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The i n t e r a c t i o n  of high-energy nuclear  p a r t i c l e s  with mat te r  r e s u l t s  i n  t he  

production of neutrons, mesons, o the r  charged p a r t i c l e s  and r e s i d u a l  r ad ioac t iv i ty .  

To achieve the maximum resea rch  c a p a b i l i t i e s  of a c c e l e r a t o r s  t h a t  produce high 

i n t e n s i t y  beams of s eve ra l  hundred MeV p a r t i c l e s  (meson f a c t o r i e s )  , c a r e f u l  con- 

s i d e r a t i o n  must be given t o  t h e  important  sources  of r a d i a t i o n ,  and s t e p s  must be 

taken t o  minimize and conta in  t h e  r e s idua l  r a d i o a c t i v i t y .  Two important  sources of 

r a d i a t i o n  a r e  t a r g e t s  and beam oatchers .  Some ideas  on the des ign  of target  s h i e l d s  

and beam ca t che r s  a r e  d iscussed  i n  t h i s  paper. The p re sen t  d i scuss ion  i s  f o r  600 MeV 

protons. The genera l  p r i n c i p l e s ,  however, should be app l i cab le  f o r  o the r  energ ies .  

Targe t  Sh ie lds  

A t h i c k  t a r g e t ,  such a s  one would use f o r  meson production,  w i l l  become ve ry  

r ad ioac t ive .  During bombardment it i s  a n  in t ense  source of high-energy neutrons. 

The t a r g e t  sh i e ld  should p ro t eo t  the surrounding equipment, f  l oo r s  and w a l l s  from 

apprec iable  neutron f  luxes  from t h e  t a r g e t .  On t h e  o t h e r  hand experience has shown 

the  need f o r  access  t o  the t a r g e t  pos i t i on .  The s h i e l d  should t h e r e f o r e  c o n s i s t  of 

m a t e r i a l s  t h a t  produce predominately s h o r t  l i ved  r a d i o a c t i v i  t i e s ,  and i t  should 

provide high abso rp t ion  of the  r e s i d u a l  r ad ia t ions .  The volume and c o s t  of the sh i e ld  

a r e  a l s o  important f a o t o r s  i n  most i n s t a l l a t i o n s .  

Recent experiments a t  the CERN Synchro-Cyclotron' 'P) with  600 MeV protons  

y ie lded  information t h a t  is p e r t i n e n t  t o  the s e l e c t i o n  of t a r g e t  s h i e l d  ma te r i a l s .  

From Ref. l, one may e x t r a c t  r e l a x a t i o n  l eng ths  f o r  s p a l l a t i o n  neutrons i n  s e v e r a l  

mater ia l s .  These r e s u l t s  may be compared with published c a l c u l a t e d  mean f r e e  p a t h s  

f o r  i n e l a s t i c  c o l l i s i o n s  of high-energy neut ronss)  The fac  t o r  of 10 r e l a x a t i o n  

lengths  i n  cent imeters  a r e  as follows: 

Carbon Light Concrete I r o n  Lead 

Ref. 1 125 80 38 30 cm 

Ref. 3 102.5 116 37.4 43 cm 

From these  one may es t imate  a value of about 200 cm f o r  water.  Also by assuming t h a t  

high energy neutrons a r e  removed by a geometric c ross-sec t ion  (and assuming 

- 1.25 10-'' on) one may c a l c u l a t e  a  f a c t o r  of 10 r e l a x a t i o n  lengths  of 90 cm, 
l-0 - 
38 cm, and 41 cm f o r  oarbon, i r o n  and l ead  r e spec t ive ly .  
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An i l l u s t r a t i v e  des ign  of a t a r g e t  s h i e l d  

is shown i n  Fig. l. It  is d e s i r a b l e  t o  keep 

the  dimension i n  the  forward d i r e c t i o n  as 

xA small as poss ib l e  i n  order  t h a t  the  quadrupole 

l e n s  may be e f f e c t i v e  i n  converging the  

charged mesons and f o r  e f f e c t i v e  c o l l e c t i o n  of 

the mul t ip ly  s c a t t e r e d  pro ton  beam. Thus i r o n  

appears  t o  be the b e s t  choice  f o r  t a r g e t  sh i e ld -  

i n g  ma te r i a l  i n  t he  forward d i r e c t i o n  s i n c e  i t  

L c o d  Iron o f f e r s  the sma l l e s t  s p a l l a t i o n  neutron r e l ax -  

Fig. 1 Target shlc ld .  
at ion l eng th  of the r e a d i l y  a v a i l a b l e  ma te r i a l s .  

For l a t e r a l  s h i e l d i n g  another  ma te r i a l  could 

be used, bu t  the  advantages of s av ing  space a r e  a l s o  important  here.  An o u t e r  l a y e r  

of a  few cm of l e a d  surrounding the  t a r g e t  s h i e l d  should be inc luded  t o  s h i e l d  a g a i n s t  

r e s i d u a l  r a d i a t i o n ;  it w a s  shown2) t h a t  the r e s i d u a l  r a d i a t i o n  from lead  is l e s s  

i n t e n s e  and s h o r t e r  l i v e d  than  from i ron .  

Most t a r g e t  m a t e r i a l s  t h a t  a r e  bombarded wi th  i n t e n s e  beams of protons,  become 

v e r y  r ad ioac t ive .  For t h i ck  t a r g e t s  i n  a meson f a c t o r y  beam it i s  important  t o  have 

remotely c o n t r o l l e d  f a c i l i t i e s  f o r  removing the  t a r g e t  from the  beam p o s i t i o n  t o  a  

sh i e lded  cool ing  a rea .  A removable p lug  below t h e  t a r g e t  p o s i t i o n  should be inc luded  

t o  f a c i l i t a t e  removal of anyth ing  t h a t  is a c c i d e n t l y  dropped i n s i d e  the s h i e l d  cavi ty .  

The t a r g e t  s h i e l d  shorn i n  Fig..l  is  proposed t o  provide minimm s h i e l d i n g  f o r  

a 100 MA beam of 600 MeV pro tons  bombarding a t a r g e t  of such th i ckness  t h a t  1/4 of 

t h e  i n c i d e n t  p a r t i c l e s  produce s p a l l a t i o n  r e a c t i o n s  i n  t he  t a rge t .  I n  t h i s  s i t u a t i o n ,  

1/4 of the i nc iden t  pro tons  would produce about 3 neut rons  each, of which about  1.3 

a r e  s p a l l a t i o n  neutrons. Thus the  t o t a l  f a s t  neutron product ion would be about  

2 X 10" n/sec. I f  the  angular  d i s t r i b u t i o n  is  assumed t o  be similar t o  t h a t  f o r  

6.3 GeY s p a l l a t i o n  r e a c t i o n s  i n  c u d ) ,  t h e  f a s t  neut ron  f  luxes a t  p o i n t s  A and B rill 

be about  2 X 1o7 and lo7 n/cm2 sec  r e s p e c t i v e l y .  Without the t a r g e t  s h i e l d  these  

f  luxes  would be  8 X lo9 and 0.4 X 109n/cm2 sec r e spec t ive ly .  These f l u x e s  would, 

du r ing  an extended pe r iod  of opera t ion ,  induce r a d i o a c t i v i t i e s  i n  neighboring equip- 

ment, f l o o r s  and walls, t h a t  would r e s u l t  i n  r e s i d u a l  r a d i a t i o n  l e v e l s  which would 

seve re ly  l i m i t  the a c c e s s  of personnel t o  t h e  a r ea .  I n  p r i n c i p l e  t he  t a r g e t  should 

be p laced  f a r  enough from the w a l l s  f o r  geometric a t t e n u a t i o n  t o  reduce r e s i d u a l  

r a d i a t i o n  to a  t o l e r a b l e  l e v e l ,  I n  p r a c t i c e ,  however, t h i s  i s  of t e n  d i f  f i c u l  t t o  

achieve ,  e s p e c i a l l y  f o r  t h e  f l o o r s ,  

I f  we assume the s p e c i f i c  a c t i v a t i o n  of lead  t o  be similar t o  t h a t  of tantalum 

then t h e  dose r a t e  nea r  the sur face  of the s h i e l d  can be es t imated  from Ref. 2. This 

e s t ima te ,  based on long  term exposure of lead  t o  f a s t  neut ron  f l u x e s  of 2 X 107 n/cm2 
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sec ,  y i e l d s  dose r a t e s  of - 70 mr/hr one day a f t e r  shutdown, 20 mr/hr one r e e k  

a f t e r  shutdown, and - 6 m / h r  one month a f t e r  shutdown. These va lues  do n o t  include 

c o n t r i b u t i o n s  to the  r a d i a t i o n  l eve l  from o t h e r  sou rces  i n  t h e  a rea .  

Beam Catchers  

For beam c a t c h e r s  one must cons ide r  two e f f e c t s  t h a t  a r e  no t  included i n  the 

above d i scus s ion  of t a r g e t  sh i e ld s .  These a r e  neutron product ion  and h e a t  removal. 

From Ref. 4 i t  i s  seen t h a t  the  n/p r a t i o  f o r  600 MeV protons  i s  1.3, 3.5 and 25 

r e s p e c t i v e l y  f o r  carbon, copper and uranium. Thus one might expec t  t h a t  f o r  lead i t  

would b e  much higher  t han  f o r  a  ma te r i a l  i n  the  r e g i o n  of i r o n  o r  copper. I f  space 

i s  an important  f a c t o r ,  as i t  is i n  most i n s t a l l a t i o n s ,  high d e n s i t y  m a t e r i a l s  should 

be used f o r  the beam stop.  The b e s t  compromise between high dens i ty  and low neutron 

product ion  appears  t o  be i r o n  or copper. 

The proposed beam ca t che r  f o r  up t o  l00 CIA of 600 MeV protons  is  shown i n  

Fig. 2. To f a c i l i t a t e  h e a t  removal t h e  i r o n  

t h a t  s t o p s  the p ro ton  beam is laminated wi th  

c i r c u l a t i n g  water  f i l l i n g  t h e  space between 

i r o n  s h e e t s  and around the i r o n  r eg ion .  

I r o n  i s  a l s o  sugges ted  f o r  t h e  ou t e r  p a r t  of 

t h e  beam s top  because of i ts  favorable  neutron 

r e l a x a t i o n  length.  An ou te r  l a y e r  of a few cm 

of l e a d  should be inc luded  because of i ts  low- 

e r  r e s i d u a l  a c t i v i t y  and f avo rab le  s h i e l d i n g  

p r o p e r t i e s  f o r  r e s i d u a l  r a d i a t i o n  from t h e  

i ron .  Fig. 2 Beam catcher. 

I f  100 pA of 600 hleV pro tons  a r e  s topped i n  i r o n ,  t he  cascade neutron product ion  

r a t e  i s  es t imated  from Ref. 3 t o  be about 2 X 10" neutrons/seo. The beam s t o p  and 

surrounding s h i e l d  should reduce the  neutron f l ux  a t  the  su r f ace  of the  s h i e l d  t o  the  

same l eve l  a s  t h a t  of the t h i c k  t a r g e t  s h i e l d  t h a t  was d iscussed  above. This  c r i t e r i o n  

and t h e  choice of m a t e r i a l s  determine the  s i z e  of t he  beam s t o p  s h i e l d .  

Our e s t ima te  of an adequate beam s t o p  a r e  70 cm of i r o n  ( t h a t  i s  t h e  pro ton  range 

p l u s  one t en  fo ld ing  l eng th  f o r  neut rons)  surrounded by 30 cm of water ,  and an i r o n  

con ta ine r  f o r  t he  assembly t h a t  is  70 cm th i ck  i n  t h e  forward d i r e c t i o n .  For t he  

l a t e r a l  and backward walls of the  con ta ine r  30 cm of i r o n  is  adequate. The f a s t  

neutron f lux  at the  o u t e r  su r f ace  of the beam s t o p  w i l l  be - 10' neutrons/cm2 sec  if 

100 /AA of 600 MeV pro tons  a r e  stopped. Thus t h e  r e s i d u a l  r a d i a t i o n  l e v e l s  near  t h e  

beam s t o p  w i l l  be about  t h e  same a s  around the  t h i c k  t a r g e t  s h i e l d  t h a t  was d iscussed  

above . 
The evapora t ion  neut rons  produced i n  the beam s top  w i l l  be thermalized i n  t h e  

water  volume. The t h e r m 1  neutron f l ux  w i l l  be a t t e n u a t e d  by neut ron  cap tu re  i n  the 
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o u t e r  r eg ion  of i ron.  For 30 cm t h e  a t t e n u a t i o n  is  about a f a c t o r  of 700. Fur ther  

r educ t ions  of thermal neutron f l u x e s  can be e a s i l y  achieved by a small th ickness  of 

cadmium o r  boron carb ide .  

Conclusion 

Although t h e  suggested des igns  f o r  t a r g e t  s h i e l d s  and beam s t o p s  d iscussed  here  

inc lude  some ex t r apo la t i ons ,  they  demonstrate the f e a s i b i l i t y  of such dev ices  f o r  

reducing  the r e s i d u a l  r a d i a t i o n  l e v e l s  by a few o r d e r s  of magnitude. Tolerable l e v e l s  

f o r  necessary personnel  access  to t h e  a r e a  can be maintained. 
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DISCUSSION 

LIVINGSTON : You showed on your ske t ch  an  ou t s ide  l a y e r  of lead.  How much e f r e c t  
does t h i s  g ive ,  and  would you recommend p u t t i n g  l ead  perhaps i n  o the r  p l aces  around 
the  cyc lo t ron?  

BARBIER : The i n i t i a l  a c t i v i t y  of lead  pe r  gram i s  not  much b igge r  than t h a t  of i r o n  
under the same condi t ions  of i r r a d i a t i o n .  However, i t  decreases  much quicker .  
Furthermore, i t  absorbs gamma r a d i a t i o n  b e t t e r  than  i ron.  The f i g u r e  of mer i t  is 
r e a l l y  the a c t i v i t y  pe r  gram div ided  by t h e  mass abso rp t ion  c o e f f i c i e n t  f o r  gamma rays.  

LANGMANN : Did you i n v e s t i g a t e  the s h i f t  i n  t h e  mean neutron energy when us ing  l ead  
i n s t e a d  of i r o n  as a primary absorber? Because, i f  t h e r e  was a  g r e a t  s h i f t  i n  t h e  
mean energy, t h i s  could mean t h a t  t he  amount of s h i e l d i n g  needed behind your t a r g e t  
could be smaller .  

BARBIER : I have no t  done t h i s  i nves t iga t ion .  
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