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An e s s e n t i a l  part of the  ORNL study of an isochronous cyclotron designed t o  

acce le ra te  100 fi of protons t o  an energy of 810 MeV is a r e a l i s t i c  appraisa l  of 

res idual  r ad ia t ion  l e v e l s  t h a t  w i l l  r e s u l t  from operation of the  machine. This study 

includes calcula t ions  nsde at Oak Ridge, the  r e s u l t s  of which a r e  compared with 

experimental a c t i v a t i o n  d a t a  obtained from colleagues at other  laboratories.  The 

r i c h e s t  source of experimental d a t a  has been the  CERN Synchro-Cyclotron. This paper 

summarizes some of t h e  r e s u l t s  of the residual-radiation study f o r  the bb2 Cyclotron. 

A general formula was derived fo r  ca lcula t ing the y ray dose r a t e s  outside s l abs  

of ar r ter ia ls  i r r a d i a t e d  with f a s t  par t ic les .  It is assumed t h a t  a collimated beam of 

p a r t i c l e s  impinges normal t o  the slab. The incident beam i n t e n s i t y  I. is attenuated 

i n  the  material  by the  nmcroscopic geometry moss-seotion Ct. Thus, a t  a depth x i n  

the  slab, 

The ~ o d u c t i o n  r a t e  of spa l l a t ion  product j at posi t ion x is 

where C is t h e  macroscopic cross-seotion f o r  the reaction. 
1 

After a bombardment time tb and a cooling time to, the concentration of produot j, as 

a function of X, is 

where A .  is the radioaet ive  decay constant fo r  produot j. The a c t i v i t y  A .  of j, as 
J J 

a funation of X, is 

A t  a point P, a d is tance d outside the s lab,  the f lux  cP (X) of photons r e s u l t i n g  from J 

(*) Operated fo r  the USAEC by Union Carbide Corporation. 
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where p is the  absorption coe f f i c i en t  f o r  the radiat ion.  The rad ia t ion  dose r a t e  
j 

D .(X) due t o  A .(X) is 1 )  
J J 

o j (x )  = const @.(x)E 
J j '  

where E is the energy of the photons. The t o t a l  dose r a t e  a t  the point P due t o  a l l  
j 

a c t i v i t y  from product j d i s t r i b u t e d  along the inc ident  beam path is obtained by 

in teg ra t ion  : 

-h .t - . max -(Ct + p .) X 

Dj 
= const I. C. E . ( l  - e  b, e J J  

e dx, 

(X + d)2  

where X- is the smaller  quan t i ty  of the  s l a b  thickness and the range of the incident  

protons i n  the s l a b  material.  In ac tual  ca lcula t ions ,  the in teg ra t ion  does not  need 

t o  extend t o  the  range of severa l  hundred MeV protons because of the  exponential 

a t tenuat ion  of the y r ad ia t ion  i n  the material.  The ana ly t i ca l  evaluation of the 

in teg ra l  y i e lds  a slowly converging i n f i n i t e  s e r i e s ,  therefore numerical in t eg ra t ion  

is used t o  evaluate  D For the  t o t a l  dose r a t e  a t  the given point  P the D . ' s  f o r  
j' J 

a l l  the s p a l l a t i o n  products must be evaluated. Since the amount of computation is 

enormous, the  ca lcu la t ion  was programmed f o r  the IBM-7090 computer. 

Cross-sections f o r  the production of radioact ive  products i n  the material  were 

taken from published s tud ies  of s p a l l a t i o n  reac t ions  induced by protons of t h i s  energy 

range. The IBM-7090 computation determines the dose r a t e ,  fo r  s p e c i f i c  bombardment and 

cooling times, a t  the  s l a b  surface,  a t  10 am, and at  1 m. Buildup of in t ens i ty  due t o  

the production of secondary f a s t  p a r t i c l e s  is not  included i n  the computer calculat ion.  

An allowance fo r  t h i s  must be made i n  the case of oblique incidence of the primary 

beam. 

~ a r b i e r ' )  placed samples of various 
I 

mater ia ls  ins ide  the CWN Synchro-Cyclotron o J 

fo r  a period of three  months. He then removed 
0 P 

the samples and measured decay curves fo r  the o 4 

y r a d i a t i o n  emitted. A s  a t e s t ,  a ca lcu la t ion  g om 
was made f o r  a 3-month bombardment by a 1 pA, W 

X" 002 
600 MeV proton beam on 1 ltum th ick  C, A l ,  Fe, o 01 

and Cu samples. For comparison the  experiment- ,,, 
a1 and ca lcula ted  decay ourves, shown i n  Fig. 1, 

0w2 

were normalized where the aluminium curves oca 

f l a t t e n e d  out ( t h i s  is where N a P e  is the 
0.1 4 X) (00 5w 

COOLING TIME (doyal 

dominant a c t i v i t y  i n  aluminium). It should Fig. 1 Calculated and experimental res idual  radia t ion  
decay curves f o r  carbon, aluminium, i r o n  and 
copper a c t i v a t e d  by proton-induced s p a l l a t i o n  

be pointed out  tha t  the  experimental d a t a  reac t ione .  
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Table I. Ra t io  of Calcula ted  t o  Experinental  Dose Rates  

a r e  i n  counts/(om sec )  while t h e  c a l c u l a t e d  cu rves  a r e  i n  u n i t s  of r a d i a t i o n  dose 

Carbon 

Aluminum 

I r o n  

Copper 

r a t e .  Since dose r a t e s  a r e  dependent on gamna energy t h e  normalizat ion f a c t o r  f o r  a 

Days of Cooling 

0.4 2.1 2 1 100 2 10 

1.03 1.03 1.27 1.06 0.67 

1.93 1.57 normalized normalized normalized 

0.83 0.74 0.58 0.49 0.61 

1.29 1.02 0.82 0.74 0.69 

p a r t i c u l a r  ma te r i a l  is not  a p r i o r i  t h e  c o r r e c t  normalizat ion f a c t o r  f o r  o t h e r  

ma te r i a l s ,  nor  f o r  a l a r g e  range of  coo l ing  times. Table T l is ts  the r a t i o ,  c a l c u l a t e d  

dose rate/experimental  dose r a t e ,  a t  s eve ra l  decay times. The r a t i o s  a r e  i n  most ca se s  

u n i t y ,  w i t h i n  a f a c t o r  of two. I t  is be l ieved ,  t he re fo re ,  t h a t  the  c a l c u l a t i o n  can be 

used to  determine r e s idua l  dose r a t e s  t o  w i t h i n  a  f a c t o r  of two. 

~ a r b i e r ' )  a l s o  placed a v a r i e t y  of samples ou t s ide  the  Synchro-Cyclotron i n  t he  

pa th  of the f a s t  neutron beam emi t ted  from i n t e r n a l  meson t a r g e t s .  A comparison of 

the decay cu rves  obtained from these  a c t i v a t e d  samples w i th  those determined from 

pro ton- i r rad ia ted  ma te r i a l s  showed t h a t  t he  shapes of the  two s e t s  of curves a r e  

s i m i l a r .  Th i s  suppor ts  the assumption t h a t  f a s t  neutrons and protons induce e s s e n t i a l l y  

the same s p a l l a t i o n  r eac t ions .  
200 The experimental d a t a  obtained by Barbier  
100 

do not  inc lude  information needed f o r  absolu te  
;- 50 

normalizat ions f o r  e i t h e r  proton- o r  neutron- .c 
\ LL - 20 

induced a c t i v i t i e s .  A comparison of t he  a c t i v -  h 
P 10 

i t i e s  obtained i n s i d e  and ou t s ide  the cyc lo t ron  .5 
5 5 

showed, however, t h a t  the s p a l l a t i o n  c ross-  W I- 

U4 2 
seo t ions  f o r  f a s t  neutrons and f o r  pro tons  a r e  W 

4 

of about  t he  same rmgnitude. A l l  of the  samples no,5 

i n s i d e  were exposed t o  t he  same f lux ;  a l so ,  a1 l 
o,2 

of the samples ou t s ide  had t h e  same exposure. 0.4 
0 20 40 60 80 100 120 140 460 180 200 

The observed a c t i v i t y  r a t i o s  of inside-exposed COOLING TIME (hr) 

SaIlQ3les t o  out  Side-exposed Sa5lple 8 were t he  sam, Fig. 2 Calcula ted  ros idunl  r n d i a t i o n  dose r a t e s  a t  one 
meter from copper and aluminium t a r g e t s  a f t e r  

w i t h i n  a f ac to r  of two, a f t e r  100 days of 100 h r  bombardment with 100 g~ of 810 UeY protons. 

coo l ing  time. 

Dose r a t e s  were c a l c u l a t e d  f o r  a 100 P A  beam of 810 MeY protons s t r i k i n g  4 cm 

t h i c k  copper and 5 cm th ick  aluminum t a r g e t s  f o r  a per iod  of 100 hours. The r e s i d u a l  

r a d i a t i o n  dose r a t e s  a t  a d is tanoe  of 1 m from the t a r g e t s  were p l o t t e d  a s  a  func t ion  

of coo l ing  time (Fig. 2 ) .  The high r a d i a t i o n  l e v e l s  i n d i c a t e  t h e  neces s i t y  f o r  e i t h e r  

nandling these t a r g e t s  remotely or  s h i e l d i n g  them. 
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The c a l c u l a t i o n s  d iscussed  above a r e  f o r  t he  s p e c i a l  c a s e  of a co l l ima ted  beam 

of p a r t i c l e s  impinging normal t o  t h e  s u r f  ace of a block of ma te r i a l .  The c a l c u l a t i o n s  

can be used, however, t o  e s t i m a t e  t he  r e s i d u a l  r a d i a t i o n  l e v e l s  from d i s t r i b u t e d  

f l u x e s  of p a r t i c l e s  and f o r  obl ique ang le s  of inc idence  on t h e  s topping  mater ia l .  The 

r e s i d u a l  r a d i a t i o n  l e v e l  between the  pole f a c e s  of t he  MC* Cyclotron was e s t ima ted  as 

follows. 

I f  the beam is of high q u a l i t y ,  such  as the  e l e c t r o n  model (Analogue 11)  

i n d i c a t e s ,  the  p r i n c i p a l  source of a c t i v a t i o n  w i l l  be  from beam l o s t  du r ing  ex t r ac t ion .  

For a  100 pA beam and 9% e x t r a c t i o n  e f f i c i e n c y  about  10  pA would be slowed and 

s c a t t e r e d  by the e x t r a c t i o n  system. The magnetic f i e l d  w i l l  cause t h e  charged p a r t i c l e s  

t o  mwe t o  sma l l e r  r a d i i  and they w i l l  impinge on t h e  pole  f a c e s  a t  obl ique  angles .  

~ a r b i e r " )  has obtained d a t a  which shows t h a t  the s p e c i f i c  a c t i v a t i o n  deoreases  wi th  

depth X i n  t h e  pole f ace  approximately a s  exp (-0.5x), where X i s  i n  cm. 

Computer runs  were made i n  which t h e  i n c i d e n t  beam was a t t enua t ed  according t o  

the f a c t o r  -0.5/cm i n s t e a d  of by the geometric macroscopic c r o s s ~ s e c t i o n .  This ca l c -  

u l a t i o n  p r e d i c t s  the  r e s i d u a l  r a d i a t i o n  l eve l  where a l l  a c t i v i t y  i s  concent ra ted  i n  a 

smll area. The computed value was i nc reased  by a f a c t o r  of 4 f o r  f a s t - p a r t i c l e  bui ld-  

up i n  t h e  s topping  m a t e r i a l  and by a f a c t o r  of 10 t o  account  f o r  the obl ique  angle of 

incidence. I t  w a s  a l s o  assumed t h a t  the a c t i v i t y  is  uniformly d i s t r i b u t e d  over the  

pole-face area.  The r a t i o  of the gamma f lux  due t o  the  d i s t r i b u t e d  a c t i v i t y  i n  the po l e  

gap t o  the gamma f l u x  a t  a  given d i s t a n c e  from a l l  of t h e  a c t i v i t y  ooncentrated i n  a 

small a r ea  was determined. This  r a t i o  m u l t i p l i e d  by the  dose r a t e  obta ined  from the  

computer run g ives  the  aose r a t e  due t o  the d i s t r i b u t e d  a c t i v i t y .  

This  method of e s t ima t ing  the  r e s i d u a l  r a d i a t i o n  l eve l  was app l i ed  t o  the  CERN 

data.  A 1 pA beam of primary p ro tons  was assumed. The curve i n  Fig. 3 is  the  

computed r e s i d u a l  r a d i a t i o n  l e v e l  a f t e r  1000 h r  of cyc lo t ron  opera t ion ;  the exper i -  

mental po in t s  shown were measured by ~ a r b i e r ' )  15 days a f t e r  a  cyc lo t ron  shutdown. 

They were obta ined  a t  over 30 w i d e l j  d i s t r i b u t e d  l o c a t i o n s  throughout t he  cyclotron.  

For the d e t e c t o r  used 106 counts/sec f o r  0.5 hIeV gammas corresponds t o  about  1 R h .  

I n  an ac tua l  c a s e  the a c t i v i t y  i s  no t  uniformly d i s t r i b u t e d  on t h e  pole faces ;  thus,  

the d i s t r i b u t i o n  of the experimental p o i n t s  i s  n o t  su rp r i s ing .  

The agreement of experimental  and c a l c u l a t e d  r a d i a t i o n  l e v e l s  f o r  t h e  CERN 

machine sugges ts  that e s t ima te s  based on the  same assumptions a r e  v a l i d  f o r  the I4o2 

Cyclotron. The es t imated  ranges t hus  obtained a r e  shown i n  Fig. 4. The upper curves  

a r e  f o r  p o l e  f a c e s  of i r o n  and copper ( s e c t o r  c o i l s ) .  The lower curves show the 

r e s i d u a l  r a d i a t i o n  l e v e l s  i f  t he  pole  f a c e s  a r e  covered wi th  4 cm of carbon. The 

r e s u l t s  i n d i c a t e  t h a t  r e s i d u a l  r a d i a t i o n  l e v e l s  can  be  reduced by more than  an order  

of magnitude by covering the pole f a c e s  w i th  a  few cm of carbon. 

The curves shown i n  Fig. 4 do no t  inc lude  a c t i v a t i o n  due t o  evapora t ion  neutrons. 

For  t h e  po l e  f a c e s  i n  t h e  MC" Cyclotron the  evapora t ion  neut rons  a r e  es t imated  t o  
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c o n t r i b u t e  - 50 &/hr t o  the r a d i a t i o n  l e v e l s  

encountered between 1 and 10 days a f t e r  

machine shutdown. 

The r a d i a t i o n  l e v e l s  i n  t he  cyc lo t ron  

v a u l t  r e s u l t  f  mm seve ra l  cont r ibut ions .  

The a c t i v i t y  produced on t h e  pole f a c e s  w i l l  be 

sh i e lded  by the cyc lo t ron  i t s e l f ;  the r a d i a t i o n  

l e v e l s  ou t s ide  the  cyc lo t ron  due t o  t h i s  

a c t i v i t y  should not  exceed a f  ew percent  of the  

r a d i a t i o n  l e v e l  i n  t he  cyc lo t ron  gap, There 

w i l l  be l oca l  hot  s p o t s  wherever any beam is  

stopped i n  the e x t e r n a l  beam o p t i c s  system. For 

example, i f  1 FA of 810 MeV protons  impinge on 

a t h i c k  s l a b  of i r o n  u n t i l  s a t u r a t i o n ,  t h e  

r a d i a t i o n  l eve l  one meter away (with no sh i e ld -  

ing)  one hour a f t e r  shutdown w i l l  be between l 

and 2 R/hr. Thus, the ex te rna l  beam o p t i c s  

system mst be designed t o  avoid  s topping  

apprec iable  q u a n t i t i e s  of the  beam i n  

unshielded loca t ions .  

One l o c a l  a r e a  of above average r a d i a t i o n  

l e v e l  i n  t h e  cyc lo t ron  v a u l t  w i l l  be the r eg ion  

of the  cyc lo  t ron  vacuum tank t h a t  is  i r r a d i a t e d  

by the  forwardly peaked s p a l l a t i o n  neut rons  

produced i n  the beam e x t r a c t i o n  apparatus. I f  

10 jiA of pro tons  impinge on t h e  e x t r a c t i o n  

appara tus  a d  produce an  average of one f a s t  

neutron p e r  proton, a 20 cm X 50 cm a r e a  of the 

to tor 
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Fig. 3 Residual radintion l eve l s  in  CERN Synohro- 
Cyclotron gap. Solid curve i s  calculated. 
The experimental points were mensurod 15 days 
after  cyclotron shutdown. For the deteotor 
used, 10' oounts/seo of 0.5 MeV gamma8 
oorrosponds t o  - 1 Rbr.  

COOLING TlME (hr) 

vacuum tank i n  the  fornard  d i r e o t i o n  w i l l  be Pig. 4 Calculated residual radiation l eve l s  in  
the Me2 Cyolotron a f t er  1000 hr opera- 

bombarded w i t h  - 10' f ast neutrons/see, The t ion with 10 of protons being 
soattered into the pole faces by the 
beam extraction apparatus. 

r e s i d u a l  r a d i a t i o n  l eve l  one meter away, due t o  

the  induced a c t i v i t y  i n  the vacuum tank w a l l ,  is es t imated  t o  be - 100 &/hr one hour 

a f  t e r  machine shutdown. 

Act iva t ion  of the atmosphere i n  t h e  cyc lo t ron  v a u l t  and beam rooms w i l l  r e s u l t  

from both s p a l l a t i o n  r eac t ions  and thermal neutron capture ,  Investigations ind ica t ed  

t h a t  f o r  a l l  opera t ions  (except  any t h a t  might d ischarge  a c t i v i t y  i n t o  t h e  atmosphere) 

one air  change p e r  hour i n  t he  sh i e lded  a rea  w i l l  main ta in  a c t i v i t y  concent ra t ions  

below t h e  maxi~ laurn  concent ra t ions  permiss ib le  f o r  40  hr/week whole-body exposure. 
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