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1. 1NTRODUCTION 

I n  a przvious paper , ‘  her-eii lafter referred Lo as paper 1, the  absorhcd- 

dose and dose-equivalent r a t e s  produced i n  t h e  a t m o s l h . h r e  by an c n e r e r t i c  

s o l a r  f l a r e  - t h e  f l a r e  cf February 23, 1956 - were computed. These r e s u l t s  

were obtained by c a l c u l a t i n g  f l u x  spec i ra  a t  var ious  atmospheric depths and 

then  applying a v a i l a b l e  flux-to-dose conversion f a c t o r s  t o  determine t h e  

dose rates, This procedwe f o r  ob ta in ing  t h e  dose rates i s ,  of course ,  

only approximate, and the primary purpose of t h e  present  work is  ‘Go eva lua te  

t h e  v a l i d i t y  of t h i s  app,roxi.mation. A second objectrive i s  t o  e s t ima te  t h e  

infl-uence t h a t  t h e  f u e l  c a r r i e d  by a supe:rsonic a i r c r a f t  w i l l  have on t h e  

dose rece ived  by t h e  passengers i n  t h e  event of a sol-ar f l a r e .  

Here, as i.n paper 1, we a r e  concerned wi th  only t h e  maximum dose i n  a 

30-g/cm2 s l a b  of t i s s u e ;  t h a t  i s ,  t h e  dose r a t e  a t  a depth of x g/cm2 i.n 

a i r  means t h e  maximum dose r a t e  which waul-d occur i n  a s l a b  of t i s s u e  i f  

t h e  t i s sue  were t o  r ep lace  the  a i r  from x t o  x +- 30 g/crn2. 

determine t h e  dose c o r r e c t l y  involves  ca.l.ciilating t h e  spa,trial. dependence 

of t h e  dose i n  t h e  t i s sue  usi .ng an a i r - t i s s u e - a i r  arrangement wikh t h e  

t i s s u e  loca ted  a-t each of the depths a t  which t h e  dose i s  des i r ed .  Xow-- 

eve r ,  t h i s  procedure r equ i r e s  cons iderable  computati-onal ef f’ort s i n c e  a 

sepa ra t e  t r a n s p o r t  cal-culat ion must be c a r r t e d  out t o  determine t h e  dose 

a t  each depth.  A more expedient; procedii.re, whi-c’n was used i n  paper 1, i s  

t o  compute i n  a sri.nglc t l -ansport  calcul.ati.on t h e  f l u x  s p e c t r a  a t  each depth 

using a i r  only .  These s p e c t r a  a r e  then mulbipl ied by a v a i l a b l e  f lux-to-  

Obviously, t o  

dose f a c t o r s ,  which have been determined using i i s s u e  only ,  t o  ob ta in  t h e  

dose a t  each depbii. ?%is procedure in t roduces  s e v e r a l  zpproximations . I n  

the present  woi-k c a l c u l a t i o n s  a r e  carri .ed out  usi.ng an ai r - - t i s sue -a i r  



arrangement,  and the  dose in t h e  t j : i suP i s  comparcd w i t h  t h a t  given i n  

paper 1 t o  o b t a i n  t h e  e r r o r  introduced by u-irig flux-to-dose conversion 

f a c  t o r s  . 
I n  o rde r  t o  i n t e r p r e t  subsequent comparisons of tlie r e s u l t s  obtained 

here wi th  those  given i n  paper 1, i i ,  i s  necessary t o  p o i n t  out  some of t h e  

approximations involved i n  us ing  flux-to-do:;e f a c t o r s  and i n  tlie manner i n  

which t h e  f a c t o r s  were used i n  pape:? 1. The flux-to-dose f a c t o r s  used w e r e  

determined f o r  t h e  case  of monoenergetic neutrons o r  protons normally or 

i s o t r o p i c a l l y  i n c i d e n t  on one s i d e  of an i n f i n i t e  s l a b  of t i s s u e  30 g/cm2 

i n  th i ckness  wi th  a vacuum on e i t h e -  s i d e  of t h e  t i s s u e . b  

of these  f a c t o r s  t o  any o the r  conf igu ra t ion ,  inc luding  t h a t  of i n t e r e s t  

%he a p p l i c a t i o n  

he re  where t h e r e  i s  a i r  on e i t h e r  s i d e  of t h e  t i s s u e ,  in t roduces  some e r r o r .  

Too, t h e  angular  d i s t r i b u t i o n  of t h e  flux i s ,  i n  gene ra l ,  in te rmedia te  be- 

tween the  two extremes f o r  which t h e  flux-to-dose f a c t o r s  were determined. 

T'nus t h e r e  e x i s t s  some choice a5 t o  how t h e  f l u - t o - d o s e  f a c t o r s  can be 

implemented. I n  paper l the  f a c t o r s  f o r  normal incidence were app l i ed  t o  

t h e  omnidi rec t iona l  f lux.  It i s  br?ortari t  t o  r e a l i z e  a l s o  t h a t  applying 

flux-to-dose f a c t o r s  t o  t h e  s p e c t r a  ca lc i i la ted  us ing  a i r  onljr cannot y i e l d  

t h e  same dose which would be obta ined  u s h g  an a i r - t i s s u e - a i r  arrangement 

because of t h e  f lux p e r t u r b a t i o n  ca i sed  by t h e  presence of tlie t i s s u e ;  t h a t  

i s ,  t h e  f lux  spectrum at a given des th  i n  a i r  i s  not  the same as a t  a n  air-  

t i s s u e  i n t e r f a c e  a t  t h i s  depth bccx-lse of t h e  d i f f e r e n c e  i n  t h e  nuc lear  

p r o p e r t i e s  of a i r  and t i s s u e .  A f u r t h e r  approximation i.s introduced when 

us ing  flux-to-dose f a c t o r s  corresponding t o  t h e  maximum dose because t h e  

c'leptki j n  the t i s s u e  a t  which t h e  maximum occurs  i s  ener,gy dependent. There 

f o r e ,  mul t ip ly ing  t h c  flux a% each 2nergy by t h e  corresponding flux-to-dose 



f a c t o r  at each enr rgy  and swxning g ives  t h c -  sum of t h t .  rrrix:rnsim doses at, 

each energy, which, jri general, i s  l a r g e r  tiian i i i r ~  max imin  dose i n  the 

t i s s u e .  

I n  t h e  next  s e c t i o n  some of t h e  d e t a i l s  of the c a l c u l a t i o n  arc g i v e n ,  

and i n  Sec t ion  Ill the r e s u l t s  a r e  presented  and d iscussed .  

11. CALCULATiONAL D E T A I L S  

The c a l c u h t i o n s  have been c a r r i e d  out f o r  -the s o l a r  f l -a re  which took. 

pl.ace on Febiwary 23, 1956. 

l a r g e  i n t e n s i t y  of high-energy pro tons .  Since t h e  energy spectrum f o r  t h i s  

f l a r e  i s  not well known, Foelsche5 has estimat.ed u.pper and lower I-irnits f o r  

t h e  prompt ( i . e . ,  f o r  a time near maximal. in-tt.Lisity) f l ux  spectrum. In  

paper 1 c a l c u l a t i o n s  were made fo r  both l i m i t s ,  bu t  i n  t h e  p re sen t  ca1.c~- 

l a t i o n s  only t h e  upper-l imit  spect;rurn i s  considered.  It i s  assumed t h a t  

t h e  proton f l u x  i.s i nc iden t  i s o t r o p i c a l l y  on t h e  top  of t h e  atmosphere. 

The f l u x  spectrum used i s  given in paper i. 

This f lare  was unusual because of the  very 

The configurati .ons considered a r e  i l l - u s t r a t e d  i n  F ig .  1. The protons 

are incident at  x = 0 ,  and t h e  th i ckness  of t h e  atmosphere i s  taken t o  he 

1033 g/cm7. 

e f f e c t  a t  t h e  high al.ti.tudes which are of i n t e r e s t  here .  The conf igura t ion  

f o r  a i r  only i s  t h a t  used i n  pa,per- 1, and t h e  conf igura t ion  with t h e  t i s s u e  

at a depth of 58 g/cm2 (65,000-ft  a l . t i t u d e )  w a s  chosen t o  compare with t h e  

resul ts  a t  t h i s  depth using air  only .  Since sixpersonic a i r c r a f t  w i l l  c a r r y  

substan.Lia1 amounts of f u e l ,  t h e  ques t ion  arises as t o  what, i f  any, e f f e c t  

t h e  d i r f e rence  I n  the nuclear  p r o p e r t i e s  of fuel .  and a i r  w i l l  have on the 

dose rece ived  by t h e  passengeys . T o  e s t ima te  t h i s  e f f e c t ,  a coni ' igwat ion  

was choseri i.n which the a i r  bel-ow t h e  t i s sue  i s  rep laced  by f u e l .  The 

The grourid- was riot considered s i n c e  i'i w i l l  have a n e g l i g i b l e  
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striuctural materials of the a i r c r a f t  have not been i n c l u d k d  s ince  the ca l -  

culaklons of Lcimdoi*fer el; aZ.6 i n d i c a t e  t h a t  they w i l l  not have a s i g n i f i . -  

can t  e f f e c t  on t h e  dose iiisi.de t h e  a i r c r a f t .  

The composi-tion of t h e  materials used a r e  given i.n Table I .  The dens i ty  

v a r i a t i o n  of the a i r  wi th  a l t i t u d e  w a s  taken i n t o  account s i n c e  pions and 

muons are included i n  the cal.cu1at;ion-s , and t h e l r  decay p r o b a b i l i t y  per  

unit. di-stance i s  dens i ty  dependent. 

A s  f o r  -the method o f  c a l c u l a t i o n ,  the  Monte Carlo t r a n s p o r t  program 

w r i t t e n  by ColemanS w a s  used f o r  pro tons ,  charged p ions ,  muons, and neu- 

t r o n s  above 15 MeV, and the  Monte Car1.0 program of I r v i n g  e t  a l .  l o  was used 

for neutrons below 15  MeV. The d e t a i l s  of t h e  method of c a l c u l a t i o n  are 

the  same as d iscussed  i n  paper 1 with  two minor except ions:  here t h e  coup- 

l i n g  energy between t h e  t w o  t r a n s p o r t  pi-ogi-ams i s  1 5  MeV r a t h e r  than  25 MeV 

used i n  paper 1, and. here  e l a s t i c  c o l l i s i o n s  by neutrons above the  coupling 

energy a r e  included whrrzas they  were not  i n  paper 1. 
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TABLE I 

COMPOSITION OF MATERIALS USED 
( i n  atom pe rcen t )  

FuelC 
b 

A i r a '  Tissue 
Element (Densi ty:  v a r i a b l e )  (Densi ty:  1.00 g/cm3) (Densi ty:  0.80 g/cm3) 

H 62.41. 68 .o 

C 12.23 32.0 

N 79.0 1.08 

0 21.0 23.63 

Na 0.04 

M g  0.01 

P 0.28 

s 0.04 

c1 0.02 

K 0.03 

Ca 0.23 

a. The dens i ty  v a r i a t i o n  with a l t i t u d e  w a s  taken from r e f .  7. 

b. This i s  t h e  composition for  "whole body" tissue and is based on 

t h e  d a t a  given i n  re f .  4. 

The fuel dens i ty  and composition axe based on t h e  data given i n  

ref. 8. 

c .  



n : r  I RESUL~E 

Figures  2 and 3 show the absorbed-dose and dose-equi.valcnt f a t e s ,  r e -  

s p e c t i v e l y ,  f o r  four  cases :  

paper 1, which were detemiined by corflputiilg the  omnidi rec t iona l  f l u x  spec- 

t ra  a t  each depth using a i r  only and applying flux-to--dose f a c t o r s ;  ( b )  t h e  

dose ra te  a t  var ious  depths determined by computing t h e  "forward" f l u x  

s p e c t r a ,  i . e . ,  t h e  f l u x  s p e c t r a  due only t o  those  p a r t i c l e s  moving dom- 

ward i n  the  atmosphere, a t  each depth using a i r  only and applying f lux-to-  

dose fac . tors ;  ( c )  t h e  dose rate a t  t h e  a i r - t i s s u e  i n t e r f a c e  a t  58 g/cm' de- 

termined by computing t h e  forward f l u x  a t  t h e  i n t e r f a c e  us ing  an a i r - t i s s u e -  

a i r  arrangement and applying flux-to-dose f a c t o r s  ; and ( d )  t he  dose-rate  

d i s t r i b u t i o n  i n  t h e  t i s s u e ,  which i s  t h e  c o r r e c t  dose i n  t h e  sense t h a t  an 

a i r - t i s s u e - a i r  arrangement w a s  used and flux-to-dose f a c t o r s  were not used. 

The e r r o r  bars on these  and subsequent f i g u r e s  r ep resen t  s t a t i s t i c a l  e r r o r s  

of one s tandard  dev ia t ion .  It should be no-Led t h a t  i-t i s  only t h e  maximum 

dose i n  t h e  t i s s u e  which i s  r e l evan t  f o r  comparison s i n c e  the  f lux-to-dose 

f a c t o r s  used a r e  those  f o r  maximum dose. These comparisons show t h a t  t h e  

resu l t s  obtained i n  paper 1. us ing  t h e  omnidi rec t iona l  f l u x  g ive  a consid- 

e rab le  overest imate  of the t r u e  dose r a t e  and t h a t  a b e t t e r  estimate is 

ob-Lained when t h e  forward f l u x  i s  used. The dose r a t e  obtained usiiig t h e  

forward f l u x  i s  e s s e n t i a l l y  t h e  same as i n  t h e  t i s s u e  f o r  t h e  absorbed dose 

r a t e  but, overest imates  t h e  dose-equivalent r a t e  by % 25%. 

t h e  dose con t r ibu t ion  according t o  p a r t i c l e  type and e n e r a  i s  given i n  

Tables I1 and 111. The omnidi rec t iona l  and forward s p e c t r a  f o r  a i r  only 

and tile forward spectrwil a t  t h e  a i~r - t i . s sue  i n t e r f a c e  a r e  given i n  F igs .  3 

and .  4 f o r  neutrons and p r o t o ~ i s ~  respect i -vely.  The reason f o r  t h e  subs tan t i -a1  

( a )  t h e  dose r a t e  at var ious  depths taken from 

A breakdown of 
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TABLE 111 

DOSE ZQUIVALENT RATE ( rem/hj  AT A DEPTH OF 58 g/cm2 USIKG FLUX-TO-DOSE FACTORS 

ki r-r? .. Particle and Air Ocly, A i r  Only, L ~ s s u e  
m e r g  Range Csing omrii- Percer-t of Using For- Percerit of I n t e r f e x e ,  Using Percent  of 1 

(MeV ;I D i r ec t iona l  F ~ L Y  Total ward F~LGX . L O t E l  F o ~ ~ e r d  Flux T o t a l  n 

Protons, all 2.82 41.9 2.67 59.6 2 -57  56.8 
energ ies  

Neutrons, > 100 0.710 16.5 0 592 11 .2  0.634 14 .0  

Neutrons 10-1GO 0.861 12.8 0.664 12.6 0.659 14.6 

Rel&rons, 1-10 i . 2 2  18.1 0.720 13.6 '3.41il 9.8 

aeut rons ,  5.1-1 0.91~1 1 4 . 1  0.545 10.3 0.192 ii.2 

Neutrons, < '3.1 0.178 2 .6  0.0g0 1.7 0.325 0.6 
~ 

T3TAL 5.73 1co .o  5.28 LOO. 0 4.52 1e0. 3 
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The f luc tua -  



1 of t h e  dose equiva len t  rake  brhel, tile omnidi rec t iona l  f l u x  i s  

used is evident  froin t hese  t a b l e s  and f i g u r e s :  Most of t h e  absorbed dose 

is con t r ibu ted  by protons and high-energy mutrrons , bath  of which a r e  moving 

predominrtnt1.y in t h e  forward. d i r e c t i o n ,  whereas neutrons i n  the  0.1- t o  

10-MeV i-mge, which a r e  near ly  i s o t r o p i c  and have a high qualiLy faCtor ,  

con t r ibu te  appreciably t o  t h e  dose equ iva len t .  
c 

From Figs. 2 and 3 it  i s  seen t h a t  t h e  dose r a t e  determined using the  

f l u x  spectrum ai; t h e  air-.tj .ssue i n t e r f a c e  a.nd flux-to-dose fac- tors  i s  i n  

exce l l en t  agreement with t h e  dose ra-Le i n  t h e  t i s s u e .  T h i s  means that  t h e  

major e r r o r  introduced by using flux-to-dose f a c t o r s  and f l u x  s p e c t r a  com- 

puted f o r  a i r  only i s  due t o  t h e  negl.ect of t h e  flux per tu rba t ion  caused 

by t h e  t i s s u e .  The presence of t h e  t i s s u e  i s  mainly r e f l e c t e d  by the  changes 

prodiiced i n  t h e  neutron spectrum i n  t h e  0.1- t o  IO-MeV range ( s e e  Figs ,  4 

and 5 ) .  

spectrum above 10 MeV. 

changed s i g n i f i c a n t l y  , Lhese neutrons do not con t r ibu te  appreciably t o  t h e  

close. 

The t i s s u e  has  I - i t t l e  e f f e c t  on t h e  proton spectrum o r  t h e  neutron 

Although t h e  neutron spectrum below 0.1. MeV i s  

The s p a t i a l  d i s t r i b u t i o n  of t h e  dose r a t e s  i n  the t i s s u e  shown i n  

F igs .  2 and 3 a r e  given i n  more d e t a i l  i n  Fig.  6. Also shown i n  Fig. 6 a r e  

t h e  dose rates obtained wher:t the  a i r  below - h e  t i s s u e  i s  rep laced  by fuel. 

The fuel i .ncreases the average absorbed-d.ose r a t e  i n  the  t i s s u e  by about 4% 

and t h e  dose equiva len t  r a t e  by &out 8% ; t h e s e  d i f f e rences  aye coniparable 

to the s t a t i s t i c a l  e r r o r  of the calcul.atri.on. The inf luence  of t h e  f u e l  on 

t h e  neutron-flux spectrum at; t h e  back face of the t i s s u e  i s  shown i n  F ig .  7 .  

Thus, although r e p l a c h g  a i r  by fue l  has a marked e f f e c t  on t h e  low-energy 

po r t ion  of t h e  neutron spectrixnun, the dose rece ived  by t h e  ";issue i s  a fyec ted  
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li t t , l e  bcrause oL' the sm:il 1 c o n t r i b u t  i (jt-1 of 1 . t : ~  ! o w - - c ~ r i ~ ~ r t p . y  r,eut,r-oris t o  t,i-ie 

d 0 :< c: . 

Figures 8 and. (2  g ive  the  c o n t r i b u t i o n  t o  1.tic. dost, r:tf.c, i r i  i l k i f ,  I , ~ : ; ~ , I J ( '  

accoi-ding t o  L)art<.cle t ype .  'The primary-protori c o n t r i  bu1,i or] i :, filii: 1,o t . k i c ,  

i o n i z a t i - a n  by those  pro tons  which have not  experienced a nixI.c?ar i.ntcracti.on 

e i t h e r  i n  t h c  air or in t h e  t i s s u e ,  and ?;tie secondary-proton con t r  i k J l J t . i c J r l  

i s  due t c l  t h e  ioni.zati.oii produced by a l l  othcr protons.  'The photon contr i -- 

but ion  incl-udes those photons produced i n  Liic t i  ~ s u e  by neuti*al-~Jiori decay, 

nuc lear  de-exc i ta t ion ,  neutron c a p t u r e ,  and. the a n n i h i l a t i o n  of p o s j  t r o n s  

r e s u l t i n g  from muon dccay . 'The heavy-nuclei (which here  means al.1. nuc le i  

h e a v i r r  than  nucleons)  con-tr ibut ion i s  due t o  t h e  enerLgy deposi ted by r e -  

c o i l  nuclei from e l a , s t i c  and n o n e l a s t i c  coll is . i .ons and. by heavy evaporat ion 

products .  The muons come from charged-pion decay and t;he e l e c t r o n s  aiid 

p o s i t r o n s  from muon decay. The photons,  e k c t r o n s ,  p o s i t r o n s ,  and heavy 

n u c l e i  are assumed t o  deposi-t t he i i -  energjr at, t h e  Ijoi.nt, where they are pro- 

duced; consequently,  p a r t i c l e s  of t h i s  type  which are produced i n  t h e  air 

and e n t e r  t h e  t i s s u e  are not included.  I n  o'otaining t h e  dose eq i i iva len t ,  

a. q u a l i t y  f a c t o r  of u n i t y  was used f o r  photoris, e l ? c t r o n s ,  and p o s i t r o n s  

and a qual-i ty f a c t o r  of twenty was assumed r o r  t h e  heavy r iuclei .  'The q u a l i t y  

f a c t o r  as a functi-on of ener.gy f o r  pro tons  w a s  t aken  from Turner e t  aZe11 

f o r  energ ies  above 1 0  M e V  and from Irving e t  aZ.12 f o r  lower energ ies .  The 

q u a l i t y  f a c t o r s  f o r  charged pions and muons ~(7ere c a l c u l a t e d  from t h e  pro-ton 

qua. l i ty  factor. Tt i s  e v j . d n n t  from F i g s .  8 aiid 9 that ,  while t h s  proton 

c o n t r i b u t i o n  dominates t n e  absorbed dose,  tile heavy nucle i  ai.e also important 

c o n t r i b u t o r s  t o  t h e  dose equivalent, becailse of ' iheir  high q i ia l i ty  f a x t o r .  
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I n  summary, t h e  p re sen t  cal.cu:-ations tndicatc t h a t  t h e  dose r a t e s  

given i n  paper 1 are Considerable overest imates  and t h a t  t h e  results given 

here us ing  t h e  forward-flux s p e c t r a  are b e t t e r  estimates. 

f l u x  spectra .  c a l c u l a t e d  i n  a i r  and flux-to-dose f a c t o r s  g ives  a very good 

e s t ima te  of t h e  absorbed dose but  overest imates  t h e  dose equiva len t  by 

% 25%. 

only which do not  account f o r  t h e  f lux pe r tu rba t ion  t h a t  would occur i f  t h e  

t i s s u e  were a c t u a l l y  p r e s e n t .  Thus, i f  b e t t e r  accuracy i s  r equ i r ed ,  t h e  

t i s s u e  must be t aken  i n t o  account e x p l i c i t l y .  Although the  comparisons 

with and without the  t i s s u e  are made a t  only one depth,  t h e  gene ra l  con- 

c lus ions  should remain v a l i d  f o r  o the r  depths .  

Using the forward- 

This  discrepancy i s  caused by using flux s p e c t r a  c a l c u l a t e d  i n  a i r  
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FOOTNOTES 

a. This work partially funded by the National Aeronautics and Space Ad- 

ministration (Order H-38280A) under Union Carbide Corporation's con- 

tract with the U. S. Atomic Energy Commission. 

b. The flux-to-dose factors used are presented in paper 1 and are based 

on the data given by Zerby and Kinney2 and Irving ek aZ. 

National Bureau of Standards Handbook 63. 

and in 

c. It should be realized that whether using the omnidirectional flux or 

the forward flux yields a better estimate of' the dose in the tissue 

depends upon the thickness of the tissue. 

dose produced in a very thin slab of tissue, then it would be expected 

that the omnidirectional flux would provide a better estimate since 

in this case the contribution of particles entering the "back" side of 

the tissue would also be important. 

If the interest is in the 
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