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Accelerators now proposed f o r  the production of high i n t e n s i t y  proton beams i n  

the  range of 0.5 - 1 GeV a r e  mainly of two types : sector-focused cyclotrons and 

l i n e a r  accelerators.  Though beam currents  of severa l  hundred pA or even one mA seem 

r e l a t i v e l y  easy t o  a t t a i n  by the accelera tor ,  i t  is general ly  accepted tha t  the 

maximum current  is  more l i k e l y  t o  be l imi ted  i n  p rac t i ce  by the formidable problem 

of shie ld ing and servic ing the highly radioact ive  p a r t s  of the acce le ra to r  and beam 

handling equipment. Both the problems of shie ld ing and a c t i v a t i o n  a r e  determined on 

the one hand by the underlying physical processes, which i n  p r inc ip le  a r e  known, but 

a l e o  very s t rong ly  by geometrical and technical  conditions. 

A d e t a i l e d  review of the  bas ic  physical  processes involved and of the ex i s t ing  

ca lcu la t ions  and measurements on shie lding and a c t i v a t i o n  has been given a t  the 

1962 Internat ional  Conference on Sector-Focused Cyclotrons by  alla ace'), whose a r t i c l e  

contains a l s o  a complete list of references. In the  present  paper we wish mainly t o  

r epor t  on f u r t h e r  work undertaken a t  the  CERN synchro-cyclotron i n  order t o  c l a r i f y  

some s t i l l  open points  and r a i s e  the problems determined by the general  layout and 

operating procedures of an accelera tor  ins ta l l a t ion .  

Shielding 

Shielding is required f o r  three  purposes : 

Biological  protect ion : The required tolerances have t o  be s a t i s f i e d  i n  loca t ions  

permanently occupied. Experiments themselves require  shielding.  

Background has t o  be kept low around experiments. The general background, more 

or  l e s s  i sot ropic ,  and the contamination of the beam i t s e l f  or  a halo around the beam 

have t o  be taken i n t o  account. 

Local sh ie ld ing  t o  reduce the beam h i t t i n g  v i t a l  pa r t s  which should not be  

ac t iva ted  too much. 

The sources of  radia t ion,  i n  the  case of a cyclotron,  a r e  the  following : 

a )  Beam l o s s  i n  the accelerator.  

b) Targets f o r  production of secondary beams. 

c )  Experimental e q u i p e n t  using high i n t e n s i t y  beams; p a r t s  of beam t ranspor t  system. 

A s  the  r a t i o  of i n t e n s i t i e s  of the sources a )  and b) may only be known a f t e r  the 

acce le ra to r  is  operating,  a f l e x i b l e  shie ld ing is necessary. 

Generally, the  sh ie ld ing  requirements f o r  a high i n t e n s i t y  machine can be 

ext rapola ted  from e x i s t i n g  synchro-cyclotrons. Indeed, even a f a c t o r  10'- 103 
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r e s u l t s  with only a moderate increase of thickness, s ince  absorption is exponential. 

On the o the r  hand, beams have t o  t r ave rse  the shie lding through channels. The 

leakage through such channels is determined mainly by geometrical aondit ione and 

decreases only very l i t t l e  with increasing w a l l  thickness. The i n t e n s i t y  level ,  at 

which t h i s  leakage becomes important compared with the  neutrons t ravers ing the w a l l  

and p-oduces a halo of background r a d i a t i o n  around the beam, is d i f f i o u l t  t o  estimate. 

A t  present  no theoret  i c a l  es  t h t e s  o r  measurements on the  leakage of medium and high 

energy p a r t i c l e s  through holes exist.  An invest igat ion of t h i s  problem is planned at  

CERN, because i t  is believed t o  be one of the d i f f i o u l t  points  fo r  high i n t e n s i t y  

machines. 

&a discussed by  alla ace'), the design of a s u i t a b l e  shie ld ing requ i res  the exact 

knowledge of the  energy spec t ra  and angular d i s t r i b u t i o n  of t h e  p a r t i c l e s  throughout 

the shielding. The nature,  i n t e n s i t y  and g e o m t r i c a l  s t r u c t u r e  of the f l u x  of primary 

p a r t i c l e s  depend on proton energy, t a rge t  material  and acce le ra to r  s t ruc tu re .  According 

t o  the ca lcu la t ion  and experiments undertaken i n  Berkeley and Oak Ridge, eaacade 

nucleons a r e  emitted a t  high energy (peaked at  3/4 of the i n i t i a l  energy) and essen t i a l -  

l y  i n  the forward d i rec t ion ,  when the protons i n t e r a c t  with nucle i  i n  the t a r g e t  (o r  

i n  machine parts) .  The excited nucle i  themselves emit i s o t r o p i c a l l y  evaporation 

nucleons a t  energies below some 20 MeV. Of these nucleons only the high energy neutrons 

a r e  important as f a r  a s  shie ld ing is concerned, whereas the  evaporation nucleons 

contr ibute  t o  ac t ivat ion.  The t o t a l  number of aascade neutrons per incident  proton 

( th ick  t a r g e t  y ie ld )  v a r i e s  with energy, f o r  A 1  from 1.5 t o  4 between 450 YeV and 

850 MeV. Between d i f f e r e n t  t a rge t  elements the  t o t a l  neutron numbers vary by as much 
) as a fac to r  of 10' . 

Attenuation of f a s t  neutrons i n  s h i e l d  w a l l .  The penetra t ing f a s t  neutron 

component i n t e r a c t s  w i t h  the  shie ld ing mater ia l  and is degraded p r a c t i c a l l y  by i n e l a s t i c  

c o l l i s i o n s  only. An equil ibrium spectrum of the secondaries is formed a f t e r  a few 

in te rac t ion  lengths,  so  t h a t  the r a d i a t i o n  leaving the sh ie ld ing  on the  outs ide  is 

composed of t h e  remainder of t h e  high energy neutrons and t h i s  equil ibrium spectrum 

of secondaries. The biological  dose is approximately doubled by the l a t t e r .  A l l  

nucleons i n i t i a l l y  below approximately 150 MeV have a much shor te r  half-value 

reduction thickness and cannot penetrate the whole shielding. The value of the  hal f -  

value reduction thiokness fo r  the high energy neutrons therefore  determines the amount 

of shie ld ing necessary. Its value has been calcula ted  by bindenbaum2) and zerby3) and 
1 has been measured at the 184" cyclotron i n  ~ e r k e l e y ~  . It is around 45 cm i n  ordinary 

concre t e  a t  400 MeY. 

Measurements have a l s o  been undertaken a t  CERN using two methods : 

a )  Activation of a s c i n t i l l a t o r  by the c l 2  (n,2n)c1' r eac t ion  having a threshold at 

approximately 20 MeV; 

b) Counting of s t a r s  i n  photographic emulsions. Threshold 50 MeV. The de tec to r s  were 
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imbedded i n  the  s t e e l  shie lding ins ide  a plugged-up meson channel. 

Whereas the f i r s t  method is i n  good agreement with the work previously 

mentioned (half-value thickness i n  s t e e l  of 18 am), the second gave a oonsiderably 

higher value of 27 em (Fig. 1). The reason f o r  the di f ference is not known. It 

could be due t o  the d i f f e r e n t  spectra l  s e n s i t i v i t i e s  of the methods o r  t o  a bias  i n  

star counts. There may a l s o  be e r r o r s  due t o  inhomogenities i n  the shield-wall 

8 t ruc  ture. 

Another s e t  of measurements has therefore  been i n i t i a t e d  with good geometry, 

i.e. external  proton beam (600 MeV) impinging on d i f fe ren t  materials  : i ron,  lead, 

ordinary concrete and carbon. Both high energy neutrons and protons a r e  measured. 

This kind of measurement should allow one to  study the build-up of seoondaries and 

the subsequent degrading. This information is considered useful  not only f o r  the 

sh ie ld  w a l l ,  ht espeoia l ly  f o r  est imating the  rad ia t ion  and aot ivat ion produced by 

l o s t  beam, g, impinging t angen t ia l ly  on the  pole pieoes. 

Fig. 2 and 3 show some preliminary r e s u l t s  fo r  i ron  and lead. In iron,  a f t e r  

some inorease due t o  build-up, a rapid  fal l-of f is observed towards the  range of the 

protons, followed by a tail due t o  the high energy neutrons. 'In lead, t h e  f rac t ion  of 

neutrons produoed is  much higher, r e su l t ing  i n  a slow deorease from the  start. 

Local shielding agains t  ac t ivat ion.  The f i r s t  r e s u l t s  on oarbon aonfirm t h a t  

t h i s  material seeas bes t  s u i t e d  as loos1 shie lding t o  prevent ac t iva t ion  of aocelera tor  

par ts ,  a s  i t  produces a minimm of neutrons per proton and has very low proper 

ac t iv i ty .  However, due t o  the low density,  much spaoe is required. For higher 

energy cyolotrons t h i s  spaoe m y  not be ava i l ab le  ins ide  the aooelerator. 

Shielding of experiments. beam dumm. For these problems a f i r s t  measurement of 

the re f l ex ion  of 350 MeV neutrons has been made, using enulsions. Big. 4 shows t h a t  

there  is a strong tendenay f o r  soa t t e r ing  i n  the  baakward direotion.  

The energy of the r e f l e c t e d  neutrons goes up t o  90 MeV and the  albedo (baokward, 

i n t o  cone of 50' around d i r e c t i o n  of incidence) is O.Y~ This low i n t e n s i t y  and the  

general baokground d i d  not allow a suf f i c i e n t l y  preoise measurement yet. 

Further points i n  course of invest faat ion : 

a )  Flux of thermal neutrons i n  the  9C vaul t  a t  CERN. 

b)  Leakage of rad ia t ion  through channels. Reduction by broken channels with de f le  o t  ion 

magnets inside the  shield-wall. 

c )  Energy spectra  and angular d i s t r i b u t i o n  of neutrons emitted by t h i n  mson produetion 

t a rge t s ,  using time of f l i g h t  spectrometer. 

d )  Layout of external  meson pro& ot ion t a rge t s  allowing shor t  beam end high reduetion 

of background and beans oontaninationo 

General layout. The arrangement of the  shie lding depends on t h e  general  layout 

chosen fo r  t h e  aocelera tor  and the  experimental areas. A design s u i t a b l e  f o r  extreme 
) i n t e n s i t i e s  and high energies is  proposed for  the Me2 projeet  of ORNL' It uses the  
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Stars in Emulsions 

l I I meters O as I Is Thickness 

16 

l 0 4  I;: - B 
8 9 10 Range units 

o k h 1 k 3 d o o  2 h g / c r n 2  

Fig. 2 Absorption of 600 NeV protons in iron by various 
methods : 
A1 = total A1 activation 
Na2, = AI2, + Nn,., activation 
F,. = Fluor activation 
G, = Track density in G5/200p - ennrlsions. 

Fig. 1 Attenuation of 350 MeV neutrons in iron. 

l a S I I . 5 2  3 Range units 
0 260 400 6 6 0  800 IOOOg/cm2 

Fig. 3 Absorption of 600 NeY protons in lead by various Fig. 4 Backscattering of 350 UeV neutrons on iron. Neutron 
methods : flux measured by density of proton recoil tracks in 
C,, = C,. +C,, activation. emulsions. 

external  beam only, and separa te  underground h a l l s  a r e  provided f o r  secondary beam 

production, and proton, pion and muon experimentation. A more conventional layout is 

envisaged f o r  the ETH Cyclotron (Fig. 5 ) .  Only analysed secondary beams a r e  allowed 

i n t o  two open experimental areas  where blockhouses can be b u i l t  around high i n t e n s i t y  

experiments. A high i n t e n s i t y  a rea  is provided ins ide  a p a r t  of the main shielding. 

A double wall  with bending magnets i n  the  gap is foreseen. For c e r t a i n  cases in ternal  

meson production t a r g e t s  can be used i n  the f ie ld-f ree  v a l l e y  of the  cyclotron. 

Proceedings of the International Conference on
Sector-Focused Cyclotrons and Meson Factories

Geneva, April 23-26, 1963 CYC63D06



Fig. 5 Shielding project for the ETH Cyclotron. 

Activation 

A l o t  of a t t e n t i o n  has been paid recent ly  t o  the  ac t iva t ion  of accelerators.  It 

is recognized t h a t  it is the  ac t iva t ion  l eve l  of t h e  w a h i n e  t h a t  w i l l  s e t  the 

p rac t i ca l  l i m i t  t o  the  beam in tens i t i e s .  With t h i s  i n  view, invest igat ions  have been 

made last year i n  several  laboratories.  

A t  the Bevatron i n  Berkeley, R.A. Krdcowski and P.Y. bIil ler6) have s tudied the  

long l ived  rad ia t ion  i n  the magnet gap, and i ts  r a d i a l  and azimuthal d i s t r i b u t i o n  

across the vacuum chamber. They f ind t h a t  a l l  regions of a c t i v i t y  can be explained 

by losses  of the  d i r e c t  beam. Furthermore, the i n t e n s i t y  of the gamma rad ia t ion  at 

any par t i cu la r  posi t ion is function only of the i n t e n s i t  y  of impingement and not of 

other faotors ,  such as excess of neutrons near the target ,  or energy of the incident 

part icles.  Presented spec t ra  of metal l ic  bodies show main l i n e s  i n  the 0.5 and 0.8 NeV 

regions. 

Boom, Toth and ~ u o k e r ~ )  of ORNL have made a radia t ion survey at the U(L 184" 

Cyclotron. They repor t  r a d i a t i o n  l eve l s  a t  various posit ions i n  the cyclotron vaul t  

t h a t  decrease by fac to rs  of 10 t o  100 a f t e r  48 h cooling time. This has not been 

qu i te  confirmed by corresponding measurements a t  the  CICRN SC, on which we w i l l  repor t  

l a t e r .  
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Apart from t h i s  gamma ray  epec t r a  were taken by looking i n t o  the  oyolotron gap. 

These show s i m i l a r i t y  with those of Krakowski and Miller. Also the gamma r a y  spec t r a  

of long-exposure a c t i v i t i e s  induced i n  metal f o i l s  were analyzed, and the  r e l a t i v e  

abundance of the  varioua l i n e s  were found t o  be i n  some agreement with the  r a t i o s  of 

the known cross-sect ions f o r  produation of various elements by high energy par t ic les .  

The ac t iva t ion  problem of acae le ra to r s  is a l s o  examined at  the  Startford Linear 

Accelerator SLAC, na in ly  f o r  the arrangement of the  t a r g e t  region, but  we lack 

information on the work performed there  as yet. 

We w i l l  now r e p o r t  on measurements made at the  CERN Synchro-Cyclotron. F i r s t  

the  deoay of the  a c t i v i t y ,  a s  measured with a p l a s t i c  s c i n t i l l a t o r  counter 7.5 m from 

the  machine cent re ,  is shown i n  Fig. 6. The measurement s t a r t e d  two minutes a f t e r  

shut  down. The a c t i v i t y  decreased by a fac to r  of 2 i n  the f i r s t  two hours, by another 

faotor  of two i n  the  following 11 hours and by a th i rd  f a c t o r  of two i n  the following 

100 hours. It has been found t h a t  a c t i v i t y  deoay curves taken a t  a l a rge  number of 

various places i n  the  h a l l  show exac t ly  the same decay. 

Ac t iv i ty  spec t r a  at severa l  places i n  the  machine were a l s o  taken with a lead  

protected and collimated N a I  spectrograph. Fig. 7 shows the  loaa t ions  where the  spect ra  

were taken and Fig. 8 g ives  the  r e l a t i v e  spec t r a  taken a t  various pos i t ions  and f o r  

Fig. 6 BC a c t i v i t y  decay. Pos. 7, March 27. 1963. 

Fig. 7 cERN Synchro-C~clotron. Fit?. 8 Aotivi t y  spect ra  i n  SC hall .  
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nl it. various oooling times. A 1 1  the  speotra  

! k. ~ 0 . 2 '  

have about the  same oharaoter. Contrary 
lo4 - 

t o  the speotra  taken with small samples, 

we notioe here the  aooumlat ion of ganas 
l03 - 

rad ia t ion  at  small energies, due t o  

102 - Compton aoat ter ing i n  the mass of the  

thiok aot ive  bodies. Peaks a r e  oonsistent-  

lol - l y  apparent i n  the  0.5 and 0.8 MeV region. 

For oomparison Fig. 9 shows speotra  of a 

0 
0 . 5  1.0 1.5 2.0 2.5 MrV- E small sample of i ron  takent a t  d i f f e r e n t  

pig. 9 Iron ac t iv i ty  spectra. times. It ean be seen tha t  the re  is a 

grea t  s i m i l a r i t y  between both. This, 

together with the  fao t  t h a t  a l l  deoay 

ourves taken around the  room a r e  the same, 

leads us t o  th ink tha t  the main par t  of 

the  a o t i v i t y  hazard oomee from the  i ron  

poles, where the  beam loss  oocurs. Fig. 10 

and 11 show deoay curves of various 

mater ia ls  exposed respectively t o  pure 

protons ( ins ide  the tank, away from the 

t a rge t ,  during 3 months) and pure 
I , , 1 1 1 , 1 1 1  I 1 1 1 1 1 1 1 1  1 1 ' 1 ' 1  

'0" m' X)?w=- M- neutrons (outside the  tank i n  forward 

Fig. 10 Aotivity decay. Proton exposure 3 months. direot ion,  f o r  6 weeks). The s i m i l a r i t y  

of the a c t i v i t y  l e v e l s  and deoay ourves 

0.01 01 1 0  D no 
cmlinq time/& P 

Fig. 11 Aotivity decay. Neutron exposure 6 weeke. 

f o r  the various elements is obvious. A 

survey of t h e  a o t i v i t y  i n  the symmetry 

plane between the pole pieoes ins ide  the  

tank was made using a spherioal  

s o i n t i l l a t o r  with an air guide t o  the 

mul t ip l i e r  and is shown i n  Fig. 12. The 

highest a o t i v i t i e s  a r e  found along the 

periphery and at  the  dee. 

Last we show i n  Fig. 13 the  decrease 

of the  a o t i v i t y  with the  depth i n  the 

i ron of the pole, as measured along a sorew 

whioh was renoved for  t h i s  purpose. The 

s teep  deorease of the a o t i v i t y  with depth 

is explained by the grazing inoidenoe of 
--C the impinging protons. 

It is apparent t h a t  the  main source of 
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I '  
Fig. 12 Nap of a c t i v i t y  i n  JC tank. 

- 
o 1 2 3 4 S - ~ . p t h / c m  

Fig. 13 A c t i v i t y  of screw as a  function of 
depth i n  pole piece. 

a c t i v a t i o n  a r e  protons. Because of se l f -sh ie ld ing  the dose produced depends very 

s t rongly  on thickness and gamma absorbt ion of the  objec t  h i t  by the  protons. This is 

a l s o  the  reason why neutron ac t iva t ion  i s  l e s s  important i n  s p i t e  of t h e  g rea t e r  f l u x  

of neutrons. Thermal neutrons do not  seem t o  cont r ibute  much t o  the  act ivat ion.  

Conclusions 

Good agreement e x i s t s  between theo re t i ca l  est imates and measurements as f a r  as 

sh ie ld ing  is concerned. However, the inev i t ab le  uncer ta in ty  on the ex t r ac t ion  r a t i o s  

expeciied and the  d i f f i c u l t y  i n  p-edict ing the  behaviour of a n  externa l  production 

t a rge t  assembly c a l l  f o r  a s u f f i c i e n t  f l e x i b i l i t y  of the sh ie ld ing  arrangement. 

Overshielding should be avoided not  only fo r  economical reasons, but a l s o  t o  keep the  

beams shor t  i n  order  t o  avoid meson losses  through decay and imperfections i n  the  beam 

opt ics, 

A s  f a r  as ac t iva t ion  is concerned, a s e r ious  discrepancy on the measured decrease 

of general r ad ioac t iv i ty  l eve l  a f t e r  shut down ex i s t s ,  and t h e  reasons a r e  not  ye t  

understood. The main sources of a c t i v i t y  a r e  mater ia l s  which unfortunately a r e  

unavoidable, l i k e  iron, copper, aluminium. Every e f f o r t  must be made t o  s t o p  l o s t  

beams i n  carbon. A s  t r u e  remote serv ic ing  and repai r ing  of a cyclotron is hardly 

conceivable, a c c e s s i b i l i t y  and small interdependency of pa r t s  is essent ia l .  Su f f i c i en t  

space allowing t o  i n s t a l l  gamma r ay  sh ie lds  around hot spots  during work may be very 

helpful.  Some ptrts, l i k e  def lec tors ,  must be designed as disposable plug-in units .  
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