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ABSTRACT 

To assist i n  the evaluation of the hazard assoc ia ted  

with exposure t o  high-energy neutrons o r  protons, a series 

of Monte Carlo computer programs w e r e  used t o  ca l cu la t e  

the energy deposit ion t h a t  r e s u l t s  frm high-energy i n c i -  

dent nucleons as a function of depth i n  a slab of t i s s u e .  

The programs included nonelastic and e l a s t i c  i n t e rac t ions ,  

as w e l l  as evaporation processes and nuclear r e c o i l s .  A 

30-cm-thick i n f i n i t e  slab of tissue was treated, and cases 

of normal and i s o t r o p i c  incidence of 40&, 3 O e ,  200-, l a ,  

and 60-MeV protons and neutrons were computed. F'rm t hese  

data  current-to-dose conversion f a c t o r s  were ex t rac ted  f o r  

t h e  average-whole-body, t h e  5-cm-depth, t h e  surface,  and 

t h e  maxinun doses. 

adopted f o r  transforming rad dose t o  r e m  dose, but de- 

tailed energy-deposition data are a l s o  presented so  t h a t  

any prefer red  set of Q,F"s can be used t o  obta in  estimates 

A set of q u a l i t y  f a c t o r s  (QF's)  was 

of the rem dose. 
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I. INTRODUCTION 

To assess the hazard to personnel encountering high-energy radiation 

in space or near accelerators, it is necessary to have a means of estimating 

the biological effects of these radiations. 

obtaining such an estimate is to multiply the current of a given type of in- 

cident particle by the appropriate current-to-dose conversion factor to ob- 

tain a measure of the dose received. 

radiation can be determined only by experiment, but in the pst these effects 

have been successfully correlated with the dose from low-energy radiations. 

Hence, it is expected that a correlation can a l so  be found between the physio- 

logical effects and the dose from high-energy radiations, although it may be 

more cmplicated. 

Monte Carlo calculations have been carried out to determine many details 

about energy deposition by high-energy neutrons and protons in tissue as a 

function of' depth. 

doses (rem = roentgen equivalent man) were calculated, and current-to-dose 

conversion factors for the dose at the surface of the body, the dose at a 

depth of 5 cm, the average-whole-body dose, and the peak dose were extracted 

for hazard evaluation. 

A useful and simple way of 

OP course the physiological effects of 

To facilitate such possible correlations a series of 

From these data, rad  doses (1 rad = 100 ergs/g) and rem 

The incident-nucleon energies considered were fran 

60 to 400 kv. 

The model of the body selected was a 30-cm-thick infinite slab of 

tissue which was uniformly exposed to the radiation over one face. 

normally incident and isotropically incident radiations were calculated 

in an effort to bracket the dose that would be received with some 

intermediate angular distribution. 

Both 
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Previous ca lcu la t ions  of the  t i s s u e  dose from high-energy rad ia t ions  

have been made by Neary and MulveyYL who estimated max3mum permissible 

f luxes  of nucleons i n  the  40- t o  1000-MeV energy range on the  basis of 

rather q y a l i t a t i v e  considerations,  and by Turner - e t  a1 * who performed 

more de t a i l ed  Monte Carlo calculat ions of t he  t i s s u e  dose due t o  incident  

protons up t o  400 MeV. The present calculat ion,  which i s  described i n  

d e t a i l  i n  Section 11, i s  an independent extension of the latter study. 

It includes nonelast ic  in te rac t ions  of the  nucleons with nuc le i  and takes  

i n t o  account t he  contr ibut ion of cascade p a r t i c l e s  and nuclear evapora- 

t i o n  p a r t i c l e s  up through the  alpha p a r t i c l e .  

c o l l i s i o n s  of low-energy neutrons is  a l s o  accounted fo r ,  as well as the  

t r anspor t  of these p r t i c l e s .  

Energy loss  by e l a s t i c  

Since the  method of converting energy deposi t ion t o  rem dose w i l l  be 

-subject  t o  change as addi t iona l  data become ava i lab le ,  it was suggested 3 

that a s e p r a t e  ca lcu la t ion  be made of the  energy deposi t ion by the  protons 

as they passed through various energy ranges a t  the  var ious depths. 

t h i s  way any preferred set of qua l i ty  f a c t o r s  (Q,F's) c m  be applied 

with r e l a t i v e  ease. 

i n  Section 11. 

heavy charged p a r t i c l e s  was a l s o  cmputed and i s  reported separa te ly  f o r  the  

same reason, 

I n  

This was done i n  t h e  ca l cu la t ion  as described 

Information about energy deposi t ion by heavy r e c o i l s  and 

Ekperimental da ta  on the t i s sue  dose due t o  high-energy r ad ia t ion  are 
4 very scarce.  The experiment of Shalnov i s  an i s o l a t e d  example of the  meas- 

urement of t h e  dose from high-energy neutrons. His da ta  include the  dose 

as a funct ion of depth i n  t i s sue- l ike  mater ia l  from approximately 140-MeV 

neutrons s t r ipped  fram 280-MeV deuterons on copper and frm a broad spec- 

trum frm charge-exchange react ions of 480-MeV protons on beryllium. 
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The results of the present calculation are compared with those of the 

previous calculations and with Shalnov's experimental data in Section 111. 

A detailed breakdown of the energy deposition data is reported in Section 

IV for the depths and conditions corresponding t o  those for which the 

current-to-dose conversion factors were calculated. (Additional details 

are reported elsewhere. ') 

and a few final caamnents axe contained in the concluding Section V. 

Section IV also gives the current-to-dose data, 
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11. METHODS 

The interaction of a high-energy nucleon with matter initiates a cam- 

plex avalanche of lower energy secondary particles which proceed through 

the medium, increasing in population and decreasing in total energy as 

energy is deposited in the medium. In general, a nonelastic interaction 

of a nucleon with a nucleus produces, first of all, several seconaary nu- 

cleons which are due to direct interactions of the incident particle with 

the nuclear constituents and which have energies ranging from a few MeV 

up to a large fraction of the incident-particle energy. 

nucleus is left in a highly excited state and rids itself of most of its 

The recoiling 

excess energy by evaporating additional nucleons and heavy particles of 

relatively l o w  energy, of the order of a few MeV. Any energy left after 

evaporation presumably goes into the production of electromagnetic radia- 

tion. 

A series of Monte Carlo programs6 for the IBM-7090 cmputer has been 

written for the study of the transport of nucleons of energies up to 400 

MeV thruugh quite arbitrary geometrical configurations. 
* 

The calculations 

are divided into two parts, those above 50 MeV being performed separately 

since at lower energies the model used for computing intranuclear cascades is 

of doubtful validity and neutron transport requires a more cmplex treat- 

ment. 

The calculation begins with the selection of a source nucleon from 

the desired energy and angular distributions. Once a source particle is 

selected, a flight distance to a position where a nuclear interaction might 

occur is chosen from the exponential distribution with total macroscopic 

+Copies of the codes and instructions in their use may be obtained from the 
Radiation Shielding Information Center, Qak Ridge National hboratory, 
Post Office Box X, Oak Ridge, Tennessee, 37831. 
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geometric mean f r e e  path. 

geometric cross sec t ion  f o r  hydrogen.) 

(The n,p cross  sec t ion  a t  50 MeV i s  used as a 

If the  nucleon i s  a proton, i t s  

energy a t  the  end of the  f l i g h t  i s  determined by means of range t ab le s  

computed from t h e  stopping-parer formula for ion iza t ion  energy loss. 7 

Then, a t a rge t  nucleus i s  selected from the  cons t i tuents  of t he  medium, 

and i f  it i s  not hydrogen, the  energy and type of incident  nucleon, along 

with the charge and mass numbers of the  t a r g e t  nucleus, a r e  given t o  a sub- 

rout ine  version of B e r t i n i ' s  in t ranuclear  cascade code.8 If the t a r g e t  i s  

hydrogen, an e l a s t i c  n,p or p,p sca t t e r ing  i s  allowed t o  take place with 

probabi l i ty  equal t o  the  r a t i o  of t he  e l a s t i c  s c a t t e r i n g  cross  sec t ion  t o  

the  "geometric" cross  sec t ion  ( t h e  n,p e l a s t i c  s c a t t e r i n g  cross  sec t ion  a t  

50 MeV). 

f l i g h t  distance i s  selected and the  nucleon i s  moved s t r a i g h t  ahead from 

I n  the  event t h a t  t h e  s c a t t e r i n g  does not take place,  another 

i t s  present  posit ion.  

The in t ranuclear  cascade subroutine i s  i t s e l f  a Monte Carlo t r ans -  

po r t  ca lcu la t ion  on an in t ranuclear  sca le .  

sec t ions  and angular d i s t r ibu t ions  are assumed t o  hold f o r  t h e  ca lcu la t ion  

Free-par t ic le  n,p and p,p cross  

of the  in te rac t ion  of t h e  inc ident  nucleon with the  nucleons of t h e  nucleus. 

The nucleon may pass d i r e c t l y  through the  nucleus w i t h  no in t e rac t ion  what- 

soever, i n  which case another f l i g h t  d i s tance  i s  chosen, t he  p a r t i c l e  is  

moved s t r a i g h t  ahead f rm i t s  present  pos i t ion  t o  t h e  next possible  i n t e r -  

ac t ion  site, and another attempt a t  a nuclear i n t e r a c t i o n  i s  made. The 

t ranspor t  i s  thus continued u n t i l  t he  nucleon disappears i n  a nuclear 

i n t e rac t ion ,  leaks f rm the  system, or, i n  t h e  case of protons, slows dawn 

past 50 MeV. 

As t he  nucleon i s  t raced through the nucleus by B e r t i n i ' s  subroutine, 

it co l l ides  with a t  l e a s t  one nucleon of t h e  nucleus with a probabi l i ty  

equal t o  t h e  r a t i o  of nonelas t ic  cross  sec t ion  t o  the  geometric cross  



sect ion.  

nucleons, thus giving r i s e  t o  a n  intranuclear  cascade. Some nucleons may 

be knocked out of t he  nucleus, leaving behind a highly excited r e s idua l  

nucleus whose exc i t a t ion  energy i s  tabulated f o r  l a t e r  use i n  the  evapora- 

t i o n  process. If such a nuclear in te rac t ion  occurs, then the  products of 

t he  reac t ion  are transported through the  medium j u s t  as the  i n i t i a t i n g  par- 

t i c l e  was. The d e t a i l s  of each event i n  a p a r t i c l e ' s  l i f e  such as a nuclear 

in te rac t ion ,  crossing of a s p a t i a l  boundary, o r  slowing down past 50 MeV, 

a r e  recorded on magnetic tape f o r  l a t e r  ana lys i s .  

The t a r g e t  nucleons, upon r eco i l ,  may i n  t u r n  co l l i de  with other  

When the  desired number of source p a r t i c l e s  and t h e i r  progeny have 

been traced, an  ana lys i s  code reads the  magnetic tape containing the  

nucleon h i s t o r i e s  and analyzes f o r  t he  desired nucleon d i s t r ibu t ions .  This 

code completes the  in t ranuclear  cascade by evaporating addi t iona l  nucleons 

frm t h e  highly excited nuclei  by means of an  evaporation subroutine wr i t t en  

by D r e ~ n e r , ~  which i s  e s s e n t i a l l y  the  same as one wr i t t en  by Dostrovsky 

-- e t  a1.l' This subroutine u t i l i z e s  evaporation theory t o  compute probabi l f -  

t ies  f o r  the  emission of neutrons, protons, deuterons, t r i t o n s ,  'He nuc le i ,  

and alpha pa r t i c l e s ,  t h e  p robab i l i t i e s  being funct ions of t he  exc i t a t ion  

energy, t he  charge, and the  mass of the  excited nucleus. The p a r t i c l e  t o  

be emitted i s  chosen and i t s  ener@;y i s  se lec ted  from a Maxwell-Boltzmann 

d i s t r i b u t i o n  having a nuclear temperature appropriate  t o  the  excited r e s id -  

ual nucleus. It then c a r r i e s  away t h i s  k i n e t i c  energy along with i t s  bind- 

ing  energy, leaving a new res idua l  nucleus w i t h  a lower exc i t a t ion  energy. 

The evaporation continues as long as there  i s  enough energy t o  e m i t  a 

p a r t i c l e .  

been evaporated presumably i s  expended i n  gamma-ray emission. 

Any r e s idua l  exc i ta t ion  energy l e f t  after a l l  t h e  p a r t i c l e s  have 
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Another subroutine i n  the  ana lys i s  code analyzes a l l  protons with 

energies below 50 MeV which may have r e su l t ed  from evaporation o r  frm 

d i r e c t  i n t e rac t ion  with t h e  nucleus, as w e l l  as those  protons which have 

slowed down below t h i s  energy. The assumption was made i n  t h i s  study t h a t  

these  protons proceeded s t r a i g h t  ahead t o  t h e  end of t h e i r  range without 

su f fe r ing  nuclear i n t e r a c t i o n  (2.2 cm for >O-MeV protons 

our assumed composition). 

t i on .  

on a magnetic tape  which i s  used l a t e r  as a source tape fo r  a low-energy 

(< 50-MeV) neutron t r anspor t  ca lcu la t ion .  

1, including evaporated heavy p a r t i c l e s  and r e c o i l i n g  nuc le i ,  were assumed 

t o  deposit  t h e i r  energy a t  t h e  s i te  of t h e i r  b i r t h .  

i n  t i s s u e  of 

This should cause l i t t l e  e r r o r  i n  t h e  ca lcu la-  

Parameters associated w i t h  neutrons appearing below 50 MeV are put 

P a r t i c l e s  of m a s s  g rea t e r  than 

The t ranspor t  of neutrons from energies of 50 MeV down t o  thermal 

d i f f e r s  f rm  t h e i r  t r anspor t  above 50 MeV i n  two important respec ts .  

F i r s t ,  e l a s t i c  s c a t t e r i n g  becomes a n  important mechanism for energy l o s s  

and is, i n  f a c t ,  t h e  only one below roughly 10-100 keV, whereas it may be 

neglected i n  t h e  high-energy ca l cu la t ion  save f o r  t h e  case of e l a s t i c  

s c a t t e r i n g  by hydrogen. 

are not smooth func t ions  of t h e  energy, and t h e i r  desc r ip t ion  requi res  a 

l a r g e  amount of numerical information. 

known as t h e  05R, was developed by Coveyou -- e t  al.ll  and i s  notable f o r  i t s  

a b i l i t y  t o  describe c ross  sec t ions  i n  g r e a t  d e t a i l  and f o r  f l e x i b i l i t y  i n  

t h e  v a r i e t y  of problems it i s  ab le  t o  solve.  

Second, neutron c ross  sec t ions  below a f e w  MeV 

The code used f o r  t h i s  purpose, 

I n  other respec ts  t h e  t r anspor t  i s  accomplished i n  much t h e  same way 

as it i s  f o r  t h e  high-energy nucleons, m e  neutrons are introduced, 
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i n  t h i s  case throughout t h e  medium s ince  they r e s u l t  from nuclear i n t e r -  

ac t ions ,  a f l i g h t  p a t h  i s  chosen, and a pos i t i on  f o r  an  e l a s t i c  or a non- 

e l a s t i c  c o l l i s i o n  i s  computed. A s c a t t e r e r  i s  se l ec t ed  and, i f  t h e  sca t -  

t e r i n g  i s  e l a s t i c ,  t h e  neutron continues with reduced energy t o  a newly 

se l ec t ed  c o l l i s i o n  s i t e  and the process i s  repeated u n t i l  t h e  neutron d i s -  

appears from the  system by leaking, by slowing down p a s t  a low-energy cut- 

o f f ,  o r  by being absorbed i n  a nonelastic event. 

I n  t h e  calcul.ati.on of e l a s t i c  s c a t t e r i n g  it was assumed tha t  t h e  angu- 

lar  d i s t r i b u t i o n  i n  t h e  center-of-mass system of coordinates could be repre- 

sen ted  by a l i n e a r  function of the cosine of t h e  angle of sca t t e r ing .  This 

i s  not a very good representa t ion  f o r  t he  angular d i s t r i b u t i o n  of e l a s t i c  

s c a t t e r i n g  from the  heavy cons t i tuents  of t i s s u e  above about 1 MeV. 

However, most of t h e  neutrons appear with energies of a f e w  MeV and are 

r ap id ly  degraded i n  energy by c o l l i s i o n s  w i t h  hydrogen. Besides, t h e  con- 

t r i b u t i o n  of t h e  neutrons below 50 MeV t o  t h e  dose i n  t i s s u e  amounts t o  

roughly l@ of t h e  t o t a l  dose when t h e  inc ident  primary nucleons are neu- 

t r o n s  and t o  only about & wheri t h e  primary nucleons are protons and there-  

f o r e  t h e  assumption should introduce l i t t l e  e r r o r .  

12 

If  t h e  s c a t t e r i n g  i s  nonelastic, t he  eveiit i s  handled by means of a n  

abbreviated version of Dresner ' s  evaporation code' which b o i l s  o f f  neutrons , 
protons, and alpha p a r t i c l e s  only. Neutrons r e s u l t i n g  from nonelas t ic  

events such as ( n , n ' )  o r  (n,2n) are trarisported i n  tu rn ,  j u s t  as was the  

neutron i n i t i a t i n g  the  event. Each eveiit i.n a rieutron's l i f e ,  be it a n  

escape from t h e  system, a slowing down past cutoff energy, or a c o l l i s i o n ,  

i s  recorded on magnetic tape  f o r  l a t e r  ana lys i s  j u s t  as i s  done with t h e  

high-energy nucleons. When a l l  neutrons on the source tape  r e s u l t i n g  

from t h e  high-energy t r anspor t  calculation have been processed, an  
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ana lys i s  code reads t h e  magnetic tape  containing t h e  neutron h i s t o r i e s  

and analyzes them t o  estimate the  q u a n t i t i e s  of i n t e r e s t .  

With the  hope of a r r i v i n g  a t  some p r a c t i c a l ,  usable current-to-dose 

conversion f ac to r s  of s u f f i c i e n t  gene ra l i t y  of appl ica t ion ,  a 30-cm-thick 

i n f i n i t e  s l a b  of t i s s u e  was chosen f o r  study of the dose problem. This i s  

not an u n r e a l i s t i c  m o d e l  f o r  doses i n  t h e  abdominal region of a man and it 

leads t o  overestimates of t he  dose i n  t h e  ex t remi t ies  and head. Moreover, 

it i s  a m o d e l  which is  subjec t  t o  easy cmpu ta t ion  and has been used before 

i n  depth-dose studies.13 

C21Hi4oOmN3 with a dens i ty  of 1 g/cm3, assumptions which r e s u l t  i n  t he  

nuclear dens i t i e s  given i n  Table 1. 

which were used i n  t h e  stopping-power formula f o r  the computation of t h e  

range are a l s o  l i s t e d  i n  Table 1. A straightforward numerical in tegra-  

t i o n  of t he  inverse of t h e  stopping-power formula f o r  i on iza t ion  e n e r a  

l o s s  gives the range of protons t o  1 MeV as a func t ion  of energy, as shown 

i n  Fig. 1. The calculated neutron and proton cross  sec t ions  f o r  nuclear 

i n t e rac t ion  are shown i n  Fig. 2 as a func t ion  of energy f o r  carbon and owgen. 

The cross sections,  which are equal t o  each other,  r e s u l t  from many trials 

w i t h  Ber t in i ’ s  i n t r anuc lea r  cascade code. 

t h a t  were used for t h e  ca l cu la t ion  of a hydrogen e l a s t i c  s c a t t e r i n g  are 

a l s o  shown. 

14 The t i s s u e  was assumed t o  have a composition 

The average ion iza t ion  p o t e n t i a l s  

The n,p and p,p c ross  sec t ions  

I n  t h e  appl ica t ion  of t h e  current-to-dose conversion f a c t o r s  it i s  t o  

be expected t h a t  widely varying angular d i s t r i b u t i o n s  of nucleons inc iden t  

upon t h e  body w i l l  be encountered. 

version f ac to r s  which could be used t o  estimate upper and lower bounds on 

the  doses fo r  p r a c t i c a l  cases of i n t e r e s t ,  t h e  iiucleons were made t o  impinge 

I n  order t o  provide current-to-dose con- 
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Table 1 

Composition and Mean Exci ta t ion  
Po ten t i a l s  f o r  Tissue 

Nucleon Density Mean Exci ta t ion  Po ten t i a l  

Element [ (nuclei/cm") x 1 (4 
H 6.265 x l o m 2  
0 2.55075 x 
C 9.3975 x 
N 1.3425 x 

17.5 
99.0 
74.44 
86.0 

uniformly over t he  f ace  of t h e  s l a b  of t i s s u e  both normally and i so t rop ica l ly ,  

with t h e  expectation t h a t  these t w o  extremes of inc ident  a n L a l a r  d i s t r ibu -  

t i o n  would represent the  bounding cases. This i s  discussed f u r t h e r  i n  

Section IV.  Generally, 10,000 monoenergetic source nucleons were in t ro -  

duced at each of t he  source energies of 400, 300, 200, 100, and 60 MeV and 

f o r  each angular d i s t r i b u t i o n .  

of 1-cm thickness, and t h e  energy deposited i n  each subslab due t o  primary 

protons, secondary cascade protons, secondary evaporat.ed protons, evaporated 

heavy (mass > 1) p a r t i c l e s ,  and r e c o i l  nuclei  r e s u l t i n g  from both high- 

energy nuclear i n t e rac t ions  and low-enerm neutron e l a s t i c  c o l l i s i o n s  was 

reported.  The r e s idua l  nucleus exc i ta t ion  energy ava i l ab le  f o r  gamma-ray 

production was a l s o  recorded i n  each subslab. 

The 30-cm slab was divided i n t o  30 subslabs 

The dose as a function of depth was ca lcu la ted  i n  u n i t s  of rads and 

rems. 

s i t i o n  r e s u l t i n g  from protons as they passed through t h e  energy ranges 0-1, 

1-5, 5-10, 10-50, and > 50 MeV was recorded separa te ly .  For each i n t e r v a l  

average QF values of 8, 3 ,  1.25, 1, aid. 1, respec t ive ly ,  were calculated 

from the  Q,F vs LE2 ( l i n e a r  enerky t r a n s f e r )  curve shown i n  Fig. 3. 

For t h e  purpose of converting l,he rad  t o  r e m  u n i t s  t h e  e n e r a  depo- 

The 
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graphical data were derived fran a table in the National Bureau of Standards 

Handbook 59,15 which agree very closely with the 1962 recommendations of the 

RBE committee to the I C R P  and ICRU. 16 The values of the energy of the pro- 

ton shown in Fig. 3 were correlated with the LET by means of the stopping- 

power formulas. The average values of QJ' in the interval (El,Ez) quoted 

above were calculated from the relation 
E2 

Av QF = (Ez-El)-' R(E) dE , 
El 

where R(E) is the QF' expressed as a function of energy. 

The constant value 20 for QF' above an LEX' value of 1750 MeV/cm shown 

in Fig. 3 is not fran Handbook 59 but constitutes a quite arbitrary assump- 

tion that a saturation effect takes place and can be represented by a con- 

stant QF at high IXT values, 

the &F of 20 is applied to the dose from the heavy evaporation particles and 

It should be noted that under all circumstances 

recoil nuclei in calculating the rem dose since their LM1 is generally above 

1750 MeV/cm.' 

Because of the uncertainties connected with the QF vs mT curve, H. J. 

Schaefe?? suggested that the dose data be recorded in energy intervals in 

a manner similar to that described above so that any preferred set of QF' 

conversion factors could be employed to calculate the rem dose with rela- 

tive ease. 

111. COMPARISON WITH Crmw WORK 

In an attempt to establish the degree of reliability of the calcula- 

tions, the results were compared with those obtained by other investigators, 

with particular interest taken in a cmparison with two neutron dose experi- 

ments. Both experiments were performedwlth a spectrum of neutrons, and 
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doses ca lcu la ted  f o r  our assumed i n f i n i t e  s l a b  of t i s s u e  were applied as 

near ly  as possible. 

4 Shalnov measured the  dose as a func t ion  of depth i n  water and paraffin 

dummies due t o  neutrons which were inc ident  i n  a broad beam and which re- 

su l t ed  from the s t r ipp ing  r eac t ion  of 280-MeV deuterons on a t h i c k  copper 

t a r g e t  and a l s o  f r o m  t h e  charge exchange of 480-MeV protons on beryllium. 

Serber17 gives t h e  energy spectrum of neutrons s t r ipped  from deuterons as 

‘rr [(E - $Ed)2 + edEd] 

where 

N(E)dE = t h e  number of neutrons i n  t h e  energy range dE about E, 

E = neutron energy i n  MeV, 

Ed = t h e  k i n e t i c  energy of t h e  deuteron i n  MeV, 

‘d = t h e  binding energy of t h e  deuteron = 2.18 MeV. 

This is a spectrum with a peak a t  $Ea and a f u l l  width at half maxhum of 

2 (Ed~d)F .  

respec t ive ly .  

1 
For 280-MeV deuterons these  values are equal t o  140 and 49 MeV, 

The measured doses as a func t ion  of depth due t o  neutrons s t r ipped  from 

280-MeV deuterons are compared i n  Fig. 4 with t h e  ca l cu la t ed  r e s u l t s  f o r  

neutrons normally inc ident  i n  a broad beam on an  i n f i n i t e  s l a b  of t issue.  

The results have not been normalized and agreement i s  seen t o  be good t o  a 

depth of 3 cm. A t  g r ea t e r  depths t h e  ca lcu la ted  doses are higher than  t h e  

measured doses, as might be expected s ince  t h e  ca l cu la t ion  was performed f o r  

an i n f i n i t e  slab. 
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The neutron spectrum from the charge-exchange reaction of 480-MeV 
18 protons on beryllium as measured by Dzhelepov -- et al. 

where the extrapolation assumed for this work is indicated. 

neutron energy is roughly 380 MeV, with 3@ of the neutrons lying between 

350 and 480 MeV, 25% between 250 and 350 MeV, and 21% between 150 and 250 

MeV. 

is given in Fig. 5, 

The average 

In an attempt to cmpare the calculated doses due to monoenergetic 

sources with the measured dose from the charge-exchange neutrons, the 

calculated doses for normal incidence were weighted rather crudely with the 

spectrum rather than calculating with the spectrum itself. The calculated 

doses fo r  400-MeV neutrons were weighted with the integral of the spectrum 

above 350 MeV. Similarly, the 300-MeV results were weighted with the inte- 

gral from 250 to 350 MeV, the 200-MeV results with the integral frm 150 to 

250 MeV, and the 100-MeV doses with the integral below 150 MeV. The result- 

ant weighted dose as a function of depth is compared in Fig. 6 with measured 

values for the charge-exchange neutrons. 

case shows a flat behavior of the dose as a function of depth, whereas 

the calculated curve rises with increasing depth. 

note that the calculated dose vs depth curves for the 140-MeV neutron 

dose and the charge-exchange spectrum weighted dose agree generally in 

shape, rising with increasing depth due to the increase in secondaries. 

The experimental depth-dose curves for the stripped neutron and 

chrge-exchange rm&-OnS do not show this general shape agreement, 

possibly for the following reasons: A s  can be seen in Fig. 2, 

The experimental result in this 

It is interesting to 
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Fig. 6. Measured and Calculated Dose i n  Tissue vs Depth Due t o  Neutrons 
i n  a Charge-Exchange Spectrum of Mean Energy of 380 MeV. 
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t h e  neutron cross sec t ions  r i s e  ra ther  s t eep ly  with decreasing energy below 

100 MeV. Lower energy neutrons, then, impinging upon t i s s u e  w i l l  depos i t  

r e l a t i v e l y  more energy a t  smaller depths than w i l l  higher e n e r a  neutrons, 

and t h e  e f f e c t  w i l l  b e . t o  f l a t t e n  t h e  depth-dose curve or, f o r  high enough 

cross  sections,  t o  cause the  curve t o  decrease monotonically with increas ing  

depth. Figure 7 i l l u s t r a t e s  t he  e f f ec t  where ca lcu la ted  depth-dose curves 

for 200-, 60-, and 10-MeV monoenergetic noimally inc ident  neutrons are com- 

pared. If the  charge-exchange spectrum were t o  r ise s o  t h a t  ha l f  the neu- 

t rons  appear below 80 MeV, or ,  a l t e rna t ive ly ,  i f  a s u b s t a n t i a l  background 

contribution were present a t  these lower energies,  a crude ca l cu la t ion  

shows t h a t  t h e  f l a t  behavior of dose w i t h  depth would be accounted f o r .  

Neary and Mulvey' have estimated the  permissible cur ren ts  of i n c i -  

dent nucleons of energy i n  t he  range 110 t o  1000 MeV which w i l l  produce a 

dose i n  a period of 40 h r  equal t o  0.3 rem, t h e  value of maximum weekly 

dose recommended by t h e  National Ccaunittee on Radiation Pro tec t ion  and 

Measurements.19 

a l l  the energy was deposited within a d is tance  equal t o  t he  range i n  t h e  

case of protons and within a mean f r e e  path i n  t he  case of neutrons. They 

then computed an  average dose over these d is tances  t o  a r r i v e  a t  t h e  per- 

miss ib le  inc ident  cu r ren t .  

imum cur ren ts  based on the  r e s u l t s  of our ca l cu la t ions  f o r  both normally 

inc ident  and isotropical. ly incident nucleons. Our curren ts  were determ- 

ined by computing average-whole-body doses over t h e  30-cm slab f o r  all t he  

neutron ca l cu la t ions  and f o r  the protons of inc ident  energy g r e a t e r  than 

220 MeV, t h e  energy a t  which the  sange of protons i n  t i s s u e  i s  50 cm. 

protons below 220 MeV t h e  doses were averaged over t h e  range of t h e  protons. 

They estimated the Q,F of the  nucleons and assumed t h a t  

Their r e s u l t s  are compared i n  Fig. 8 with max- 

For 
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The d i f fe rences  are g r e a t e s t  i n  t h e  case of neutrons, where our r e s u l t s  i n -  

d i c a t e  t h a t  cur ren ts  higher by a f a c t o r  of 2 t o  4 may be permitted. The 

d i f fe rences  are c h i e f l y  due t o  Neary and Mulvey's assumption of complete 

absorption of t h e  neutron, whereas we considered a 30-cm-thick s l ab .  

mean free path f o r  neutrons i n  t h e  100- t o  400-MeV energy range is  approx- 

Fmately 80 cm, so t h a t  70$ of the  primary neutrons a t  normal incidence pass 

through t h e  s l a b  without su f fe r ing  i n t e r a c t i o n  and hence depos i t  no e n e r a ;  

many of t h e  secondary neutrons a l s o  escape. 

neutrons incident i s o t r o p i c a l l y  are, of course, less than those permitted 

a t  normal incidence s ince  the  former neutrons t r a v e l ,  on t h e  average, 

twice as far as t h e  l a t t e r  i n  t h e  slab. 

The 

The permitted cur ren ts  of 

The permitted proton cur ren ts  r e s u l t i n g  from our ca l cu la t ions  a r e  a l s o  

higher than those of Neary and Mulvey. 

r e n t s  agree but they s tar t  t o  diverge around 7 0  MeV, t h e  divergence in-  

c reas ing  up t o  220 MeV, t h e  energy a t  which normally inc iden t  protons can 

ju s t  ge t  through t h e  s l ab .  This i s  due t o  our ca l cu la t ions  giving 

lower e f f ec t ive  Q,F f o r  t h e  inc ident  proton than t h a t  assumed by Neary and 

Mulvey. 

t o t a l  rad dose, fa l ls  from 1.3 a t  100 MeV t o  1.1 a t  200 MeV (see Fig.  14 

i n  Sect.  I V ) ,  while t he  values of Neary and Mulvey rise fran 1.24 a t  70 

MeV t o  1.6 at 190 MeV. 

inc ident  protons increases  s ince  t h e  primaries are now a b l e  t o  escape, 

as indicated i n  Fig. 14. 

inc ident  protons, however, tu rns  over above 220 MeV and falls, s ince  t h e  

higher energy protons produce more secondaries than  do t h e  lower energy 

protons, and while t he  average r ad  dose remains cons tan t  with increas ing  

energy t h e  rem dose increases s l i g h t l y ,  as shown i n  Fig. 1 5  (see Sec t .  I V )  

A t  low energies t h e  permitted cur- 

Our e f f e c t i v e  Q,F, which i s  equal t o  t h e  r a t i o  of t o t a l  r e m  t o  

Above 220 MeV, our permitted cu r ren t  of normally 

The curve of permitted cu r ren t  f o r  i s o t r o p i c a l l y  
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c 

As a che k on the calculation of the dose resulting from low-energy 

neutrons, the dose due to 10-MeV neutrons incident on a 30-cm-thick infinite 

slab of tissue in a broad beam was calculated and compared with a similar 

calculation by Snyder and Ne~fe1d.l~ The calculated doses agreed when, as 

in Snyder and Neufeld's calculations, the inelastic scattering was treated 

as elastic scattering and the elastic-scattering angular distributions 

were assumed to be isotropic in the center-of-mass system of coordinates. 

It was observed, however, that when the elastic-scattering angular distri- 

bution was allowed to vary linearly with the cosine of the scattering angle 

in the center-of-mass system,the dose due to heavy recoil particles was 

reduced by a factor of about 2 (from 8.5 x 10-l' to 4.0 x 10-l' rad neutron-' 

cm-2 at 5-cm depth) since forward scattering imparts less recoil energy to 

the target nuclei. 

In view of this effect, the low-energy neutron doses should be recal- 

culated, with both the anisotropy of elastic scattering and the inelastic 

scattering being taken into consideration. 

IV. Fu3smrs 

A s  stated previously, Monte Carlo calculations were performed for 

both normally and isotropically incident protons and neutrons with 

energies of 60, 100, 200, 300, and 400 MeV. 

were used for each case. 

sented in Figs. 9 through 12 to indicate typical results and the statistical 

uncertainties associated with the data. Additional details and the remain- 

der of the cases are presented elsewhere. 

Ten thousand source particles 

Partial results from the 200-MeV cases are pre- 

5 

For the case of normal incidence the dose from primary protons pre- 

sented in Fig. 9 approximates, as expected, the stoppinepower curve for 
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i on iza t ion  energy l o s s  as a func t ion  of depth i n  t i s s u e .  

approximation because some of t h e  protons are removed from t h e  beam by 

nonelas t ic  events, and so the energy depos i t ion  falls below the stopping- 

power curve. 

r ap id ly  enough with decreasing energy (and hence w i t h  depth) t o  override 

t h e  primary-beam deple t ion  due t o  nonelas t ic  events so  t h a t  t he  dose 

increases with depth. 

and t h e  energy deposit ion frm t h e  primary beam decreases s l i g h t l y  wi th  

depth, only t o  increase again near t h e  end of t h e  range as t h e  stopping 

power increases.  

r ise a t  t h e  end of t h e  range i s  not experienced i n  our model of t h e  body 

because t h e i r  range is  84 cm. 

It i s  only a n  

A t  200-MeV incident energy t h e  stopping power increases  

A t  about 400 MeV t h e  two e f f e c t s  almost balance 

Of course, f o r  normally inc iden t  400-MeV protons t h e  

The energy deposit ion by secondary protons ind ica ted  i n  Fig. 9 i n -  

cludes t h e  contribution from cascade protons e j ec t ed  i n  nonelas t ic  events, 

nuclear evaporation protons, and protons from e l a s t i c  s c a t t e r i n g  with hydro- 

gen whether they appeared as a result of neutron o r  proton in t e rac t ions .  

I n i t i a l l y  the  dose frm the  secondary protons increases  with depth as t h e  

number of secondary p a r t i c l e s  bu i lds  up f r o m  cascades i n i t i a t e d  by the  

primary beam. Near the end of t h e  range of the primary beam (26.5 crn) 

where t h e  p a r t i c l e  energies are low, the cont r ibu t ion  frm secondary pro- 

tons  decreases r ap id ly  as a r e s u l t  of t h e  decrease i n  the  number of non- 

elastic events c rea t ing  secondary p a r t i c l e s .  

primary beam the re  i s  s t i l l  a cont r ibu t ion  from secondary protons e j ec t ed  by 

neutrons that have migrated t o  t h a t  depth. 

Beyond t h e  range of t h e  

The dose from t h e  heavy particles shown i n  Fig. 9 includes the con- 

t r i b u t i o n  from t h e  r e c o i l  of the r e s i d u a l  nuc le i  after a nonelas t ic  



event, nuclear r e c o i l s  (o the r  than protons) from e l a s t i c  s c a t t e r i n g  of low- 

e n e r a  neutrons, and nuclear evaporation p a r t i c l e s  (o the r  than protons).  

The dose from these  p a r t i c l e s  i s  remarkably f l a t  over most of t h e  range of 

t h e  primary beam. 

s ion  density,  s ince  t h e i r  energy i s  assumed t o  be deposited a t  t h e  s i t e  of 

t h e i r  b i r t h .  The dose decreases appreciably only near t he  end of t h e  range 

where cont r ibu t ions  came only from neut ron- in i t ia ted  events. 

from r e s i d u a l  nuc le i  shown i n  Fig. 9 a c t u a l l y  ind ica t e s  t h e  energy created 

i n  t h e  form of photons by t r a n s i t i o n s  t o  the  ground states of t h e  r e s i d u a l  

nuc le i  after nonelas t ic  events. The cont r ibu t ion  t o  t h e  dose from these  

r a d i a t i o n s  i s  usua l ly  s o  small f o r  t h e  cases considered that t h e  migration 

of t h e  photons has not been calculated; i n  f a c t ,  re fe rence  t o  t h e  data i s  

omitted i n  t he  remainder of t h e  figures. 

This is  because it i s  roughly propor t iona l  t o  t h e  c o l l i -  

The dose 

Figure 10 presents  t h e  r e s u l t s  f o r  the case of i s o t r o p i c a l l y  inc iden t  

200-MeV protons. The dose curves i n  t h i s  case are somewhat d i f f e r e n t  from 

those  f o r  t h e  case of normal incidence, as would be expected. F i r s t  of a l l  

it i s  appropriate t o  note t h a t  the surface dose f o r  t h e  i s o t r o p i c  case f o r  

primary protons i s  higher by prec ise ly  a f a c t o r  of 2 than t h e  sur face  dose 

for normal incidence. This i s  s t r i c t l y  a r e s u l t  of normalizing both sets 

of d a t a  t o  a u n i t  inc ident  current of 3. p a r t i c l e  per square centimeter of 

surface. 

i s o t r o p i c  incidence it i s  exactly two times t h e  cur ren t .  Thus, s ince  t h e  

energy deposit ion f o r  t h e  primary protons a t  t h e  sur face  i s  propor t iona l  

t o  t h e  flux, t h e  r e s u l t s  f o r  the i s o t r o p i c  case are g r e a t e r  by a f a c t o r  of 

2 than  those f o r  t h e  normally incident case. Hence, it i s  important t o  

keep t h e  normalization i n  mind, and i f  comparisons are t o  be made on an  

equal flux bas is ,  then t h e  r e s u l t s  of i s o t r o p i c  incidence should be 

divided by 2 i n  a11 cases. 

For normal incidence the  flux i s  equal t o  t h e  cu r ren t  bu t  for  



The f a c t  that t h e  dose 

with depth i s  a consequence 

from t h e  primary protons i n  Fig. 10 fa l l s  

of the i so t ropy  of t h e  source and t h e  f i n i t e  

range of t h e  p a r t i c l e s  which cmbine  w i t h  removal by nonelas t ic  events t o  

deple te  t h e  number of p a r t i c l e s  cont r ibu t ing  t o  t h e  dose as the depth i n -  

creases.  For t h e  same reason t h e  dose f r a  secondary protons and heavy 

p a r t i c l e s  s t a r t s  t o  decrease a t  smaller depths than i n  the normally i n c i -  

dent case. 

Figure 11 presents t h e  data f o r  normally inc ident  200-MeV neutrons. 

I n  t h i s  case, as i n  a l l  cases with inc ident  neutrons, cont r ibu t ions  t o  t h e  

dose can come only from ion iza t ion  energy loss by the  secondary r ad ia t ions .  

Thus only secondary-proton and heavy-particle contributions are indica ted .  

Fxcept f o r  the region near and beyond t h e  range of t h e  primary proton beam, 

t h e  two contributions a r e  qu i t e  s i m i l a r  i n  shape and magnitude t o  t h e  corre- 

sponding contributions from normally inc ident  protons a t  the  same source 

energy. This can be observed by comparing Fig. 11 with Fig. 9. A t  g rea t e r  

depths i n  the  body t h e  secondary cont r ibu t ions  from t h e  neutron source do 

not drop off because t h e  neutrons do not have a f i n i t e  range and on t h e  

average are not appreciably degraded i n  energy while passing through 30 cm 

of t i s s u e .  

For the case of i s o t r o p i c a l l y  inc iden t  neutrons shown i n  Fig. 12 it i s  

poss ib le  t o  de tec t  a decrease i n  t h e  dose cont r ibu t ion  of the  secondaries 

beyond a 15-cm depth. 

i so t rop ic  source coupled with t h e  removal of t h e  source p a r t i c l e s  by non- 

e l a s t i c  events. 

sented i n  M g .  12 should be divided by 2. 

da ta  f o r  normal and i s o t r o p i c  incidence were normalized pe r  u n i t  f lux ,  t h e  

dose from secondary p a r t i c l e s  could not be  expected t o  be equal a t  t h e  

This again is  due t o  t h e  geometric e f f e c t s  of the  

To normalize the  da t a  t o  a u n i t  f lux ,  t h e  r e s u l t s  pre- 

It should be noted t h a t  if t h e  
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surface although they might be approximately so.  This is because, t o  a 

f i r s t  approximation, t h e  spatial d i s t r i b u t i o n  of t h e  dose depends on t h e  

angular d i s t r i b u t i o n  of t he  emitted secondaries and the  o r i en ta t ion  of t h a t  

angular d i s t r i b u t i o n  with the  d i rec t ion  of t h e  incoming p a r t i c l e s .  Since 

t h e  secondary cascade protons are p r e f e r e n t i a l l y  emitted i n  a forward 

d i r ec t ion ,  they  cannot be expected t o  cont r ibu te  s i g n i f i c a n t l y  t o  t h e  sur- 

f ace  dose f o r  normal incidence, whereas they can i n  t h e  case of i s o t r o p i c  

incidence because of t h e  grazing angles of some of t h e  inc ident  p a r t i c l e s .  

Hence, when the two sets of data a r e  normalized on a u n i t  f lux bas i s ,  t he  

cont r ibu t ion  from secondary protons a t  the surface should be higher i n  the  

case of i s o t r o p i c  incidence. 

Rt-cm the de ta i l ed  depth-dose data of a l l  the cases calculated,  c e r t a i n  

doses were ex t rac ted  t o  e s t ab l i sh  current-to-dose conversion f a c t o r s .  The 

particular ones chosen were t h e  average whole-body dose, t h e  sur face  dose, 

t he  dose a t  a depth of 5 cm, which is  t h e  average depth of t h e  blood-forming 

organs, and the peak dose. These data are presented i n F i g s . 1 3  through 21. 

The de ta i l ed  r e s u l t s  for normally inc iden t  protons are  presented i n  Fig. 13 

as an ind ica t ion  of t he  significance of t h e  various cont r ibu t ions .  Here t h e  

primary proton, secondary proton, and heavy-particle rad and rem doses are 

presented separa te ly .  

I n  Fig.  13 t h e  primary proton dose has a d iscont inui ty  a t  215 MeV 

because above t h a t  energy the  proton beam penet ra tes  30 cm of t i s s u e  and 

some of the energy i s  not deposited.  An add i t iona l  decrease i n  dose with 

increas ing  energy above 215, MeV is accounted fo r  by t h e  decrease i n  stopping 

power with increasing energy i n  t h i s  energy range. 

deposited i n  the 30 cm of t i s s u e  as the energy increases .  

t o  note t h a t  t h e  rem dose of t he  primary or secondary protons i n  Fig. 13 i s  

Thus l e s s  energy i s  

It i s  i n t e r e s t i n g  
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not appreciably d i f f e r e n t  from the  corresponding rad doses. 

most of the protons a r e  created wi th  energies wel l  above 1 MeV and they 

therefore  deposit  t h e  g r e a t e s t  f r ac t ion  of t h e i r  energy while t h e  associated 

QJ? i s  c lose  t o  uni ty .  On t h e  other hand, t h e  rem dose of the  heavy p a r t i c l e s  

This i s  because 

i s  exac t ly  a f a c t o r  of 20 above the rad dose because t h e  LE2 of these particles 

i s  always above 1750 MeV/cm. 

depends on t h e  ad hoc but  perhaps reasonable assumption t h a t  t h e  QF is  20 

and constant a t  high-LET values, causes the  heavy-particle cont r ibu t ion  t o  

the  t o t a l  r e m  dose t o  be g rea t e r  than t h e  secondary proton dose f o r  most 

energies.  For instance,  a t  100 MeV the secondary proton rem dose i s  approxi- 

mately 6Q of t h e  t o t a l ,  wh i l e  t h e  heavy-particle r e m  dose cont r ibu tes  lM. 

A t  400 MeV these  contributions a re  each approximately 35%. 

This i n t e r e s t i n g  s i t u a t i o n ,  which admittedly 

-- 

Figure 14 presents t h e  r e s u l t s  f o r  t h e  average whole-body rad and rem 

doses f o r  both normally inc ident  neutrons and protons. 

average whole-body rad dose that would be received i f  t h e  proton beam were 

t o t a l l y  absorbed. I n  comparison with t h e  lat ter curve, it i s  easy t o  see 

t h a t  below 215 MeV l i t t l e  e r r o r  would be introduced i f  t h e  whole-body rad 

dose were ca lcu la ted  as i f  a l l  the energy were t o t a l l y  absorbed. 

Also shown is  the 

The average QJ? i s  obtained by d iv id ing  the r e m  dose by t h e  rad dose. 

I n  a l l  cases presented t h i s  average QF' i s  s i g n i f i c a n t l y  g rea t e r  f o r  i nc i -  

dent  neutrons than f o r  inc ident  protons, t h e  reason being t h a t  i n  the  case 

of i nc iden t  protons t h e  dose f rm  t h e  primary protons with its associated 

QF, which is  near un i ty ,  makes t h e  most s i g n i f i c a n t  cont r ibu t ion  t o  the 

t o t a l  r ad  o r  rem dose. 

t o  un i ty .  

dose i s  contributed by t h e  heavy p a r t i c l e s ,  but i t s  assoc ia ted  QF of 20 

makes it t h e  most s i g n i f i c a n t  contributor t o  t h e  rem dose 

Thus t h e  average Q,F' would be expected t o  be c lose  

I n  t h e  case of incident neutrons approximately 11% of t h e  rad 
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( the &F associated w i t h  the  secondary proton dose i s  c lose  t o  un i ty ) .  

An approximate ca lcu la t ion  ind ica tes  that under these circumstances the  

average QF should be close t o  3 f o r  the neutron cases.  

Ql? f o r  normally inc ident  protons ranges from 1.3 a t  100 MeV t o  1.4 a t  400 

MeV, while f o r  normally incident  neutrons it ranges f r a n  4.2 a t  100 MeV 

t o  3.4 a t  400 MeV. 

Indeed, the average 

The curves f o r  t he  average whole-body dose f o r  i s o t r o p i c a l l y  inc ident  

p a r t i c l e s  sham i n  Fig. l ’ j  are qu i t e  s i m i l a r  t o  the corresponding ones from 

the  normally incident  cases,  and l i t t l e  need be said about them. 

I n  Figs .  16 and 17, where t h e  doses a t  a depth of 5 cm are reported,  

there i s  a d e f i n i t e  cutoff  a t  80 MeV f o r  inc ident  protons. This is because 

the  range of protons of approximately 80 MeV and below is less than 5 cm i n  

t i s s u e  and cannot make a contr ibut ion a t  that depth. 

The curves f o r  t he  surface doses Shawn i n  Figs. 18 and 19 are not 

markedly d i f f e r e n t  from t h e  corresponding 5-cm-depth dose curves. 

Figures 20 and 21 present  the maxFrmun dose curves f o r  normally inc ident  

and i so t rop ica l ly  inc ident  neutrons and protons. 

maxima occur are  presented i n  Table 2. 

The depths at  which these 

The apparent d i scont inui ty  i n  the 

Table 2 

Depth at  Which M ~ ~ i r m u n  Dose Occurs 

Depth (cm) f o r  Energies of 
~ ~~ ~~ - 

400 300 200 100 60 
Source MeV MeV MeV MeV MeV 

. 

Normally incident  

Normally incident  

I so t rop ica l ly  

I s o t r o p i c a l l y  

protons 30 30 24-25 6-7 

neutrons 30 30 20-30 5-10 5 

inc ident  protons 5 5 5 3 0 

inc ident  neutrons 15-25 15-25 1 5  5-10 0 
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I .  
normally inc iden t  proton curve s h m  i n  Fig. 20 i s  explained by t h e  f a c t  

t h a t  below 215-MeV inc ident  energy t h e  maximum occurs a t  t h e  end of t h e  

range of t h e  protons where t h e  stopping power i s  very high. Above 215-MeV 

inc ident  energy t h e  range of protons i s  g rea t e r  than 30 cm; so t h e  maximum 

i n  the body occurs a t  some intermediate proton energy where the  stopping 

pa re r  is much less than a t  the end of i t s  range. 

energies below 215 MeV were obtained by averaging t h e  dose over the last  

centimeter of i t s  range. 

The maximum doses for 

The current-to-remdose conversion curves shown i n  Figs. 1 4  thruugh 

21 can be f i t t e d  by an expression of t h e  form 

2 l o g l o  D = A  + BE + CE I 

where D is  t h e  dose i n  r e m  per nucleon per  cm2 and E is  t h e  energy i n  MeV. 

Tables 3 and 4 contain t h e  values of t he  coe f f i c i en t s  f o r  normally and 

i s o t r o p i c a l l y  inc ident  protons and neutrons, respec t ive ly .  

Tables 5 through 8 present t h e  breakdown of t h e  energy depos i t ion  

data f o r  the cases i n  which the current-to-dose f a c t o r s  w e r e  ca lcu la ted .  

With these data and a prefer red  or updated set of QF's, it w i l l  be rela- 

t i v e l y  easy t o  cons t ruc t  a revised set of current-to-rem-dose conversion 

f a c t o r s .  &ita frm which conversion f a c t o r s  f o r  any o ther  depth o r  con- 

d i t i o n  can be obtained are contained i n  another repor t .  5 

I n  most cases t h e  data presented i n  Tables 5 through 8 came d i r e c t l y  

frm the  output of the computer routine.  However, sane of t h e  d a t a  r e s u l t e d  

from ext rapola t ion  or in t e rpo la t ion  as required when t h e  d a t a  deviated s ig -  

n i f i c a n t l y  from t h e  apparent t rend .  

dev ia t ion  o f t en  occurred when the range of t h e  particle ended i n  a par- 

I n  t h e  case of low-energy protons a 

t i c u l a r  l-cm-depth i n t e r v a l ,  i n  which case t h e  averaging was not  done 
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properly by the computer. 

an average over the last  centimeter of path i n  the  case of protons) pre- 

sented i n  Table 8 f o r  normally incident ,  60-, loo-, and 200-MeV protons 

were calculated by hand from d e t a i l e d  d a t a  not o rd ina r i ly  p w t  of t h e  out- 

put .  

For t h i s  reason the  maximum dose da ta  (which i s  

A s  a test  of the  a p p l i c a b i l i t y  of t h e  c-urrznt-to-dose conversion 

f ac to r s ,  I rving e t  a1.20 computed the  dose i n  t i s s u e  behind various sh ie lds .  

Monoenergetic protons were incident  isotropical . ly  on t h e  sh ie ld ,  and t h e  

dose i n  the  tissue w a s  calculated both d i r e c t l y  by using Monte Carlo methods 

and by means of t h e  above f a c t o r s .  It was found t h a t  i n  general  t h e  doses 

r e s u l t i n g  from applying the f ac to r s  did indeed bracket those d i r e c t l y  ca l -  

culated.  

-- 

V. CONCLUSIONS 

Assuming Shalnov's neutron experiments t o  be cor rec t ,  t h e  comparisons 

ind ica te  t h a t  our ca lcu la t ions  of t he  dose i n  t i s s u e  due t o  neutrons below 

400 MeV are good t o  within a f a c t o r  of 2, a t  worst. They may w e l l  be bet ter  

than t h i s  since t h e  differences between the  experimental arrangement and t h e  

ca l cu la t iona l  model, along with some experimental unknowns, could account 

f o r  t he  discrepancies.  

Neutrons can only deposi t  energy i n d i r e c t l y  by means of t he  secondary 

charged p a r t i c l e s  produced. 

i s  a tes t  of the i n t e g r a l  e f f e c t s  of t h e  ca lcu la ted  secondary production. 

The calculated secondary production due t o  neutrons and protons is  roughly 

t h e  same. 

5 4  a t  most because t h e  secondaries cont r ibu te  no more than half  t he  t o t a l  

proton dose and the re  is l i t t l e  uncer ta in ty  i n  t h e  energy deposited by t h e  

Thus a comparison with a neutron dose experiment 

Therefore, t h e  calculated proton doses should be uncer ta in  t o  
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primary proton beam through ionization. 

c l e a r l y  needed t o  check the  ca lcu la t ions  fur ther .  

The ca lcu la t ions  show t h a t ,  f o r  t he  energy range considered, neutron 

More experimental information i s  

and proton fluxes up t o  four times higher than those estimated by Neary and 

Mulvey' may be to l e ra t ed  without exceeding 0.3 rem/40 hr .  

Calculated doses due t o  10-MeV neutrons agree w i t h  previous calcula- 

t i o n ~ ' ~  when t h e  same assumptions are made. 

of neutron e l a s t i c  s c a t t e r i n g  from t h e  t i s s u e  nuclei ,  however, was found t o  

reduce t h e  heavy r e c o i l  dose by a f a c t o r  of about 2 and so should be included 

i n  t h e  ca lcu la t ions .  

The inc lus ion  of t h e  anisotropy 

The most s t r i k i n g  f e a t u r e  of t h i s  ca l cu la t ion  i s  t h e  s i g n i f i c a n t  con- 

t r i b u t i o n  that t h e  heavy-particle r e c o i l s  make t o  the r e m  dose f o r  t h e  case 

of inc ident  neutrons or  protons. I n  t he  case of inc ident  protons t h e  con- 

t r i b u t i o n  i s  i n  general  of t he  order of 10 t o  2&, but for inc ident  neutrons 

it c o n s t i t u t e s  t h e  g r e a t e s t  f r ac t ion  of the t o t a l  contribution. 

ly ,  t h e  r ad  dose from the  heavy p a r t i c l e s  w a s  converted t o  r e m  dose us ing  a 

Q,F from the high-LET and most suspicious por t ion  of t h e  QF' vs  JZT curve 

shown i n  Fig. 3 .  

with some degree of accuracy f o r  high-LET values i f  any reasonable degree of 

accuracy i s  t o  be obtained i n  the current-to-rem dose conversion f a c t o r s .  

Unfortunate- 

This poin ts  up the  necess i ty  of e s t ab l i sh ing  t h e  QF f a c t o r s  

As a consequence of the  s ign i f i can t  cont r ibu t ion  of t h e  heavy p a r t i c l e s  

and secondary protons t o  t h e  r e m  dose, it i s  not reasonable t o  expect t h a t  

t h e  rem dose a t  any depth from incident protons can be ca lcu la ted  very 

accu ra t e ly  unless  t he  secondary r ad ia t ion  c rea ted  i n  t h e  body i s  taken 

i n t o  consideration. For t h e  case of inc ident  neutrons t h i s  i s  obviously 

true because only through secondary r ad ia t ions  i s  it poss ib le  f o r  neutrons 

t o  depos i t  energy. 
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APPENDIX. RAD DOSE AS A F'UNCTION OF DEPTH IN TISSUE 

The energy deposit ion da ta  presented i n  t h e  t e x t  are for. t h e  average 

whole-body dose, t h e  doses on t h e  surface and a t  a 5-cm depth, and t h e  max- 

imum dose. 

func t ion  of depth i n  t i s s u e  may be of value i n  some instances,  t h e  de- 

t a i led  data are included i n  t h i s  appendix. These da t a  were generated f o r  

t h e  30-cm-thick m o d e l  of t h e  body and the  monoenergetic broad-beam source 

described i n  t h e  t e x t .  

presented f o r  both i s o t r o p i c a l l y  and normally inc ident  nucleons. 

Since complete information about t h e  energy deposit ion as a 

A l l  t h e  data f o r  source energies up t o  400 MeV are 

The energy deposit ion data are divided i n t o  cont r ibu t ions  from primary 

protons, secondary protons, and heavy nucle i .  The proton doses a r e  f u r t h e r  

subdivided i n t o  contributions due t o  protons i n  t h e  energy ranges 0-1, 1-5, 

5-10, 10-50, and > 50 MeV so t h a t  a r b i t r a r y  QF's can be used i n  a r r i v i n g  a t  

a rem dose. 

(1 rad = 100 ergs/g) . 
The u n i t s  used f o r  repor t ing  t h e  e n e r g  deposit ion i s  t h e  rad 

The estimates of dose were obtained by averaging t h e  energy deposit ion 

The estimates were subjec t  t o  t h e  s t a t i s t i c a l  f luc tua-  over 1-cm subslabs. 

t i o n s  inherent i n  Monte Carlo ca lcu la t ions ,  as may be seen i n  Figs. 9 

through 12 of t he  t e x t .  The curves were obtained simply by f i t t i n g  a 

curve through the  Monte Carlo data by eye. 

f i t t e d  separately s o  t h a t  t he  t o t a l  curves may not i n  a l l  cases be exac t ly  

equal t o  t h e  sum of t h e  partial doses. 

To ta l  and partial doses were 

Figure A 1  gives t h e  dose as a f'unction of depth for 400-MeV protons 

nOITnally incident i n  a broad beam. 

with increasing depth s ince  t h e  beam deple t ion  through nuclear i n t e r a c t i o n s  

The dose due t o  t h e  primary beam fal ls  
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overrides the increas ing  stopping power as t h e  primary energy decreases. 

The secondary proton population bui lds  up with increas ing  depth and t h i s ,  

together w i t h  a l a r g e r  stopping power assoc ia ted  with t h e  lower energy 

secondaries, causes t h e  secondary proton dose t o  r ise t o  within h a l f  the  

primary dose a t  30 cm. 

energies above 50 MeV r e f l e c t s  t h e  secondary proton production and rises 

with increasing depth. 

s teeply ,  proceeding from t h e  f r o n t  surface t o  a depth of 10 cm as t h e  

secondaries build up, slow down, and have in t e rac t ions .  

gradual f rom10  t o  20 cm, and beyond 20 cm t h e  dose tends t o  level o f f .  

The heavy p a r t i c l e  cont r ibu t ion  i s  due t o  r e c o i l  nuc le i  and evaporated 

p a r t i c l e s  with mass g rea t e r  than 1 and, un l ike  protons which d i s t r i b u t e  

energy along t h e i r  path, a l l  are assumed t o  depos i t  t h e i r  energy a t  t h e i r  

s i te  of b i r t h .  The heavy-particle dose, then, depends on both t h e  c o l l i -  

s ion  dens i ty  and t h e  energy of c o l l i s i o n  and i s  r a t h e r  f la t ,  r i s i n g  same- 

w h a t  as t h e  secondaries bu i ld  up. 

The partial secondary dose due t o  protons with 

The other partial proton doses a l l  r ise r a t h e r  

The r i se  is more 

Although t h e  heavy cont r ibu t ion  t o  t h e  rad dose i s  never l a r g e r  than  

5% of t h a t  of t h e  primary beam, an assumed Q,F' of 20 br ings  t h e  heavy con t r i -  

bution t o  the  rem dose a t  30 cm t o  a value about equal t o  that of t h e  prim- 

aries. The n e t  e f f e c t  of a l l  t h e  energy depos i t ion  processes is  t o  pmdUCe 

an increase  i n  t h e  r ad  dose frm 5.3 x l d 8  a t  t h e  surface t o  7.0 x a t  

30 ~ m .  

Very much the  same observations may be made concerning Fig. A2, which 

gives t h e  doses due t o  3OO-MeV normally i nc iden t  protons. 

beam depletion j u s t  balances t h e  increase  i n  stopping power as t h e  prim- 

aries lose energy i n  t r a v e r s i n g  t h e  medium and produces a f la t  Primary 

The primary 
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contribution. 

aries f o r  400-MeV inc ident  protons s ince  nucleon m u l t i p l i c i t i e s  decrease 

w i t h  decreasing energy. 

The secondary contribution fa l l s  below t h a t  due t o  second- 

Figure A3 shows the  dose due t o  200-MeV normally inc ident  protons. 

Protons of t h i s  energy have a range of about 25 cm i n  t i s s u e  of our 

assumed composition, as may be seen from Fig. 1 of t h e  t e x t .  The l a rge  

energy deposit ion a t  t h e  end of t he  range represents  an  average over t h e  

1-cm subslabs. 

f i n e r  d e t a i l .  

No attempt was made t o  follow t h e  energy depos i t ion  i n  any 

Note t h a t  the  assumption was made t h a t  protons below 50 MeV Slow 

down with no nuclear i n t e rac t ions .  

i n  secondary dose and i n  a l l  but t h e  10- t o  50-MeV p a r t i a l  proton doses 

a t  about 22.5 cm. The partial proton doses r i s e  t o  a large peak as t h e  

primary beam passes thraugh t h e i r  respec t ive  energy intervals. Beyond 

t h e  range of t h e  primary beam a l l  t h e  dose i s  due t o  i n t e r a c t i o n s  of 

secondary neutrons born a t  smaller depths and i s  down by a f a c t o r  of 

roughly 80 below t h e  dose a t  15 cm. 

This accounts f o r  t he  rap id  f a l l  

The dose due t o  100-MeV normally incident protons i s  given i n  Fig. A4. 

The dose peaks occur here as a t  the  200-MeV inc ident  energy only a t  a 

depth of approximately 5 cm, t h e  range t o  50 MeV of 100-MeV protons i n  

t i s s u e .  

For simplicity,  t h e  doses due t o  60-MeV normally inc iden t  protons 

are given i n  t abu la r  form i n  Table AI. r a t h e r  than as a p l o t .  

a l l  dose i s  due t o  ion iza t ion  energy loss of t h e  primary beam s ince  it 

Nearly 
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i s  assumed tha t  protons below 50 MeV slow down with no nuclear i n t e r -  

act ions.  

Doses due t o  normally incident  neutrons of energy 400, 300, 200, 

100, and 60 MeV are given i n  Figs. A> through A9,  respect ively.  

secondary production due t o  neuLrons is  roughly the  same as t h a t  

due t o  protons a t  400 and j O O  MeV, though the  production due t o  the  

l a t te r  i s  somewhat higher s ince  protons slow down and encounter higher 

cross  sect ions as shown i n  Fig. 2 of t he  t ex t .  The neutron doses a l l  

d i sp lay  the  same buildup a t  small depths due to  secondary production. 

A t  lower incident energies,  between 100 and 200 MeV, t he  dose goes 

through a maximum and fa l l s ,  owing t o  primary deplet ion r e s u l t i n g  

from nuclear in te rac t ions  and decreasing secondary production a t  

lower energies. 

energy decreases s ince  t h e  smaller energy available for r e c o i l s  and 

cascade pa r t i c l e s  i s  somewhat o f f s e t  by the  increasing c ross  sect ions.  

The 

The magnitude of t he  dose falls slowly as the  primary 

Doses due t o  i so t rop ica l ly  incident  protons of energy 400, 300, 

200, and 100 MeV a r e  given i n  Figs. A10 through A l 3 ,  respect ively.  

t ravers ing  a s l a b  of given thickness,  p a r t i c l e s  inc ident  i n  a current  

d i s t r i b u t i o n  r e s u l t i n g  from an i so t rop ic  flux on the  average t r a v e l  a 

d is tance  equal t o  twice the  thickness of the  s l a b  i f  t he re  is no deple- 

t ion .  The i so t ropic  doses are, then, near ly  a f a c t o r  of 2 higher a t  

the  surface than t h e  doses r e su l t i ng  from normally inc ident  protons, 

s ince  the  doses a t  the  surface are almost e n t i r e l y  due t o  t h e  primary 

proton ionizat ion energy loss.  

within the  s lab because of t he  contr ibut ion from secondary production and 

the  increasing stopping power with decreasing energy. 

I n  

This factor-of-2 r e l a t i o n s h i p  disappears 
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Fig. All. Rad Dose vs Depth Due To 300-MeV Isotropically Incident  
Protons. 
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Fig. A12. Rad Dose vs Depth Due To 200-MeV Isotropically Inc ident  
Protons. 
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A t  200 and 100 MeV the  doses s t i l l  f a l l  rap id ly  a t  a depth equal t o  

the  range of protons i n  t i s sue ,  but the  peaks which appeared i n  t h e  norm- 

a l l y  incident  cases are removed s ince  the  protons reach the  end of t h e i r  

range a t  d i f f e ren t  depths. 

The doses due t o  60-MeV i so t rop ica l ly  inc ident  protons are included i n  

"able Al. 

energy loss. 

Again the dose i s  almost e n t i r e l y  due t o  the  primary ion iza t ion  

Doses r e su l t i ng  from i so t rop ica l ly  inc ident  neutrons ' of 400-, 500-, 

200-, lOO-, and 60-MeV incident  energy are given i n  Figs. A14 through ~18, 

respect ively.  

than the  doses due t o  normally incident  neutrons s ince  energy is  deposited 

by neutrons i n d i r e c t l y  and t h e  secondaries bu i ld  up i n  a complicated way. 

The dose a t  the  surface is not a simple f a c t o r  of 2 l a r g e r  
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Fig. A17. Rad Dose vs Depth Due t o  100-MeV I s o t r o p i c a l l y  Incident  
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