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When we w i . , h  t o  think i n  a simple way abo-iit t h e  inf luence of secondary 

nuclear  rad ia t ions  on the .,hicld d ~ s i g n  of a spacecraf t ,  we can th ink  of 

t h e  cabin as a one-dirne~is ;mal sphere with tile p i l o t  converiiently huddled 

i n  t h e  center. as ; l l .ustratPd i n  Fig.  1, The inc ident  protons and alpha 

p a r t i c l e s ,  averaged over the f l i g h t ,  are assumed t o  be i s o t r o p i c  i r i  Lhe 

absence of t he  vehic le .  We are concerned with any inf luence that; nuclear  

reaciioris i n  t he  sh ie ld  may have on tile dose t o  t h e  p i l o t .  The shield i s  

t h i n  enough, i n  terms of t h e  i n t e rac t ion  length  of tho cecondaiy neutrons 

and  gam^ rays, t h a t  multiple collisions cannot dominate. 

concerned with how the  reac t ions  of primal-j. (or  secondary) p a r t i c l e s  i n  

t h e  p i l o t  inay a f f e c t  him. 

cross sec t ions  are important. 

We are ahso 

This discussion aims t o  he lp  c l a r i f y  which 

Tk.le sphere geometry beems crude, but  it I s  adequate f o r  t he  present  

purpose. 

a simple sh ie ld  representa t ion  even f o r  cases  t h a t  seem t o  demand gre%t 

geometric complexity f o r  esLifmtion of t h e  dose from degraded pr imaries .  

If we ever  become ready t o  abandon our  sphere, a t  worst only a f t . w  simply 

shapec? sh ie ld  regions w i l l  b c  needed. 

g ross  regions m y  be preserved from pr imxy  dose calculations t u  a l low good 

secondary source s t rength  es t i rmt inns .  On the  o ther  hand, p rec ise  nuclear  

ca l cu la t iuns  w i l l  be needed f o r  t h e  simpler geornetrj-es so t h a t  we w i l l  not  

be misgxided about, complex mult iple-col l  i s i o n  efi 'ects or t h e  i nfiirence of 

d e t a i l e d  spec t ra .  

The broad angular  d i s t r i b u t i o n  o f  secondary r ad ia t ions  allows us  

(Pathlengths through t h e  var ious 
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Fig. 1. An Adequate Geometry to Represent a Spacecraft Cabin for 
Studying the Effects of Nuclear Secondaries. 



How can we decide whether a priimaly proton of given energy E w i l l  

damage t h e  p i l o t  d i r e c t l y  o r  by way o f  secondary p a r t i c l e s ?  The r e l a t i o n  

of shleld thickness i o  jnciden’c-parl;.cl.e range d i s t i  ngiilshes th ree  cases  : 

a) Primi- ies  so energet ic  t h a t  they pass coii1pl.etei.y through t h e  cabin 

and i t s  occupants lose l i t t l e  enough energy i n  t h e i r  cdntinuous slowing- 

down process t h a t  secondaiy react ions clzn well corqete .  The slow energy- 

dependence of bhe re levant  c r o s s  sect ions irnplles t h a t  t he re  i s  produced 

i n  t h i s  case an i so t rop ic  volume souree of secondaries throughout t he  shield,  

independent of the  angle  v a r i a t h n s  of“ Lhe d i f f e r e n t i a l  cross  sec t ions .  

Ignoring d e t a i l s  of secondary parCPcle type and energy spectrum, the  

s t r eng th  (em-3)  of t h i s  vohime source v i s  

where @ ( E )  i s  the incident  f lux  in tegra ted  over a l l  s o l i d  angle, and Fi: i s  

the  nmcroscopic c ross  sec t ion  at, energy E for production of t he  secondaries 

being considered. C includes t h e  mul t ip l i c i ty .  

b) Less energe t ic  primaries which penetrate  t h e  sh ie ld  but s top  i n  t h e  

p i l o t  contr ibute  t h t  dominant share of t h e  pr i r rwy dose, so secondaries i n  

t h i s  case are r e l a t i v e l y  unimportant.  or a 5-gs/cm? sh ie ld  we arc  taUhing 

about proton energies  between ‘(0 and 200 MeV). For s impl i f ied  ca lcu la t ions  

the  temptation should be cvexvhekning t o  t r e a t  secondary production by these  

primaries as i f  Eq. (I) were v a l i d .  

c ) bow-energy charged primaries caiuiot pene t ra te  t he  shield,  but  Lheir 

secondary neutrons and gama says can. The cur ren t  of  low-energy p a r t i c l e s  

i n t o  the spacecraf t  sk in  produces a surface secondary- source of s t rength  



s (cma2 ) given by 

The stopping power en te r s  i n  the  denominator because t o  f ind  the  y i e ld  one 

must i n t eg ra t e  over t he  path of each primary from i t s  o r i g i n a l  energy down 

t o  zero.  

t h e  surface source s t rength  usual ly  has an angular d i s t r i b u t i o n  r e l a t i v e  t o  

the  sh ie ld  normal. 

be cast as th ick- ta rge t  y i e l d s  f o r  stopping a primaq of energy E'. 

o rder  of in t eg ra t ion  i s  reversed t o  employ the  cross  sec t ion  a t  a given 

energy and t h e  i n t e g r a l  f l ux  Aai(E) up t o  the  cutoff ]Ec at which t h e  range 

equals the  sh ie ld  thickness;  t h a t  is, 

Unlike the  volume source produced by t h e  high-energy primaries,  

Equation ( 2 )  i s  i n  t h e  proper form i f  input  d a t a  i s  t o  

The 

I th ink  t h a t  p laus ib le  assessment of t h e  importance of %hi s  surface 

source of gamma rays and neutrons i s  t h e  most obviously unsolved problem i n  

space sh ie ld ing .  We can already say something i n  t h e  case of gamma rays.  

In tegra ted  prellrninary data of Zobel, Maienschein, and Scroggs suggest 

t h a t  t h e  gamma-ray production c ross  sec t ion  f o r  incident  protons 011 

aluminum behaves w i t h  energy between 15 and l5O MeV almost l i k e  t h e  proton 

stopping power, allowing a quick est imat ion of the  secondary surface source 

using Eq. (2) .  The r e s u l t  i s  t h a t  t h e  surface source of g a m a  rays produced 
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i n  sluiiiinuin would be about 2 x lo'-" times the incident  pr.o.ton energy cur ren t  

i .nto t h e  sh ie ld  ( less  -2.5 MeV/proton). 

s o f t ,  i.e., f o r  a r i g i d i t y  parameter l e s s  than 50 megavolts, it appears 

t h a t  t h e  gamm rays might contribu'ie s ig t i i f  i .cantly f o r  sh i e lds  g r e a t e r  than  

10 g/cr~? t h i c k .  

a sigriif icant contr3.bution. Neutron production cross  sec t ions  behave dif- 

.ferentLy with energy, so a less s t r ingen t  rule probably app l i e s .  

F d i t i i  f lake spec t ra  which are q u i t e  

For harder f lare  speetm, almj.ni.m gamma ray:; cannot produce 

Now l e t  US re turn  t o  our sphere m o d e l .  You m y  question whether  i t  

was fslr f o r  m e  to draw t h e  man l.n the center .  Does the sphere integrate 

so w e l l  t h a t  this i s  a good approximation? I have i n  Pig.  2 a. rough answer 

for t h e  case of an isotr0pi.c volume source with in  the  sh i e ld .  The secondary 

flux st; a poin t  i n  the  i n t e r i o r  i s  estimated as a funct ion of r a d i a l  pos i t i on  

f o r  a sphere 5% as t h i c k  as i-ts radius (t/a z- 0.05 ). 

of secondaries t he  f l u x  rises with radius  t o  20% above t h e  c e n t r a l  value a t  

2 / 3  t h e  capsule rad ius  and t o  about 55$ above at 0.9. 

t i o n  (no s c a t t e r i n g )  i s  introduced t o  the  ex ten t  of C t mean f ree  pa ths  along 

t h e  r a d i a l  d i r ec t ion ,  t h e  d i s t r i b u t i o n  becomes, f la t ter .  For present  purposes 

it seem j u s t  barely fa i r  to c a l l  t h e  cent ra l  point  representa t ive .  A t  t h e  

sphere cen te r  t he  secondary flux is 

With no a t t enua t ion  

AS secondary a t tenua-  

s 

F =  v-t[1 - exp(-z s t ) ] / C s t  ( 3 )  

Equation (3)  reduces Lo F = V-t for smal.1 C-L, and t o  F = V/C 

This i s  t h e  same estimate one would obta in  i n  t h e  s t ra ightahead approxima- 

t ion!  

the  spherical s h e l l  i n  an  isotropic flux, viewed a t  t h e  sphere center ,  gives 

the  same nuner ica l  resul t  e s  t h e  same approximation gives for  a slab of 

f o r  l a rge  Z: t. 
b s S 

A s  s t a t e d  by Wallace e t  a1.,2 t h e  s t ra ightahead approximation f o r  
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Fig. 2. In te r ior  Flux vs. RaiTiaL Position f o r  a Spherical  She l l  
Volume Source of Thickness t Eq1m.l t o  ?$ oi’ the Radius. 
macroscopic c ross  sec t ion  f o r  t he  secondary rad ia t ion .  

Z, i s  the 
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t,he Same thickriecs w i i h  n o r m l l y  incident  (not isotropic. ) f lux .  

t h a t  the volume source s t rength  V h a s  an energy spectrum but  contains  only 

t h e  angle- integrxted d i f f e rec t i s l  c ross  sec t ions .  

Recal l  

A similar approach was rilade t o  the problem o f  secondaries frotii the  l o w -  

energy- primaries which cannot penetrate  t t i a  sh ie ld  * The current  r a t h e r  

than -the flux i s  important, so the  surface souree s t rength  i s  a functi-on of 

angle unless  the cross  sec t ions  for seeondaqy productiori are isotropic. 

Using the (assumed i so t rop ic  ) i n t e g r a l  primary flux A9 

the  cont r ibu t ion  t o  the  ang le -d i f f e ren t i a l  surface source s t r e n g t h  (anw2 

sr-' M ~ V P  ) from the d i f f e r e n t i a l  mcroscopic cross  sections x ( E , ~ )  i s  

i defined i n  k Q .  (2a), 

S(E,Y) = s, dL-2 cos@ C ( E , a )  9 

where f3 and Y are respec t ive ly  bhe angles re la t ive  t o  the sh ie ld  n o r m 1  of 

the primary and secondary pa r t i c l e s ,  and a i s  t h e  angle 'oebween t h e  t w o  

p a r t i c l e s .  For a de tec to r  at. the center  of t h e  sphere, '? := 0 and fi = a, 

m d  t he  angular  d i s t r i b u t i o n s  as expeeted QCCUT weighted by t h e  cosine of 

t h e  sca t t e r ing  angle .  &en t h e  d i f f e r e n t i a l  cross sec t ion  i s  expressed i n  

a Legendre expansion with coefficients c,(E:), i .e.,  

t he  i n t e g r a l  i n  Eq. ( 5 )  my be perfosmed t o  give t h e  d i f f e r e n t i a l  surface 

source : 
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The A ' s  may be obtained by applying t h e  addi t ion  theorern f o r  sphe r i ca l  

harmonics t o  EQ. ( 4 )  using the expansion (5 ) .  
R 

Ttie resulting i n t e g r a l  i s  

known," leading t o  t h e  results tabulated below. 

0 1 3,577,  * ' 0 

1 2 / 3  4 4 / 2 4  

2 1/ 4 6 1/ 192 

-1 

The expression (6 1 for  S(E,Y ) l eads  t o  p red ic t ion  of the radial 

dependence of the secondary f lux  within the cavi ty ,  i l l u s t r a t e d  i n  Fig. 3 .  

Again it seems provis iona l ly  adequate t o  confine a t t e n t i o n  to the  cen te r  

of the sphere. If we ignore the detai l  tha t  a l l  secondaries are not  pro- 

duced j u s t  on the  skin, t h e  flux a t  t h e  cen te r  i s  glven by 

~ = 4 ~ e  S(E,O) dE 
J O  

T h i s  i s  t h e  result which would be given by t h e  straightahead approximation 

A C r a t h e r  than t h e  using modified production cross sec t ions  equal t o  i;-L a a  
R 
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customary C . Again thi:; time, by us ing  the inodified cross sect ion,  the  

spher ica l  probiem may be adequately transformed t o  a s l a b  problem w i t h  

norinally incident  fl.ux. 

0 

b 

To summarize, it appears t h a t  our c a b h  can r eve r t  from sphere t o  slab,  

t h a t  high-energy cross  sec t ions  are important i n  a form in tegra ted  over angle 

and weighted by t h e  d i f f e r e n t i a l  primary flux, and that low-energy cross  

sec t ions  are important in tegra ted  over angle, with roughly a cosa weighting, 

and weighted by t h e  i n t e g r a l  f lux over the  stopping power. 

11. CROSS SECTIONS FOR SECONDARY NUCLEON FBODUCTION 

Now consider what knowledge of nuclear CI’OSS sec t ions  has been made 

r ead i ly  appl icable  t o  sh ie ld  design.  Generally, it seems preferab le  t o  

use computed cross sec t ions  o r  i n t e rpo la t ions  among them, since experiments 

have not produced r e s u l t s  a t  s u f f i c i e n t l y  regular  energy and angle i n t e r v a l s .  

This approach i s  now workable f o r  neutrons (or protons)  produced by incident  

protons from a t  l e a s t  800 MeV down t o  some nebulous threshold below 100 MeV. 

By cont ras t ,  t he re  i s  y e t  l i t t l e  v a l i d  guidance from ca lcu la t ions  on how 

t o  handle neutrons produced by alpha p a r t i c l e s .  

Every serious shielding e f f o r t  I have read tries t o  use nucleon-nucleus 

c ross  sec t ions  based upon t h e  In t ranuclear  cascade model r e s u l t s  of 

bThose who have codes i n  s l ab  geometry which operate  with i so t rop ic  
incident  f luxes  and which already contain information on the  energy spec t ra  
of secondary p a r t i c l e s  m y  wish  t o  Consider use of the  normal emission 
approximation, i n  which a l l  secondaries pene t ra te  t h e  sh i e ld  along t h e  
shortest path.  
high-energy- l i m i t ,  and a t  Low energies yields  the appropriate  r e s u l t  w i t h -  
out  t h e  use of modified c ross  sect ions.  
not transform properly f o r  t he  primary flux, however.) 

This approximation does f a i r l y  w e l l  conceptually i n  t h e  

( I so t rop ic  flux on a slab does 



Metropolis et a1.4 cr the more recrnt ones of B e r t i n i  e t  a1.,5 though 

severa l  o the r  similar computations have been  r;?;Ldle. Rer'tini ' s  a r e  now 

ava i l ab le  i n  f i t t e d  fori# m d .  on magnetic tape 

kian procedures are based on the idea &hat ,  f o r  incident  nucleons above 

perhaps 100 MeV, i n t e rac t ions  wi- th  %he nucleus are dominated by sequent ia l  

mi@roscopi.c tw~-body nuc.leon-nui:Ieon s c a t t e r i n g  events f o r  which free- 

p a r t i c l e  cross sec t ions  apply.  Tie resul-Ling estimated c ross  sections are 

slow funct ions of angle, incident  energy, and target mass, as are experi-  

meritally observed cross sec t ions  . 
sect ions a t  10, 30, arid 45 deg for 160-bkv protons on aluminum. The broad 

peak a t  t h e  high-energy end of each spectnm moves with angle almost as it 

would for b i l l i a r d - b a l l  cross  sec t ions .  .This peak I s  a r e f l e c t i o n  of the 

use of f r e e  - p a r t i c l e  kinematics f o r  the microevents, blurred. by t h e  rriomentum 

d i s t r i b u t i o n  assigned to t a r g e t  nucleons and by the  occurrence of intm- 

nmc.lenr cascades. 1 have superposed a predicted CPQSS sec t ion  for  B i  a b  

1.60 MeV and an appropr ia te ly  scaled one f o r  Ye a t  60 MeV t o  show how 

inva r i an t  i s  the  predicted d i f f e r e n t i a l  CTOSS sec t ion .  

_____I 

These Monte Carlo est,irm- 

ic'i.gure )c shows safi1pl.e d . i f f e ren t l a1  c ross  

Each in t ranuclear  cascade Monte Carlo h i s t o r y  i s  terminated when no 

pa r t i c l e  has enough energy ins ide  the model. nirclear p o t e n t i a l  t o  leave t h e  

nucleus with more than a spec i f ied  (low) cutoff  energy, 

excitation e n e r a  can be very large; 261" example, t h e  werage  exei.t;ati.on 

energy ranges from 35 t o  110 MeV for incident  50- t o  k ) O - b k V  nucleons on a 

heavy nucleus l i k e  tantalum. 'rh-is exc i t a t ion  energy- i s  usual?* handled 

by assuming t h a t  nucleons and heavier fragments "boi l  o f f "  i n  va r i ab le  

evaporation chain processes s i m i l a r  t o  t h a t  described and programed i n  

M ~ n t e  Carlo by Dostrovsky 11111" e t  a1.' 

h igh  (presumably) i so t rop ic  cont r ibu t ion  a t  low energies  which i s  not 

T'ie r e s i d u a l  

T h i s  evaporation process produces a 
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iron has been s t re tched  t o  preserve constant area,  
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included ia Fig. 4. 

sbnil.ar to t h i s  figure cxczpt t1ia.l; the predic1;ed. (1-argely unmeasured) 

quasifree scat ter ing peaks a.re l e s s  pronounced, and ex.cept that fo r  heavy 

elements t h e  predicted evsporstion yields a r e  qi.rite high. 

Estimated cross secti.oiis for neutrons look  very 

How vali-d a r e  the  cross sect;i.ons obtained from tile cascade model? 

They a r e  remarkably so, though as an experimental is t  I enjoy dwelling on 

r e s idua l  d i f f i c u l t i e s .  

of Genin e t  a1.l’ support t h e  marked quas i f ree  peak i n  the 16-5 deg region, 

our work,“ the reecnt  r e s u l t s  of Bmn e t  al.,’” and per’mps the 18g-MeV 

data of I ) ~ K L ~ ~ ~ ~ ~ ~  all. tend t o  requfre t h a t  quasifree s c a t t e r i n g  ’ne less 

apparent.  Figure 5 shows t h a t  at 60 deg B e r t i n i  p red ic t s  cross sec t ions  

for l6O-MeV protons on A 1  which are i n  accord (on an absolute $asis, no 

free parameters) with t he  experiments of Wacinter e t  a1.l“ a,nd nlyself’’ but 

not qtiite with those of Eoos and Mall.’ 

been studied by 1Bowenl5 at forward angles, where they c h a r a c t e r i s t i c a l l y  

disagree with ca l cu la t ion  i n  t h e  manner shown i n  Flg. 6; the predicted peak 

i s  always too intense and the  t a i l  too weak, though t h e  s i t u a t i o n  does valy 

a little with target inass number. 

Bertlini has recent ly  shown results from a new program which includes mesun 

production.’6 

with the  experiment of Azhgirey e t  al.‘17 

cross-sect ion parameters are y e t  subject t o  improvement. 

For instance,  though the  works of Mall and Roosg a d  

P 

Neutrons from 140-MeV protons have 

For a comparison a t  higher energy, 

Figure ‘7 compares h i s  es t imates  f o r  6 6 0 - ~ ~  protons on ~ ? a .  

The new cork i s  f i n a l  but t he  

Since I have er!lphasiZed CFOSS sec t ions  in tegra ted  over angle, 1 would 

like t o  encourage comparisons on t h a t  basis.  

of Brun e t  a1.,12 i l l u s t r a t e s  t h a t  cascade ealculatixms can. g i v e  f i t s  w i t h i n  

2 6  to angle-integrated spectra fo r  1 5 6 - ~ e ~  protons on s i l v e r .  

Figure 8, from the Qrsay work 
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t o  the  author's f l ight- t ime experiment. 
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Protons 
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The cascade model w a s  o r i g i n a l l y  intended Y l o r  use with r a t h e r  high 

inc iden t  energies .  

which are a p t  to be important f o r  secondary produc"tian2' 

some recent data of Bertrand e t  

061 '*Fe. 

w e l l ,  except t h a t  the  evaporation proton y i e l d  from the  assoc ia ted  t r e a t -  

ment of nucleon evaporation i s  twice too l a rge .  (I refuse  t o  shou the  

20-deg; data ,  which f i t s  pe r fec t ly  i n  t h e  high-energy region.  ) 

f i t  i n  t h e  evaporation region i s  sensitive to nuclear details - t h e  predicted 

spectrum f o r  56Fe f i t s  the data! 

cross  sec t ion  a t  t h e  higher energies  i s  about 1/10 of t h e  proton cross  

sect ion,  though emerging deuterons cannot be predicted by the  present  

cascade model. Deuterons and heavier p a r t i c l e s  are predicted to compete 

i n  the  evaporation process, and Fig. 10 a t  60 deg fo r  t h e  same target and 

energy includes comparisons fo r  f i v e  p a r t i c l e  types.  

shows a less favorable comparison with ca lcu la t ion ;  the predicted c ross  

sec t ion  does not  hold up well  a t  energies  over 4.0 MeV. In these  f igu res  

the experimental data are shown as a smooth curve below the nea r -e l a s t i c  

region, though they  were obtained in a thousand indiv idua l  channels. In  +he 

smoothed regions the data have been shown to be s t a t i s t i c a l l y  cons i s t en t  

w i t h  a smooth curve. Figures 11 and 12 show similar comparisons for 61-MeV 

prQtQnS on B i .  A t  30 deg the calculation f i t s  t h e  proton cross sec t ions  

only at  high energies;  a t  60 deg the re  i s  agreement. The failure of 

t h e  model t o  p red ic t  a reasonably shaped spectrwn for B i  m y  be r e l a t e d  

t o  the  mdel's neglect  of fission. 

What should be used for calculations on the  soft f l a r e s  

Figure 9 shows 

a t  50 deg f o r  incident  ~ O - M ~ V  protons 

Below t h e  region of masked group s t ruc tu re  the B e r t i n i  model f i ts  

The poor 

In  all these measurements the deuteron 

For protons this case 
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!4heri this work is cornplettd WL should have somc. p i c tu re  of the  v a l i d i t y  

OP the cascade model Cos incident &-MeV protons am3 emerging cbarged 

pa r t i c l e s ,  w i - t h  some few runs fa r  -Incident, kO-MeV protons and some f o r  

alpha p a r t i c l e s  e 'L'he InO->lev proton d a t a  :,bows continuum seeions similar 

t o  those at 60 MeV, hiit o f  course it becomes harder arid harder t o  ignore  

t h e  exc i t a t ion  of d e f i n i t e  f i n a l  s t a t e s .  Alpha p a r t i c l e s  do give sub- 

s t a n t i a l  numbers o f  energe t i c  secondai-y protons. &cause of t h e  importance 

of charged-particle react ions i n  dose ca lcu la t ions  when the  qua l i ty  fac tor  

i s  given consideration, we will t ry  t o  g e t  <"rat-&. QI-J C and 0 t a r g e t s .  

The lower energy l i m i t  for in t ranuclear  cascade calculations can be 

pressed even more by looking a t  the new cross  sec t ions  of Verbinski and 

~ ~ r n a s l "  a t  15 LO 18 M ~ V  fo r  (p ,n)  reactiotis  un sever81 elements. 

observed cross sec t ions  fo r  elementas as heavy as Fe show energy group, 

s t ruc tu re  and a t  the highpr energies  a d e f i n i t e  angular d i s t r i b u t i o n .  

 he 

Figure 13 shows t he  cross sec t ions  2'7Al(p,n) in tegra ted  over s o l i d  

angle.  I have shown. fo r  each of two ecergies R comparison of experiment 

with a Monte Carlo evaporstion theory o f  the Dostrovsky$ type and with t he  

cascade plus  evaporation theory of Ber t fn i .  The evaporation-only ca l cu la t ions  

assume t h a t  a l l  the  incident  energy i s  absorbed i n t o  a compound nucleus with 

an  arbitrary 5OO-mb reac t ioa  C ~ C J S S  sec t ion .  Though imperfect, the Ber t in i  . 
estimate i s  t h e  better though he i s  s l i g h t b  shocked by our use of tits 

prograin a t  these  energies .  Whether the  agreement i s  satisfackoiy,  and 

whether it can e a s i l y  be ir~provcd upons a w a i t  fur%her analysis.  A t  least 

two problems o the r  than t h e  residual shape error arise i n  rout inely applgrhg 

the  present ly  ava i lab le  cascade programs til t h i s  energy range, 'The cal- 

culated and observed spec t ra  have high-energy end-points qu i t e  out of l i n e  

when t h e  ( p , n )  Q-value i s  far d i f f e r e n t  from t h e  zero cstinlate made in Bertini's 
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Fig. 13. ~ n g l e  -Integrated Energy spectra from 14.5 - and 1 8 - ~ e ~  
Protons on Al. 
caseade -plus-evaporation e&kzilations and w i t h  "'pwe IT evaporation e a l -  
culations. 

The experiraent of Verbinski a d  Burrus i s  compared wikh 
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cascade program, This efftct i s  apparent in Fig. 13. A l s n ,  as emphasized 

i n  Fig.  14  fo r  'fa,  the cutoPf  mere[ i&ir:iI  customarily terminates? the  

model cascade react,j ons prrduct~s a rionphyDical kink i n  ihe  pr\ndit-ted energy 

d i s t r i b u t i o n s .  Iovering the crrtnff from 6.6 to P MeV improved the  behavior 

of the spectrum hut mi-kedly inereaced t h e  ccmpt,er rulining time. 

evaporation-only model give:: +hr  sa~ne shape as the lov-energy data shown 

fo r  the 6 . 6 - ~ e ~  cutoff ,  buC 25s more intense if the  b&me nonelastic cx'oss 

sec t ion  is used. 

X have l i t t l e  t o  report on neutron proclracti(m by alpha p a r t i c l e s ,  

The 

except to observe .that, i n  the caw of t n e  313e(a,n) reaction the cros-6 sect ion 

i s  large, betwzen 400 and TOO mb f o r  alpha ptl.rtielcs 'oatwee~i 5 and 10 MeV, 

and the energy spnctrwn docs not much r e s e m b l e  an evaporation spectmm. 

This integrated CTOSS section i s  as larye as t he  geometrical. cross  sect ion 

of sdphur ,  and if" it remains SO large a t  higher energies it YVQL~M imply 

tliat about 4% of t,~~e ~ O - M ~ V  algkin. particles stopping in a. Be shield wollia 

produce neutrons. Figure 15 illustrates the +xngle-integrated neutron spec t r a  

obb%j.ned by Verkinski2' f o r  two iiiciclcat energks,  i l l u s t r a t i n g  khat  even at 

low reso lu t ion  there i s  de f in i t e  charac te r  t o  the sjpecSra. The angular d i s -  

t r ibu t ions  arc also marked. It always he necessary t o  take this type of 

data from ex7erimmt. 

Final ly  there  is the  problem of secondary gamma rays. As 1 indicated 

earlier, conclusions await t he  impiications of tiie spectra that Zobel, 

N%ienschein, and Scroggsl have ohtaineii a.t incident energies from 1.4 t o  

160 MeV, and t h e  developing info-mation conerrnlng the Tntensi ty  of so f t  



lo4 
5 

2 

io3 
5 

2 

5 

2 

5 

ORML-DWG 67-5881 

EVAPQRAT10N CALCUL 

F5.g. 14. Angle-Integrated Energy Spectra from 18-NeV Protons on 
ICI131Ta . 
plus -evaporz,tion calculations.  

The exper-bent of Verbinski and BLPYUS is compared with caseade- 



0 2.8 4 10 12 14 46 4 

Fig. :1.5. Angle-IntegSrateil Meutron Spectra frorfi the "~e(a,n) liezctic 
f o r  6.8- a n d  3.3-MeV Incident Alpha Par t i c l e s .  
Verbinski 

Fron the exTerimcnts of 
311 



-31- 

flares. 

to remind us that such g rays are real. 

Figure 16, showing g a m  rays from 33-MeV protons on %o, Serves 

m. coNcLusIoNs 

To summarize, I believe our course should be to use the cascade plus 

evaporation data, mde wideQr available by Bert inP et al., at even very 

l o w  energies. We must however search f o r  an effective way to join this 

system with a type of cross-section system more suitable for the lower 

energies. We must devise sui table  cross-section estimators for incident 

helium ions and for secondary gamma rays.  

Once the energies of incident particles become so low that their 

ranges are short compared to shield thicknesses and to the attenuation 

Lengths of secondaries, precalculated secondary yields as a function of 

incident energy would be helpkP1 t o  shield computations. The difficulties 

of spacecraft geometry should not inhibit ever-improving estimations of 

secondary effects based on the simplest geometries. f inal ly ,  in considering 

secondaries, soft flares must receive the main attention. 
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