e ( 1 7 ) d e f i n e s ! ?o n O < L < J ? * f o r 1 2 Z r > 0 .

5 + - ( w > 0 , r i ~ , Q ( ! t ) i s d e f i n e d o n

O < L < L * a s b e f o r e , b u t n ow

[

- H i

1
Q(L*)= e x p -(AFiUiWHi)-’ V > 0 .

T h i s l e a d s t o t h e a l t e r n a t i v e s
- H i

S+ - ! ( l a r > Q ( L * ) ) , O ’ KLU i wH i < V ,

O< l < L * f r om ( 1 7 )
- H i

S+ - m ( Q (g * ) > r > o ) , v < LU i wH i , P . =G= .

No t e t h a t t h e s e t t i n g ! 2= C= i s o n l y a Mo n t e C a r l o

s t r a t e g y wh i c h f o r c e s t r a n s p o r t t o t h e b o u n d a r y .

III. ROUT I NE F OR “ D I STANCE 9 . TO COLLISION”

We e n t e r f r om t h e f r e e p a t h r o u t i n e o f t h e

r e g u l a r c o d e a t t h e “ A - p o i n t , ” w i t h A = u n o ( c f . II),

t h e p o i n t o f d e p a r t u r e p a r a me t e r s P = ( X , Y , Z ) ,

Q = ( u , v , w ) , a n d t h e i n d e x i = 0 , . . . , 7 o f t h e z o n e

i n wh f c h P l i e s . F o r s t o r a g e , s e e T a b l e I I .

T h e e x i t ( 0 ) r e f e r s t o t h e “ c o l l i s i o n o r e s -

c a p e ” r o u t i n e o f t h e r e g u l a r c o d e , wh i c h c omp a r e s

t h e d i s t a n c e ! Zw i t h t h a t t o t h e b o u n d a r y o f t h e

c u r r e n t c e l l , a l o n g t h e l i n e o f f l i g h t . In case of

c o l l i s i o n w i t h i n t h e c e l l , t h e c o d e r e s ume s t h e f r e e

p a t h a t t h e “ A - p o i n t , ”

E s c a p e c o n n o t e s e i t h e r

p a s s a g e t o a n a d j a c e n t

p a t h r o u t i n e t o o b t a i n

f r om wh i c h ( A ) w a s e n t e r e d .

e s c a p e f r om t h e s y s t e m , o r

c e l l , a n d - o f t h e f r e e

A f o r t h e n e w c e l l . I n t h e

5



L
A

r

L = - A F i ! L nr

&
F

z - z
E=exp$

i

p r e s e n t a p p l i c a t i o n , A d o e s n o t c h a n g e f r om c e l l t o

c e l l , b u t o n l y upbfl change of energy due to colli-

sion.

I V . COMPAR I SON O F U . S . W I THAN EXPONENT I AL
ATMOSPHERE

Two s e r i e s o f 3 p r b b l e ms e a c h w e r e Pu n o n t h e

CDC - 7 6 0 0 , t h e f i r s t a s s um i n g t h e “ U . S . S t a n d a r d

A t mo s p h e r e ” t r e a t e d a b o v e , t h e s e c o n d a p u r e “ e x p o -

n e n t i a l a t mo s p h e r e ” , e s s e n t i a l l y t h a t e mp l o y e d i n

[ 2 ] .

Bo t h series involved an infinite slab g e ome t W ,
of height 9 0 k m , w i t h mo n o e n e r g e t i c p h o t o n p o i n t -

s o u r c e s ( . 5 , 1 . $ , 5 . 6 ! 4 e V )a t a l t i t u d e 5 0 k m ,

6

A
s

v = l + u i ( z - z i )

PE = exp(-Hi gn V )

i

Y W “ o N

It=<\I
f

t
!

W= LU i wH i

\f

Y
W< o ~

v
~ W< E ~

r

v v
e x p { - ~ ktn(E-W)} +E t=-

i

I

(50
d i r e c t e d v e r t i c a l l y d ownw a r d , A 3 - c omp o n e n t a t mo s -

p h e r e o f N2 , 0 2 , A r w a s a s s ume d , w i t h mo l e c u l a r

a b u n d a n c e s ? i l , l l l %~2C I . g 5 5% , . 9 3 4% , r e s p e c t i v e l y .

T h i s c o r r e s p o n d s t o a r a t i o n / f i= C = 2 ( , 7 8 1 1 1 )

+ 2 ( . 2 1 ) 9 5 5 )+ ( , 0 0 9 3 4 ) = 1 , 9 9 0 6 6 a n d hence to a

fractional

fN =

T h e s o u r c e

atomic composition

,78478 f . = . 2 1 0 5 3 f A = . 0 0 4 6 9 .

c r o s s s e c t i o n s p e r a t om , a n d t h e f - a v e r -

a g e d ma c r o s c o p i c c r o s s s e c t i o n s u u s e d , a r e s h own

i n T a b l e IV.

\

,

!

"



TAELE IV

barns/atom

E MeV
‘N ‘O ‘A

u

. 5 2 . 0 2 4 6 5 2 . 3 1 6 7 1 5 . 2 6 6 8 0

1 . 5 1 . 2 0 2 1 9 1 . 3 7 2 8 6 3 . 1 1 4 2 9

5 . 0 . 6 3 6 4 0 . 7 3 6 1 0 1 . 8 5 8 0 0

T h e A o f Series I is given by X = l/nou, where

‘o = iioC = 2 . 5 4 7 1 X 1 0 1 9 X 1 . 9 9 0 6 6 = 5 . 0 7 0 4 X 1 0 1 9

a t oms / c m3 i s t h e s e a l e v e l U . S . a t om i c

I n S e r i e s I I , a s i n g l e e x p o n e n t i a l

n ( z ) = n : e - z / H ; ~ = 6.7x lf)5cm, ()<z

w a s a s s ume d . T h e A o f S e r i e s II i n t h e

i s d e f i n e d a s k = ” l / n ~ u , w i t h n ; = 6 . 1 2 5 3 5 x 1 0 1 9

a t oms / c m3 a t s e a l e v e l . T h i s c o r r e s p o n d s t o a n

e l e c t r o n d e n s i t y o f 1 0 2 0 c m - 3 a t 1 0 k m , a s p o s t u -

l a t e d i n [2]. T h e a b o v e v a l u e o f H i s a l s o t h a t

u s e d i n [ 2 ] .

T h e d i r e c t t r a n s m i s s i o n s , f o r a v e r t i c a l p a t h

t h r o u g h t h e 8 z o n e s , ma y b e c omp u t e d a t o n c e f r om

t h e f o r mu l a s ( 1 1 ) , ( 1 6 ) f o r Q ( L ) , a n d a r e g i v e n f o r

5 M e V i n T a b l e V , f o r e a c h o f t h e l ow e r 5 z o n e s .

A l s o i n c l u d e d i s t h e a n a l o g o u s t r a n s m i s s i o n f o r t h e

p a t h f r om s o u r c e a l t i t u d e z = 5 0 x 105 c m t o t h e

l ow e r b o u n d a r y Z 4 o f i t s z o n e . T h e s e n umb e r s w e r e

r e a l i z e d w i t h g o o d p r e c i s i o n i n t h e Mo n t e C a r l o

r u n s .

T h e a n a l o g o u s t r a n s m i s s i o n s Q ( E ) f o r e n e r g i e s

E + 5 M e V a r e e a s i l y o b t a i n e d f r om t h e r e l a t i o n

Q ( E ) = QU ( E ) ’ U ( 5 ) . T h e a ( E ) u s e d i n t h e p r o b l e m

a r e g i v e n i n T a b l e IV. T h e a n a l o g u e o f T a b l e V f o r

s o u r c e E = 1 . 5 , 0 . 5 M e V a r e g i v e n i n T a b l e s VI, VII,

d e n s i t y .

d e n s i t y

< 9 x 1 0 6CM

t a b l e a b o v e

TASLEV

SOURCEE - 5 MeV

QU. S. At. Q EXP. A t . QU. S. At. Q EXCI. A t .

5 0 + 2 4 . 9 9 1 2 . 9 9 2 5 5 0 + 2 4 . 9 9 1 2 . 9 9 2 5

2 5 + 2 4 . 9 8 5 3 5 . 9 8 7 7

2 4 + 2 3 . 3 0 6 9 . 8 1 8 2 5 0 + Z 3 . 7 9 9 8 . 8 1 2 1

2 3 + 2 2 . 2 7 2 5 . 3 2 0 3 5 0 + 2 2 . 2 1 7 9 . 2 6 0 1

Z 2 + Z , . 0 + 1 3 0 2 3 . 0 2 0 4 50+2, .00175 .00531

2 , + 2 0 2 . 6 2 - 1 0 2 . 9 1 - 1 0 5 0 + Z 0 - 0 -o

S e r . I S e r . II
A U.S. cm. A Exp. cm.

2 . 1 0 1 3 4 . 0 9 3 8 5 5 9 + 0 5 . 0 7 7 6 9 1 4 + 0 5

1 . 2 4 7 0 9 . 1 5 8 1 4 6 6 + 0 5 , 1 3 0 9 0 9 6 + 0 5

. 6 6 3 1 1 . 2 9 7 4 2 1 4 + 0 5 . 2 4 6 1 9 7 4 + 0 5

TASLE VI

SOVSCE1!- 1 . 5)teV

Q U.S. Q EXP. Q U.S. Q b .

5 0 + 2 4 . 9 8 3 5 . 9 8 5 9 5Q+ Z 4 .9s35 .9859

=5+=4 .9726 .9770

=4*3 .6680 .6857 50+23 .6570 .6760

‘3*2 .0S672 .1175 50+22 .05698 .07963

‘2% 1.145 - 04 6.622 - 04 50+Z1 6.524 - 06 5.260- 05

‘1-o
9.55 - 19 1.16 - 18 50%0 -o -o

TAMS VII

SOUSCE E - 0.5 XeV

Q Us. Q EXP. Q U.S. Q ?.x-P.

50+24 .9726 .9764 50+Z4 .9724 .9764

‘5%
.9543 .9616

=4-3
.5067 .5295 50+23 .4927 .5170

‘3+=2
.016245 .0Z711 50+Z2 .008004 .01402

‘2+=1
2.286- 07 4.399- 06 50+Z1 1.830- 09 6.167 - 08

‘1-o
4.33 - 31 6.0.4- 31 50+;0 -o -o
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