


! 
j A. hhken ony warranty or representstion, sxpmssed bI impiied, w i t h  respect  to the a r c u i u c y ,  

complcfene%s,  cr uaetulnesr  nf the inforrootion cantoinad in this report,  I X  thot the use oi ! any information, sppuratus, method, or pincers ri,sciosod tn this  iepoit nmy nst i d r i n g e  
privoteiy owned tights; or 

~ 

I 
1 

nor the Commission, n~t r  any person act ing on hehalf of the Commis;iun: 
I 

8.  Assumes uny i i u b i l i t i e s  wi th  respect to the USE of, or f o r  dumnges resultinFj from the use nf 
any information, opporolus,  method, or process  disclased in thi5 ieparl. 

A s  u s e d  in r l w  above, ‘ “ p n i s o n  octing nn beha!$ of the C ~ i r ~ m i s s i 3 r : “  ini:lsdt?s any employee or 

eontroctor of the Comrr~;ssion, 01 e m p l o y e e  o i  such cunbnctor, to the c c t r n t  thoi w c i l  employee 
or contrnctnr of the  Commission, or employee of such tontrocror prepares .  i issaminuies,  or 

provides 0cces5 fo, any i n f o r m n r i o n  pursuant t o  t i la employment or canfrncr r i t h  the Curnwisaion, , 

, 
I 



3 

1. INTRODUCTION 

'l'he soil Fn t h e  v i c i n i t y  of high-energy a c c e l e r a t o r s ,  p a r t i c u l a r l y  

around. t a r g e t  areas, i s  con t inua l ly  bombarded with  high-energy p a r t i c l e s  

and. becomes r a d i o a c t i v e  as a resu1.t of t h i s  bombardment. S.i.nce it  i s  

ofte:n necessary t o  remove t h i s  s o i l  f o r  e i the r  the cons t ruc t ion  o f  new 

. : 'a .cil i t ies o r  t h e  maintenance of e x i s t i n g  f a c i l i t i e s ,  i.t i s  d e s i r a b l e  t o  

have estinates of t h i s  a c t i v i t y .  I n  t h i s  paper ,  c a l c u l a t e d  r e s u l t s  a r e  

presented  of t h e  induced a c t i v i t y  as a func t ion  of t i m e  i n  t h e  concre te  

and. surrounding s o i l  of a beam t a r g e t  t unne l  when 3-GeV pro tons  are in- 

c j d e n t  on a t h i c k  l e a d  t a r g e t  Tn the t u n n e l .  
3c 

I n  Sec .  2 t h e  c a l c u l a t i o n a l  d e t a i l s  a r e  given. I n  S e c .  3 tahe results 

a r e  presented  and d iscussed .  

?+The c a l c u l s t i o n s  were c a r r i e d  out  t o  aid i n  the design of the a c c e l e r a t o r  
being cons t ruc ted  a t  t h e  Nat iona l  Accelerator Laboratory.  
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2. CALCULATTONAL i!FTAILS 

Shown i n  Fig. l i s  the geometry of t h e  bean target t u n n e l .  Cylj.ndrica1 

caord ina tes  def ined  by p,z were used i.n a l l  of t h e  c a l c u l a t i o n s .  ‘The Pb 

Le~-gc:t i s  loca ted  at; z = 0 arid p = 9. The tunne l  has R r a d i u s  of 121.92 cm 

( ’ t  f t )  and  i s  i n f i n i t e  i n  t h e  p o s i t i v e  and negat ive  I, d i r e c t i o n s ,  me eon- 

. x e t e  c o l l a r  forming [;he tuiznel. hads a th i ckness  of 30.148 can ( I  f t ) .  Out- 

side -!:.he coi lc l*ete i s  the s o i l  which extends t o  i n f i n i . t y  i n  t h e  z and p d i -  

rec- t ions.  

Yhe density of t h e  concre te  and s o i l  was taken t o  be 2.36 g/cm3 and 1.80 g/em3, 

The concre te  and s o i l  composition used i s  shom i n  ‘Table I’ ) . 

re : t ive ly .  

All the c a l c u l a t i o n s  presented  here  TN’e1-e c a r r i e d  out  us ing  the nucleon-- 

meson t r a n s p o r t  code l ” C  w r i t t e n  by Colenan2),  which a l l o w s  f o r  t h e  t r ans -  

port or“ neut:.rons ¶ protons > charged pions and muons, a n d  t akes  i n t o  account 

e l .as t ic  and nc t ie las t ic  nucI.esr c o l l i s i o n s  , t h e  continuous slowing dow-ii of 

charged pa.ri;icles, and the  decay of pions and muons i n  f l i g h t .  A d e t a i l e d  

d e s c r i p t i o n  of t h e  code and its operati.on i s  given i n 2 )  , and comparisons 

of r e s u l t s  obtained with t h e  code w i t h  experimental  d a t a  are given in2-’+). 

Calcula t ions  s i m i l a r  ,Lo those  presented  here  have previous ly  been c a r r i e d  

0i1t a t  somzwha.-L lower energ ies  by Gabriel‘) .  The a c t u a l  method of calcu-  

l a t i o n  used. here  i s  t h e  same as t h a t  descr ibed  in’ ) .  In t h e  c a l c u l a t i o n s  

t h e  energy aiid 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  produced by 3-CeV 

protcon-Pb nucleus co i l i s l ions  was taken from t h e  iniranucleai--.@ascade cal- 

c u l a t i o n s  o r  aertini6¶7). 

c i e n t l y  tii.iti t h a t  t h e  a t t e n u a t i o n  of the p a r t i c l e s  i n  the taai.get aP.l;er they 

were produceti coirid be neglected e 

.it w a s  assumed t h a t  t h e  ~b t a r g e t  w a s  s u f r i -  
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Fig. i. Geometry and Variables of t h e  Accelerator Tzrget Tunnel. 
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TABLE 1 

Composition of Concyete and S o i l  

El em? n t 
c011~::lPete Soil 

( 5  by weight) ( $  by weight) 

H 

c 

0 

Na 

Me 
Al 

si 

S 

K 

Ca 

Fe 

0.789 

7.32 

31.54 

0.067 

6.54 

0. h56 

10.19 

0.158 

0.071 

21 I O 9  

1.6.1 

1.. 23 

3.32 

55.03 

0.396 

2.09 

5.51- 

22.85 

0 

0.51.7 

6.08 

2.91 



' I  

tn the soil. and in the  concrete  may be calculated from t.Iit3 e x p r e z r i m  

t h e  total. a c t i v i t y  at; F ,z for an lrrarliat,i.oo 

time of t. and a time a.ft;er sliutdcss~ll of -t 

when t h e r e  arc I 3-C;eV proton-€% ni .~ . l~ :us  

collisions/sec; 

the partial activity of the kth-typc: of" radi o- 

active nue leus ; 

the production rate of the kth-Ly-pe r ad ioac t iv?  

riucleus for one protoxi-Pb nuc:l.-us col.l.i:;io11 in 

the t a rge t ;  

the decay rate of the k-t;li-tyge nucjexj.:;; 

the threshold energy f o r  procli.tcirig the k.lh--t;ype 

ninclei frox a nucleus of' type j by it p a r t i c l e  0.f 

type i; 

1 s 

t h e  nwber  of dens i ty  nuclei of t y p e  j; 

the microscopic cross s e c t i o n  f o r  the .vrc;duc:tioii 

of a nucleus of type k when a pwCi.-I.e oi' type i 

c o l l i d e s  w i t h  a target; ~i.u.cLeiis ol" i;:ype j ; 

the omni.drirectioria1 flux per u n i t  erteyKy c,f 

pa r t i c1 . e~  of' type i due to one prot;on-Pt:, nucI.euE; 

eo l l i s - ion  i n  the tal-get. 



a 

m- - ac t i . v i ty  i n  t h e  s o f l  and concre te  was calculaLed from Eq. 1 us ing  only 

pro ton  arid neutron f luxes .  The pion f luxes  were c a l c u l a t e d ,  and it was 

d-etornined that they  were s u f f i c i e n t l y  srna.11 compared t o  t h e  nucleon fluxes 

tha t  t h e  a c t i v i . t y  induced hy- p ions could be negJ.ected, The c ross -sec t ion  

data used i n  c a l c u l a t i n g  t,he a c t i v i t y  are taken A l l  r a d i o a c t i v e  

n u c l e i  which can be produced from t h e  e l enen t s  i n  -the concre te  and s o i l  and 

vhich have half- l j .ves  g r e a t e r  than  one day w r e  considered.  A i i . s t  of t h e s e  

nucle?;, a long wi th  t h e i r  h a l f - l i v e s ,  i s  given i n  'Table 11. It should be 

noted that several  nuc le i  ( s e e  Table PP) which have ha l f - l i ves  less  than  

one day cam decay i n t o  long-l ived nuc le i  ( T ~  > 1 day). The production of 

these n u c i e i  was also considered.. It w a s  assumed that t h e s e  s h o r t e r  l i v e d  

nuc le i  when produced decayed i n s t a n t l y  i n t o  the longer  l i v e d  nuc3.e;. Some 

of the long-I.j.ved n u c l e i  decay into nons tab le  elemen.ts - I n  cal.cu1atin.g t h e  

induced x t i v i t y  produced by these nuc le i  t h e  subsequent secondary decays 

have not been included.  Some of the listed n u c l e i ,  i nd ica t ed  by %, have 

two decay r a t e s .  Because of the me3hGd which some of t h e  product ion 

cross  secLions f o r  t h e s e  elements were c a l c u l a t e d 5 , 9 ) ,  it w a s  noL possible 

to dis t i r igu ish  between t h e  isomeric states forrfleci. I t  was t h e r e f o r e  assurned 

t ha t  t he  c ros s  s e c t i o n s  obtain.ed represented  the isomeric s k a t e  which has 

the g r e n t e r  h a l f - l i f e .  

3 

3. RESUTATS ANI) DISCUSSIOI'I 

The  resu1:ts rjf the c a l c u l a t i o n s  are presented  i n  F igs .  2 and 3 aild i n  

'l'a.ble IlI. 

nucleus col.l.isioiis/sec:. :In Fig. 2 t h e  t o t a l  induced a c t i v i t y  as  a func t ion  

of spatial. position for an i r r a d i a i i o n  t i m e  cf 25 yeal-s and a t h e  a f t e r  

slictdown of 1 month i s  shown. 'The top  curve r ep resen t s  t h e  activi-Ly i n  t he  

A l l  of' the r e s u l t s  are given assuming 10l3 34eV proton-Pb 
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TABLE PI 

Radioactive Nuclei (z c 2 8 )  with  Half-Lives > 1 Day 

Half - L i f e  
(years 1 
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c x r r e t e  and t h c  remaining four curves represent the a c t i v i t y  i n  the s o i l .  

i n r  radial i n t e y v a l s  over which t h e  w t i v i t y  has been averaged a r e  speei.fied 

i n  “Ghe P igwe .  

~ i g .  LS izre estimated t o  be < 10% when the  a c t i v i t y  i s  > T x 10-6 ~ i l c r n 3  and 

t,o inerease by 10-15$ with  e-deh order  of magnitude decrease  i n  the a c t i v i t y .  

r’li - 

The s t a t i s t i c a l .  errors a s s o c i a t e d  wi th  tile h i s t o g r a m  in 

I n  Table X I 1  t h e  Cont r ibu t ions  t o  t h e  a c t i v i t y  of each of the 3b nu- 

c l i d e s  nvel-aged over t h e  i n t e r v a l  z = l m t o  z = 2 m and over s e v e r a l  radial  

i n t e r v a l s  are given.  The s t a t i s t i c a l  errors a s s o c i a t e d  wi th  the e n t r i e s  i n  

Table TI1 arc 

f o r  the t h i r d  column, < 30% f o r  t h e  f o u r t h  column, and < 45% for the f i f t h  

column. If it i s  assumed t h a t  the r e l a t i v e  con t r ibu t ion  of each riuclide t o  

t h e  to t a l .  a c t i v i t y  i s  independent of position, then curves analogous t o  those  

i n  Fig.  2 for each nuc l ide  may be obtained by renormalizing t h e  curves i n  

F i g .  2 i n  accordance wi th  t h e  va lues  f o r  each nuc l ide  given i n  Table 111. 

The curves obta ined  i n  t h i s  mmner are,  of course ,  only appmximate,  but f o r  

nuc l ides  that, have r e l a t i v e l y  low threshold-product ion m l u e s  (2 50 M e V ) ,  

tlie approximation i s  fa i r  - of t h e  o rde r  of  30% at t h e  extremes of t h e  z 

dependence ( z  = -10 II? and 7, = 50 m), shown in Fig .  2 .  

less v a l i d  f o r  the  nuc l ides  which have h igher  t h re sho ld  product ion va lues ,  

and the  ?mor f o r  these nucl ides  can approach 500% f o r  I, of  t h e  order  of 

-10 m and 200% f o r  z of  t h e  o rde r  of 50 m. 

10% f o r  t h e  f i r s t ,  column, < 15% for t h e  second C Q ~ I I I I ~ X I ,  .: 20% 

?‘he approximation i s  

In Fig .  3 the t o t a l  induced a c t i v i t y  averaged over t h e  i n t e r v a l s  z = 1 m 

t,o z = 2 m and p = 152 cm t o  183 e m  and the a c t i v i t y  due t o  severa.1 nuc l ides  

averaged over  t h e  same s p a t i a l  reg ion  are shown as a function of time after 

shutdown. The ind iv idua l  nuc l ides  shown i n  the  f i g u r e  are those t h a t  eon- 

tribute t h e  most t o  t h e  t o t a l  a c t i v i t y .  The relative importance of the 
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