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ABLITEZACT 

Effects  due t o  elementary p a r t i c l e - l i k e  co l l i s i ons  within 

nuclear matter have been observed i n  severa l  nuclear reactions caused 
A by pions and protons. Simple nuclear react ions  of the form Z (a,an)$-I 

A A- 1 and Z ( a , a p ) ( ~ - l )  have exc i t a t i on  functions t h a t  a r e  sens i t ive  t o  

changes i n  the  elementary-part icle cross sect ions .  
1 2  - - 11 

The exc i t a t i on  f i nc t i on  f o r  the  reac t ion  C (n  ,n  n ) ~  was 

measured from 53 t o  1610 MeV by bombarding t a r g e t s  of p l a s t i c  s c i n t i l -  

l a t o r  with pions. The i n t e n s i t y  of the  pion beam was monitored with 

a two-counter telescope and 40 Mc sca l ing  system. The s c i n t i l l a t o r  

t a r g e t  was mounted on a phototube and became the  de tec to r  f o r  the  C 11 

posi t ron a c t i v i t y .  Corrections were made f o r  muon contamination i n  
11 the beam, coincidence losses  i n  the  monito'r system,C a c t i v i t y  pro- 

11 duced by s t r a y  background a t  the  accelera tor ,  C a c t i v i t y  produced 

by secondaries i n  the  t a rge t ,  and the  e f f i c iency  of the  Cil de tec t ion  

system. 
12 - - 

The C (n ..n n)cl1 cross sec t ions  r i s e  t o  a peak of about 70 
mb a t  190 MeV, which corresponds t o  the  resonance i n  f r e e -pa r t i c l e  n-n 

s ca t t e r i ng  a t  190 MeV. Calculat ions based on a "knock-on" c o l l i s i o n  

mechanism and sharp-cutoff nuclear dens i ty  reproduce the shape of the 

experimental exc i t a t i on  function, but  the  magnitudes of the  calcula ted 

values a r e  low by a fac to r  of s ix .  The ca lcu la t ion  shows t h a t  the  
12  - - 11 

C (n ,n  n ) ~  reac t ion  occurs i n  %he nuclear surface region a t  a l l  
- - 

bombarding energies. The contr ibut ions  t o  the  (n ,n  n )  reac t ion  . . 



pl-edomiizate on the  f r o n t  surface of the  nucleus i n  order t o  give the  pion 

the  maximum probabi l i ty  of escaping. 
' 68 

.. The exc i t a t i on  functions for  t he  reaCtions Zn (p, 2p)Cu67 and 

~ e ~ ~ ( ~ ,  z ~ ) M ~ ~ ~  were measured radiochemically from 400 MeV t o  6.2 GeV. 

The s l i g h t  increase i n  the  (p,2p) cross sect ions  measured from 400 t o  

720 MeV i s  r e l a t ed  t o  t he  occurkence.of a quasi - f ree-par t ic le  pp c o l l i -  

s i on  within the  nucleus. Due t o  the  proton momentum d is t r ibu t ion ,  the  

increase i s  not a s  pronounced a s  the r i s e  i n  f ree -par t i c le  pp t o t a l  

cross  sect ions  from 400 t o  1000 MeV. 
5 6 kYom 2.2 t o  6.2 G ~ V ,  the  Zn68(p,2p)Cu67 and k ' e 5 7 ( p , 2 p ) ~  cross  

sect ions  a r e  constant a t  21 ' 2 mb and 50 5 8 mb, respectively.  The 

di f ference i n  magnitudes of the  (p,2p) cross sect ions  i s  ascribed t o  the  
6 8 

a v a i l a b i l i t y  of only two protons i n  Zn and of s i x  protons i n  ~e~~ f o r  

t h i s  pa r t i cu l a r  react ion.  

. The f r ee -pa r t i c l e  e f f e c t s  a r e  not seen i n  more complex react ions  

a s  evidenced by the  constant cross sect ions  from 0.72 t o  6.2 GeV f o r  

the  y i e l d s  of Mn51 and Mn52 from the  react ions  of protons with ikon and 
64. 

f o r  the  yie lds  of bu6' and Cu from the  react ions  of protons with zinc. 

Cross sec t ions  a r e  presented f o r  a few products from pion-induced 
gG 

react ions  requir ing scvcrcll nuclcons t o  bc emittedo The yie ldc  of Mn , 
67 ~n~~ a n d . . ~ e ~ ~  from t h e  bombardment of na tura l  Cu by n-, the  yie lds  of Cu , 

5 2 - 
Cu64 ,  C u 6 1 J  Mn56 and Mn from the n bombardment of na,tural Zn, and. the  

24 
cross  sec t ion  f o r  Na from n- + ~ 1 ' ~  are  compared t o  t he  y ie lds  f o r  

s imilar  react ions  iiiduced by protons. A t  the  high energies considered 

here, i n t e r ac t i on  of a ~ r -  with these  t a rge t s  i s  shown t o  give yie lds  

t h a t  a r e  of the  Eame order of magnitude as t h e  y ie lds  from proton 

react ions .  'l'hese r e s u l t s  a re  in te rpre ted  a s  experimental evidence t h a t  

pion processes a r e  very important f o r  energy t r ans f e r  i n  high-energy 

nuclear reac t io i~s .  
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I. INTRODUCTION 

Knowledge of the  7-r meson has been considerably increased since 

Yukawa f i r s t  proposed t h a t  a p a r t i c l e  of about 300 electron mass un i t s  
I (m ) was responsible f o r  nuclear forces.  H i s  theory s ta ted  t h a t  the e 

a t t r a c t i v e  forces between nucleons were a r e s u l t  of the  exchange of 

t h i s  p a r t i c l e  from one, nucleon t o  another. ~ u c l e o n  a t t r ac t ion  between 

nn, pp, and pn p a i r s  required the existence of strongly interact ing 

p a r t i c l e s  with posi t ive ,  negative,. and neut ra l  charges. The experi- 

mental confirmation of t h i s  hypothesis came i n  1947 with the discovery 
2 

of 7r mesons i n  cosmic rays a t  high a l t i t udes .  In  1948, 7r mesons were 

produced a r t i f i c i a l l y  f o r  the f i r s t  time a t  the  Berkelgy 184-inch 
z 
2 cyclotron. Since then the proper t ies  and behavior of 7r mesons have 

been investigated i n  a great  va r i e ty  of experiments. The 7r meson 

acquired the name. pion. t o  dis t inguish it from the meson, or  muon, 

which was discovered i n  cosmic rays i n  1936. Charged pions have a mass 

of 273: me , whereas the neutral  pion has a mass of 264 me. The charged 

pions a r e  unstable and i n  f r ee  space decay with a mean l i fe t ime of 
-8 

2.55 x 10 sec. The decay products a r e  charged muons and neutrinos ( v )  : 

Pions in t e r ac t  strongly with matter and these interact ions  have 

been intensively studied i n  recent years. Much of the work has been 

concerned with the  interact ions  of pions and f r ee  nucleons a s  a means 

of studying the nuclear force.  For pions s t r ik ing  f r ee  nucleons, the  

possible interact ions  a r e  e l a s t i c  scat ter ing,  charge-exchange scat ter ing,  



inela .s t ic  sca t te r ing  production), and absorption. Absopp.i;l.on . 

of a pion by one nucleon takes place with the emission of one h.i.g-IF-.- 

energy . y ray t o  conserve 'energy and momentum. . Cloud chambers., counters, 

bubble chambers, and.recent ly ,  spark cllambers have been the most. common :I 

experimental.'techniques f o r  studying these in%eracti.ons.. From t h i s  

work.there i s  now information on t o t a l  TN cross sectbons, e l a s t i c  mlll 

cross sections, ineLast2c. .and charge-exchange. cross secti,ons, angular 

d i s t r ibu t ions  of a l l  kinds of TN scat ter ing,  - a d  pohxiza t ion .  ef.fects 

i n  . T N  sca t te r ing .  Properties of thqs type a r e  bes t  studied with l iquid-  

h'ydrogen t a rge t s ,  i n  .order t o  eliminate t he .  c o q l i  catfng. e f f ec t s  of 

nuclear binding and ~ c a t t e r i p g  from thc  nucleui.. I 

However,-it i s  a l so  of in te res t .  t o  s tudy- the  reacttons of pions 
I 

with ,nuclear matter and spcc i f ic  nuclei .  Here the  pions s,till undergo 

the pkeviously mentioned s e e t . t e r 2 ~ ~ p r o c e s s e s . .  I n  the -absorption process, 

howeker, the  n r e ~ ~ - m a s s  energy i s  converted ,-into nucleon,and nuclear 

exci ta t ion and the high-energy 7 ray i s  not seen. The techniques . 

mentioned before a r e  not conducive to , s tudying ' the  res idual  nuclei  a f t e r  

.a pion interact ion has -baken place.  Nuclear emulsions have been useful 

for.  studying pion react ions  i n  heavier nuclei .  .However the  recent in -  

c r e a ~ e  i n  pionz'beam in tcna i ty  haa now made it. feas ib le  t o  study pion- 

induced nuclear reactions by radiochemical techniques. The madn advantage 

o f .  radiochemistry i s  tha.t '  y ie lds  of spec i f ic  nuclei  can be ~r~easured ra ther  

than yields of emitted pa r t i c l e s .  

A br i e f  mention of some of the  notztions enyloyed 'I;lu.ougllout t h i s  

report  is  necessary here. A nuclear react ion i.s often symbolized by 

(a, bc) where a represents t he  incident pz r t i c l e ,  and b o.nd. c a re  

the par"t1cles leaving the  struck nucleus. The quanti* .0 (pp) represents 

the  t o t a l  cross s ec t ion ' fo r  scat ter ing of f r ee  protons by incident pro- 

tons .  Likewise, ~ ( ~ n ) ,  ~ ( n - ~ ) ,  o(n-i-) a l l  stand fo r  free-particle t o t a l  
. . 

cross sections. The symbol nN i s  used t o  mean pion co l l i s ions  with 

nucleons i n  cases h e r e  co l l i s iuns  with bo-Lll nucleon charge s t a t e s  a r e  V 

allowed. 



Because of low-intensity beams, previous radiochemical experi-  

ments were l imi ted t o  studying only the  react ions  of pions a f t e r  they 

were stopped i n  l a rge  quan t i t i e s  of t a r g e t  material .  4,5)6,7 ,is meant 

t h a t  only t h e  y ie lds  from t h e  absorption of very low-energy pions could 

be obtained. Because r e l a t i v e l y  l a rge  i n t e n s i t i e s  of high-energy pion 

beams a r e  now avai lable ,  it i s  poss ible  t o  use thinner t a r g e t s  so t h a t  

the  pions do not lose  an appreciable amount of t h e i r  energy i n  passing 

through t h e  t a rge t .  Thus we can study nuclear react ions  caused by high- 

energy pions,  and make d i r e c t  comparisons with s imilar  react ions  caused 

by high-energy protons. The experiments reported here provide inform- 

a t i on  not only on high-energy pion absorption processes, but  a l s o  on 

d i r e c t  TIW co l l i s i on  events within nuclear matter .  This l a t t e r  inform- 

a t i on  gives unique proof ' of the  v a l i d i t y  of t he  impulse approxirr~t ion 

f o r  pion-nucleon co l l i s i ons  within nuclear matter .  

Since much of t h i s  repor t  i s  concerned with f ree -par t i c le - l ike  

collisions within  nuclear matter, t he  f ree -par t i c le  t o t a l  cross  sect ions  
+ 

a r e  presented i n  Appendix A f o r  pp, pn,n p ,  and n p  sca t te r ing .  From 

the  p r inc ip le  of charge symmetry, we take the  nn cross sect ions  t o  be 

equal t o  t he  pp cross sect ions .  Likewise, the  n-n cross sect ions  
+ t; equal the  n p  cross  sections,  and the  n n cross sect ions  equal the  

n p  cross sect ions .  

Pion-nucleon sca t te r ing  has a unique feature  not present  i n  

nucleon-nucleon scat ter ing- that  is,  the  l a rge  resonance peak a t  an 

incident pion energy of 190 MeV. It i s  t h i s  resonance peak t h a t  makes 

it possible  t o  i den t i fy  TIW co l l i s i ons  within nuclear matter. 
12 

The spec i f ic  react ion studied here was t h e  C (n-,fn)c" 

react ion.  Cruss sect ions  were measured a s  a function of energy through 

the  f ree -par t i c le  resonance region. The existence of a peak i n  t he  
- - 

(n , 7 ~  n)  exc i ta t ion  function. i s  interpret .ed . a s  a d i r e c t  r e s u l t  of a 

TIW co l l i s i on  within t he  L'12 nucleus. 

The f r ee -pa r t i c l e  pp cross  sect ions  exh ib i t  a  r i s e  over the  

energy region of 400 t o  1000 MeV. Additional evidence f o r  f ree -par t i c le -  

l i k e  co l l i s i ons  i n  nuc.l,ear matter i s  discovered i n  the  exci ta t ion 
68 functions f o r  (p,2p)s react ions  on Zn and ~ e ~ ~ .  The (p,2p) cross 



sect ions  show increases  which follow the  increase i n  t he  f ree -par t i c le  

pp cross sect ions ,  i n  d i s t i n c t  contras t  t o  (p,pn) cross se.ction5, . . 
where no such increase i s  expected from the  f r ee -pa r t i c l e  pn cross 

. sect ions .  . , .  

. A l imi ted amourit of data i s  presented"for.nuc1ear react ions  

following high-energy pion absorption.  Pion.f luxes  'are s t i l l  con- 

. s iderably  below f luxes  of proton beams-making it necessary t o -u se  

. ' r e la t iGely  th ick  t a r g e t s .  This i n  tu rn  complicates t he  radioche,mical 
. . 

technique. However, t h e  combina.tion of low-background beta  .cour$ing 

and "buckets' - ,type (la.rge vplum@) chemistry t he  study of a 

few..products from p i  cp bombardments of Al, Cu, and Zn . ~ornparison df 
. , 

. these  ydelds with simLlar y ie lds  f o r  proton bombardments shows t h a t  . . .  . 
the re  a re  only. nlirlor d i f ferences .  

b : . , 
The g r m t e r  accuracy, obtained i n  t he  experiment f o r  t h e  - 

12 - 
C (a ,T-n)c1l r e a c t i o ~ ~  i s  due t o  the  use of a n ~ n c h e m i c a l t e c h n i ~ u e  

12 
f o r  ident i fying t h e  cl1 rad ia t ion .  The C t a r g e t s  were made o f  p l a s t i c  

' s c i n t i l l a t o r  which, a f t e r  i r r ad i a t i on  with pions, became the  detector  

f o r  the  pos i t rons  from c". This technique gave a .  high detection 

e f f ic iency  and 100% chemical y ie ld .  



A. Meson Beams a t  t he  184-1nch Cvclotron 

12 The exc i ta t ion  function f o r  t he  react ion C. (a;nii)Cl1 wag 

measured experimentally by using t he  pion beams ava i lab le  a t  t h e .  184- 

inch cyclotron. Targets of p l a s t i c  s c i n t i l l a t o r  were bombarded with a 

monitored beam of pions; the  amount of produced was determined by 

following the  decay of by posi t ron counting. 

Beams of pions a t  the  184-inch cyclotron a r e  obtained by bom- 

barding a Be o r  C . t a rge t  with the  ful l -energy. interna1 proton beam. 

Since pions have a d i f f e r en t  charge-to-mass r a t i o  than protons have, 

the  cyclotron magnetic f i e l d  bends t h e  pions out of the  cyclotron vacuum 

tank through a t h i n  A 1  window. A quadrupole magnet ca l l ed  " ~ e l r e x "  i s  

located. jus t  outside the  window t o  focus. the  pions through an 8-ft-diam 

i ron wheel which allows t he  pions t o  en te r  the.  experimenta,l area  ca l led  

the  "meson cave." . Since different-energy pions come out a t  d i f f e r en t  

pos i t ions  along the  A 1  window, t he  quddrupole magnet may be r o l l e d  along 

a t rack  and the  i ron wheel turned t o  various angles i n  order t o  obtain 

different-energy pion beams. Once the  pions reach t he  meson-cave.area, 

t h e  beam path i s  a t  the  d i sc re t ion  of the  experi.menters. The experi-  

ments reported herein  were performed by using the  pion beams s e t  up by 

many d i f f e r en t  physics-groups a t  t he  184-inch cyclotron. A l l  of the  

beam setups involved t he  use of a bending magnet f o r  momentum se lec t ion  

and another quadrupole magnet f o r  focusing, once t h e  beam keached t he  

meson-cave a r ea .  When poss ible ,  i r r ad i a t i ons  of the  p l a s t f c  t a r g e t s  

were conducted simultaneously with t h e  experiments of t he  physics- 

groups . A t yp i ca l  physics -group experiment would involve bombardment 

of a liquid-hydrogen t a rge t  with pions and t he  measurment of t h e  

s ca t t e r i ng  a t  various angles around t h e  t a rge t .  The main pion beam 

would pass  through the  H2 t a r g e t  a t  0 deg and would be available f o r  

i r r ad i a t i ng  chemistry t a rge t s .  The beam setup f o r  t he  3 8 0 - ~ e ~  a- beam 

i s  t yp i ca l  of many of the  experiments, and i s  shown i n  Fig: 1. The 



Fig. ,  1. Experimental setup a-L 184-inch cyclu-Lrun f u r  380-~e.v 
n- beam. 



beam-monitor counters .for the chemistry t a rge t s  a r e  shown beh'ind the 

liquid-hydrogen t a rge t  used i n  the  physics experiment. 

The pion energies a t  the  quadrupole focus were determined by the 

physics group involved, by means of wire o rb i t  analysis  of the bending 

magnet and b y  range curves i n  Cu and CI12. The range a l s o  gave 

informationon the composition .of the  beam.  h he bending magnets could 

not  .el.imj.na.te p a r t i c l e s  ' tha t  'have the same moment* :as the  ,pions, so 

a l l  the:,.in- beams' contained F- and e-  a s  contaminants. The correction 

f o r  t h i s  .contamination i s  discussed i n  Sec. 114. Usual rurmlng cull- 

d i t i o n i  were such tha.t the rnomentum spread of the  pion beam was'from 1 

t o  3% for  pion.energies grea.ter than 200 MeV. A t  127 MeV the beam mo-. 

mentum spread was about 7%. A t  lower energies the momentum spread may 

have been a s  much a s  10%) due t o  the  use of absorbers before the bending 

magnet t o  degrade the beam energy. From the energy of the  pions a t  the 

center of the  physics t a rge t  or a t  the magnet focus, the energy of the  

pions a t  the midpoint of the  p l a s t i c  s c i n t i l l a t o r  t a rge t s  was calculated 

by using the energy-loss tab les  of Rich and Madey.8 The calculation 

takes account of the f ac t  t h a t  the pions had t o  pa.ss through the back . 
ha.lf of the  physics ta rge t ,  a f i n i t e  distance o f ' a i r ,  the  beam-monitor 

counters, and the. f i r s t  . ha l f  of the t a rge t  i t s e l f .  Since the p l a s t i c  

s c i n t i l l ~ t o r  t a rge t s  were thick enough (1 i n .  ) f o r  the pions t o  lose  an 

app.~eciable amount of energy i n  passing through the ta rge t  i t s e l f ,  the  

energy. drop i n  the  t a rge t  was combined by root-mean-square' addit ion with 

the energy spread of the beam ' to  determine the overa l l  energy spread. 



I3 . Beam-Monitoring System. . .  . 

1. Monitor Counters 

The pion beam was monitored, ~s shown i n  Fig. 2 ,  with two p l a s t i c  

s c fn t i l l a to r '  detectors  attached by l u c i t e  l igh t .  pipes t o  RCA 6 8 1 0 ~  photo- 

mult ipl ier  tubes.  A t h i r d  counter 'was used a s  a beam monitor d i i i e  

'running plateau curvks and de lay  curves. The dimensinns o f  P R P ~  counter 

and l i g h t  pipe a r e  given i n  Table I .  

Table I .  Dimensions o:C monitor counterc. 

Counter . 'llyp e 
. . 

3.1.rfac .. d i  ensions: 
&n.f 

Thi kne s 
. fin. f i  

. . .. *. . . - . . . 

. . 
. . .  . . . 

A Square 
. . 

3-50 x 3-50  
' ,  

0.23 
. .  . 

B Circular disk 2.30, d.iam 0.25 

C Circular disk 2.50 diam 1.00 

The t a rge t s  were attached t o  the back s ide of counter B and had the same 

diarr~e-l;er, so t h a t  counter B defined l.he beam s i z e .  Thc ac tua l  bean! s.put 
. . 

a t  t he  . . focus of the  quadrupole i s  . ~ ~ s u a l l y  an e l l i p s c  with a major axis 
. .  . 

comparable t o  the  s i z e  of counter B .  However, since the monitor counter 
. . 

telescope . was . generally several  feet, beyond the. focus of the  quadrupole, 

the  beam was diverging a t  tjle location of the  counters and f i l l e d  .an area 

la rger  than cowi.l;er B. It is'assumed t h a t  a l l  pions passing through 

counter B a l s o  passed through the 3arget.  Counter A was made larger  

than counter B, t o  minimize the need fo r  extremely accurate alignment. 

Thus it i s  assumed t h a t  any pion passing through. counter B must have passed 

through counter A a l so .  A l l  three  counters were mounted about 6 t o  8 i n .  

apa r t  on an Al frame i n  such a manner t l iat  they could be adjusted t o  

meet varying c0ndition.s of space and beam height.  

The p l a s t i c  s c i n t i l l a t o r s  and l i g h t  pipes were wrapped with A 1  

f o i l  t o  a c t  a s  ref1ecto1.s and then wrapped with black tape t o  eliminate 
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Fig. 2. Electronics for 40-MC beam-monitor system. 
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al.1 l i g h t  leaks.  The Al f o i l  and tape were neglected i n  computing the 

energy l o s s  fo r  the  pion t o  reach th.e t a rge t .  Whenever possible the 

center  of each cointer  was aligned with the 0-.deg.pion-beam l i n e  ,with 

-the a i d  of a t r a n s i t .  

The photomultiplier-tube bases ' f o r  counters A and B were designed 

f o r  use with high-intensity beams.' Each of t.he l a s t  f i ve  dynodes i s  

supplied with a separate voltage from a voltage-divider panel. The 

voltage i s  s tab i l ized  on each output by a cathode follower. This reduces 

the p o s s i b i l i t y  t h a t  an intense burs t  of p a r t i c l e s  w i l l  cause .the pulse 

output t o  sag because of too much current being drawn from the dynode 

voltage supply. 

Tl~e tube' ba.se fo r  caur ter  C was a standard high-current tube 

bas'e without the :extra feature  of voltage s t ab i l i za t ion  f o r  the  l a s t  

f i ve  dynodes. 

2.  Electronics 

The pulses from counters A and B were l ed  through 125-R t- ran s - 
mtssion l i n e s  to"the meson counting area where they, were each amplified 

by a Hewlett -Packard (11 .F. ) 4 6 0 ~  distribu-bed arrrpl'ifer . The amplifier  

outputs 'were fed i n t o  a tube-type Wenzel coincidence un i t  equipped with 

4-nsec clipping l ineo.  This mcant the resolving time was 8 'nsec fo r  a 

coincidence event. The lowest energy 7r used i n  t h i s  experiment, was 

50 MeV, and the distance between counters A and B was usual ly  about 

20 cm; the time required f o r  a n t o  . travel between the two counters was 

therefore about 1 nsec. Any f l~ i c tua t ion  about t h i s  time would be well  

within the resolving time of the coincidence un i t .  The chance that  two 

p a r t i c l e s  pass through the two counters within the resolving time i s  d is -  

cussed under corrections t o  beam monitor i n  Sec. 1 1 - C - 1 .  . 

The output of the  coincidence un i t  was amplified by two H . P .  

d i s t r ibu ted  amplifiers,  then l ed  t o  a discriminator and scale-of e ight .  10 

This un i t  emitted one pulse fo r  every eight  i n p ~ i t  pulses  above the d i s -  

criminator s e t t i ng .  When conilected t o  a 5-Mc scal ing c i r c u i t ,  the 

scal ing &stem was ra ted  a t  40 MF- which was necessary in  o r i i ~ r  +n c n ~ r n t  

the  pion beam di rec t ly .  



Pulses from counter C were inverted and used without amplif ication 

t o  dr ive  a discriminator and 5-Mc. scal ing c i r c u i t .  The.counts from C 

wereiused only i n  normalizing data while conditions were being adjusted 

fo r  t he  A-B system. 

3. Operation 

The f i r s t  s tep i n  operating t he  beam-monitoring system consisted 

of. s e t t i n g  t he  gains of t he  two channels. of t he  coincidence un i t .  t o  give 

the  same pulse output f o r  a given pulse input . .  A delay curve was obtained 

by insekt-ing-various .lengths of cable'..before one inpuk to: t he  coincidence 

u n i t .  The. counting r a t e  should be- constant a s  long a s  t he  two pulses  

come within t he  resolving time of t he  coincidence unit. .  .The shape o f .  

the  delay curve gives an indicat ion of how wel l . the  system i s  operating.  

A typical .  delay curve i s  . p lo t t ed  . i n  Fig.  3. Each poink was obtained by 

taking t he  coincidence counting r a t e  of A + B fo r  a f ixed number of 

counts i n  counter C a t  a given delay s e t t i ng .  

Another check on the  system c w a s : .  :..:i: made by p l o t t i n g  . the co- 

incidence counting r a t e  A + B a s  a function of .  the  high vol tage.  o r  gain 

of. one counter: while 'holding the.  voltage or  gain of t h e  other counter 

constant .  . A t y p i c a l  p l o t  of t h i s  l i n e  i s  shown i n  Fig. 4 .  

The f i n a l  check on the  monitor system was performed by p l o t t i n g  

t h e  counting r a t e  a s  a function of t he  discriminator s e t t i n g  of the  

scale-of-eight u n i t .  This curve should be qu i t e  f l a t ,  a s  shown i n  Fig. 

5 .  A l l  data were taken f o r  a f ixed number of counts i n  counter C .  
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Fig. 3. Delay curve f o r  beam-monitor system.   he arrow re-  
presents the  optimum operating point .  ) 



VoI t a g e  

Fig. 4. High-voltage curve. The coincidence counting r a t e  
of counters A and B is plo-l;t,eci vs the voltage f o r  counter 
A. Counter B voltage i s  constant. eo he arrow represents  
the op.LProuro operating point .  ) 
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MU.28951  

Fig. 5. Discriminator curve. A and B coincidence counts p lo t t ed  
vs discriminator height  ( a r b i t r a r y  un i t s  ) . 



C .  Corrections t o  Beam Monitor 

1. Accidentals 

The t o t a l  number of coincidence counts from counters A and B 

divided by the  counting time does not  give the  p a r t i c l e  i n t ens i t y  d i -  

r e c t l y .  Even with the  high-speed counting equipment used; t h e  average 

counts/min must be corrected f o r  coincidence losses .  These losses  occur 

when two o r  more pions pass through the  counter telescope simultaneously. 

~ h k  i n t e rna l  proton beam of the  184-inch cyclotron has a g rea t  deal  of 

time dependence inherent  i n  normal operation.  The beam comes a t  t h e  

r a t e  of 64 bursts/sec with each burs t  l a s t i n g  about 400 psec. Within 

each burs t  of 400 psec, there  a r e  f i n e  s t ruc tu r e  pulses,  "fsp", of 13 

nsec duration which come 54 nsec apa r t .  The duty cycle which defines 

the  percentage of t he  time t h a t  p a r t i c l e s  ac tua l l y  are passing through 

the  counters, can be calcula ted as . fo l lows .  

Duty cycle = (NO. of f s p / s e c ) ( ~ i m e  of one f s p )  

For a t yp i ca l  average beam of l o V  .rr/min, t he  instantaneous counting 
6 1 1 min 6 

r a t e  = (10 n/min) ( )  (--) = 2.7 x 10 n/sec .  sec 
The coincidence l o s s  or  "accidentals" can be estimated by dividing t he  

instantaneous counting r a t e  by the  counting capacity of t he  beam- 

monitor system. c 

Acc. ( shor t  s p i l l )  = w s / s e c  = 6.7% 

f o r  these  conditions the  experimentally observed accidenta ls  r a t e  

agreed roughly wit,h t h i s  nGbes .  



Although the  beam i s  more d i f f i c u l t  t o  obtain,  the  400 psec 

bu r s t  can be "s t re tchedfs  t o  about 10 msec which means a du ty ,cyc le  
6 

of about l5$. For an averagc beam in t cna i t y  of 10 fi/min, thc  

accidenta is  f o r  a s t re tched  beam.is about 0.3%. The experimental 
. .. 

accidental-percentage i s  somewhat higher than t h i s  f igure  because 

even 'b i th  .the :'smtretched beam, approximately 30% of the  beam s t i l l  

comes i n  the  400 psec ."spike". The f r ac t i ons  of the  beam i n  the  

spike and i n  the  s t re tched  beam vary widely depending on the  cyclo- 

t r o n  operating condit ions and operators, so t h a t  the  acc iden ta l  

counting rate must be determined f o r  each t a r g e t  bombardment. 

The f i n e  structure pulse qf 13 -n~ec  durat ion i s  of the 

same! magnitude a s  the  resolving .time of the  coincidence un i t .  I n  
. . 

most cases only one pion per f l i e  s t r uc tu r e  p'ulse: i s  expected. 

However, ,an empirical  method was used t o  determine the  p robab i l i ty  

of two pions appearing i n  the  same f i ne  s t r uc tu r e  pulse. It was 

assumed t h a t  t h i s  p o b a b i l i t y  was equal t o  the  p robab i l i ty  of 

counting one p a r t i c l e  i n  one pulse and another p a r t i c l e  i n  the 

next pulse '54 nsec l a t e r .  Experimentally t h i s  means t h a t  the 

number of simultaneous was determined by adding 54-nsec 

delay t o  one of the  counters before the  pulse reached the  coinci-  

dence un i t .  Counting r a t e s  with the  54 nsec delay were usual ly  

taken j u s t  before t a r g e t  r u n s a t  the  same beam l e v e l  a s  the  ac tua l  

run. This coincidence r a t e  was added t o  the  r a t e  f o r  the  t a r g e t  

bombardment determined with normal delays,  With t he  beam l eve l s  

o rd ina r i l y  obtained during these  experiments, the  cor rec t ion  f o r  

accidenta ls  d id  not  exceed 10% of the  beam in t ens i t y .  A p l o t  of 

t o t a l  counts (monitor p lus  acc iden ta l s )  vs internal-proton-beam 

i n t e p s i t y  was taken during sho r t  spi.11 operation. This p l o t  i s  

shown i n  ~ i g . '  6. Assuming t h a t  t h e  number of pions through the  

counter telescope i s  l i n e a r l y  r e l a t ed  t o  the  internal-proton-beam 

in tens i ty ,  the  dev ia t ion  of the  s o l i d  curve from a s t r a i g h t  l i n e  

shows when s a tu r a t i on  and voltage sag begin t o  a f f e c t  the counters. 
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Fig. 6. "counted beam" versus i n t e r n a l  beam. Dashed curve is  
the uncorrected t o t a l  counts i n  telescope. Sol id  curve i s  
the sum of uncorrected t o t a l  counts and "accidentals" a s  
defined i n  the  t e x t .  



Targets were' always bombarded with beam i n t e n s i t i e s  such t h a t  the  

sum of monitors p lus  accidenta ls  was s t i l l  on the  l i n e a r  p a r t  of the  

p lo t s .  

2. Muon Contamination. 

The l a r g e s t  cor rec t ion  t o  the  beam-monitor i n t e n s i t y  comes 

Yrom the contamination.oY the  beam with p mesons. !'he n- meson de- 
- -8 

cays t o  p + v i n  f r e e  space with a mean l i f e  -T = 2.55 X 10  sec. 
11 

This decay i s  i so t rop i c  i n  the  come system. The k ine t i c  energy i n  

the  center  of  mass of the decaying pion i s  4.14 MeV. The pd i n t e r -  

a c t s  with nucleons j u s t  . l i k e  a heavy e lec t ron  bkcause- i t  .wdergoes 

weak in te rac t ions .  - 
Several  experiments were t r i e d  t o  see  i f  p could produce 

12 
C" from C by e l a s t i c  s ca t t e r i ng  of the  muon and neutron. A l l  of 

these  experiments gave negl ig ible  amounts of cll a c t i v i t y ,  but  because 

of low p-beam i n t e n s i t i e s ,  an upper l i m i t  of about 1 .6  mb was placed 
11 

on the  p robab i l i ty  of C production by negative muons. Although the 

muons ( l ikewise any e lect rons  the  beam) d id  not contr ibute  t o  C 
11 

production, t hc  muons were counted by the  countcr t c l c s c ~ p c ~  Thcrc 

were two components t o  the muon cogtamination, depending on whether 

the  n - p decay occurred.before o r  a f t e r  the  bending magnet. For 

decays occurring before t he  magnet, the  magnet separates  a l l  p ' s  with 

momentum d i f f e r e n t  from t h a t  of the  beam pions, bu t  those muons with 

the  same momentum could not  be eliminated. A d i f f e r e n t i a l  range curve 

i n  Cu or  CH a f t e r  the  bending magnet gave the r e l a t i v e  number of 
2 

pions, muons, and e lec t rons  having the  same momentum i n  the  beam. 

Data taken by the physics groups were used i n  a l l  cases. However, 
-I- 

a range curve taken simultaneously with the  Crowe group during a n 

beam-study experiment i s  shown i n  Fig. 70 The d i f f e r e n t i a l  range 

curve computed from these  da t a  i s  a l s o  given and shows the  peaks due 

t o  pions and muons. 
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Fig. 7. Range curve f o r  73-MeV n beam. Sol id  curve i s  coinci-  

dence counting r a t e  vs absorber thickness. Dashed curve i s  
d i f f e r e n t i a l  range curve. 



For pions t h a t  decay t o  muons a f t e r  the  bending magnet the re  

i s  no momentum se lec t ion .  Thus muons of any energy m y  be accepted 
.L. . , 

by the  counter telescope,  provided t h a t  the  muons a r e  within t he  

s o l i d  angle subtended by t.he telescope.  The fre.ct,ion of tbe muone _., 

i n  the beam from t h i s  source i s  not  e a s i l y  measured but  can be ca l -  

cula ted t o  a h igh,degree  of accuracy. (see Appendix B f o r  the  de- 

t a i l e d  ca lcu la t ion  of' t h i s  correct ion.  ) The t o t a l  muon cnnCamina,~,i.on 

var ied  from about )+0$ of the  t o t e l  beam a t  50 MeV. t o  about 8% at. 373 

MeV. 



D. Beam Studies 

+ 
1. Beam Prof i l es  with n Beam 

+ 
One s e t  of measurements was performed by using the  123-MeV n' 

beam s e t  up by Bingham and ~ r u g e r .  The experimental se tup made it 

necessary t o  place the  c o ~ t e r  telescope between the quadrupole 

magnet " ~ i r c e "  and Bingham's t a rge t .  The current  s e t t i n g s  f o r  the  

doubZeti; quadrupole magnet Circe were calcula ted by using the  method 

described by Chamberlain i n  order t o  obta in  a focus a t  the  counter 
1 2  

telescope.  The s p a t i a l  d i s t r i b u t i o n  of the  pion beam a t  the  foca l  

point  of C~irce f o r  these current  s e t t i ngs  w a s  checked by taking beam- 

p r o f i l e  curves. The beam p r o f i l e s  were measured with a two-counter 
2 

telescope consisting of 1-cm .p l a s t i c  s c i n t i l l a t o r s .  The telescope 

was mounted on a motor-driven frame and could be moved hor izon ta l ly  

o r  v e r t i c a l l y  across  the beam by remote con t ro l  from the  counting 

room. The coincidence'counting r a t e  a s  a funct ion of d is tance  across  

the  beam i s  shown f o r  the v e r t i c a l  d i r ec t i on  i n  Fig. 8a and f o r  the  

hor izon ta l  d i r ec t i on  i n  Fig. 8b. By taking the  f u l l  width a t  ha l f  

maximum (FWHM) a s  the c r i t e r i o n  f o r  descr ib ing the  beam, the  a rea  of 

the bean was fourid t o  be 

2 
Area = nab = n (3 .05)(1 .35)  = 12.9 cm . 

The beam shape a t  counter B was an  e l l i p s e  with major a x i s  6 .1 cm 
2 

and minor a x i s  2.7 cm. The t o t a l  a rea  within the FWHM was 12.9  cm , 
2 

whereas the  t o t a l  area  of counter B i s  31.7 cm . However, only'72$ 

of the  beam i s  included under the  FWHM. Because the  hor izon ta l  d i s t r i -  

but ion was so broad, some of the  remaining 2% of the beam missed 

counter B. For t h i s  experiment counter A was a 2.5-in.-diam l - i n . -  

th ick  p l a s t i c .  The a rea  of the  FWHM beam a t  counter A was l a rge r  

than counter A i t s e l f ,  so  t h a t  approx 83% of the beam passing through 
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Fig. 8. Beam p ro f i l e s .  The coincidence counting ra.Le i s  plot ted  
vs the  dis tance  across the  beam. 

(a) Ver t i ca l  distance.  

(b) Horizontal distance.  



B missed counter A.  This number was determined by geometrical ca l -  

culations and checked with the xa t io  of A + B coincidence, counts t o  

B singles counts. Therefore, f o r  t h i s  experiment only, the  s ingles  

.counting r a t e  of B was used a s  a monitor of the  beam in tens i ty ,  

whereas i n  a l l  successive experiments the coincidence counting r a t e  
3 of A + B was used a s  the.beam monitor. The experiment with T 

involved a s i tua t ion  in.which the pion beam was converging i n  moving 

from. counter A. t o  counter B.  However, i n  a l l  subsequent experiments 

the  pion beam was diverging with respect t o  counter A and counter B 

because of the  location of the counter telescope beyond the foca l  

point  of the  quadrupole magnet. The 'use of a la'rger area for .  counter 

A i n  subsequent experiments a l so  made it impossible f o r  a pion t o  

reach counter B. and the  ' t a r g e t  without passing through counter A .  

2 .  Ion Chamber 

During the preliminary experiments with 3&3- and 130-MeV T- 

beams, an ion chamber with an e f fec t ive  diameter of 4 i n .  was used 

t o  monitor the  beam. This ion chamber was similar. t o  one described. 

by Chamberlain e t  a l . l J ?  and wa's connected t o  an electrometer voltmeter 

which integrated the current col lected i n  the  ion chamber, The 

electrometer-voltmeter output drove a chart  recorder t o  give a per-  

manent record of the  beam in tens i ty .  The mult ipl icat ion f ac to r  fo r  

converting t o t a l  charge col lected by the  ion chamber i n to  the number 

of pions passing through the chamber i s  given by 

where 

dE = the  r a t e  of energy l o s s  per g/cm2 f o r  a given energy T 
dx 

i n  the 96% argon, 4% C02 mixture, 

2 
t = the  surface densi ty  of the  gas i n  g/cm , and 

w = 25.7 e ~ / i o n  p a i r ,  a s  determined by Chamberlain a t  

345 MeV. 

Then M gives the  number of ion p a i r s  per  incident pion. 



A t  380 and 130 MeV, an 8- in . - th ick Cu coll imator with a 2-in,- 

diam hole'was placed i n  f r o n t  of the  ion  chamber. The t a r g e t s  were 

taped t o  the  back s ide  of the ion chamber. The cross sect ions  

measu~*ed -in t h i s  fashion agreed t o  about 10% with the cross ser.ti..nn.s 

measured with the  counter-telescope monitor a t  380 MeV. For consistency, 

the  ion-chamber da ta  a t  373 MeV were not  included. However,. because 

no counter-.telescope da t a  were ava i l ab le  a t  ,127 MeV, the ion-chamber 

cross  sec t ions  were included i n  the  exc i t a t i on  function.  

Tne ion-chamber da ta  a r e  not  expected t o  be as eccurate a s  

Lt~e counter da t a  because the  ion  chamber d i d  not  def ine  the  beam + 

through the  tan'ge.L, a r~d  because the  Cu coll imator adds a g r ea t  number 

of sca t t e red  p a r t i c l e s  t o  'the beam. 

3. Film Study 

A t  127 MeV, Polaroid f i lm (type 57, with a speed r a t i n g  of 

3000) was taped over the  downstream opening of the  quadrupole magnet 

t o  determine the d i s t r i b u t i o n  of - . through the magnet. The ex- 

posure time was about 15 min. ' The p ic tu res  ind ica te  t h a t  the  pions 

(and other  charged pa r t i c l e s ,  p- and e - )  f i l l  the  e n t i r e  opening, 

which has a 4-in.-r.sciius, but most of the  i n t e n s i t y  i c  apparently 

wi thin  a 3- in . - radius  c i r c l e .  This information i s  useful  i n  de te r -  

mining t he  maximum beam angle a t  the focus. Polaroid f i lm placed 

behind the  ion chamber, which i t s e l f  was about halfway between the  

quadrupole magnet and i t s  foca l  point ,  gave a radiograph (pionograpb?) 

of the  ion  chamber, but  no information abouL L21e d i s t r l b u t l o n  of  the  

beam. 



E .  Beva.tron Experiment 

A t  the  ou tse t  of t h i s  work, a few experiments were performed 
' \  ' 

a t  t he  Bevatron b y  using the  1 . 7 3 - ~ e ~ / c  f beam sk t  up by Segre group 

t o  study pion-pion i n t e r ac t i ons .  l4 After su f f i c i en t  magnetic ana lys i s  
, . 

and focusing, the  .l. ~ ? G V / C  pion beam' passed through a liquid-hydrogen 

t a r g e t .  The 2 .5- in .  -diam. chemistry t a r g e t s  were placed behind the  

phys i c i s t s '  beam-monitor cdunter and i r r ad i a t ed  f d r  a known nynber of 
\ 

Bevatron pu lses .  The Segre-group e,xperimen$e'rs supplied the  number of 
4. 

pions per  pulse  through a 4 - in .  -diam ci .rcle [ ( l . l  st. 0 . 1 ) ~  10 ~ r / ~ u l s e ]  . 
An oscil loscope display of the  horizonta.1 d i s t r i bu t i on  of t he  pion beam 

showed tha:t most of t h e  pion beam would s t r i k e  the  2 1/2-in.  -dfam 

p l a s t i c  s c i n t i l l a t o r  t a r g e t .  

Two bombardments were performed with t h i s  experimental setup.  
4- 

In  the  f i r s t  run, t he  background I n ' t h e  @ detect ion system comp1etel;y 

hid  the  cl1 decay. After lowering the  background a second run was 
I I 

performed. For t h i s  bombardment the  i n i t i a l  a c t i v i t y  of C was about 

equal  t o  t he  background of about 135 counts/min and could be resolved 

with an accuracy of .about  15%. When combined with t he  approx 20% e r ro r  

i n  the  mea.surement of t he  pion i n t ens i t y  through t he  2.5-in. -diam t a rge t ,  

t h i s  gave an ove ra l l  e r r o r  of about 25% f o r  t h i s  cross  sect ion.  



. . 
11 " F. ~ e t e c t i o n  System f o r  C 

. . 
. . 

. After i r r a d i a t i o n  ' a t  the  acce le ra to r ,  . the  p l a s t i c - s c i n t i z l a t o r  
. . 

t a r g e t s  were brought back t o  thk chemistry bui ld ing where. detect iqn 

equipment was arranged t o  follow t h e  decay. , Targets were nqt  

counted a t  the  cyclotron because of t he  l a rge  and e r r a t i c  background 

a t  t he  accelerator. .  For ~ a r h  ",n.~n" a t  tho  oyclotron, the t a r  g e l  was 

"runl'down t o  the  chemistry bui ld ing.  (Fortunately,  t h i s  was a l l  down- 

h i l l .  . . The durrent  cows& record f o r  the  cyclotron-to-chemistry-building 

rla.sh.was set  a t  3 min .2:, sec f s ~ n  %lie time .I.;l,~r I t ~ ~ r n  was t~wned.  off '  t o  
. . 

t h e  time t h e  B' counter wa,? turned &.15 . This time w a s  : typically about 

4 t o  6 m i n  which i s  only: approx -1/4 of the  ha l f  - l i f e .  ' , 

. .  . 
~ h . e  6" de tec t ion  system consisted o f  the  p l a s t i c - s c i n t i l l a t o r  

-, 

t a r g e t  mounted on an RCA 6635A p h ~ t o ~ ~ l t i p l i e r  tube,'' a White cathode 

follower, a D D ~ '  Linear' ampl i f ier ,  and s ca l e r .  , (.'The pho to r~~u l t i p l i e r  
. . 

tube base was enclosed i n  a .2- in . - th ick l ead  cave which had a door f o r  
. . 

i n s e r t i ng  t h e  phototube with i t s .  s c i n t i l l a t o r  and cover in .  p lace .  ) 

Figure 9 shows a ' b l o c k  diagram df t h i s  apparatus.  The p l a s t i c  s c i n t i l l a t o r  
<\  

was attacht 'd d i r e c t l y  t o  the  phototube face  with Dow Corning 200 s i l i c o n e  
, . 

grea.se. . 'k1. i c e  cream carton . l i n e &  with Al f o i l  .Lo a c t .  a.s a l i g h t  r e f l e c t o r  . . 

and wrapped with black masking t ape  t o  s e a l  o1.1.t a l l  ex te rna l  l i g h t ,  

s l ipped snugly over t h e  plakti .c  scintil1a:l;yr and phototube. Mountiilg of 
. .  . , . 

t h e  p l a s t i c  s c i n t i l l a t o r  and sea l ing  of the  system could be. done i n  

ahout 1 m i n .  ' Various author.; have nbticed a. shor t - l ived  "ac t iv i ty"  of 

abukb 5 . 9  mli when a p l a s t5c  s c i n t i l l a t o r  which has been exposed t o  
! ' 

l i g h t  i s  sea,led and "counted" .17 The background of about 133 counts/min :. 
. . 

' i n  t h i s  count-ing system was too  l a rge  t o  no t ice  t h i s  e f f e c t .  Any 

correct ' ion.ffom t h i s  e f f e c t  t o  ' the  counting da ta .  would be included i n  t he  

method used f o r  determining t he  s t r ay -pa r t i c l e  background correct ion t o  

be discussed in '  Sec. I1 I,-1. , 
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1. Blocking System fo r  Bevatron Background 

Although the  counting a rea  was located over 100 yards from 

the  Bevatron, the background was g r ca t l y  a f f ec t ed  b y  whether the  

Bevatron was on o r  o f f .  When the Bevatron was o f f  the  background i n  

the  cl1 de tec t ion  system was about 1.35 countlmin, bu t  when the  

Bevatron was on the background was ahniit. 730 countc/min. Tlic D~V\TCLLL.UII  

produces 10  pulses/min; each pulse l a s t s  1.75 sec.  The Bevatron 

pulses could be seen by displaying the  s igna l s  from e i t h e r  a NaI o r  

p l a s t i c  st:i.rl l:.illator de tec to r  on an oscil.1 rrsc-:(-lllr i n  t.he counting 

room. This nreant. that .  high-energy protons or neutrons were coming 
. . 

f m n t h e  Bevatron and . i n t e r ac t i ng  i n  the  de tec to rs  o r  Pb. sh i e ld s  t o  
. . 

produce t he  . extra. background. 

'The e l ec t ron i c s  group under the leadership  of Duane Mosier, 

and l a t e r  under. George Ki l i an i , .  devised a, system tl iat  allowed the 

C" de tec to r  t o  be turned o f f  dming  the  shor t  b u r s t  from the  

Beva.tron. A pos i t ive  20-V dc b i a s  was applied t o  a telephone l i n e  

coming from the  Bevatron ;to the  chemistry bui ld ing.  A t  the  st,a.rt. of  

the  Bevatron acce le ra t ing  cycle, t h i s  l i n e  was shorted t o  ground 

long eno1.1g1i ti t r i g g e r  a pulse i n  a scal-el:-galer. The sca le r -ga te r  

uril .I; , ; puts  out  a 20,-V gate  s i gna l  after prese t  delay, following 

the  t r i gge r  s i gna l  from the Bevatron. The t r i g g e r  s i g n a l  star-Ls. 

(t=0.) when the  Bevatron " r f "  f i e l d  i s  t ~ i r n e d  on. The width of the  

ga te  and the  length  o f  the  delay could be var ied  t o  cover the time 

1ntCr.yal during %ihe ~ e v a t r i n  burs t .  The tZme of beam s p i l l  out of 

the  Revatron.  depend.^ dn t.he needs of the  experiment' i n  

progress, so it was neces,sary t o  s e t  the  length  of delay and width 
11 

of gate  pulse j u s t  before each C . experiment. 

A clock i s  connected Lu the  on-off switch so t h a t  the  t o t a l  

elapsed time can be measured w i t h . t h e  sca le r -ga te r  also. .  The l i v e  

time., whLcli is the  time during which the  s ca l e s  i s  a c t u a l l y  on, can 

be calcula ted i f  the  number of Bevatron block s igna l s  received arid 



the  length of each block pulse a r e  known. 

When the Bevatron L s  operated a t  low beam l eve l s  or  on 

s t re tched  s p i l l  out  ( the  time during which the ful l -energy beam i s  

s t r i k i n g  the i n t e r n a l  t a r g e t )  it i s  not possible t o  d i s t ingu ish  

Bevatron burs t s  from normal background, so the sca le r -ga te r  system 

i s  not  useful .  However, when the  Bevatron i s  operating normally a t  

f u l l  beam, use of the sca le r -ga te r  can cu t  the  background i n  the 

p l a s t i c  s c i n t i l l a t o r  detector  by a fac to r  of almost two, by using a 

block s igna l  of a b u t  0 .2  sec i n  width. Since there  w e  orlly 10 

b$o& s igna l s  per minute, the  off-time of the  counters i s  only 2 

sec/min o r  about 3.3%. 

2. Standardization 

11 
BeOhusei C emits posi t rons  with a continuous spectrum of 

energies,  the  output  s igna l s  from the  l i n e a r  ampl i f ier  have a con- . 

tinuous spectrum of pulse heights.  Thus the  discr iminator  s e t t i n g  

of the  s ca l e r  has a v i t a l  bearfrg uul~ Llle de tec t ion  c f f i c i cncy  of the 

system. By r a i s i n g  o r  lowering the  discriminator l eve l ,  one can de- 

crease ar:. increase the  f r a c t i o n , o f  the  posi t ron spectrum accepted 
+ 

by- the  s ca l e r .  To ensure t h a t  t he  same f r ac t i on  of the  B spectrum 

was accepted i n  a l l  runs, an  ex te rna l  C s  137 @- source w a s  counted 
137 before the  run. The C s  source was made by evaporating 5 A of 

137 standardized C s  so1.11tion onto an  A 1  d isk ,  and covering the  source 

with Videne TC p l a s t i c  f i lm. This source could be placed ins ide  the 

i c e  cream carton coves, giving almost 21-t geometry and l i t t l e  thick- 

ness between source and de tec to r .  Standardization was achieved by 

keeping the  discr iminator  of the  s ca l e r  constant  and ad jus t ing  t he  

ga in  of the  DD2 l i n e a r  ampl i f ier  t o  give the  same counting r a t e .  

~s~~~ has a h a l f - l i f e  of about 27 years and decays by B- emission L 6  

the  ground s t a t e  and an exc i ted  s t a t e  a t  0.662 MeV. 
18 

Of the  B- de- 

cay, 92% i s  t o  the  exci ted  s t a t e  and % t o  the ground s t a t e .  The 

y r ay  from the 0 . 6 6 2 - ~ e ~  l e v e l  i s  i n t e r n a l l y  converted , i n  almost 10% 



o f  the decays. Thus the B- spectrum of Cs13' cons i s t s  of two B- 
groups plus  a sharp l i n e  .due t o  the  conversion e lect rons ,  e- ,  

Beta spect ra .  The output of ;the l i n e a r  ampl i f ier  coi.ild. b6, 

sen t  t o  a Penco 100-channel pulse-,height analyzer t o  d i sp lay  the  

spectrum hi' pulses  from the p l a s t i c  s c i n t i l l a t o r  de tec to r .  The con- 

version l i n e  appears a s  a broad peak superimposed on the  lower energy 

B- ~ p e c k ~ ~ j  as in 3'12. 10. ' I n  order- t o  obta in  the  B"' spectrum . 

shown i n  .the f igure ,  it was necessa ry- to  sub t rac t  the counts due t o  
. . 

Compton s ca t t e r i ng  of r rzys which i n t e r a c t  i n  the p l a s t i c .  The 

Cs '37 E O ~ O O  i ~ o o  covcrcd w i i l i  < L L U U ~ ~ I  A]. l:n stop a l l  the  B- p a r t i c l e s  - z 
(Emax 

. = 1 .2  MeV; range = 500 mg/cm o f  Al) and was counted. i n  the 

sarne manner as the .uncovered source f o r  t h e  same length of time. 
. ' 

The pulses .from the  covered source gave a spectrum f o r  the  Compton 

e lec t rons  f rom,  the.' 0 . 6 6 2 - ~ e ~ '  y ray. When t h i s  spectrum was subtracted 
. . . . 

fro?] 1k;e sge 'ctrum f o r  an uncovered source, the  reSul t  was the  t r ue  
1 3 m  . B- + e- spectrum. The reso lu t ion  ok t3he conversion l i n e  of Ba :-.a;t 

0.624 MeV was about  3096 (FWHM) The &onversion l i n e  of ~ . a ~ ~ ~ ~  ,: was 

used t o  c a l i b r a t e  the  pulse-height . ana lyze : r  by. ad jus t ing  the  ampli- 
. ,  . 

f i e r  gain  to. 'place the '  @onversion e- gea.k ' in a given channel. 
. . .  

:.The. c?' spe clrum wai a l ' ~ 6  .. displaye'd . . on the pulse-height  

analyzer and' , is  p lo t t ed  i n  FSg. 11; .The 'slope of the  high-energy.' 

s ide  of -the beta 3pectrum . . when.,extrapolated t o  the  base l i n e  gives 

a rough. ind ica t ion  of the  "end-point .energy. , .The B spect ra  of  several  

i sotopes  w e d  taken, and the  end-point energies 'were determined ,hy 

ex t rapo la t ion  of.  the  slopes .. . 'These. end-point energies, when p lo t t ed  
. , 

- ' v s  channel ndmber, gave a rough ca l i b r a t i on  curve, aB.ashown i n  Fig. 

12. .  .The isotopes  used.,and t h e i r  end-poin;t energies are.: ,-listed i n  

Table 11. 



Channel no. 
M U - 2 8 9 5 6  

137 Fig. 10. Cs spectra  i n  p l a s t i c  s c i n t i l l a t o r  (2n  geometry). 
Dotted curve i s  t o t a l  counts, dashed curve i s  background 
due t o  t he ' 0 .662 -~ev  y ray, so l i d  curve, i s  net  0 spectrum 
showing the 0 .624-~ev conversion peak. 



Channel number . 
M U - 2 3 6 1 4  

11 
Flg. 11. C B spectrum in plastic scintillator. The arrow refers 

to the discriminator cutoff for the scaler. 



Channel no. 

Fig. 12. Calibration curve for B spectra in plastic scintillator. 



Table 11. Standards f o r  c a l i b r a t i on  curve. 

- 
Conversion e 

The s t r a i g h t  l i n e  f o r  t h e  i n t e r n a l  cl1 posi t ron spectrum gives an  

end point  i n  agreement with the  ca l i b r a t i on  curve. 

The use of the  pulse-height analyzer with the  p1ast ic-sc iot i . l -  

l a k ~ r . .  de tec to r  i s  useful  l'nainly t o  give a rough ini l icntion of the  
11 spectrum and end-point energy :l;u prove t h a t  C . was the  isotope 1-p.s- 

ponsible f o r  the  observed a c t i v i t y . '  Further refinements i n  ~~~~~rce 

mounting and y-ray discr iminat ion would permit g rea te r  accuracy i n  

the  use of p l e s t i c  s c i n t i l l a t o r  a s  a B spectrograph, as discussed 
19. by Bosch and Urs te in . ,  

3. Decay Curve 

R o o f  t h a t  Lhe observed a c t i v i t y  was ac tua l ly ,  due t o  C 
11 

comes from the  decay cur've. Figure 1 3  shows the  experimental decay 

curve obtained by bombarding the  p l a s t i c  s c i n . t i l l a t o r  with an  

espec ia l ly  in tense  pion beam. Once the  constant  cosmic ray  back- 

ground i s  subtracted the re  i s  only one component i n  the  decay curve. 

The measured h a l f - l i f e  of 20.4 min agrees with the  - l i t e r a t u r e  value 
11 

f o r  C Because t he  i n t e n s i t i e s  of the  avaiS.ah1.e pl,on bea111s var ied  
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with the  energy o r  the beam and with the goals of d i f f e r e n t  experi-  

menters, the  i n i t i a l  a c t i v i t y  of dl1 obtained by extrapole t ing t he  

decay curve back t o  the end of the bombardment var ied  g r ea t l yo  Fcr 

the  Beva-Lron experiment et 1410 MeV the  i n i t i a l  a c t i v i t y  w a s  on1.y 

135 counts/min above a backgr~und of i35 counts/'min, whereas one 

bo-mbardment with the  3 0 4 - ~ e ~ .  beam a t  the  cyclotron gave an  i n i t i a l  

a c t i v i t y  of about 11.7,000 counto/minu Bovevcr, moo+ of the data 

were obtained with i n i t i a l  a c t i v i t i e s  of a few thousand @ounts/min. 

The counting data were plot tod,  tho a c t i v i t y  wao cxtrapoia ted t o  

end-of-bombardment t:me, and t h e . i n i t i a 1  a c t i v i t y A  was read frorr! 
0' 

the  graph. 



G .  Efficiency of cl1 Detection System 

1. Theorv of 0-Y Coincidence Method 

For absolute determination of the cross sections, the efficiency 

of the detection system must be known. A B y  coincidence method 
was used to measure the efficiency. This technique'requires the simul- 

taneous measurement of the counting rate in the B detector N the 
, R' 

counting rate in a y detector N and the coincidence counting rate 
YJ 

N 
Br' 

Because cl1 decays 99 + $J by positron emission the coincidence 

is between the positron and the 0.511-MeVy ray from the annihilation 

of the positron. The absolute disintegration rate N is given by the 
0 .  

product of the singles counting rate divided by the coincidence 

counting rate. The use of B-y coincidence technique in determining 
absolute disintegration rates is discussed by campion2' for the general 

case with high-efficiency f3 detectors, and by Cumming and Hoffman 17 
11 

for the specific case of C . 
With the assumption that the efficiency is independent of the 

location of the activity in the source, the equations for N B' NY~ 
and N given by Cumming and Hoff'man can be modified so that: a' 

where 

and 

:€@ is the efficiency of the f3 counter for detecting B, 
E is the efficiency. of! the j';counter for detecting 7, 
Y 
f .is the probability that an annihilation 7 is counted by 

the f3' detector. 



. . . . . . ... The quant i ty  ' ' 

11 
equals t he  absolute d i s in tegra t ion  r a t e .  The C co>z+er e f f ic iency  

. I 

was found by dividing the  .observed counting r a t e  by the  d i sd .n t c~8 . t i on  

ra5c.  ' 

2. . Apparatus 

" .  A fast-slow coincidence system s e t %  by Richard Chahda w a s  

used f o r  the  - B y  coincj.denc@ mmea.si.rements. This equipment w a s  designed 

a s ' a  dual-channel coincidence u n i t  with pulse-height analysi . s . in  each 

channel. The per t inen t  unf t s  of the  fast-slow coincidence system a re  

shown in  Fig.  14.  The f a s t  coincidence u n i t  w a s  designed by Mitch 

Nakamura of t he  e lec t ron ics  development gro11p- . . 

, Two pulses a r e  t aken 'o f f  each phototube. The fast pulse i s  

amplified by d i s t r i bu t ed  ampli f iers  and sent' t o  the  f a s t  coincidence 

u n i t .  The slow p u l ~ e  goes through n cathode fo:.lower, which . s t~=e tches  

a r~d  sh9pes 'tihe pulse t o  make it sui-ila'ble f o r  a DD2 l i nea r  ampl5.fier. 

%a;khDD2 ampl i f ier  used i n  t h i s  experiment has a single-charmel 

analyzer 'bui l t  i n to  t he  same chass is .  The output of tne  single-chan;?el 

analyzers was sen[; t o  the  slow cofncidence u n i t  ( ~ ~ a ~ c o ) .  Mean h i i e  7 
t he  output of the  f a s t  coincidence uiit w a s  sen t  through a var iable  

delay and gate  un'it which delayed the  pulse , -and generated a puLse t o  

be i n  t r i p l e  coincidence with t he  two pulses from the  single-channel 

The output of the  Wanco coincidence un i t  was sen t  t o  a s ca l e r .  

The output o f , t h e  single-channel analyzer was a l so  sent  d i r e c t l y  t o  a 

s ca l e r  t o  record the  number of s ing le  events i n  each detector .  Thus 

only those pulses t h a t  went t o  the  coincidence u n i t  were recorded a s  

s ing les .  This means t h a t  t he  eff ic iancx of the  6 s ingles  counter w a s  
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Fig. 14. Electronics for "fast-slow" By coincidence,system. 



equal t o  the  e f f ic iency  of the f3 channel of the  coincidence counter, 

and likewise f o r  the  y pulses .  

. 3. Techniques 

The resolving time' of the  fast-slow coincidence un i t  i s  

governed by the  length  of cl ipping l i n e  at tached t o  the  f a s t  coincidence 

u n i t .  ~ h k "  cl ipping l i n e  used- was 16; 7 f t  of ~ ~ / 6 3 ,  1 2 5 4  cable,  which 

has a t r a n s i t  time of 20 nsec. Because the  pulse muet be r e f l ec t ed  

back through the  cable, the  clipped pulses have a 40-nsec length.  The 

width of the  delay curve i s  expected t o  be about twice t h i s  time, as  

i s  shown- by the  experimental delay curve i n  Fig.. 15. The delay curve 

i s  ob.l;ained by introducing various lengths of cable i n to  one o r  the  

other  s i gna i  l i n e s  t o  the  f a s t  coincidence un i t ,  then measuring the  

coincidence counting r a t e .  In  order t o  t e s t  whether one i s  obtain- 

ing 100% coincidence eff ic iency,  c l i p  l i n e s  of various lengths a r e  

used on the  coincidence u n i t .  As long as  the  counting r a t e  on the  

pla teau does not  decrease a s  the  width of the  pla teau decreases, one 

s t i l l  has 100% counting e f f ic iency .  The resolving time with .the 16.7- 

f t  c l i p  l i n e  of t he  coincidence u n i t  was measured experimentally by 
22 

counting two ceparate Na sourcca with thc  detectors  placed far  

cnough apa r t  t o  prevent any true coincidences. The random cui r~ctdence  

r a t e  (chance coincidences) obtained by t h i s  method J,s rela.ted t o  the 

resolving time by 

whcrc 

Nch i s  the  chance coincidence counting r a t e ,  

W. i s . t h e  countj-ng r a t e  i n  the  p detector ,  
!3 

N i s  the  counting ra te : .  i n  the  y detector ,  
Y . . 

and .,-7 i s  the  . reso lv ing .  time. 



Delay (nsec) 

Fig. 15. Delay curve for f a s t  coincidence c i r cu i t  i n  By 
coincidence experiment. 



The resolving time obtained was 1 1 1 0  nsec, which i s  i n  f a i r  &rccmcnt 

with the  width of the  delay curve. 

The timing f o r  the  t r i p l e  coincidence was not near ly  a s  c r i t i c a l  

a s  with the  f a s t  coincidence, s ince  the  t r j gge r  pulses were a l l  2-psec 

long . 

The operation of the  coincidence system was checked by using 
22 

a N a  source. This source was previously standardized i n  a hfj 

counter. The' .disintegration r a t e  measured by 4~ counting agreed 

within the  experimental e r ro r  with the d i s in tegra t ion  r a t e  determined 

by the  B y  coi.nci.d.ence met,hod,. 

The highly ac t ive  cl1 source needed t o  obtain reasonable 

counting r a t e s  with the  coincidence apparatus was prepared'.by bombard- 

ing'one of the  2.3-itx.;-dj.am by 1 - i n  . - thick p l a s t i c - s c i n t i l l a t o r  ,. t a rge t s  

with the  730-MeV ex te rna l  proton beam of the  184-inch cyckotron. 21 
11 

Even a t  one-sixth the  f u l l - i n t e n s i t y  proton beam, too rnii.c~. C! 
.. . 

a c t i v i t y  was produced f g r  the  B y  counting equipment'to handle immedi- 

a t e l y .  The proton beam was uncollimated and presumably crkated C 
11 

throughout the  e n t i r e  volume of t he  t a r g e t  i n  the  same fashion a s  

the  pion beam. 

The h i  r ~ g l ~ s  dr~tl c.uinc.icience counting r a t e s  were measured a t  

several  d i f f e r en t  times. Then the  p l a s t i c  s c i n t i l l a t o r  and photo- 
11 

tube were taken t o  the  C detector  cave, mounted i n  the  tube base, 

and the counting r a t e  measured under the  same conditions a s  with an 

ordinary pion bombardment. Several   point^ .were measured f o r  thc  C 
11 

decay curvc i n  thc  posi t ron detect ion system, a f t e r  which the  photo- 

tube and s c i n t i l l a t o r  were moved back t o  the  coincidence apparatus 

f o r  several  B y  coincidence measurements. This cycle was repeated so 

t h a t  points  were obtained f o r  the  d i s in tegra t ion- ra te  ( N  ) decay curve 
11 0 

and fo r  t he -  cl1-detector decay curve. From the  C -detector dccay 

curve, t he  counting r a t e  w a s  5riter.polated t o  each of the  times a t  

which s dis in tegra t ion  r a t e  data  point  was taken. The rat.i 111 c r f  t he  



11 
C - detector counting rate to the disintegration rate at a'given time 

was equal to, -t&e efatieiency. pf the! f3 counter. The average of the 

efficiencies at seven different times was found .to be 82.7 + 2.876. 
All these points were taken after the source had decayed to a level 

the electronics could handle. 

The raw data from the f3y coincidence measurement consisted of 

the singles counting rate in the f3 and detectors, and the coincidence 

counting rate. Several corrections had to be made to this data before 

calculating the source strength. The chance-coincidence counting 

rate, Nch,was calculated by using the T determined from the two Na 
22 

sources and was subtracted from the observed coincidence counting 

rate. The natural-background counting rate in each of the singles 

counters and in the coincidence counter was subtracted from their 

respective counting rates.  his background was determined 2hi;.hours 
after the end of bombardment. ) Because a -y ray associated with C 11 

decay was produced only as a result of a positron being emitted, events 

in which an annihilation id gave a pulse 111 Llle plaslic scl~i'l;5.llator 

counter and no pulse from a positron was observed, were treated as 

. . .  true f3 counts. . . 



The plastic-scintillator targets used throughout this experi- 

ment were a. blend of polystyrene (97%), terphenyl (3%), and tetra- 

phenyl butadiene (0.03%). This plastic is 91.511% C by weight and 
8.46% H. The plastic scintillator was machined and polished by the 

accelerator technic,ians group to a diameter of 2.3 in. and a thick- 

ness of 1 in. The surface density in atoms of C per cm2 was calculated 

from the following formula: 

where 
2 n = atoms of C per cm , . . 

W = weight of plastic scintillator in e;ra.ms, 
2 

A = area in cm 

$C = percentage of C in scintillator, 

N = Avogar-o ' s number in atoms per mole, 
M = atomic weight of C in g/mole,* 

C1' is 1.11% of naturally occurring C; however, no attempt was made 

to distinguish between the production of from cl2 or cl'. The 

cross sections presented in this report were calculated for the pro- 

duction of Cl1 from both carbon isotopes. 

Four different plastic sclntil1st'l;ors were used at various times 

d.~~ring this experiment. These scintillators are listed in Tab1.e 111 

along with their calculated surface densities. 

Table 111. Plastic scintillator targets. 

Target Surface density 

-,. . . PL I 2 
1.115 x (atoms C/ cm ) 

PL TI 1.218 X lop3 
PL 111 1.12 x 1023 

PL IV 1.146 x 1u2' 



PL I and PL I1 were used during the preliminary experiments when an 

ion chamber,was used to monitor the pion beam rather than the counter 

telescope. These targets were also placed in the externai:prat& kmf.at 
11 the 184-inch cyclotron to provide the high-activity C, source for the . . .  

f3-y coincidence experiment. After these. proton bombardments, PL I 

. . and PL I1 had built up a considerable internal background due to the 
7 , 53-day ~e~ activity. Be decays mainly by K capture to the ground 

state, but has a 0.477-~e~ y. ray in 12% of the : decays. 18 . Pulse - 
height analysis of the background in PL I and PL 1I'gave.a spectrum 

that corresponded to the Compton scattered electrons from the 0.477- 
MeV y ray. 

PL I11 and PL IY were .used in all the runs with the counter 

telescope. Since these targets were bombarded only .in,the: relatively 
7 

. . 
low-intensity pion beams, Be was never produced in observable yield. 

The background in these targets remained at a constant level despite 

the many pion bombardments involved,. .Before each bombardment, the 

plastic scintillator was ..cleaned with ethyl alcohol to remove the 

silicone grease used to couple the scintillator to the phototube. At 

.the end of these experiments, the targets PL I11 and PL IV were 

reweighed to see if any loss in weight had occurred because of the 

frequent cleaning. .No change in weight was observed. .. . 



I. Corrections t o  cLL I n i t i a l  Ac t iv i ty  . 

1. Neutron Background . . 

The meson cave a t  ,the 184-inch cyclotron has a backe;roun.d, of 

f a s t  neutrons'and other  pa r t i c l e s ,  which might contribute t o  the  pro- 

duction of cl1. The e f f e c t  of t h i s  background rad ia t ion  wa; measured 

by placing an i den t i ca l  p l a s t i c  sc int l l la . t ;or  a t  various locat ions  

around the  t a r g e t  pos i t ion  and exposing it f o r  the  same length of 

time a s  t he  target : . . i t se l f .  The a c t i v i t y  i n  the  dummy s c i n t i l l a t o r  was 

then counted i n  t he  same manner a s  the  t a rge t . '  .The dummy ac t , i v i t y  

was f a i r l y  Independent of locat ion i f  the  dummy had been placed about 

a foo t  o r  more out  of the  beam. The correction due t o  s t r a y  background 

w a s  taken as .  the  ' a c t i v i t y  ot' the  dummy t a r g e t  when placed a foot from 

the  beam. This correction varied,  depending on the  pa r t i cu l a r  experi-  

lliental setup i n  use a t  the  time. Even though the  i n t e rna l  be'& was 

usual ly  run a t  i t s  maximum leve l ,  the  amount of background around the  

counter telescope varied ,because d i f f e r en t  amounts of concrete and 

wood shie lding were used i n  t he  various beam setups.  

The a c t i v i t y  i n  the  dummy t a r g e t  due t o  s t r a y  background i n  

the  meson cave w a s  seldom a s  much a s  the  na tu r a l  cosmic-ray background 

of the  detect ion system, so it was extremely d i f f i c u l t  t o  resolve a 

decay curve due t o  the  dummy a c t i v i t y .  A 20.4-min decay curve w a s  

a r b i t r a r i l y  drawn through the  data and extrapolated t o  zero time. 

The extrapolation from the  f i r s t  data  point  t o  zero time was about 

5 min, which should not have caused a ser ious  e r ro r .  This i n i t i a l  

a c t i v i t y  was subtcacted fnsm the  i n i t i a l  a c t i v i t y  of t he  t a r g e t  t o  

obtain the  ne t  a c t i v i t y  due t o  the pion beam. This correction was 

l e s s  than 5% of the  i n i t i a l  a c t i v i t y ,  except f o r  the  data  a t  53, 60 

and 1610 MeV. A t  the  three  energies mentioned, t he  absolute magnitude 

of t he  correct ion w a s  even l e s s  than i n  t he  other  cases, but  the  

'Lotal i n i t i a l  a c t i v i t y  was so low t h a t  t he  correction was a s  much 

a s  20%. 



The use of the dummy, tar'ge-t activity also corrected for 

another slight source of error. As mentioned previously, some authors 

have noticed that plastic scintillators after being exposed to light 

will .produce an apparent activity due to its own phosphoreLcence or 

due to static electrical charges caused by rubbing the scintillator 
. . 

before mounting. The cosmic ray background was too large to see this 

effect, in this apparatus, but if such an effect were present, it would 

be included in the subtraction for stray background. The activity in 

the target scintillator never showed any component other than that 
11. due t . o C  . 

2. Internal- Eccondmies 

Because the scintillator targets were thick, the possibility 

existed that secondary particles (neutrons and protons) produced by 

nuclear ihteractions of the pions with target nuclei could cause the 

production of c". The secondary particles would need at least 18.3- 

MeV energy to overcome the binding energy of the neutron in c12. Thus 

evaporation nucleons, normally averaghg a few MeV, would probably 
11 

not have enough kinetic energy to create C . However, particles 

ejected during the initial cascade or as a partner in an absorption 

event could be sufficiently energetic. Because a wide variety of 

kinetic energies is possible for these particles and because the 

cross sections are changing rapidly with energy, no attempt was made 

to calculate a correction due to this effect. The correction was 

found experimentally by measuring the cross section as a function of 

lucite thickness placed before counter B and the target. The cross 

section is expected to increase with increasing lucite thickness, so 

by extrapolating the observed cross sections back to zero thickness it, 

was hoped to correct for finite target thickness. Lucite was chosen 

as the absorber because of its similarity to plastic scintj.llator in 

physical properties and its convenience. 

Because small changes in cross section were measured by t h i ~  

technique, it was necessary to use a very intense pion beam to insure 



- 
reproduc ib i l i ty  and accuracy. The 310-MeV n beam s e t  up by Booth 

e t  a l .  was s u f f i c i e n t l y  in tense .  22 However, t h e i r  experimental setup 

required the  use of a 7- ray  counter consis t ing of a l t e rna t e  layers  

of Pb and p l a s t i c  s c i n t i l l a t o r .  One corner of t h i s  counter extended 

i n t o  the pion beam, meaning t h a t  the  pion energy a t  the  p l a s t i c  tar- 

g e t s  was 215 f. 37 MeV. The spread i n  energy w a s  caused by the  f a c t  .'; 

t h a t  some of the  pions reaching the  t a rge t  had t o  pass through more 

of: the y colnnter t h a n  n t , h e r s .  'I;hp m e a s i ~ r ~ r l  rnr?-~rt , inn r ~ 1 1 ~ e ~ ~ n t . s  at1 

avcragc correction f o r  a rel-aBive1 y J.al.-gc energy 1:aagt . Decause t l i i s  

correction w a s  not  measured a t  o ther  energies, it was assumed t h a t  

the  absoZute correct ion was indep'endent of pion ener,T and dependent 

only on t he  t o t a l  number of pions through the:;target. The absorption 

cross  sect ion probably determines the  production ra4c of secondaries. 

A t  215 MeV the  absorption cross sect ion i s  about 25mb. 23 It does 

not  vary by more than a fac tor  of two from t h i s  value over the  energy 

range from 50 t o  300 MeV. 
- - 11 

The la rge  beam in t ens i t y  and r e l a t i v e l y  l a rge  C (n ,n n ) ~  

cross  sect ion a t  215 MeV gave la rge  i n i t i a l  cl1 a c t i v i t i e s  of 

= t he  order of 10,000 counts/min. . The cross sect ions  a s  a function of 

t h i c k n e ~ s  a r e  p lo t t ed  i n  F ig .  16.  A l l  t hc  points  were obtained with 
7 a t o t a l  number of pions of about 3.75 X 10 . The co r r ec t i~n . ,  r e l a t ed  

t o  pion i n t ens i t y  f o r  conve~ience,  aniuulted t o  2 nib for Lh-is rrur~lber 

of pions, so a l l  the  cross sections'.were corrected by 0.267 mb/l0 7 
pions through the  t a r g e t  . For lliarly b~inba'r&t[lie~l.I;S l;he absolwte rr~agni - 
tude of the  ,correct ion was negl igible  because of low beam i n t e n s i t i e s .  



T o t a l  a b s o r b e r  thicknesses ( : in . )  

12 Fig. 15. ~orrdction for finite target thickness. C (n-, n-n)cl1 
cross section is plotted vs the sum of the scintillator target, 
counter'B, and lucite thicknesses. 



J'. Results 

1. Data 

The corrected crosc sect ions  a r e  presented i.n Tab1.e I V  and the  
- - 11 

c12 (n fl n ) ~  exc i ta t ion  function i s  shown i n  Fig.  17. The tab le  

gives the incident-pion energy p&ceded by a number r e f e r r i ng  t o  the  

Physics group l i s t e d  i n  Appendix E whose pion beam was used. The 

I ' inal  C V ~ L U I U I  glvtls tile 11u11Ler of iiidividual bombarhentr;: used $0 

determine t he  cross  sec t ion .  The uncer ta inty  l i s t e d  with the  pion 

energy i s  compounded out 65 t he  'energy;:!sp~ead':'of:athe;birnm'-in~ipns~ihg 

through the  t a r g e t .  . The pi.on energies of 179 and 212 MeV were obtained 

by placing 2 i n .  and 1 in . ,  re:spectively, o f  Cu i n  the  2 4 3 - ~ e ~  beam. 

The energy of 342-M~V was ob ta inedby  placing 1 i n . '  of Cu i n  t he  373- 
MeV beam. A l l  t he  energies i n  the  t ab le  r e f e r  . t o  the  energy of the  

pions a t  t he  mid-point of the  p l a s t i c - s c i n t i l l a t o r  t a r g e t .  

Also included i n  t h i s  t ab le  a r e  two high-energy measurements 

made a t  Brookhaven by using a s imi la r  technique. 

. R t  t he  bottom of the  t ab l e  are l i s t e d  the  two measurements made 
+ 

with 71 beams a t .  .the .'184,-irlc11 cyclotron. These experiments a r e  d i s  - 
cussed i n  Sec. V .  

The e r ro r  associa ted with t he  cross sect ion was calcula ted . 

from the uncer ta in t ies  i n  e f f i c iency  of t he  cl1 detec,hor, production 

by secondaries, s t r a y  background, muon contamination, and i n i t i a l  

a c t i v i t y .  m e  e f f ic iency  of the  cl1 detect ion system (SEC. 11-G) 

was measured t o  be 83 + 3% and was the  same f o r  a l l  bombardments. . 

The uncer ta inty  i n  t he  cotrect ion f o r  production of cl1 by secondaries 

(Sec . 11-1-2) was ' large but the  magnitude of the  correction was small 

and of ten neg l ig ib le .  This correct ion was t yp i ca l l y  about 4 + 2%. 

The correction f o r  s t r a y  background ( ~ e c .  TI-1-1) was about 20 -'. 5% 

a t  53, 60, and 1 6 ~ 0  ,MeV and l e s s  than 5 + 1% at  other energies .  The 

correction f o r  muon contamination ( S ~ C  . 11-C-2) was 1a.r.g~,35 '. ?$, at  

t he  very low energies but decreased t o  about 8 4 1% a t  373-MeV. 
. .. . 

The uncer ta inty  i n  t he  determinati&rl of the  i n i t i a l  a c t i v i t y  ;.. ..  . . .  



(~ec. 11-F-3) depended on the intensity.of the pion beam. The 53-, 
. - "  

60-, and I ~ ~ O - M ~ V  beams had low intensities 2nd consequently the C 11 

decay curves could be extrapolated with an accuracy of about 1576 for 
the initial activity. At other energies the initial activity could 

be determined to less than 5%. 
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11. Table I V .  Cross sections.  f o r  the reacti0.n C - ;_ (T~, ,~? , . .~ )c . .  . 
. . . : . . ... ; \ "  .:. - - .  -- 

. .  . . .  . . . - ,  . . . :>: : . . ,, - . . 

Physics group ' Incident'-pion energy cross section 
. . 

No. of 
. . .  

. .  . . 
. . I '_ 1 

. . 
( ~ ~ ~ e n d 2 x  E) . " ( M ~ v )  

. ., . 
(mb '- 

. . bombardments . . . . - .  . . .  
. . .-. . . . . 

12 + + 11 
Cross sections for  t he  react ion C (n ,n n ) ~  

a 
The pion beam was moni.tored by means of a cal ibrated ion chamber. 

b ~ h e  counter telescope wasno t  used fo r  t h i s  croes section.  The 

pion in tens i ty  was calculated from data supplied by ~ e ~ r \ e - ~ r o u ~  

experimenters fo r  the pioil beam a t  the Bevatron. 

C These data a r e  from reference 24. 

dThese da ta  a r e  from reference 25. 
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Fig. 17. Cross sec t ion  fo r  C (n ,n n)cl1 reac t ion  p lo t ted  vs  

incident pion energy. The smooth curve i s  the t o t a l  cross 
sect ion fo r  n-n f ree -par t i c le  scat ter ing,  which i s  equal 
t o  the t o t a l  cross sec t ion  fo r  n+@ sca t t e r i ng  by charge . 

symmetry. . . 



A. General Discussion of n.:.+ C 

Previous experiments of n scat'cerlr~g u11 C l~avc bcen concerned. 

mainly with measuring the total cross. section, elastic (or diffraction) 

qrnss sectionj and' the inelastic (or absorption) cross sections. Much 
26 

of this work has been summarized by Ignatenko. The Russian work 

shows that both the total cross section and inelastic cross sections 

. seem to have an erie:rgy dependence similar to that of .the free -particle 

K N  scattering. 

This effect is quite pronounced in the data for the inelastic 

cross section for n- on C; Angular distributions for elastic and 

inelastic scattering of T -  on c12 have also been measured along with 

the energy distribution of the inelastically scattered pions. The 

elastic scattering can be calculated by using the optical model. The 

inelastic scattering shows a large backward peaking which corresponds 

to pion scattering from:.individual nucleons :in c12.. The inter - 
pretation is that the pion interacts.with the nucleus solely by frrN 

collisions r~.:I..l.ler than with clusters vl? nucleona or with the nucleus 
12 as a whole. Because so many of the ~lucleons in C may he considered 

as surface nucleons, there is a high probability that the pions escape 

from c12 after just one collision. However, for heavier nuclei the 

data indicate that mliltiple collisions may occur before the pion 

escapes. 

Relatively few experiments have been performed where specific 

nuclides:: have been mcasured qs prodilcts of pion-induced reactions. 
rn( - The excitation function for C T  ,7i'n)c11 presented here is a 

partial!. explanation of why the total cross section and inelastic 

cmss sections for 7T- on c12 show a maximum at the nN free-particle- 
- - 

scattering resonance. The (7~ ).rr n) reaction is only'one of several 



i n e l a s t i c  r ~ a ' b t i o n s  t h a t  may occur following t h e  i n i t i a l  pion- 

nucleon c o l l i s o n .  Exai~~ples of o the r  r eac t ions  a r e  ( T - ~ ~ ; . ~ ) ,  ' : 
0 '  ,. - 

(n, jn r i r i : ) ,  (n ,T.: xn. .y-p), e t c .  A l l  these  reac t ions  w i l l  be i n i t i a t e d  

by a primary nN c o l l i s i o n ,  the  p r o b a b i l i t y  of which i s  governed by 

the  f r e e - p a r t i c l e  cross  sec t ion .  The s.um of a l l  these  processes i s  
. . 

then equal  t o  t h e  i n e l a s t i c  cross  s e c t i o n ; '  

' The s i t u a t i o n  i s  s l i g h t l y  d i f f e r e n t  ' in  heavy. 'nuclei where, 

following thc  i n i t i a l  TN c o l l i s i o n ,  both the  c o l l i s i o n  pa r tne r s  a r e  

l i k e l y  t o  undergo f u r t h e r  c o l l i s i o n s  with o the r  nucleons and. wash 

out  the  f ree-pa . r t ic le  resonance. Huwever, even i n  heavier  nucle i  the  
. . 

(n-,n- 'n). , reac t ion  i s  expected t o  show the  resonance behairior , s ince  

t h i s  r eac t ion  probably occurs mainly on the:nuc.lear.surface. ' 

. . .  . . .  

. . 



B. Disc.~.?ssion of ( J I ,  pn) . .- Mechanisms 

12 - 11 " " . . 
The theoretical discussion of the C (.rr ,n?n')~.; iveketion;.:. .:.! 

12 
.will be based entire1.y on analogy with the C (p, pn) cl1 reaction. 

Therefore, this discussion will begin with a ttri,ef 1-evic~a of the present 

status of the (p, pn) reaction in general, follow with a comparison of 
- - 

the po,?si b1.e mechanisms as applied to both (p, pri) and (.rr ,n:n) :: 
12 - .- ,ll! ,?::- 

reactions, and end with a rough calculation of the 'C (n ,nTT-.n)C., . .  

cross sections based on the direct-interaction model. 

The (p, pn) reaction has been extensively s Ludied 111 Y C C ~ I I ~  

years. P'7728)29)30 The experimental results have been compared wlth 

the predictions of the Monte Carlu calculations of Metropoli~.~~ The 

calculated cross sections are consistently low by factors of 'wo to 

nine, depending on the energy region and the target nucleus considered. 

The approximations in the nuclear model are probably responsible for 

this discrepancy. .The model used a square well instead of a more 

realistic diffuse nuclear surface. 

Three different mechanisms probah1.y contribute to the (p, pn) 

reaction. These mechanisms have dif fcrent relative impor'l;arices. rill 

different cnergy ree;ic.ms. In ressonably'lleavy nuclei the cnmpmmd- 

nucleirs mechanism probably dominatcs the yield for incident. proton 

cnergies up t,o about 40 MeV. This mechanism assumes that the bombard- 

ing particle is completely absorbed by the target nucleus. The 

kinetic energy of the projectile is shared among all the nucleons, 

resulting in a highly excited 11uc1e11.s. After a r~.la.ti,vely long time 

the r~ucleus de-excites by emission of the necessary particles and 

y rays. 
At higher bombarding energies, most spallation reactions are 

interpreted in terms of the Serber process.32 This mechanism supposes 

that the nuclear reactions occur in two stages. The fir8t stage is 

a "cascade" of fast two-body collisions, with some rrucleons being 

knocked out, directly. The end of the cascadestage results in a 

highly..excited nucleus which then de-excite8 in a manner similar to 

the compound nucleus -by evaporatiorl of nucleons and y-ray emission. 



:  he 'fp, pn) ' reac t ion  above .40 ' k '~.  i s  though? t b  proceed through 
. . 

two s'pe5ial appl ica t ions  of the ' se rber '  process. ;*.'If the  incident  

p a r t i c l e  s t r i k e s  a p a ~ t i e u l a r  nuileon- arid', bo th '  c o l l i s i b n  .@ar tnew , 

escape from the  nucleus d i r ec t l y ,  the  process i s  ca l l ed  the  "pure 

knock-on" o r  "one-step" mechanism. This i s  equivalent  t o  a one-coll i-  

s ion  cascade without evaporation. The s t ruck nucleon must be a neutron 

i n  order t o  have a (p,pn) react ion.  The exc i t a t i on  energy caused by 

the  rcmoval o r  Lhls neutron must not be g rea te r  than the  binding energy 

of the  most loose ly  bound p a r t i c l e  j.n +he r e s idua l  nucleus. IL i f  were, 

o ther  nucleons would be emitted and the  (p,pn) product would no t  be 
I 

observed. 

The other  spec i a l  app l ica t ion  of the  Serber process i s  the  

"knock-on plus  evaporation" o r  "two-step" mechanism. I n  t h i s  mechanism 

there  i s  again j u s t  one c o l l i s i o n  between the  incident  p a r t i c l e  and ' a  

nucleon of the  t a r g e t  nucleus. However, t h i s  time only one of the  ' 

c o l l i s i o n  par tne rs  escap,es d i r e c t l y  while the  second par tner  shares 

i t s  r e c o i l  energy with the  wholc nucleus. Eventually the  nucleus . 

de-exci tes  by the  emission of one nucleon. The s t ruck nucleon i n  t h i s  

case may be e i t h e r  a proton or a neutron. I f  the  knocked-out p a r t i c l e  

i s  a proton, then the eva,pnra.ted g a r t i c l c  must be a rleutron i n  order 

t o  have a (p,pn) event, and vice  versa i f  the  knocked out  p a r t i c i e  i s  

a neutron. To d i s t ingu ish  these  last  two mechanisms, we w i l l  c a l l  

the  f i r s t  one a (P,Pn) event and the  second a ( P , N ~ )  event, following 

the  nmemclature of Metropolis e t  al .  31 The one-step mechanism can 

be denoted a s  a (P,PN) event. 

Merz and Caret to  attempted t o  dist ir lguish between the  (P,PN) 

and the  (P,Pn) mechanisms by studying the  r e c o i l  behavior of  the  Cu 
64 

nuclide i n  the  reac t ion  Cu65(p,pn)Cu64 over t h e  energy region of 100 

t o  400 M ~ v . ~ ~  They concluded t h a t  both mechanisms were important 

over t h i s  energy region with the  ( P , P ~ )  process being more important 

a t  the  lower energies  and the  (P,PN) process predominating a t  t he  

higher energies.  



': A d i s t i n c t l y  d i f f e r e n t  way f o r  a (p, pn) react ion t o  occur 

would be by 'neutron pickup. t o  form a deuteron. This process i s  
30 

expected. to  decrease very rap id ly  with energy. 



c " ( ~  pn) c!' Reaction 

This react ion has been studied extensively because of i t s  

convenience a s  a monitor f o r  pnoton i n t e n s i t i e s .  The present ly  

accepted cross sect ions  i n  the energy range from threshold t o  300 MeV 

a r e  those given by Crandall.34 Reference t o  some of the  higher energy. 

cross sect ion measurements a r e  given i n  the  work of Cumming, 

Friedlander and Swartz .35 Recently these  cross-section measurements 

have been extended t n  38 GeV by Cumrning, Friedlander, and Katcoff. 36 

There a r e  two d i s t i nc t i ve  fea tures  of the  c ~ ~ ( ~ , ~ ~ ) c ~ ~  exc i ta t ion  

- function.  The f i r s t  i s  t he  low-energy peak at  about 45 MeV, and 

the  second i s  the  lack of energy dependence above 1 GeV. The energy 

i n s e n s i t i v i t y  a t  high energies i s  a general  characteris 'Lic of a l l  
12 ' 11 

(p,pn) react ions .  As shown i n  Fig. 18, the  shape of the  C ( p , p n ) ~  

low-energy peak i s  ra ther  d i f f e r e n t  from the  peaks of (p,pn) exci-  

t a t i o n  functions f o r  o ther  l i g h t  and medium mass nuc le i .  27  he c 12 

25 p ~ a . B  i s  not  n c w l y  as sharp a s  the  observed peaks i n  F~~ and N a  . 
12 

The C peak occurs a t  an energy about 15 MeV higher than these  other  

peaks, which i s  more than the  energy needed t o  account f o r  t he  t i g h t  

binding o f  the n ~ u t r o n  i n  c12(I$ = 18. j' ~ e ' v ) .  The f a l l  o f f  of the  

c12 peak i s  much more gradual than t h a t  of the  corresponding peaks 

fo r  F~~ and Since c12 i s  such a small nucleus with most of 

the  nucleons being close t o  the  s ~ r f a c e ,  it seems reasonable t o  assume 

t h a t  compound-nucleus formation is  r e l a t i v e l y  l e s s  important f o r  the  

c12 peak than f o r  the  peaks i n  other  (pJpn)  react ions .  Also the  
12 

cnmpo~nd-nuclcus mecliarlism seems unl ikely  f o r  the  C (p ,pn) c 
11 

reac t ion  on the  bas i s  of the  exc i ta t ion  energy. S t a r t i ng  with 4 5 - ~ e ~  

k ine t i c  energy of the  incident  proton, and subtract ing 3.9 MeV f o r  

the  r e c o i l  energy of' the  compound nucleus, 18.3 MeV fo r  t he  binding 

energy of t h e  neutron, and about 0 .4  MeV f o r  the  Coulomb b a r r i e r  of 

the  evaporated proton, we a r e  l e f t  with 22.4 MeV t o  be used a s  

k i n e t i c  energy of the  evaporated proton and neutron o r  a s  ?-ray 



Tp ( M e V )  

Fig. 18. Exci ta t ion functions fo r  (p,pn) reactions i n  l i g h t  
nuclei;  . . 

Bolid curve i s  f o r  react ion (see reference 
34 ;, 

. 
18 

. dashed curve i s  f o r  $ - g ( p , p n ) ~  react ion (see reference 
27); auil 
dot ted curve i s  f o r  ~ a ~ ~ ( ~ , ~ n ) J Y a "  reac t ion  (see re-  
ferences 27 and 99). 



de-exci ta t ion.  This seems t o  be an unusually l a rge  amount of excess 

exc i t a t i on  energy f o r  two evaporated p a r t i c l e s  t o  c a r ry  o f f .  

On the other  hand, i f  we assume the  (P,P~!)  mechanism a t  45 
MeV and assume t h a t  the  average exc i ta t ion  energy f o r  the  evaporation 

s t e p  i s  half  the  incident  energy ( t o  be discussed i n  Sec. 111. D-2)) 
12 we have 22 .?-MeV exc i t a t i on  energy a t  the  peak of the  C (p,pn)c 11 

reac t ion .  Then subtract ing t h e  neutron binding energy of 18.3 MeV 

leaves us with 4.2 MeV i f  the  neutron i s  evaporated wi th  zero 

k i n e t i c  energy. I f  the  r e s idua l  exc i t a t i on  i s  g r ea t e r  than about 
11 

8 MeV, tihe C ~ luc leus  i s  w~s.table towavrii emission. This q,gunent 

favors the  two-step mechanism over t he  compouiid-nucleus mechanism a t  

the  peak of the  exc i t a t i on  funct ion.  

The Monte Carlo ca lcu la t ions  show t h a t  the  (P,~ki)  mechanism 

i s  increasing iri importance a s  t h e  incident  enkrgy decreases, whereas 

the  (P,PN) mechanism decreases i n  importance a t  lower energies .  31 

The (P,PN) decrease at  low energies i 6  due t o  the shor te r  mean f r e e  

paths f o r  low-energy nucleons. However, the  r e c o i l  experiments of 

Singh and Alexander show t h a t  i n  the  energy region from 0.25 t o  6.2 
12 

GeV, the  (P,PN) mechanism i s  t he  major contr ibutor  t o  t he  C ( P , ~ ~ ) C  11 

r e t r c t ~ o n . ~ ~  Yhus we conchide t h a t  the  two-step mechanism ( P , P ~ )  i s  

the  major process a t  t he  low-energy (peak) region and the  one-step 

mechanism (P,PN) predominates a t  the  high-energy region (E' > 0.25 G ~ V )  . 
These arguments w i l l  be important i n  our ana lys i s  of the  mecha~lism 

- - 
of the  (T ,T n )  reac t ion .  

Figure 19 shows a p l o t  of the  exc i t a t i on  function. f o r  the  

reac t ion  c12 (p ,pn)~ l l ,  the  t o t a l  pn cross  sect ion,  and t h e , p n  

e l a s t i c  cross sec t ion  f o r  comparison. The (p,pn) and' t o t a l  pn 

excitation:..functions coincideeven without normalization i n  the  

region from 100 t o  400 MeV. Above 400 MeV the  f r ee -pa r t i c l e  pn---- 

cross  sec t ion  increases  s l i g h t l y  and the  (p,pn) cross sec t ion  

decreases s l i g h t l y .  This behavior can s t i l l  be explained i n  terms of 



12 11 
~ig. 19. s o l i d  curve i s  the  C ( p , p n ) ~  exc i ta t ion  function 

- . plo t ted  from data  of references 34,35,36,93, 94, and 95. 
The v e r t i c a l . l i n e s  represen.t the experimental. cross sect ions  
measured i n  the  high-energy region. Dashed curve i s  the pn 
t o t a l  cross section.  Dotted curve i s  the  pn e l a s t i c  cross 
section.  .~ . 



the single-pn-collision model. At 400 MeV the production of .rr 
mesons becomes significant. This means that an additional particle 

(the pion) must also escape from the nucleus without interacting 

with other nucleons in order to produce the (p, pn) product. Because 

the probability that the pion escapes unscathed is less than 1, the 

yield of cl1 will be lower than what would be expected on the basis 

of the total cross section. Since the newly created pion does have 

a finite chance of escaping, especially from a small nucleus, the 

yield of cl1 will be greater than that expected from just the elastic 

pn scattering cross section alone. This is illustrated in Fig. 19. 

The fact that the pn and (p, pn) cross sections coincide'fcom 100 to 

400 MeV may be coincidental but it makes the comiarison easier. . 

The same statemen.ts about the effect of pion production on the 
12 

yield of cl1 can be applied to the C (n-, n- n) C" reaction. The 

data of Fig. 17 show that at b00 MeV the 3-n and (.rr-, .rr- n) excitation 

functions are almost identical while the three high-energy hoints for 

the (n-, n- n)..reaction. .are lower than the n-n excitation i'unction. 
Pion production by incident pions would tend to lower the (.rr-, .rr-n) 

cross section regardless of whether .the one -step or .two-step mechanism 

applles . 



12 - - 11 
C ( n  , n n ) ~  Mechanism 

With ' t h i s  background on the mechanism of the  (p,pn) react ion,  
12 = - 11 

we now proceed t o  inves t iga te  the  mechanism(s) of the  C (n ,n  n ) ~  

react ion.  The bas ic  d. i n t e r ac t i on  i s  a s t rong i n t e r ac t i on  j u s t  a s  
- - 

i s  the  NN in te rac t ion .  Thus we expect the (n  , n  n )  reac t ion  t o  pro- 
ceed by one of the  mechanisms a l ready discussed. 

For incident  pions, the  proces,s~:analogous .to the  compound- 

nucleus mechanism would be pion absc-):r:pl;:'~on. Hnwever, absorption of 
- fl . 

a fi could not poss ibly  lead ,to C , s ince  the  "compo?lnd system" 

would have a ne t  charge of 2 = 5. 

The two-step mechanism f o r  the  'pion.-induced reac t ion  would 

cons i s t  of a s ing le  c o l l i s i o n  between the  incident  pion and a nucleon 
12 

i n  C The pion must then escape the  m.l.cleus, ah.d the  r e c o i l  energy 

of the  s t ruck nucleon must be converted i n t o  exc i t a t i on  energy of the  

nucleus. Eventually the  nucleus evaporates j u s t  one neutron. For 

the  peoton-induced react1611,. i%.".was :possible f o r  a neutron t o  be 

e jec ted  fr'om the  i n i t i a l  c o l l i s i o n  and then be followed by proton 

evaporation, I$ ,  N ~ ) .  However, t he  arialogous pion- induced process i s  

ex-Lremely doubtful-no one has ye t  shown the  exis tence  of meson evap- 

o ra t ion .  

I n  the  one-step mechanism, only a n-n c o l l i s i o n  i s  allowed 

and both the  pion and the   truck ncutron emerge from the  nucleus i m -  

mediately* The r e s idua l  exc i t a t i on  lnust be l e s s  Lllan about 8 MeV t o  

avoid fu r the r  nilcleon evaporation. 

For pion- irlduced react ions ,  t he  process~~anaLogous. t o  deuteron 

formation would be the  formation of a pion-nucleon isobar .  The isobar 

i s  a resonant s t a t e  of a pion plus  nucleon and has a l i f e t ime  de te r -  

mined from the  width of the  resonance, r, and . the  uncer ta inty  p r inc ip le ,  
K 

T = p.. This l i f e t i m e  i s  comparable .Lo the Li l ac .  -the isobar takes  t o  
- 23 cross  the nucleus, about 10 sec.  ~ k c a u s e  l i t t l e  i s  known about 

i sobar  truss sec t ions  i n  nuclear ma'LLer., we w i l l  assume i n  o1.1.r l a t e r  



ca lcu la t ions  t h a t  the  pion and neutron leave the  nucleus a s  separate  
. < 

e n t i t i e s .  

Impulse approximation. Before invoking the one-s te i  o r  two- 

s t e p  mechanisms, we must inves t iga te  whether the  impulse approximation 

i s  s t i l l  v a l i d  f o r  pion-induced react ions .  Impulse approximation i s  

the term coined by Chew t o  descr ibe  the  assumption t h a t  elementary- 

p a r t i c l e  in te rac t ions  a r e  unchanged within nuclear matter.  38,39,40 

The impulse approximation i s  va l i d  when the  mean f r e e  path, A, of the  

incident  p a r t i c l e  i s  much grea te r  than i t s  p a r t i c l e  wavelength, 5, ' 

and when the binding energy of the s t ruck  nucleon, V, i s  neg l ig ib le  
' , 

compared with the  energy of the incident  p a r t i c l e ,  T. 

The p a r t i c l e  wavelength may be calcula ted from 3( = fi/p,' where 
. r 

p i s  the momentum. The mean f r e e  path f o r  pions i n  nuclear matter a s  

discussed i n  Sec. I V , - B  i s  shown l a t e r  i n  Fig. 26. Fbr the energy 
. , . . . . ! . I  . . 

region of i n t e r e s t  here, T > 50 MeV, A i s  always g rea te r  than X. 
rr . .  : 

The smal les t  r a t i o  of h/-R i s  1,5.,- which occurs a t  t he  1 9 0 L ~ e ~  ' ' . . , .. -. . ,! . . .. 
resonance, where A = 1 . 0  F and X = 0.66 F. 

Nucleon binding energie-s a r e  expected t o  be l e s s  than 50 MeV, 

even for .  nucleons i n  t i g h t l y  bound o r  "core" she l l s ,  so f o r  the  bom- 

barding energies  of t h i s  work, T i s  always g r ea t e r  than V. Thus we 

w i l l  assume throughout t h i s  d iscuss ion t h a t  the  impulse approximation 

i s  val id ,  t o  the  extent  t h a t  pion-nucleon c o l l i s i o n s  do occur wi thin  

the  nucleus. Howeve?, we w i l l  use "e f fec t ive"c ross  sec t ions  f o r  

co l l i s i ons  within nuclear matter, r a t h e r  than f r ee -pa r t i c l e  c ross  

sect ions .  

- - 
1. Probab i l i ty  of a ( r r  , rr n )  Event 

On the ba s i s  of the  one- and two-step mechanisms, ' let us s e t  
- - 

up an expression f o r  the  p robab i l i ty  of a ( r r  , r r  n )  r eac t ion  occurring 

a t  a given l oca t i on  i n  the nucleus. The general  expression i s :  



where 
- - 

P i s  t h e  p r o b a b i l i t y  of a  (T Ja  n )  reac t ion  a t  a  s p e c i f i c  p o i n t ,  

i s  t h e  p r o b a b i l i t y  of an  incident  p ion reaching t h a t  po in t ,  

P c o l l  
i s  the p r n h a h i l i t , ~  nf a  r n l l i s i n n  a t ,  +,hat, point#, 

PT 
i s  t h e  p r o b a b i l i t y  of t h e  r e c o i l  pion escaping unscathed, 

and Pn i s  t h e  p r o b a b i l i t y  t h a t  one and only one neutron i s  emitted 

from t h e  nucleus, e i t h e r  by d l r e c t  knCck-On or by evapOratPOn 

from an exc i t ed  nucleus.  

P .  and Pa a r e  funct ions  only of t h e  pion mean f r e e  p a t h  and 
1 

t h e  d i s t ance  t h e  pion t r a v e l s  i n  nuclear  mat te r .  Thus Pi and Pa are 

independent of t h e  two reac t ion  mechanisms under considera t ion.  How- 

ever ,  P .F c o l l  
d.epend on which mechanism' one assume5.. 

n  
For t h e  one-step mechanism, Pn = exp ( -s , /x~) ,  where s i s  the  n  

d i s t ance  t h e  r e c o i l  neutron has  t o  t r a v e l  t o  reach t h e  nuclear  surface  

and An i s  t h e  mean f r e e  pa.th of the  neutron. 
P c o l l  i s  propor t ional  

. to  t h e  cross'sectri.on fo r  a n  c o l l i s i o n  because only a  nrr-n c o l l i s i o n  

i s  al lotred.  

For the  ' two-step mechanism, P- i s  givcn by a n '  evaporation 

where pn(c )ds  i s  t h e  p r o b a b i l i t y  p e r  u n i t  'L:ii!ie of evaporat ing a  

neutron with"kine.l;ic eaergy between E and E . s ~ . E ,  I< s tands  f o r  a  group 

of constants ,  0 i s  t h e  c ross  sec t ion  f o r  t h e  irlverse reac-Lior~, and 

~ ( f )  and ~ ( f )  a r e  t h c  dens i ty  of s t a t e s  f o r  t h e  f i n a l  and i n i t i a l  

nuc le i ;  r e spec t ive ly .  E'or a  given e x c i t a t i o n  energy t h e  i n t e g r a t i o n  

i s  performed over only those  neutron energies  t h a t  leave t h e  r e s i d u a l  

cucleus w i t h , l e s s  than 8 MeV. Peoll .  
i s  p ropor t iona l  t o  t h e  sum of t h e  

a-ri and T-? cross  sec t ions  because both .ir-n and n p  c o l l i s i o n s  can 

t e k e  p l a c e .  

2 .  Determination of' mechacism 

11 
Our problem now i s  t o  deterniirie whether t h e  ~ ' ~ ( a i d n ) ~  . . 

reac t ion  proceeds by t h e  one-step o r  two-step ~r~echanism. Because t h e  
12 - - 11 

e q e r i r n e n t a l  C (n 9~ m ) ~  excitatri-on fitn:t:ior, peaks a t  -the same 



incident  pion energy a s  the f r ee -pa r t i c l e  sca t te r ing  resonance, it 

seems very l i k e l y  t h a t  a  TN co l l i s i on  i s  taking place ins ide  the  

nucleus. However, both the  one-step and two-step mechanisms contain 

t he  term PCol1, which i s  propor t ional  t o  the  e f f ec t i ve  ?KPj cross  

sect ion i n  n m l e a r  matter .  Thus both mechanisms could conceivably 

give r i s e  bo a peak provided the  other  terms i n  t he  expression f o r  

P  do not cancel it out .  

If we plot '  the  cross sect ions  f o r  the  C12(n-.,n-n)~1i reac t ion  
12 11 and the  cross sect ions  f o r  the  C ( p , p n ) ~  reac t ion  on th; s h e  

graph a s  a  function of the  momentum of the  incident  p a r t i c l e ,  w$,find 
, . *f 

t h a t  the  peaks tcoineide a s  shown i n  Fig. 20. I f  t h i s  p l o t  ifnplies 

similar mechanisms, we would expect t h a t  the  momentum t r ans f e r  and 
L i7 " 

r e su l t an t  exc i ta t ion  energy of t he  nucleus a r e  t h e  f ac to r s  control l ing 

the  cross sect ions  i n  the  peak region, because we have indic.ated. t h a t  . A 

12 t h e  C ( p , p n ) ~ l l  react ion proceeds peedom6kwntly by the  two-step 

mechanism i n  the  peak region.  Yet we claim t h a t  the  ~ ~ ~ ( n - ; n - n ) ~  11 

. -  peak is  associa ted with t he  f r ee -pa r t i c l e  ?T-n resonance. . .-. . . - .-.. 
This ambiguity can be resolved i f  we compare t he  pr?6bability 

f o r  neutron escape,, 
'n' 

.under the  assumption of a two-step mechanism 
. - - - 

f o r  the  case of t he  (p,pn) and the  (3 ,?T n)  reac t ions .  The probabi l i ty  

of neutron evaporation and t he  number of neutrons evaporated i s  de- 

pendent on the  value of $he exc i ta t ion  energy of t he  nucleus, and 

does not  depend on how the  exc i t a t i on  energy was introduced. Assuming 

t h a t  t h e  product of t he  th ree  terms, Pipcoll P  n ,  i s  not  too d i f f e r en t  

f o r  the  proton case and the  pion case a t  t he  energies of the  exc i ta t ion  

function peaks, the  nuclear exc i t a t i on  energy should be the  same i f  
- - 

t h e  (?T ,n n )  and (-p,-pn) reac t ions  prodeed by the  same mechanism. 

Therefore it i s  of g r ea t  i n t e r e s t  t o  p l o t  the  average exci-  

t a t i o n  energy under the  assumption t h a t  a s ing le  c o l l i s i o n  occurs and 

t h a t  the  r e c o i l  energy of only the  s t ruck  nucleon i s  converted i n t o  

nuclear exci ta t ion.energy.  I n  order t o  ca lcu la te  the  average r e c o i l  

energy ( T ~ ) ,  it i s  necessary t o  weight the  r e c o i l  energy f o r  a given 

s ca t t e r i ng  angle by t he  angular d i s t r ibu t ion :  
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12 - - Fig. 20. Cross sec t ion  fo r  C (n , n react ion p lo t ted  vs 
the momentum of the incident pion. The smooth curve i s  the  
cross sec t ion  fo r  ~ ~ ~ ( ~ , ~ n ) ~ 1 1  reac t ion  p lo t ted  vs incident 

t 
- 

- - 

- - 

- 

proton momenlun~. Data a r e  taken from references 34,35,36, 
93,94, and 95. 



This i s  qui te  simple f o r  the nucleon-nucleon case where the  angular 

d i s t r i b u t i o n  ~ ( 8 )  i s  e i t h e r  i so t rop ic  o r  symmetric about 90 deg(c.m. ) 

i n  the incident-proton energy region of i n t e r e s t ,  20 t o  100 MeV. The 

r e c o i l  energy, TR, i s  given by 

I 

where T i s  the incident  energy and 8-- i s  the c.m. angle of the  
1 

sca t t e r ed  p a r t i c l e .  For equal-mass p a r t i c l e s  t h i s  expression' i s  

In tegra t ing  T over an i so t rop ic  or  a  symmetric angular d i s t r i b u t i o n  R 
I 

glves T -- - T as slluw~l ill Fig. 21. 
R -2 1' 

The average nucleon r e c o i l  energy fo r  the  flN sca t t e r ing ,  how- 

ever, i s  considera,bly more compl.icat,ed. The angular d i s t r i b u t i o n s  

a r e  qu i te  d i f f e r e n t  above the  J = T = 312 resonance f o r  fl-n and fl-p 

s ca t t e r i ng .  Thus it i s  necessary t o  ca lcu la te  t he  average r e c o i l  

energy f o r  a  fl-n and n-p event separately,  wkight the  average r e c o i l  

energies by the  cross  sections fo r  fi-n and I I - ~  events, and average 

again.  Thus: 



T ( M e V )  

Fig. 21. Average nucleon-recoil energy p lo t t ed  vs incident  
p a r t i c l e  energy. Heavy s o l i d  curve i s  (TR) f o r  incident  
protons. Light long-dashed curve i s  (T~) f o r  n-p s ca t t e r -  
ing. Light short-dashed curve i s  (TR) f o r  n-n sca t t e r ing .  
Heavy dashed curve represents  weighted average of ( T  ) f o r  
n-p ard n-n sca t t e r ing .  

n 



(T i  n, and (TI; ') were calcula ted by using the r e l a t i v i s t i c  

f o r  mula 4 2 

where 

y i s  the  r a t i o  of the  pion t o t a l  energx;:to i t s  rest-mass energy i n  

the  laboratory  reference frame, m i s  the  rest-mass of the pion, and 
1 

m.. :;.is the. rest,-ma.ss of the  nucleon. 
1 

The average exc i t a t i on  energies ca2culated i n  t h i s  manner a r e  

shown p lo t t ed  i n  Fig. 21 a s  a  function of the  inc iden t -par t i c le  bom- 

barding energy. Note the  considerably d i f f e r e n t  behavior /'for n-n and 

JI-p s c a t t e r i ng  above 300 MeV. 

For o w  purposes it i s  more i n t e r e s t i ng  t o  p l o t  the  average 

exc i t a t i on  energy a s  a  function of inc iden t -par t i c le  momentum a s  
12  - - 

shown i n  Fig. 22.  The C (p,pn)~l '  and c1'(fi , JI n)cl1 exc i t a t ion-  

function peaks coincide when p lo t t ed  vs incident  momentum. However, 

the  average r e c o i l  energy of the  s t ruck  pariAcle, which we a r e  equat- 

ing t o  the  average exc i t a t i on  energy, i s  qu i te  d i f f e r e n t  a s  a  function 

of inc iden t -par t i c le  momentum.. A t  the  peaks ' t ha t  occur a t  about 
- - 

300 M ~ V / C  the  average exc i t a t i on  energy of a  two-step (n , I (  n )  

r e ac t i on  would be more than twice t h a t  of a two-step (p,pn) reac t ion .  

Such a  high exc i t a t i on  energy fo r  the  pion-.induced reac t ion  

means t h a t  more than one nucleon would be evaporated i f  t h i s  process 
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Fig. 22. Average exc i t a t i on  energy from a  .single c o l l i s i o n  
p lo t t ed  vs the  incident  p a r t i c l e  momentum. Solid curve 
i s  (TR) f o r  a proton-nucleon co l l i s ion .  Dotted curve 
represents  weighted average of (TR) f o r  n-p and n-n 
sca t t e r ing .  



occurs . ,  In .addi t ion,  the  higher r 'ecoil  energy of the  s t ruck neutron 

would make it eas i e r  f o r  the  neutron t o  escape d i r ec t l y .  Thus it 
- - 

seems highly unl ikely  t h a t  the  (n ,n n)  react ion can occur by t he  

two-step mechanism. The overlap of the  (p,pn) and (n-,n-n) qeaks  

- wh:en p lo t ted  a s 3 a  function of momentum i s  probably more of a ' co inc i -  
. , 

dence than of .  fundamental importance. . 

A poss ible  method of t e s t i n g  t h i s  conclusion would be t o  

measure the  e x c i t a t i o n  function f o r  the  react ion F19(n- , n - n ) ~ ~ * .  The  
. 

F ' ~ ( ~  ,pn)I?'' r eac t ion  peak i s  about 15 MeV lower than the  C (pJpn)c  
11 

peak, ma,inly because of the  di f ference i n  neutron binding energy. 2 7 
18 

I f  the  ~ l ~ ( r r - , n - n ) ~  peak was measured s u f f i c i e n t l y  accurate ly  and 

was found t o  remain a t  the  TN resonance energy, then we would know 

t h a t  the  momentum of the  incident  p a r t i c l e  i s  not what i s  responsible 

f o r  the  peak, but r a the r  t he  peak i s  caused by the  f r ee -pa r t i c l e  

resonance. 
12( + +n)c l l  It would a l s o  be i n t e r e s t i ng  .to measure. the  C ,n 

react ion i n  the  energy regions of t he  600- and 900-MeV, T = 112 
+ + 

Cree-part icle resonances. . I f  peaks occurred i n  the  (n ,n n )  cross 

sect ions  a t  these  energies, we. would have add i t iona l  evidence f o r  

t he  elementary-collision mechanism. 



E .  Resonance-Broadening Due..to Neutron Momentum : . .  

The simplest explanation of t he  peak i n  the  ~ ~ ~ ( ~ , n - n ) C ' ' l  ex- 

c i t a t i o n  function is. t h e  one,-step o r  pure .  knock-on me.chanism. The 

prominent peak i n  t he  f r ee -pa r t i c l e  nN sca t te r ing  i s  a useful  t o o l  

f o r  showing t h a t  elementary p a r t i c l e  co l l i s i ons  occur i n  nuclear matter .  

The resonance peak i n  f ree-part lc le  n-Ii s ca t t e r i ng  has a T'ulP 

width a t .  ha l f  maximum of about 145 MeV,. whereas t he  corresponding width 

of t h e  (n-,n-n) exc i ta t ion  function i s  roughly 300 MeV. The greater  width 

i n  t h e  (n-,9n-n) peal< i s  probably duc t o  the  f a c t  t h a t  the  s t ruck neutron 

i n  t he  (n-,n-n) case i s  moving a t . a  r e l a t i v e l y  h.igh ve loc i ty ,  whereas 

t he  neutron may be considered t o  be a t  r e s t  i n  the  f r ee -pa r t i c l e  s ca t t e r -  

ing.  The broadening of the  resonance peak due t o  the  motion of t he  s t ruck 
43 neutron can. be estimated a s  follows. .  

Consider t he  following pion-neutron ' scat ter ing diagram f o r  the  

.laboratory system, where : 

7 
E' = t o t a l  energy of neutron, / 
p ' = momentum of neutron, / 
E = ' t o t a l  energy of pion, ' T ( E , ~ , ~ )  J, 

p = momentum. of' pion, 

M = r e s t  mass of neutron, -9 

p = r e s t  mass of p ion.  

The so l i d  l i n e  represents  t he  neutron and t he  dashed l i n e  the  pion.  The 

square of t h e  invar iant  mass of t h i s  system 5s given by S, where: 

The invar ian t  mass i s  t he  t o t a l  energy of. t he  system i n  t h e  c.m. frame 

of reference.  We then consider t he  two reference frames: 

1. The t a r g e t  neutron i s  a t  r e s t .  

2 .  The t a r g e t  neii.tron i s  moving with a moment~m p '  . 



Let t ing  t h e  subsc r ip t s  1 and 2 denote t h e  two reference  frames, we have: . . : .  . . ,  .. 

. . . 2 .  2 . . . . 1 

Sl = M + p + 2 ( ~  El ) ,  s ince  p i  = 0 and E i  = M, 

: .I .\. 2 2 . .  . , 

' s2 = M + p + 2(E E '  - 2 2 P ~ ~ ; C O S ~  ) , 
. t 

. . .-. -where 8 is .  the  l a b  angle ,between t h e  two rnomentiun ve;c.tors.. : ... 

, C c c o u ~ e  t h e  in tera .c t i  on cross  sect ions.  a r e  equal  when the  .c..m,: t o t a l  

: . . energy i s  equal,  .we. w i l l  equate S1 and S2 and f ind .  t h e  di .fference i n  

p ion energies  i n  t h e  two frames: 

We thenapproximate  E; by M s ince  t h e  t o t a l  energy of a neutron i n  a 

nucleus i s  only s l i g h t l y  changed from t h e  t o t a l  e n e r g y o f  a f r e e  neutron: 

where, i s  t h e  des i red  s h i f t  i n  p ion ener,gy due t o  t h e  neutrion momen- 

tum. With t h e  assumption t h a t  t h e  s t ruck  neutrons have an  i s o t r o p i c  . . 
momentum d i s t r i b u t i o n ,  t h e  average angle w i l l  be O.or 180 deg, so: 

The pion momentum, pg , a t  t h e  n-n resonance i s  3OO M ~ V / C  

and t h e  neutron mass, M ,  i s  939 MeV. However t h e  average neutron momen- 
. .. 

t.um must be est imated from t h e  ava i l ab le  information on proton-momentum 

dis t r . ibut ions .  Garron e t  a l .  have measured the.proton-moment~m d i s -  

Lr-ibution i n  c12 and have found t h e  r lR t ,~  f i t  separa te  funct ions  f o r  t h e  

s- and p - s h e l l  protons .  
44 

I n  t h e  next' s ec t ion  we w i l l  d l scuss  t h e  



. . 
~e'asoh's: w'GY $ge' nAh. co l l i s i on  can only be with p - s t a t e  neut$ons.. Antic- 

ipa t ing  t h a t  discussion,  we w i l l  assume t h a t  only the  average momentum 

of the  p s t a t e  i s  s ign i f i c an t .  From the  data  .of Garron e t  a l .  t he  

average momentum of the  p-s La-be protons is  130 M ~ V / C  'and we assume t h a t  

t h i s  i s  va l i d  f o r  the  p -s ta te  neutrons a l s o .  The r e su l t an t  energy 

s h i f t ,  AE, is  48 + 5 MeV. For a head-on.'.eollision t h i s  would require  , 

a decrease of 48 MeV, and fo r  an overtaking co l l i s i on  th i s .  would require  

an increase of W) MeV i n  t he  pion e n e r a  i n ,  order .  t o  keep thc  c .m , . +nc~t.=.l 

eriergy constant .  Therefore t he  t o t a l  width of the  ?N resonance f o r  

neutrons moving i n  c12 would be appro+aQely :  

F'WHM = (145 $ lo) + (48 + Y) + (48 Itr 5 )  = 241 * 12 MeV 

(10) 

This is  s l i g h t l y  l e s s  than the  experimental width of 300 2 30 MeV,, even 

a f t e r  considering !he e r ro r s  on these  ectimations. 

The discrepancy could conceivably be accounted f o r . b y  a po t en t i a l  

f o r  the  pXon nhcleus system. Several  authors have rebuired an a t t r a c t i v e  
' - 1 

po ten t i a l  of about 24 MeV t o  e x p l a i n  pion s ca t t e r i ng  from complex 

4 5 ~ 4 6 ~ 2 3  Using ' E ~ .  (g), we estimate an increased width of nuc le i .  , 

abtsrr.l; 7 M ~ V  due t o  an a t t r a c t i v e  po t en t t a l  oi 24 MeV. The experimental 

da t a  presented here a r e  hot  accurate enough t n  d i s t , i n @ ~ . i s h ;  e f f e c t c  

o f '  t h i s  magnitude. 

I n  addi t ion t o  broadening t h e  resonance peak, an a ~ t r a c t i v c  

p o t e n t i a l  ought t o  s h i f t  t he  peak of the  c12 ( n ' , T - n ) ~ ' ~  exc i ta t ion  

function t o  lower energy, bu t  more accurate experimental da ta  would 

be needed t o  check t h i s  predic t ion a l so .  1't l o  poss ible  t h a t  the  

pion- nucleus p o t e n t i a l  i s  weak i n  t he  surface regions where the  
- - 

grea t e s t  contr ibut ions  t o  the  (n. ,T n )  reac t ion  a r e  expected. Thus 
- e 

t he  po t en t i a l  might have l i t t l e  e f f e c t  on the  (T ,n n)  reac t ion .  



. . 
F. Benioff Model . . .. 2 

Using the  impulse approximation., Benioff has given a simplif.ied 

re la t ionsh ip  f o r  calcula t ing (p,pn). cross s e c t i o n s . a t  GeV energies on 
4 1 

the  ba s i s  of a shell-model nucleus with a d i f fuse  surface.  This 

formula i s :  . . 

allowed 
s h e l l s  

where Mnl i s  the  f r ac t i ona l  a v a i l a b i l i t y  of a p a r t i c u l a r  shell-model 

s t a t e  t o  contribute t o  the  (p,pn.) react ion,  n i s  the  number. of 
n l j  

neutrons i n  t h a t  pa r t i cu l a r  s t a t e  and 36.mb i s  a constant derived from 

the  f r ee -pa r t i c l e  cross  sect ion.  The allowed s t a t e s  a r e  only those 

s t a t e s  from which a neutron can be removed without exc i t ing  the  nucleus 

t o  cause it t o  evaporate add i t iona l  p a r t i c l e s .  For example, 
the  S l /2  

protons of c12 have ; a  binding energy o f  about 35 M ~ V ,  whereas t he  binding 

energy of t he  p 
312 

protons i s  about 16 MeV as. determined by (p,2p) 
44 coincidence measurements. I f  a proton were snatched from the  

she l l ,  the  nuclear exc i ta t ion  due t o  the  
s172' hole. would be t he  

di f ference i n  the  and p 
312 

binding energies,  o r  approximately 

19  MeV, which i s  more than enough energy f o r  f u r the r  p a r t i c l e  emission. 

The neutron binding energies a r e  not expected. to  d i f f e r  very much from 

the  proton binding energies f o r  l i g h t  nucle i  s o . t h e  same reasoning app l ies  

t o  the  neutron s h e l l s .  Thus we say t h a t  t he  two ~ . ~ 1 ~  neutrons-are  not 

ava i lab le  f o r  t he  (p,pn) or  (=- ,a-n) . react ions .  The sum i n  Eq. (11) i s  

only over t he  p 12 
neutron she l l ,  which f o r  C . . .  contains four neutrons. 

312 
Benioff presents  a s e r i e s  of graphs allowing M t o  be ca l -  n l  

c u l a t e d  . fo r  various s h e l l  s t a t e s  i n  various nuc le i .  The constant. i n  

f r o n t  of t he  summation s igns  i s  propor t ional  t o  t he  f ree -par t i c le  cross 

. sec t ion .  Thus it was poss ible  t o  use Benioff ' s  graphs and appropriate 

.d 



cross  sect ions  f o r  pion sca t te r ing  i n  order t o  ca lcu la te  the  (n.-,n.-n). 
. .  . 

cross  sect ion a s  a  function of energy. The r e s u l t s  of t h i s  calcula t ion 

a r e  presented i n  Table V .  - 
* -. 

12 - - 11 
Table V .  Comparison of experimental and calcula ted C (n. ,n. n ) ~  cross 

sect ions  following method of Benioff. 

- - - - 
Pion energy o(n ,n n )  calc  . o(n. ,n n)  exp. 

( M ~ v )  (mb) , (mb 

. . 
The agreement i s  very good regardless  of t he  app rox id t i ons  i n  the  

calcula t ion ; 
. . ... 

, .. '   ow ever some of ~ e n i o f  f  ' s  assumptions ' i n  deriving h i s  formula 

do not apply t o  tlle pioli-rnic?leofl s ca t t e r i ng  problem p r e ~ e n t e d  hcrc .  

Benioff ' s  assunrptions were expected t o  be v a l i d  only f o r  i n e l a s t i c  

s ca t t e r i ng  of GeV protons and ' it' may be somewhat presi~mpt~ioUs to .  apply 

h i s  equation t o  lower -energy pion s ca t t e r i ng  :. The assumptions 

tl;lai  re not v a l i d  f o r  t he  pion case a re :  
. . , . 

1. The assumption t h a t  a l l  the  outgoing par1;icles t r a v e l  a t  0 
. . 

deg t o  t he ' i nc iden t  beam 

2.' The assumption t h a t  t he  s t ruck neutron was. a t  r e s t  . . . - .  
. . .  > . .  

3 .   he assumption t h a t  the  ~ a u l i  exclusion p r inc ip l e  does not 
. . 

r e s t r i c t  the nuhber of aliowed co l l i s i ons  
. . .  , . .. 

4: . The assumption t h a t  f r ee -pa r t i c l e  cross sect ions  can be used 

wit.hout modification i n  nuc'lear matter .  
. . - - 

s ince  none of these  assumptions a r e  v a l i d  f o r  the  (n ,n%) ' ' 

. . . . . . 
react ion,  it was d e s i r a b l e ' t o  ad; a calcula t ion t o  show where ' in the  



. - . . 

nucleus the  (n.  ,n-n) - reac t ion  i s  l i k e l y  t o  take- p2ace. Ideal ly ,  one. . 

should. take account of the. angular d i s t r i bu t i on  of . rill sca t t e r i ng .  and 

.also use "effective"cross sect ions  r a the r  than t he  f r ee -pa r t i c l e  . c ross  
. . . . 

i ec t ions .  ' The caldula t ion out l ined i n  the'. following . 'section uskk a very 

simple nuclear model and e f fec t ive  cross sect ions ,  but  performs only a 

rough. integrakion ovCr t he  angular d i s t r i bu t i ons ,  f o r  convenience'. 
. . 

Howkver. the  t e s t  of the  calcula t ion i s  . in  how w e ' l l  it p red i c t s  t he  shape 
I 

'and magnitude of the  experimental exc i ta t ion  function.  ' addi t ion t he  
- - 

calciilation does provide information on where i n  t he  nucleus t h e  (T 9~ n)  
. . . . 

react ion f s rnos,~' l l ke ly  L u  'Lake place .  

. . 



A ca lcu la t ion  based on, the  one-step ,mechanism was performed t o  - .  
show how the concept of a simple two-body c o l l i s i o n  leads  t o  a, peak 

. . . . - - 
i n  t h e  ( m  ,TI n)  cross  sec t ion  a t  the  same energy a s  t h e  J = T = 312 

nN resonance. The mechanism was assumed t o  involve j u s t  o n e . c o l l i s i o n  
. .  , 

between t h e  incident  ~ B o n  a n d ' a  neutron i n  t h e  c~~ nucleus. , Both 

c o l l i s i o n  pa r tne r s  escaped immediately without i n t e r a c t i n g , w i t h  an2 

other  nucleons. 
' bd . 

An alt;el;r:~.a i:,i.ve ca lcu la t ion .  based on t h e  two-step mecl~.s.r~.:i.srn . .  . d.l..cl. 

not give a peak a t  t h e  resonance energy. W e  w i l l  f i rst  discuss  t h e  

one-step ca lcu la t ion  and present  the  r e s u l t s .  Following t h i s ,  we w i l l  

p resen t  t h e  two-step calcul .at~.on and .compare i t s  r e c u l t s  with t h e  one- 

s t e p  ca lcu la t ion  and with the  experimental e x c i t a t i o n  function.  

A .  - One -Step Calculat ion - 

- 
Tile p r o b a b i l i t y  t h a t  a  rr . n  co l l i s ion .  a t  a  given loca t ion  i n  

12 - 11 t h e  n u c l e u ~  con t r ibu tes  t o  t h s  C ( I )  r eac t ion  was ca lcu la ted  

f o r  a l l  loca t ions ,  and these p r o b a b i l i t i e s  were in tegra ted  over t h e  

e n t i r e  nuclear  voluma . The loca t ion  of a  c o l l i s i o n .  was d,ctermined by 

specifying t h e  values  of two parameters, a  and x, where a  r epresen t s  t h e  

impact parameter and .x represen t s  .the d i ~ t a n c c  of t r a v e l  i n  t h e  ~ iuc leus  

along t h e  d i r e c t i o n  p a r a l l e l  t o  +-.'he inc ident  -beam d i r e c t i o n .  See Fig.  

23(a )  f o r  a  schematic r epresen ta t ion  of a  t;ypl.cal c o l l i s i o n  event and f o r  

a  desc r ip t ion  of che no ta t ion  employed. Zy l indr ica l  symmetry was assumed 

f o r  a l l  loca t ions  with a given value of a and x. 
- - 

The p r o b a b i l i t y  o ~ '  a  (T ,n n.) event occurring a t  a  givcn loca t ion  

was ca lcu la ted  from Eq. [i) : 

- - 
where ~ ( a , x )  i.s .the probabil-i-l,y of. a (rr ,n n)  event at a loca t ion  (a ,x )  . 



. . . .. . . - .  

Fig. 23. (a) ' ~e~resentation' of a typical rr-n collision. 
. . 

a is the impact parameter of the incident pion. 
x is the distance the pion travels in nuclear matter 
before reaching the point of,collision. 

.... . , I  , sn is the distance the neutron travels after the . . .  

. .. .. I .  : collision to'rkach the nuclear surface. 
s, .is the distance', the pion travels after the 

. .. . .. : , collision. . .. . ;. . ,  . : , . .  ' .  . .  , . 

. . . . . . . . ., . 
(b) '~~erdicircular matrix Pij . . . 



The probabi l i ty  of a pa r t i c l e .  t rave l ing  a distance x w't"nout -having 

a. co l l i s ion  i s  given c l a s s i ca l ly  by.  the  expression e-3'. , where. .A 

i s  the  mean f r ee  path fo r  the  par t ic le -under  considerat,fon. By.usdng 

the  notation i n  which .x . is the  distance. the'incoming pion t r ave l s  
. . 

and Xi i s  i t s  mean f r ee  path,  i n  nuclear matter? Pi = exp (-x/Xi). 
. .. 

Letting s and s .be the distances the outgoing pion and n n 
neutron t r a v e l  through nuclear.matter,  and X and Xn be the  .a 
respect i-ve--mean- free- paths 5n . n u c k e ~  ..REF% ter ',we.-.have- . , . . . . 

P . = e q -  (--s /-A ) P = exp - f -s -/-A ) . If .-we ~ e t  . & ' equal t o  the  
. 'Tr IT n n n n 
d i ~ t a n c e  over which a n7n :rlteracLion can occur, then the probabi l i ty  

of having a co l l i s ion  within & - i s  given by. P. = 1 --exp ( -&/A - ) , 
. . IT 11 

where Anen. i s  the mean f ree  path between n-n co l l i s ions .  The 

resu l t ing  e q r e s s i o n  f o r  ~ ( a , x )  i s :  

I f  A 2 i s  allowed t o  become i n f i n i t e l y  small then 

where dx i s  a d i f f e r en t i a l  element of dist-a-nce--&long the- incident-? 

beam path.  Since = p o -- ' , where n n n  i.s the neutron density 

and o ~ ~ - ~  i s  ' the  n-n cross section,  we could wri te  

: :p(a,x) = exp (-x/bi) ( ~ ~ o ~ - ~ ~  &I:: ~ X P (  - s a / ~  ) e y l (  -sn/&) 

. - 

Expression (17) i s  equivalent t o  Eq. ( 1 ) a s  given by B e n i ~ f f . ~ ~  . The 
- - 

cross section f o r . t h e .  :(a ,n n )  react ion i s  then-found by integrat ing 

along the path length dx ,  weighting the r e su l t  by 2a  a da-. ,t b ! account 

.rirrr 1 . k  cylindrrcal ~ymmetry, and integrat ing o'ver da.. 



To avoid t he  use of a machine.computation, many simplifying 

approximations had t o  be made. Let us consider a plane,through., the 

. nucleus,-including the  beam path  and t he  center of t h e  nucleus. This 

plane was divided i n to  squares with s ides  equal t o  one---tenth the  nuclear 
- - 

radius .  The probabi l i ty  of a (n ,n n) event was calcula ted f o r  each 

square. Rather than doing t he  in tegrat ions , .  t h e  p robab i l i t y  of a 
- - 

(n ,n n )  event was. summed over a l l  t he  squares p a r a l l e l  t o  the  beam 

path  and having t he  same impact parameter, weighted by t he  area per-  

pendicular t o  t he  beam d i rec t ion  corresponding t o  t he  impact parameter, 
. . 

and summed over the  impact parameters. It was.usefu1 t o  employ the  

concept of a semicircular  matrix whose elements were t h e  squares corres- 

ponding t o  the  locat ions  of a . n - n  coll , is ion,  a s  indicated i n  Fig .  23(b) .  

The matrix elements were labeled as  Pij, wl l e ' r .  1 aild J were in tegera-  

i corresponding t o  u n i t s  along t he  impact. parameter. a ,  and j corresponding 

t o  :uni ts  along t he .pa th  length x. Each un i t  represents  one-tenth t he  

nuclear radius .  With t h i s  change i n  naotation,  and s e t t i n g  

the  cross sect ion was found from the  expression 

where 
'i j i s  ' i d e n t ~ c a l  with ~ ( a , x )  of Eq. (12),  'with Ax equal t o  

one-tenth t h e  nuclear rad ius .  



1. Nuclear Model . .  

The c12 nucleus was assumed t o  consis t  of .  a degenerate Fermi 

gas of nucleons contained i n  a spher ical  box of radius  3.04 F.  The 
8 nucleon densi ty  was assumed t o  be constant a t  l.O!&ld nucleons/cm 3 

out t o  the  nuclear radius  and then was assumed t o  f a l l  sharply t o  zero.  

The S t a n f ~ , ~  e lect ron-scat ter ing data of Hofstadter show t h a t  t h i s  
48 ' c12 assumption i s  incor rec t  f o r  the  proton-density d i s t r i bu t i on .  

he gives a d i s t r i bu t i on  of the  form 

The dis tance t o  t he  po in t  where t he  densi ty  has. f a l l e n  t o  ha l f  i t s  value 

a t  the  center of t h e  nucleus i s  2.30 F -and t he  skin thickne's-s parameter 

( the  90% t o  10% po dis tance)  i s  equal t o  1 .90 F. 

Thus almost a l l  the  c12 nucleons car1 be considered t o  be i n  t he  

surface region, which i s  extremely sens i t ive  t o  "simple" reactions..  . . 

However t he  use of the  accurate dens.ity d i s t r i bu t i on  g r ea t l y  complicates. 

t he  .c&lculation so the  simpler square-well model was chosen. The rad.l.1.x 

of 3.04 F gives t h e  equivalent  square-we.l..l densi ty  corresponding t o  t he  
115.. 

d i f fu se  dens i ty .  (1f f o r  t he  square well ,  r = r A then r - 1-35 F.  ) - 0 0 - 
The nuclear volume i s  equal  t o  &/3)n r' and thus  t he  densi ty  of nucleons 

i s  p = 3 ~ / 4 r n ~  , where A i s  t h e  mass number. 

The outgoing dis tances  s and s a r e  s t rongly dependent on 
7~ n 

t h e  loca t ion  of t he  co l l i s i on  and on t h e  -sc&tter ing-angle .  For & f ixed  

s ca t t e r i ng  angle 8 , t h e  sca t te r ing  d i s t r i bu t i on  i s  Lnilependent, of t h e  

angle @ ( t he  s ca t t e r i ng  angle i n  the  plane perpendicular t o  the  beam 

d i r e c t i o n . )  However, t h e  dis tance t o  the  nuclear surf-ace. i s  -a function : 
of @ for  co l l i s i ons  not  occurring on t h e  c e n t r a l  a x i s .  The average 

dis tance t rave led  by the 'outgoing pion ( s  ) t o  reach t h e  nuclear surface 
7T 

was approximated by averaging the  two dis tances  corkespbnding t o  t he  

given s ca t t e r i ng  angle 8 and t o  - 8 i n  t he  two-dimensional plane 



defined by the beam. pa th .  and the .center of the. nucleus. [See Fig. 23 ( c )  . ] 
The same procedure was used t o  f ind  (s,) , t h e  average distance the n  

t r ave l s  through nuclear matter f o r  a  given sca t te r ing  angle 8. 

2 .  Annular Intenrat ion 

The angular d i s t r ibu t ions  f o r  nN sca t te r ing  have been measured 

a t  many energies . 4 9 ~  50 J 51'52 These angular d i s t r ibu t ions  vary con- 

siderably with energy. I n  the  region of the  J = T = 3 / 2  -resonance, . 
-k 

t h e  n p and the n p  angular d i s t r ibu t ions  have the same shape. .This 

i s  t rue  up t o  a t  l e a s t  270-..MeV. I n  the region-of the  higher nN resonances 
-k noticeable differences .appear- i n  the  n p .-.and n-p -angular d i s t r ibu t ions .  

In  order t o  calculate  the  (n-,n-n) cross sect ion a t  a  given energy,. it . 

i s  necessary t o  calculate  the cross section a t  each sca t te r ing  angle 8 , 
weight each cross section by the r e l a t i v e  probabi l i ty  of having a  s ca t t e r -  

ing even t . a t  t h a t  angle, and.then. integrate  t he  cross section over a l l  

the  sca t te r ing  angles.  To do t h i s  i n  d e t a i l  would have required an ex- 

tremely large amount of time, which w a s  not warranted becai.~se of t h e  

s implic i ty  of the  model chosen f o r  t h i s  reaction.. Therefore--a-t --a- @ven - - 
incident-pion energy the (n , 7 ~  n) cross section was calculaked f o r  only 

three sca t te r ing  angles,  8' c .m. = O,90, and 180 deg. Furthermore, the  
- - 

contribution by the s ingle-col l is ion mechanism .to ( . i ~  ,n n) react ions  

f o r  pions scat tered a t  0  deg.was assumed t o  be zero.s ince the struck 

neutron receives so l i t t l e  r e c o i l  energy. Iience the  dependence..on the 

sca t te r ing  angle was taken in to  account by calculat ing the (n-,?m) 

cross section from the following formula: 

., 
After the  sca t te r ing  angle was chosen,.the r e c o i l  energies were ca l -  

culated from.the nonre la t iv i s t ic  expression f o r  e l a s t i c  scat ter ing,  



B.  Mean Free Path of Pions,and Protons ' , 

The mean f r e e  paths  i n  nuclear matter have a g rea t  influence on 
- - 

the rrmgnitude of the  (n ,n n)  cross sect ions .  From, cl.~ssi.ca.!.. physics 

the  mean f r e e  path  of a p a r t i c l e  moving i n  a gas of density p 
3 2 part icles/cm --.and having a co l l i s i on  probabi l i ty .  of o cm /pa r t i c l e  

i s  given by t h e  expreccion X -= lIpo . 
. The nucleon densi ty  was taken t o  be 1.02 x JY/cm3, a s  

determined.above. However, t he  determination of . o  f o r  pions and 

neut~.ons moving i n  nuclear matter .is a r a the r  complicated a f f a i r ;  . To 

a. f i r s t  approximation, a weighted average of the  f r ee -pa r t i c l e  cross  

sect ions  may be used. However, i n  nuclear matter the  nucleons a r e  not 

" a t  r e s t .  Tile nucleon-momentum d i s t r i bu t i on  means . that  t he  s t ruck p a r t i c l e  

i s  moving with an  energy t h a t  i s  not negl igible  when compared t o  the  

incident  p a r t i c l e .  Tile pro jec t ion  of the  s t ruck  nucleon!'^ momentum 

along the  'beam a x i s  determines whether t he  co l l i s i on  occurs a t ' a  greater  

o r  lower c.m. energy than t he  c.m. energy expected i f  t he  nucleon were 

a t  r e s t .  Thus t h e  e f f ec t i ve  cross s ~ c ~ i o n  f o r  a co l l i s i on  i n  nuclear 

matter. represents  an average over the  nucleon-momentsum d i s t r i bu t i on .  

m at he ma tic ally‘ -the e f fec t fve  cross  sect ion i s  given by: 

where 

E i s  t h e  c.m. energy, 

E '  i s  t he  nucleon energy, 
and 

II/ i s  t he  angle of t h e  nucleon momentum with respect  t o  

t h e  d i r ec t i on  of the  incident  p a r t i c l e .  

( E  ) i s  t he  p robabi l i ty  of having a nucleon with energy E '  -and 

moving a t  an  angle + . This quan t i ty  i s  d i r e c t l y  r e l a t e d  t o  t he  

nucleon-momentum h i s t r i b u t i o n  .44) 53-58 ~ o s t  of t h e  pLpers wr i t t en  on 

t h i s  subject  d iscuss  only t h e  proton-momentum d i s t r i bu t i on .  I f  the  



present experimental data were' suf f ic ien t ly  accurate and the calculat ions  

more refined, analysis  of the  -(n-,n-n) reaction i n  the resonance region 

might be--a .way of determining neutron-momentum dis t r ibu t ions .  The fac tor  
' 

~ [ E ( E ' ,  @)I represents the  cross section a s  a  function of the c.m. energy. 

This function i s  known from the f ree-par t ic le  sca t te r ing  data.  However 

i n  nuclear matter, E becomes a  function of the neutron ener-gy E' and the 

angle @ . 
1. Nucleon Mean Free Path --- - 

Beca1.1ss the  c12 nucleus was assumed t o  be a  completely degenerate 

Fermi ga.s, the Paul i  exclusion pr inc ip le  prohib i t s  those co l l i s ions  i n  

which the  nucleon r e c o i l  energy i s  not greater  than the m.ximum Fermi 

energy. The f rac t ion  of co l l i s ion  events sa t i s fp ing  t h i s . c r i t e r i o n  

i s  dependent. on the  angular d i s t r ibu t ion .  Clements and. Winsberg have. 

made an extensive computation of nucleon-nucleon cross sections within 

nuclear -matter. 59 The. r a t i o  of the e f fec t ive  cross section t o  the  f ree-  

p a r t i c l e  cross sectioa,  a , w a s  exprcsscd a c  

where .' T = Fermi energy, and To = incident energy. 
F 

For nonre la t iv i s t ic  nucleon-nucleon co l l i s ions  and f o r  an 

i so t rop ic  angular d i s t r ibu t ion ,  K i s  equal t o  7/5 f o r  T > 2TF a s  
Ln 0 
V V  or ig ina l ly  derived by Goldberger. . Since nucleon-nucleon sca t te r ing  

i s  not i so t rop ic  a t  higher energies, Clements and Winsberg present K 

a s  a  function of energy. With Clements and Winsberg's values f o r  K 

and with the Fermi energy of c12 equal t o  28.5 MeV (found by extra-  

polat ing the Fermi energies tabulated by Metropolis e t  a l .  ") , the  

e f fec t ive  cross sections f o r  pn end pp sca t te r ing  i n  the c12 nucleus, 

( o  ) and ( o  ), were calculated.  Because c12 has equal numbers of 
pn PP 

protons and neutrons, the  e f fec t ive  cross section f o r  a neutron moving 

i n  nuclear matter was taken a s  the  average of ( o  ) and ( a  ) :  
Pn PP 



The mean f r e e  paths  calcula ted from 111 = ~ ( c i ) ,  where p i s  the  

nucleon density,  a r e  shown p lo t t ed  i n  Fig. 24. 

2 .  Pion Mean Free Path 

The problem of pions moving i n  nuclear matter has not  been 

analyzed i n  cuch grca t  d e t a i l  a s  Clemel~ts and Wi~1sber.g did f o r  the  

nucleon-nucleon case.  I n  addi t ion t o  f inding the  e f f ec t i ve  ~ - n  and 

T - ~  sca t t e r i ng  cross  sect ions ,  one must include t he  e f f e c t s  of pion 

absorption.  I n  1936 Frank, Gammel, and Watson discussed t h i s  problem 

i.n connection with t h e i r  der ivat ion of an optical-model p o t e n t i a l  f o r  

pion-nucleus sca t te r ing .  61 

For pions t he  mean f r e e  path  i s  given by 111 =l/xs + l/xa , 
where As i s  t he  mean f r e e  path  f o r  sca t te r ing ,  and & i s  t he  mean 

f r e e  path  f o r  absorption.  1/i i s  calcula ted from l /xs  = p(o,) , 
where p i s  t he  nucleon density,  and ( o  ) i s  the  e f f ec t i ve  s ca t t e r i ng  

'Tr 
cross  sect ion f o r  a  pion moving i n  nuclear matter .  (on) can be 

approximtcd by t he  expression 

where o' and - a r e  t he  f r ee -pa r t i c l e  cross sect ions  and a r -n 7.r P 
i s  t h e  "fudge fac tor"  t h a t  reduces the  e f f ec t i ve  cross  sect ion because 

of t h e  Pau l i  exclusion p r inc ip l e  and t he  motion of nucleons i n  nuclear 

mat ter .  iternheimerijP and 0kun6' have both discussed t he  problem of 

meson sca t te r ing  i n  nuclear matter and derived s imi la r  expressions f o r  

t he  case of i so t rop ic  s ca t t e r i ng .  For nN sca t te r ing , .  they found t h a t  

K = 1.747 i n  Eq. (20) .  The values  of a calcula ted f o r  a Fermi energy - 
of 28.5 MeV a r e  p lo t t ed  i n  Fig. 25. 

However, throughout most of the  energy regions of i n t e r e s t  here, 

t h e  TN sca t t e r i ng  i s  not  isotropic!,~ so t h a t  Eq. (20) i s  not v a l i d .  

Frorn t he  equations and data give* by  rank', Gammel, and Watson, t he  a' s 



Fig. 24. Mean f r ee  path f o r  pions and protons moving ins ide  
the  c12 nucleus p lo t t ed  vs incident  p a r t i c l e  energy. 
Solid curve i s  h f o r  protons. Dashed curve i s  A f o r  pions, 
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T, ( M e V )  

Fig. 25. a (defined i n  t e x t )  p lo t t ed  vs incident  pion energy. 
Sol id  curve i s  used t o  ca lcu la te  pion mean f r ee  path. 
Dashed curve i s  hypothetical  a i f  pion-nucleon s ca t t e r i ng  
were i so t rop ic  and nonre la t iv i s t i c .  



t h a t  they had used were calcula ted f o r  energies up t o  400 MeV. 
61 

These 

a' s.  a r e  a l s o  p lo t t ed  i n  Fig.  25. Above. 400 MeV a was assumed t o  .be 

constant a t  about 0.8. 64 This assumption i s  supported by the  Monte 

Car20 calcula t ions  of Grea who found t h a t  a = 0.788. f o r  &.; 3rGeQ T-.  6 5 

The. absorption cross sect ion used by Frank e t  . a l . ,  wa-s based 

on t he  capture. cross section.  of deuterons . fo r  . 2 mesons. The ana.ly-tica1 

expression they used f o r  t h i s  cross sect ion disagrees with t he  experi-  

mental absorption cross. sect ions  quoted by Metropolis e t  a l .  23 m e r e -  

fo re  the  mean' f r e e  paths  f o r  pions were. recalcula ted from the.  Metropolis 
, , 

values  f o r  the  absorption cross sect ions  and Yrom the  a values of' Frank, 

e t  a l .  The ca lcu la t ion  .was extended t o  higher incident  -pion energies,  

us ing a constant value of a = 0.8. These mean f r e e  paths. a r e  p lo t t ed  

i n  Fig. 24 together.with t h e  neutron mean.'free pa th .  Note t h a t  t he  

meson mean f r e e  pa th  i s  considerably smal&er than. t h e  neutron..mean f r e e  

pa th  over t h e  energy region of t h e  J =. T = 312 resonance. However a t  

higher energies,  t h e  meson mean f r e e  path. i s  a c t u a l l y  s l i g h t l y  longer 

than the  neutron mean f r e e  pa th .  Note a l s o  t h a t  t h e  600- and 8 9 0 - ~ e ~  

resonances .in t he  T = 112 system appear a s  minima i n  the  mean f r e e  path  

a t  t h e  corresponding energies .  The. gradual decrease in. mean f r e e  path  

f o r  neutrons from 400 t o  1000 MeV is caused.' by the  increasing pp (o r  

nn) cross sect ion due t o  i n e l a s t i c  s ca t t e r i ng   i ion c rea t ion) .  

The pion mean f r e e  pa th  from 0 t o  350 MeV can be compared wilth 

the- meail f r e e  pa-tll ca lcula ted by Igna.l;enko . uri t he  ba.sis of .the opt ica , l  , . 

model from t h e  t o t a l  i n e l a s t i c  cross sect ions  of pions. on- var ious  

nuc le i  . 26 The X calcula ted here and t he  X calcula ted by Ignatenko 

genera .11~ a.gree' q u i t e  wel l .  
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'. C.. '' Results of One -Step ~&dul$ t ion  
. . . . .  . . .  . . .  . . .  . . . . . .  . . . . .  . . . .  . . . . - - 

. . -. - 
The (a , a n )  calculation was performed a t  thr'ee energies: . . - .  

. 190, 370 end 1600 MeV, chosen t o  i l l u s t r a t e  the  main feaur 'es  of 

- the experimental excitatkon function. 'The calculated c ros s~sec t ions  

must show a '  large r i s e  a t  190 MeV i f  the  model and s ingle-col l is ion 

mechanism have any va l id i ty .  .': The potfit a t  370 Mev. i s  whgre the ex- 

perimental ..cross sections apparently begin t o  l eve l  out.: .. sixteen 

hundred MeV should be a typ ica l  hl&-energy point since. it i s  jus t  
. . 

. . .  beyond . . .  the knqwn' . . .  pion resonances:. ' The c ro~k , , ,  section was no-t . . calculated 

below 190 MeV because of the uncertainty i n  the mean f r ee  path of the 

r e c o i l  neutron a t . v e r y  low energies. 

The following . . angu1a.r d i s t r ibu t ions  were used fo r  these 

energies. 
- .  

. -. 
 able V I  . Angular d i s t r ibu t ions  used 'in one -step calculation.  

. . .  . . . .  . . 

Pion energy 
( M ~ v ) ~  ' -  * 

Reference 

. . . . 

. . . .  ' , a  The energies i n  parenthese's r e f e r  t o  the  ac tua i  energies a t  which the - . . .  C '  . , , .: 

angular' d i s t r ibu t ions  were measured. 
. ,/ ' . .'I, . . .  . \  ... 

....... . .  3 . . .  . . . . .  . . . + . . .  

, The r e su l t s  of..the calculation a t  these,, three  energies a r e  

: .presented i n  Table V I I  along with the experimental r e su l t s .  f o r  com- 

..pa.rison. The..discussion of .where,..in the..nucleus the (n-,n-n) reaction . .  

takes place i s  given i n  Sec. I V .  D. . . . .  . . - .  . 
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Table V P I .  ~ e s u l t s  .of .C , (n( :,,n. .n) C ca lcula t ion.  

. . 

  or ma-a' Experi- 
T, rc - do(o)  o  690)  o  d180) o . l i z e d  mental 
( M ~ v ) ~ '  dS2 d~2 n; rc n, n, Tm 0 a 

. . (mb) (mb) (mb) 

a  Results  normalized t o  e.xperimenta1 a  st 1600 McV 

. . . . 

The ca lcu la ted 'va lues  a l l '  came ouL lower than the  experimental 

values by a f ac to r  of about s i x .  ~ o r m a l i z a t i o n  of the  calcula ted 

cross sec t ions  t o  the  experimental cross  sec t ion  at' 1600 mV, pre- 

sumably the l e a s t  s ens i t i ve  energy, points  out  the  s imi la r  energy 

dependence of the  calcula ted and experimental values. 
. . 

, . The magnitude 'of the  c&lculated cross  sections.  i s  s t rongly  

dependent on the values of the  mean f ree  path. Since t i e  .values of 

thc  e f f ec t i ve  rcN cross  s ec t i on  a r e  rather. urlcertain, the  mean f r e e  

path might be i n  e r ro r ,  which could account for. p a r t  of the disc re -  

pancy. The use of non re l a t i v i s t i c  kinematics a l s o  a f f e c l s  the mean 

f r e e  path. The r e c o i l  energies ca lcula ted relat,i.vi.st.i.cally d i f f e r  

by about 25% from the  values ca lcula ted n o n r e l a t i v i s t i c a l l y  a t  190 

MeV. This i n  t u rn  a f f e c t s  the  mean f r ee  path anil. the c.alculated . ' . . 

cross  sec t ion  by roughly 25$, Although the e r r o r  i n  r e c o i l  energy 
. . . .  . . . 

due t o  nonrela t iv i ' s t ic  kinematics w i l l  increase a t  higher energies,  

the mean f r ee  paths a r e  much:..less s ens i t i ve  . . t o  energy,, sd  the  e r r o r  . . 

i n  caoss sec t ion  ' w i l l  s t i l l  be l e s s  than 25%: . . . . .  . . .. . . 

The approximations i n  the angular ' i n tegra t ion  prohably con- 
' 

- - 
t r i b u t e ,  to.  t h e .  e r r o r  a l so .  . Small contr ibut ions  t o  the  (rc , n n )  

reac t ion  from forwaqil-sca.t.tered pions would have a  l a rge  we.ight due 

t o  the preponderance of forward, s c a t t e r  ing-especial ly . a t  higher 

. : . .  . . "" energies.  .. . ,  



The approxi&ition used t o  f i nd  the  average distanck"%$e re-  

co i l i ng  pai- t icl&s t r a v e l  i n  order t o  reach the nuclear sk'fade may 

a l s o  be responsible f o r  the  discrepancy. The two-dimensional average . 
dis tance  used here probably overestimates the dis tance  needed t o  

escape and tends t o  decrease the  calcula ted cross  sections. '  

The ca lcu la t ion  outl ined here i s  not  a Monte Carlo type 

calcula t ion.  ~ ~ w e v e r ,  the  nuclear model chosen here is  equivalent 

t o  the nuclear model used by Metropolis e t  a l .  and ~ u f f e r s c f i o m  
, . .'319 23 

the same approximation-namely, the  lack of a d i f fu se  surface. 

Monte Carlo ca lcu la t ions  of (p,pn) react ions  have been 1 b w  by f ac to r s  

of two t o  nine f o r  a va r i e t y  of t a r g e t  nucle i .  30'47 However, the 

~ o n t e ' c a r l o  ca lcu la t ions  do seem t o  give b e t t e r  agreement f o r  l i g h t  
2 7 . - 

nucle i  &an for  li14dium and h&avy nculei .  

Improved Monte Carlo ca lcu la t ions  a r e  i n  progress which use 

a t rapezoidal  model f o r  the  nucleus. Preliminary r e s u l t s  seem t o  

give (p,pn) cross  sect ions  which agree with the  experimental values. 6 7 

Hence it appears reasonable t h a t  useid) a nucleon-density funct ion 
- - 

with a more accurate surface would improve the  (k , f i  n )  ca lcula t ion.  

I n  view of the  above uncer ta in t i es ,  the  low magnitude of 

the calcula ted cross  sec t ions  i s  not  regarded as a se r ious  lndictwerlt 
2 - - 11. 

of the  mechanism used t o  expla in  the  !C '  (n , f i  n ) ~  react ion.  I n  

f a c t ,  the similar energy dependence of the calcula ted and experi-  

mental cross  sec'llons i s  good evidence t h a t  the ~ i n g l e - c o l l i s i o n  

mechanism with both par tne rs  escaping d i r e c t l y  i s  a va l i d  desc r ip t ion  

of the  reac t ion  mechanism. 

1. Pihns Plu.q,?Other Target Nuclei. 

The nuclear moael and ca lcu la t ion  out l ined above w i l l  pro- 

bably have t o  be modified i n  order t o  account f o r  (n ,nn)react ions  

i n  other l i g h t  nucle i .  Benioff found a strong co r r e l a t i on  between 

the  magnitude of the  (p,pn) cross  sec t ion  and the  number' of "avai l -  

able" neutrons i n  l i g h t  nucle i .  '' Preliminary da ta  of Anderson and 



68 
Newman seem t o  ind ica te  t h a t  t h i s  c o r r e l a t i o n  i s  even more pro- - - 14 3 1 nounced i n  (n ,n  n )  reac t ions  on t a r g e t s  ranging from N . t o  P 

. . 

To account f o r  the f a c t  t h a t  some neutrons may be ' savai lable"  . , 

f o r  a, (n,?n) r e a c t i o n  and o thers  not,  the  f a c t o r  f o r  the  p r o b a b i l i t y  

of  a  c o l l i s i o n  i n  Eq. (12) could be ,modified. A s  expressed i n  Eq. 

(12) the  p r o b a b i l i t y  o f  a  c o l l i s i o n  occurring wi th in  a s h o r t  path 

1 ~ n g t . h  Ax is: %oil -l-sxp(-Ax/~ ) ,~ rhc rc  l / h  - - p ( a a -  ) and 
"fi n n  n  .n n  

p i s  the  d e n s i t y  of neutrons ( taken t o  be h a l f  the  nucleon d e n s i t y  
12 

f o r  C . ) .  The quan t i ty  a i s  assumed t o  be the  same as t h a t  defined 
2 .  

above f o r  the  e f f e c t i v e  I ~ N  c ross  secLiu11, because n  p angular  d i s -  . , .  

t r i b u t i o n s  a r e  s o  s imi la r  a t  energies  near  the  J = T = 312 resonance. 

The quan t i ty  6 - i s  the  f r e e - p a r t i c l e  c ross  sec t ion .  A simple 
n ? .  -x. 

change of  from the  d e n s i t y  of neutl-OIIS, t o  p, the de~lsi-ty . of . a v a i l - .  
. , 

a b l e  neutrons, might be suff6:cient t o  account f o r  (n,nn) c ross  
. . 

sec t ions  a s  a  funct ion  of mass. Gusakow notes a smooth c o r r e l a t i o n  

of  (p jpn)  c ross  sec t ions  a s  a  funct ion  of mass f o r  medium- and heavy- 

mass t a r g e t s  a t  energies  of 100- and ~ O O - M ~ V .  This would seem t o  

i n d i c a t e  t h a t  s h e l l - s t r u c t u r e  e f f e c t s  a r e  washed ou t  above the  l i g h t -  

mass region i n  c o n t r a s t  t o  the da ta  o f  mark ow it^.,^^ It remains t o  , 

- - 
b e  sccn whether s h e l l - s t ~ . ~ ~ c t . ~ ~ ~ - ~ ~  ~f fects  crrc.c:ur i n  (n , n n )  r eac t ions  

on medium-mass , ta rgetas .  

- - 
. Z .  Cause o f  (n , n  n )  Peak. 

The term f o r  the  p r o b a b i l i t y  of a  col-1-isinn [ l -exp'( \x /~  - )]I 
- - n n  

i s  a l s o  responsib1.e for  t h e  f a c t  t h a t  the  (n  , n  n )  r eac t ion  g ives  

a peak a t  the  same energy a s  the  f r e e - p a r t i c l e  s c a t t e r i n 6  peak. For 

smal l  Ax, the  term i s  approximately A$. - = ax pa^^-^ Thus the re  is  . nn 
almost  a  l i n e a r  dependence on the  f r e e  n-n c ross  sec t ion .  The mean 

. . 
f r e e  pa ths  of  the  o t h e r  exponential  terms do not  show the  resonance , 

behavior a s  sha rp ly  s ince  they . con ta in  . averages over the  .nep and 

n-n cross  s e ~ t ~ i n n s .  Also, the  exponent ia l  f a c t o r s  f o r  the  incbming 

and outgoing pion tend t o  cancel  each o t h e r ' s  e f f e c t  i n  the  resonance 



region. I f  the incoming pion i s  i n  the resonance region, f o r  l a rge  

s ca t t e r i hg  angles the sca t t e red  pion w i l l  o rd ina r i l y  be out of the 

resonance region. Likewise, f o r  incoming pions j u s t  beyond the  

resonance region, large-angle s ca t t e r i ng  s h i f t s  the outgoing pion 

down i n t o  the resonance region. Thus the  product Pip, i s  not a s  

sens i t ive  a function of energy.as P and P individual ly .  
i n 

- - 
D. Location of (n . n n )  Reaction 

. . , .  . .  . .. . 

The above ca lcu la t ion  points , .out  &e'ry 'ad'equately another 

i n t e r e s t i ng  fea tu re  of (n,nn) r e a c t i o n k h a t  is ,  it serves t o  iden- 

t i f y  which regions of the;.:.nucleus c ~ n t r i b u t e  most s t rongly  t o  the  

(n,nn) react ion.  The e a s i e s t  way of showing these regions i~ t o  
- - 

p l o t  the:re; l&tive contr ibut ion t o  the (n , n  n )  r eac t ion  of each 

square i n  the semicircular  ma$rix. Rotation 05 t h i s  semicircle about 

the ax i s  p a r a l l e l  t o  the  beam path and passing through the center  of 

the nucleus causes t'he e n t i r e  nuclear volume t o  be generated. 

Figure 26a: shows the  p robab i l i ty .o f  (n,nn) events f o r  the  
. . 

spec i f i c  case of an . inc iden t  pion of 370 MeV- which s c a t t e r s  from a 

neutron a t  an angle: of 180 deg i n  the  center  of mass. This f igure  
. . - - 

gives raOher s t r i k i n g  evidence t h a t  a t  370-MeV the  (n  ,n  n )  reac t ion  .. .. 
12 

i s  occu~~in~,~predomin~n~~y . . .  ori the  surface of the  C nucleus.. More- 
. - 

over, the surface facing the  incident  beam, the "f ront" ,  contr ibutes  

most s t rongly  under these conditions. The calcula t ions  showed t h a t  . ... 
f o r  a l l  energies and s ca t t e r i ng  angles, the  (n,nn) reac t ion  occurred 

predominantly on the  6urface. A quan t i t a t ive  est imate of the depth 

of t h i s  surface region i s  qui te  uncer ta in  due t o  the inadequacies of 

the  nuclear model used. However, one can est imate t h a t  well  over 

ha l f  of the. (n,nn)events occurred i n  a surface  region whose depth 

,was . . l e s s  t han .  0:. 2 of the  nuclear radius.  
, . ,  . . . . 

. - . ..Whether o r  no* the  (n, m) . contr ibut ion comes' from the f ron t  

or  back surface of the  nucleus depends on' the  energy and s ca t t e r i ng  

a n g l e  o,f t h e  pion. For: example, f o r  370-MeV n- incident  on c12 and 



370 MeV 
. "s,,. . . 180 d$ 

' -390 MeV ' 
lT e,,= go dGj 

Fig.. 26.: Location of (71-; 71-n) e.vents from one-'step 'mo.de1. 
Thin p ic tu re  of thc  c':? nucleus represents  a plane .. ,. 

p a r a l l e l  t o  the  'beam path' and throw'h the' c en t e r ' o f  the  
. . . : .  . . . . .  nucleus.. ' -p . i s .  the:. rk la t i~e . ! .probabi . l i ty  of (it-, rc-n) event 

: .  . . . . .  . , . calcula ted from P. . = ( , P ~ P $ ~ ) ~ ~ .  , :. . . . . .  
. . 
' ..' , . -. . . 13% 

. . 
. . (a). 1ncide.nt 'pions.. of' ,3 ' (0.  MeV. scat ter ing.  a t  180. deg, c. m. 

( b )  Incident  pions of 370 MeV sca t t e r i ng  a t  90 deg c.m. 



s c a t t e r i n g - a t  90 deg i n  the  center of mass,, t he  contribution t o  t h e  

( ~ , m )  reaction.  i s  spread more qi.fo.,rmly . .  . over t he  nuclear volume 
' <:; :( , :: . . 

but predominates a t  t h e  back surface, and.polar  regions, a s  shown i n  
P.  :. 

f. 

Fig.  26(b) .  
, . .. .. 

In  general,  f o r  180-deg sca t te r ing ,  t he  main contribution . . 
came from, t he  f ron t  surface and pole  %ips.;. However, f o r  90-deg. . ., .4: . ' 

sca t te r ing ,  the  main contributions., .came: from the  f ron t  surface only 
. 1 

a t  190 MeV while a t  higher energies t he  react ion occurs mainly from 

tlle back surface arid po la r  regions.  Il'he angular d i s t r ibu t ions  

,wetgh-ted t he  180-deg sca t te r ing  ,contributions more hezvily than t he  
. . 

90-deg contributions,  ;and the  t o t a l  y i k l d  from 90-deg events was 

usual ly  l e s s  t@n..the y le ld  from.180-deg events.  Therefore, one 

can general5;ze- on the  bacis  of t h i s  c a l cu l a t i o~ i  t l~al ;  t he  (n ,m)  - 
, . 

react ion takes  pbace.. on t he  f ron t  s u ~ f a c e a n d  pole. t i p s .  Figure .27(-a) 

(b )  ( c )  shows t he  probable loca t ion  o f .  t 'he (n,m) react ion a f t e r  weighting 
? . : . ,  . 

the  p robabi l i ty  according t o  t h e  angular d i s t r i bu t i on .  The r e s u l t s  of 

Fig.  27 a r e  i n  d i s t i n c t  contras t  with Benioff ' s  ca lcula t ion,  which sa id  

t h a t  (p,pn) react ions  occur on t he  back surface f o r  GeV protons.  47,58 
,, 

Since t he  mean f r e e  path  of the 'p ion  i s  generally e i t h e r  considerably 

si~l;iller or abuut equal Xt;a the  mean f r e e  pa th  of t he  neutron, t he  d i s -  

tance the  pion t r a v e l s  i n  nuelear matter  i s  the-Eeature control l ing 

the  location.  of t h e  (?,m) r eac t i on . .  The pion t r a v e l s  t he  shor tes t  

distance wh.en the  react ion OCCL$S oni the  f ron t  surface due t o  .the ...* ?! :'.- - . .  ., .- 
dominance of'l80-deg sca t te r ing  i n  our calcula t ion.  Regardless of t he  . . 

'~ssunrption.s--aboutbout the: -seatteri.ng .-angle, t he  polar region i s  a dom5nant 

region a t  a l l  energies f o r  (n,m) react ions  t o  occur. 

The nuclear model and type of calcula t ion performed here.-.are 
. , . . . .  . . . . 12 i s . - .  

simpie' . inb , preliininary. , .  t hebee t i ca l  treatments of  the,  c . ( T  ,ir n)  c 11 
. ... ?. . k ' . . I .  . 

r eac t  ion .: Ho~ev.er, the.y .do .achieve t h e i r  i n  ' s  ho$hg t h a t  
.. . 

, 1 ,  - .  I . '  
* ,  

the  assumed reaction' inechaksm din explain the  ibatures  



- 
370 MeV 

Fig. 27. Location of (n,xn) events a f t e r  i n t eg r a t i on  over 
s ca t t e r i ng  angle 8 .  Pi represents  the r e l a t i v e  probabil- 
i t y  of a (n, xn) event $calcula ted from Pij = ( P ~ P ~ ~ ~ ~ P ~ P ~ )  1 
a f t e r  weighting by the  angular d i s t r i bu t i on .  

(a) Incident  pion energy i s  190 MeV. 

( b )  Incident  pion energy i s  370 MeV. 

( c )  Incident  pion energy i s  1600 MeV. 



. . 

of the experim<nt&l ,k%c.5tgt.ioiz- fuiictY6n-that is, the  l a rge  peak 

a t  the  same energy a s  the  f r e e -pa r t i c l e  resonance and the  compara- 

t i v e l y  f l a t  exc i t a t i on  function a t  high energies i  me*.cklcula t ion 
. . 

. . .  ... fur.ther 'indicate's' ini;a s t r a i g h t  forward. maqner t h e  l '6cal iza t ion i n  
- - 

. : . t h e  t a rge t  nucleus. o f '  the  (n., fi n )  events. . ,  : ,  ,. . . ,, . L.. 

. . . .  . . .  ., . .  .,., . . .  - . . . . . . . .  . : : . . . . . . .  " .  ._ _ .. _. . : . .  . . . ,, 



E. Two Step calculation 

- .  
1. Procedure and Results . . - .  

12 - 11 
. The cross sections for the C (T , n- nc) C . reaction wkre also 

calculated by assuming the two-step mechanism.. A s  discussed. previously, 
the two-step mechanism assumes that the pion interacts with just one 

nucleon and then escapes from the nucleus. The recoil energy of the 

struck nucleoii is converted. into nuclear exci La t i u u  euergy: a d  .the 

nucleus eventually de-excited by evaporating just one neutron. We 

will ignore the possibility of the pion undergoing two collisions-and- 

escaping after leaving just enough excitation energy to evaporate 

one neutron. 

The (n-, n- n) cross sections were calculated from 

where 

'. p is the probability that the incident particle-makes. 
.1 

one and 'only une c::ollf.sion in passing. through the nucleus, 

P is the probability that the struck particle receives T 
a recoil energy between 19 and 29 MeV, sufficient to 

evaporate only one - particle, 
and 

12 
Ogeom 

i~ the geometrical cross section of the C. nucleus. 

An analytic expression for P as a function of the mean free path A, 
i9 ,  has. been .given by Markowitz : 

where.R is tKe nuclear radius. This expression is valtd Tor cases 

where the incident particle scatters at 0 deg-and continues on 

.,;&%hi. the same mean free path as before the collision. These two 
. . 



assumptions. a r e  not va l id  for.nN scatterkng below,ithe $90-MeV resonance 
,- . 

region, ' but they become more' a'ccY~ra6e a s  the  pion ehergy:'reache3 the  

' ~ev' . ' region.  'For . the sake of s impl ic i ty ,  we w i l l  use t h i s  expregsion f o r  .; . 
. .  . P ' f o r  t h e . e n t i r e  exc i ta t ion  f u n c t i o n  . . . .  . L  . . . . . - . 

1 . . . . 
P i s  defined so t h a t  the  r e c o i l  energy of the 'k t ruck '  p a r t i c l e  
T . . 

is  su f f i c i en t  t o  evaporate jus t  one neutron from c12. This exc i ta t ion  

energy must be g rea t  enough t o  overcome the  neutron binding egergy of 

18 .3  MeV b,& :mt-eno<yghto evaporate a second p a r t i c l e .  As defink'd. here, 

P i s  an approximation t o  the  evaporation formula of E ~ ' .  (2)  .- This . T . . 

approximation ignores a l l  e f f e c t s  due t o  the  dknsity .df state 's  and 
. . . . 

'assumes t h a t  only a neutron i s  evaporated when the  excitat,iori 'energy 

i s ,  within the  correct  . l i m i t s  f&r s ing le  p a r t i c l e  emis.si'on. .. ... , However, . - 

it i s  a l so  po'ssTble fo r  a 'proton t o  be evaporated .from the . .exci ted . 
. .  . . . .  . 

Sta tes  of c12. ~ h u s  t h i s  calcula t ion w i l i  probably -overestim&te t he  

(n-, n- n )  cross sect ion.  (1n ac tua l  f a c t ,  the  calculated cross 
. .  . . . . .. . . sect idns  &me out lower ' by a faitor .of .two 'than the  .experiinental cross 

sect ions  i n  the  GeV reg ion . )  
- . . The pion s ca t t e r i ng  angles .  c'orresponding .to the  nucleori! r e c o i l  

energies oT 19 and .29 ~ e ~ ' ' . w e r e  ' calcula ted from t h e  f e l a t i ~ i ~ t i c  ' .  

equation, Eq. ' ( 6 )  . 'me mgular. d i s t r ibu t ions  Yor. f n '  elast ic. .  s ca t t e r -  

' . ing. were %hen integrated between 'these two angles and.d'ivided.. bjr t he  
. .  . 

t o t a l  e l a s t i c - s ca t t e r i ng  cross sec t ion . ' to  obtain the ' . f ract ion"of .  

' events t h a t  l e f t  the  correct  ahount.of energy. - ' ' 

The geometrical cross -section' of C 
12 

'beom' 
w a s  ca,lculated 

from by using the  value of R discussed previously. For R = J .04 

X 10 
- 13 

*, Ogeom 
= 290 mb. 

Table V I I I  presents  the  r e s u l t s  of t h i s  calcula t ion.  



Tkble VIII .. Two-step Calculation. (a 
12 

=..29O mb-. for C . ) geom . 
a 

T7T .P1 P~ 
a - Normalized , a Expe~tmenkal a 
.(7T TT '4-n) . . 

(M~V ) - . . . . . . (mb (mb ) (mb) 

a 
Calculated results normalized to expecimen$al a at 1610-~e~ . 

: 2. Comparison of One -and Two-Step Calculations with '~xperimental Results 

The calculated cross sections were normalized to the experimental 

cross section at 1610 MeV and are plotted in Fig. 28 along with the . . ' . : .  

values from the one-step calculation and the experimental excitation 

function. The two-step calculation does not predict a peak in the 
- 

(n-, n n) cross sections at 190 MeV, whereas the one-step calculation 
does indicate a peak. The calculations show that although the two- 

step mechanism may be important at pion energies well Below the reson- 

ance peak, the resonance peak itself is due to the one-step mechanism. 



. . , .TT ( M e V  ) . , 

M U - 2 8 9 7 0  

Fig. 28. Cornparison ~ E e x p e r i m e n t a l  and calcula ted cl?(fl-, n-n)cl1 
' exc i t a t i on  functions. Sol id  curve i s  experimental, Dashed 

curve~connects  the cross sect ions  calcula ted on the one-step 
model. The dot ted  curve connects the  points  calculated on the 
two-step model. Both calcula ted curves have been normalized 
t o  the  experimental curve a t  1610 MeV. 



V. cl2(n+,n+n)cl1 REACTION 

A .  Discussion 

Now tha t .we  have presented the  evidence f o r  t he  elementary- 
12 - - 

p a r t i c l e - c d l l i s i o n  nature of t he  C (n ,n n)cl1 react ion,  it i s  i n t e r -  

e a t i ng  t o  p r ed i c t  what thc  conocqucncc3 of %lie oiic- and two-step 
12 + + 

mechanisms -are fo r  the  C (T T n reac t ion .  We s h a l l  show t h a t  the  
+ + 

r a t i o  of t h e  (n 9~ n )  cross sec t ion  t o  the  (n-,n-n) cross  sect ion 

provides a poss5ble means of d is t inguishing -the one-. .and two-step mech- 
12-  +. .+ 

an isms .  The r a t i o  of the  experimental C (TI  ,n  n)cl1 cross  sec t ion  

a t  l i 0  and 73 M ~ V  to .  the  ext rapola ted values of. t h e  c 1 2 ( d , r i n ) ~  11 

cross  sect ions  a t  these  energies w i l l  be compared t o  t he  p~ . ed i c t i ons  

of t h e  one-step and two-step mechanisms. 
+ + 

We f i r c t  ss.sumc t h a t  the  p robab i l i ty  of . a  (n ,T n)  event .can 

be given by t he  general  expression [Eq. (1) ] : 

- - 
a s  f o r  the  (T ,T n )  case.  In - the ,region of tlie ,T = T = 312 yesonanre,, 

+ 
t h e  angular d i s t r i bu t i ons  of n n  and n-n co l l i s i ons  a r e  s imi lar  so 

t h a t  the  energy given t he  s t ruck .  neulron 5s sirnilar . f o r  both 
+ + - - 

the  (n ,n n )  and ( n  ,n n)  reac t ions .  Therefore the  p robab i l i ty  of  

. .  t h e  neut~.on escaping w i l l  b.e I;he same f o r  both react ions  regardless  

of whether the  'one-step o r  two-step mechanism app l ies .  Furthermore, 
+ 

f o r  c12 the  mean f r e e  pa th  of t he  n 

w i l l  be t he  same a s  t h e  mean f r ee  pa th  of the  n- 

1 / x =  p o -  + n n n n  p~ 



. . 
because 'aa..- = 0 + and a = a + and becaus'e P. = P ':- 

T n T P  7~~~ 7~ n 
. . .p 

. . 
. + 

Thus both P. and P . will be identical for .n -and.rr-'-induced eeactions . 
1 7T 

The-only difference between the. two reactions comes fcom.the difference 

in the probability of a collision, Pcoll. For the one-step mechanism 

this term is proportional to the elementary.pion-neutron cross sections, 

whereas for the two-step mechanism this term is proportional to the 

sum of the pion-neutron and pion-proton cross sections. Thus: 

One step 

+. + 
3.rr n) = 

pi ( pnqn+J pn pn 0 7~ + n 1 
- - - - - -  

3 
at peak. (23) 

0 - -  pi(p 0 - P P 0 - 
(7~ IT~T n) n n n ' n n  n n 

Two step 

"(n+,,+n) - Pi [ ~ ~ ( o ~ + ~ ) ~ ~  + P ~ ( ~ ~ ~ ~ ) ~ ~  + pn(O~fn)ch.ex.l P .* P n 
P'P "(n-,n-i) 'i [pn">-n'el '~~'~~-~)'elI a n  

12 . + + 11 
For the one-step mechanism the. ratio of the- C ( 7 ~ 7 , ~  n) C 

11 to 'c12 (T-.,T- n) C crdss sections ~hould be in the same ratia as 

the free-particle cross sections over the J = T =.3/2 resonance region. 

.Theoretical argumen%s based on isotopic spin rules predict that the 

free-particl& cross sections Bhould be in the ratio of 113 at the 

resonance peak. 

As discussed more thoroughly.in reference 70, there are three 
possible reactions for FN free particle scattering. 

1. 7 ~ -  +fi+,:. 7 ~ -  + n elastic scatkering 
2. ' 7 ~ -  up+ .7~- + 'p elastic scattering . 

. . .. 
0 3. + n + n charge exchange scattering 



I f  these react ions  occur.  only i n  , the  T .= 3/2. is ,otopic,  spin s ta t ,e ,  . . .. then 

theory pred ic t s  t h a t  the  cross, sect ions  f o r ' t h e s e  react ions  should be 

i n  the  r a t i o  of 1: 2: 3 : : 9: 1: 2.  The t o t a l  7 ~ - ~  cross sect ion i s  .the 

sum of react ions  2 and 3 so t he  r a t i o  of the  t o t a l  cross sect ions  i s  

Above the  J = T = 312 resonance, the  angular d i s t r ibu t ions  of 
+ 

7~ n and n--n . co l l i s ions  begin t o  d i f f e r  so t h a t  the  ~ i o n ' a n d  neutron 

, r e c o i l  energies'  w i l l  be d i f f e r en t .  These di f ferences  a r e  probably 
. . . . .  

grea t  enough t o  a f f e c t  the  hean f r e e  gaths .  " ~ o n s e ~ u e r i t l y  he  cannot 
+ + - - 

e q e c t  the  ( 7 ~  , n n)/(7T ,T n )  r a t i o  t o  follow the  f r ee -pa r t i c l e  r a t i o  

so c losely  .once the  incident  pion energy is .above t h i s  resonance. 

For Lhe' Lwo -s L & p  rn&charlisri~,, hvwe ve?, the  p robabi l i ty  of a . . 

coll isiorl  (P ) i s  proporLiu~~al  .Lo .the .sun ur  pi.&-neutl:on and 
c o l l  

pihnyproton e l a s t i c  cross sect ions .  I n  addit ion,  the  f 'h  charge- 
+ + 

exchange process contributes t o  the  (7T ,7T n )  product because evapor- 
12 

a t i o n  of a piotpn from N gives cl1 and, evaporation of a neutron 
+ 

gives N", which would inmediately f3 -decay t o  c". Charge exchange . . 
12 .I- + 11 

o f  a P- cannot. produce cl1 ;from. C . Thus t h e  c": (7T ,? n )  C . .. 

12 11 
cross s ec t i onshou ld  be g rea te r  .than the  C (7T-,n: n)  C. cross 

sect ion a t  a l l  energies where charge exchahge i s  possible,  provided 

t he  react ion mechanism i s . a  two-step proc'ess. A t  the  190-MeV resonance, 
.' + 

charge.exchange.is  twice .the e l a s t i c  f i . n  cross .section and the  r a t i o  of 
+ + 11 12 c12 (71 ,7T n )  C /C (7T-,r- n )  cl1 ?hould b e  12/10 (see reference 70). 

+ 
These arguments .do not  apply a t  ,energies where the  n p. .and .rr-p angular 

d i s t r ibu t ions  have d i f f e r en t  shapes. 



. B.  Results . 
.12 + + Exper%mentally the  C (n ,n  n)Cl1 cross sect ion was measured 

+. 
a t .  110 MeV by using the  n beam described previously i n  s&. 11. D - 1 .  

Except f o r  t he  use of the  s ingles  counting r a t e  i n  c o k t e r  B a s  t he  

beam  onit it or re.i;her than t he  coincidence ra te - in  counters,. A- -and B, 

the  experiment was conducted e x a c t 1 y . a ~  fo r  t he  n- bombardments. 
+ Three bombardments were performed with 110-MeV T giving.an 

average value of the  cross sect ion of 39.8 mb with a standard deviation 

of 0 .5  mb. Inclusion of the  other e r ro r s  g ives .  a  cross sect ion of 40 

5 4 mb. 

By interpola t ion of t he  exc i ta t ion  function f o r  the  c ~ ~ ( T - , T - ~ ) c  11 

react ion,  t he  cross  sect ion i s  estimated t o  be about 52 mb a t  110 MeV. 

Thus the  exper.lrnenta1 r a t i o  i s  

, . 
For the  one-step mechanism t h i s  i s  t o  be compared with the  f7,ee-part icle 

r a t i o .  of 

For the  two-step mechanism the  expected r a t i o  would be 

 h he charge-exchange cross sect ions  a r e  from reference 71.) The ex- 

perimental  r a t i o  tends t o  support t he  one-step mechmlism, Bu-t does 

I I O ~  exclude a p a r t i a l  contribution from t h e  two-step mechanism. 

There a r e  several  in te rpre ta t ions  of t h i s  r e s u l t .  Assuming 
+ + C 

t h a t  both t he  experimental ( n  ,7f n) and (n-Pn n)  cross  sect ions  a r e  



cor rec t  as given, we could s.ay t h a t  the  react ion mechanism i s  a mixture 

of one-and two-step processes..  o ow ever, the re  a r e  two problems with the . . . . . .  . . . . .  ' +  ' '.. 
. . 

n -induced react ion t h a t  were not  encountered with the  ' IT- case. The 

followins . . .  ' two sect ions  deal  k i t h  these problems. 
. . , . . . . . .  

.1. Pion Absorption . . . , 

+ . ' . ' .  TJp ' t o  th.l .s  pojnt  we  have -'i.gnored. tGe prnhl.em' of  ?T absomtion 
+ +.. 11 

i n  our discussion of t he  .c12 (7T 7 n)  C react ion.  I n  contras t  t o  
- - 

absorption, where the  "compound s stem", 1312*, cannot possibly lead 
+ 12 z 

t o  c", ibsdr-ption of a n gives N , which c& forin C!I1: b y  emission 

of one f a s t  proton. A t  62 MeV,Eiyfield e t  a l .  72. d id  a cloi~d-chamber 
+ p,2 .. 

study of t he  cnteract ions  of n and ?T- with C Out of a t o t a l  

a b s o r p t i o n  cross scct ion of 181 mb, they found t h a t  the  krbss ' sect ion 

f o r  s ingle  f a s t  (T 2 40-M~V) .emission was 77 'mb . ' This then 

represents  the  upper l i m i t  f o r  the  formatiqn of cl1 by t h i s  mechanism 

a t  t h i s  energy. I n  a l l  . the  cposs s'ection f o r  C 
11 

+ . . 

production by n absorption i s  very much lower because 40 MeV i s  only 
. . . . .  

a f r ac t i on  of '  thk t o t a l  exc i ta t ion  energy a t s i l a b l e .  

2. Muon. Abso r~ t ion  

Another complication i n  the  7T+ experiment comes from the  
+ 

p o s s i b i l i t y  of p absorption.  Muon absorption i s  a d i s t i n c t l y  d i f f e r en t  

process from pion absorption.  Pion absorption occurs with a gr.ea.6 
. . . . 

dea l  of nuclear exc i ta t ion  due ' to the  r e c o i l  of the  two nucleons i n -  

volved i n  the absorption event,  .The muon is..most l i k e l y  ,absorbed by 
. . . . . .  . . .  . . . . . . . .  

on6 nucleon k i t h  hdkt of the  rcs;trmass energy being ca r r ied  off  by a 

neutrino.  This r e s u l t s  i n  very l i t t l e  nuclear e id i t a t i on .  Experi- 

mentally it was observed t h a t .  i n  l i g h t  nuclei ,  e..g.., Ca..and Mg, 
. . .  . . . " .  , . . . 

only about one neutron was emitted per  slow .negativemuon absorbed. 73 
. . .  . , * .  . . .  

This i s  .consis tent  .with R'cisenblueth ' s  c a l cu l a t i on  t h a t  slow .y-.. 
. . .  - .. 

. absorption lea..ds t,o an avcrage, nuclear exc i ta t ion  of about 15 MeV. 
,. . 

74 
. ,. 

Other ,expegbents  show.ed t h a t  charged p a r t i c l e s  were very .seldom seen . . .  . . .  . . . . .  



- 
i n  slow p absorption and t h a t  no high-energy y rays  a r e  emitted.  75 

Thus muon absorption w i l l  cause r e l a t i v e l y  l i t t l e  d i s rup t ion  of the  

t a r g e t  nucleus,. 
+ 

~ b s o r ~ t i o n  of 'slow p does not  take  piace since:the pos i t ive ly  

charged meson i s  r epe l l ed  by t h e  p o s i t i v e  charge of the  nucleus.  How- 
+ 

ever,  f a s t  p w i l l  e a s i l y  pass  through the  Coulomb b a r r i e r  (1.8 MeV 
12 + 

f o r  C ) .  . I f  a  f a s t  p i s  absorbed by c12 (although muons a r e  weakly 

i n t e r a c t i n g )  t h e  r e s u l t a n t  nucleus i s  N1* i n  an exci ted  s t a t e .  The 

. e x c i t a t i o n  is  probably enough t o  evaporate one nucleon, which produces 

e i t h e r  cl1 o r  N". N" would immediately decay by pos i t ron  emission 
11 

t o  C . 
+ + + 

The 110-MeV 7 /  beam used t o  measure the  (n ,n n )  cross  ;sebtion 
+ 

. , 
w a s  contaminated with about 12% p by the  time it reached t h e p r a s t i c -  

s c i n t i l l a t o r  t a r g e t .  With t h i s  f l &  It would requ i re  a cross  sec t ion  
+ 

of about 100 mb f o r  the  production of cl1 by p absorption i n  order t o  
12 + + 

' ' account f o r  t h e  increased C (n ,n n )  cl1 cross  sec t ion ,  i f  w e  
+ 

assume s o l e l y  the  one-step process.  However, the  expected p cross 

sec t ion  f o r  t h i s  kind of r eac t ion  should be only about l m b .  

3. Experiment a t  73 MeV 

+ + 
I n  addi t ion  t o  t h e  110-MeV n beam, a low-intens i ty  73-MeV n 

12 + + 
beam w a s  used t o  measure the  C (n ,n n )  cl1 cross  sec t ion .  One 

bombardment a t  t h i s , e n e r g y  gave a cross sec t ion  of 55 t 20 mb, which 

is  s i g n i f i c a n t l y  higher than the  corresponding cross  sec t ion  f o r  the  
- - - - 

(n ,n n )  r e a c t i o n .  By i n t e r p o l a t i o n  the  (n ,n n )  cross  sec t ion  would 
+ + 

be about 25 mb a t  t h i s  energy. The l a rge  e r r o r  on the  (n ,n  n )  
11 

measurement was caused by t h e  low C a c t i v i t y  due t o  t h e  low-intens i ty  
i- n beam. This beam had a 35$ muon contamination, which i s  s t i l l  

+ + 
i n s u f f i c i e n t  t o  explain why t h e  (7T ,7T n)/(7T- ,7T- n )  r a t i o  i s  much 

l a r g e r  than t h e  r a t i o  of t h e  f r e e - p a r t i c l e  cross  sec t ions  when we 

assume t h e  one-step,mechanism i s  t h e  only process contr ibut ing t o  the  

. .. . 
11. y i e l d  of C . A t  73 MeV, t h e  one-step mechanism p r e d i c t s  

, . 



, . I  
. . /  . . . . .:. 

At 73 MeV the two-step mechanism predicts a ratio of 
. . . . 

. . . .. . . . 

The .  ex-erimcl~tal ratio baocd on ono bombardment at 73 M ~ V -  9 is, 
55 f 20/25 2 5 = 2.2U 5.0.91 which tends to support. .the LWW-step 

+ 
mechanism. The (,p ,$n) data ir~dicgta that perhaps the two-ste~ 

mechafiism is important at lower energies, but that the one-step 

mechanism, is more significant at the resorlarlce energy ,.... This c.or:+-': 
12 11 

responds roughl~rto the situation for the C , (pJ pn:) C : . reaction 

in which the one-step mechanism predominates, above 250 MeV and thc two- 

step mechanism ismore significant below 100 MeV. . " . . 

+ + 
Because of the uncertainties,about n and p ..absorption 

and the limited number of bombardmentsi one.should,be cautiqus about , 

I + 
drawing ,conclusions about the mechanism of the (n ;,n-n) reactions from . .  
the n+ data reported here. If future exper&nelits can &li.miiate the 

+ + effects of n or absorption or prove that they are. negligihl e, 
+ + '  comparisun of the (n 9n 11) , and (~~~7-r-n) Cxcitation f'dnctfons slloulil 

provide a means of distinguishing the rel~tive finpcrrt.anc.& of the one- 

step and two-step mechanisms. 



V I  . (p, 2p ) AND OTKER PROTON INDUCED REACTIONS. 

A. Introduction 

Because the  Monte Carlo ca lcu la t ions  do not predict. the  

cor rec t  magnitude o r  energy dependence of the  cross sec!ions f o r  the  
A A- 1 A A- 1 . . 

simple react ions  Z ( p , p n ) ~  and Z ( p , 2 p ) ( ~ - 1 )  and because,of the  

use of "simple" react ions  t o  probe the nuclear surface,  there  has 

been,considerable i n t e r e s t  over t he  pas t  few years i n  studying the  

mechanisms responsible f o r  these  react ions .  The (p, pn) reac t ion  has 

been studied over a i fa i r ly  l a rge  mass region whereas only l imi ted  

da ta  a r e  ava i l ab le  f o r  (p, 2p) reactions.  
14  2 

The reac t ion  Ce (p,2p)I,a141 has been s tudied ca r e fu l l y  over 

the energy range from 60 MeV t o  3.0 GeV. 76' 77' 78  he exc i t a t i on  

funct ion r i s e s  from 250 t o  400 MeV and drops o f f  by a f ac to r  of 10  a t  

3 GeV. However, the re  have been no cross  sec t ions  measured i n  the  

i n t e r e s t i ng  region of 400 t o  1000 MeV. 

Most (p,pn) exc i t a t i on  functions a r e  almost independent of 

energy, from 0.3 t o  6 GeV. I n  the  GeV region the  reac t ion  mech- 

anism is  thought t o  be predominantly a one-step process with some 

contr ibut ion from the  two-step mechanism. 

The o r i g i n a l  i n t en t i on  i n  studying proton-induced reac t ions  

was t o  obta in  more da t a  on the energy dependence and mass dependence 

of (p,2p) reac t ions  t o  see i f  they followed the  same behavior. a s  f o r  

( ~ , ~ n )  react ions .  Then, a s  the  p o s s i b i l i t y  of using pion beams 

occurred, it became of i n t e r q s t  t o  compare t he  pion-induced reac t ions  

with proton-induced reac t ions .  

Targets of na,t~u-a1 Zn and Fe metals were bombarded with 400-, 

560-, and 72.0- MeV protons a t  the  184-inch cyclotron and a t  severa l  
68 

energies  up t o  6 . 2  GeV a t  the  Bevatron t o  dctcrminc thc  Zn (p,2p)Cu 
6 7 

56 ' and ~ e ~ ~ ( ~ ,  z p ) ~ n  cross  sect ions .  Natural metal t a r g e t s  were used 

f o r  convenience and because t h i n  f o i l s  could e a s i l y  be obtained. A 



radiochemica.1 separation of the  Cu a c t i v i t i e s  was performed on the Zn 

ta.rgets,  and likewise the ~n a c t i v i t i e s  were separated from the Fe ta.r- 

gets .  The y ie ld  of d7 i s  expected t o  come mainly from the reaction 
68 67 

Zn (p ,2p)cu Zn68 has an isotopic  abundance of 18 -6% i n  natural  

Zn. However, zn70 i s  a l s o  s tab le  and has an isotopic  abundance of 

0.635. It i s  possible tha.t the presence of 2n70 i n  the  t a r g e t  could 

contribute t o  the  y ie ld  of d7 v i a  a (p92-p2n) or  ( p p )  ?ea,&tion. 
68 However,. the  f a c t  tha,t Zn i s  30 times more abunda,nt than zn70-. 

coupled with the f a c t  %ha.t most (p,pn) and react ions  have la rger  

cross  sect ions  by a f ac to r  of two or  t h e e  than s l i g h t l y  more com- 

p l i ca t ed  react ions  such a s  (p ,2p2n) -means t h a t  the  contribution. of 

.Zn70 t o  the y ie ld  of i s  probab1y: less than 2%. This i s l e s s  than 

the precis ion of ,the experimental r e su l t s .  . The probabi l i ty  of a, high- 

energy (pya ) .  react ion on zn70 t h a t  could a l so  lead t o  cuG7 i s  expected 

t o  be qui te  small a t  energies under consideratioil here. Secoildary 

neutrons could possitrly give d7 by an (n,p) react ion on ~ 1 i ~ ~ ( k . 1 $ ) ,  

but the  e f fec t  of secondary p a r t i c l e s  should be small fo r  th-in ta rge ts .  

The react ion ~ n ~ ~ ( p , , p ~ * ) C u ~ ~  could a l so  produce C U ~ ~ ,  but the maximum 

cross section f o r  ' t h i s  type of reaction a s  calculated by. Ericson e t  a l .  

i s  only about 0.2 mb. 89 Because Zn6' i s  4.5 times more abundarlt t l ~ r l  

Zn67, we expect very l i t t l e  contribution t o  the y ie ld  of CuG7 from 
66 these in te r fe r ing  react ions .  Thc isotopcs Zn64 ( 4 8 . 9 )  and Zn (88.8%) 

6 7 a r e  too l i g h t  t o  contribute t.o the  y ie ld  of Cu - For. the other Ci.1. 

a c t i v i t i e s  observed, CuG4 and c ~ J ? ~ ,  there  i s  no c lear  knowledge o f  

which isotope of Zn wa.s the  karget nuclide. 

.Among the  MII isotopes, ~u~~ i s  expected t o  be a ( p , ~ )  product 

of the  reaction on Fe57s Fe57 i s  2.246 abundant among the  na tura l  

i ron  isotopes, however ~e~~ i s  a l s o  present t o  the  extent of 0~33%. 
This means that ~e~~ i s  only 6 .7  times more abundant than a possible 

coi~tamiilating ta rge t  nuclide. I f  we assume a f ac to r  o f  'two difference 

'between the (p,2p) cross section and ,the (p,'&n) cross section ~ 
favor of t he  (p,2p), then we expect a contribution of about 7.446 from 

the t a rge t  nuclide ye5'. Because -the energy dependence of the  



58 56 Fe (p,2pn)Mn react ion i s  unknown, no correct ion fo r  the  contr ibut ion 

of Fe58 was made i n  t h i s  work, 
+ 

The (p,pfi ) react ion i s  a more serious problem i n  t h i s  case 
56 than i n  the Zn case. Because Fe i s  41.6 times more abundant than 

' 8  56 ~ e ~ ~ ,  the  contributi'on t o  Mn56 from the  Fe56(p,pnT)Mn reac t ion  may 

be important despi te  the  low cross sec t ion  (< 0.2 mb). I f  we use the  
56 measured ~ e ~ ~ ( ~ , 2 ~ ) M n  cross sectLon a t  400 MeV of 50 mb, we est imate 

+ 
t h a t  the  (p,pn ) reac t ion  may contr ibute  up t o  15% of the  Mn56 y ie ld  

st higher energies.  The Mn51 and Mn52 a c t i v i t i e s  observed were . 

asslued t o  have a r i s e n  from any of the  s tab le  isotopes of Fe0 However, 

because Fk56 i s  91.6% abundant it i s  l i k e l y  t h a t  it w a s  t he  major t a r -  
51  ge t  nuclide fo r  the  other a c t i v i t i e s  measured., Mn5' and Mn 

B. Experimental Methods 

1. Targets 

The t a r g e t s  f o r  proton bombardment consisted of s tacks  of 

f o i l s .  The f i r s t  three  f o i l s  were -C03-in.-thick A l ;  the  middle f o i l  

of these three  was used a s  a monitor of the  proton i n t e n s i t y  by 
24 

counting t he  Na t h a t  was produced. The two f o i l s  on e i t h e r  s ide  

ensure t h a t  Na24 nucle i  r e co i l i ng  out  of the  middle f o i l  were compen- 

sa ted by those reco i l ing  i n .  The r e c o i l  e f f e c t  was about 4%, a s  de- 
2 4 

termined by cornparingthe yie ld  of Na i.n the  f i r s t  and second Soi l s .  

A sheet  of p l io f i lm 120N2, 3.75 m$cm2 thick,  separated the  t h i r d  A 1  

f o i l  from the Fe f o i l  which was next i n  the  s tack,  The Fe : f o i l  
2 

var ied from 6 t o  16 mg/cm i n  thickness.  Following the  Fe f o i l  was 
2 

another sheet  of p l io f i lm and then the  Zn f o i l  which was about 40 mg/cm . 
The p l io f i lm was used t o  prevent r e c o i l s  from one f o i l  contaminating 

t he  next f o i l ,  (see diagram.) The r e c o i l  l o s s  i s  expected t o  be 

small fo r  "simple react ions  because of t he  small momentum t r a n s f e r  i n  

such react ions .  Pli.of i lm 
4 * 



Once the  t a r g e t  was assembled and placed i n  the t a r g e t  holder, 

the  s ides  and leading edge were trimmed very ca re fu l ly  with s c i s so r s  

t o  ensure t h a t  the t a rge t  f o i l s  were i n  pe r fec t  alignment. It was 

f e l t  t h a t  t h i s  procedure gave beLLer r e s u l t s  than could be obtained 

by grinding o r  mil l ing.  With the  t a r g e t  arrangement i n  use a t  the  

184-inch cyclotron,  most of the a c t i v i t y  i s  produced a t  the  leading 

edge of the  t a rge t ,  so t h a t  it i s  extremely important t h a t  the  lead- 

ing edges be exac t ly  a l igned f o r  each f o i l .  A t  the  Bevatron, the  

beam s t r i k e s  more of the  t a rge t ,  so t h a t  the  alignment of the  leading 

edge i s  not  qu i te  so c r i t i c a l .  However, Lhe same precautions were 

used for both t he  cyclotron and t he  Bcvatron t a rge t s .  Af te r  i s r a d i -  

a t ion ,  the  t a r g e t s  were brought back t o  -[;he chemistry l a b  where the  

f i r s t  cm-including the  leading e d g e w a s  c u t  o f f  c a r e fu l l y  with 

sc i s sors .  This procedure assured t h a t  a l l  the  protons passing through 

the  A 1  monitor f o i l  a l s o  passed through the  Fe and Zn t a r g e t  f o i l s .  

A t  the  184-inch cyclotron,  t a r g e t s  which are  t o  be bombarded 

with the i n t e r n a l  proton beam a r e  placed on a rod which can be dr iven 

t o  va r ious .pos i t ions  along a r a d i a l  l i n e .  The protons ga in  energy a s  

they s p i r a l  out  from the  center  of the  cyclotron, reaching a maximum 

energy of 730 MeV a t  t h e i r  l a r g e s t  o r b i t .  Lower-energy protons can 

be obtained by d r iv ing  the  t a r g e t  c lose r  t o  t he  center  of  the  cyclotron. ' 

'The protons then s p i r a l  out  from the  center  u n t i l  they s t r i k e  the  

t a r g e t  a t  the  des i red  radius .  The t a rge t .  assembly, by stopping o r  

s ca t t e r i ng  the  beam, prevents the  protons from continuing on ou t  t o  

g r ea t e r  r a d i i  and higher energies .  The energy a t  a given pos i t i on  

i s  probably known t o  about 5% (400f 20Mev, 560 ' 25~e~ ,  720f 36Mev). 

The Bevatron i s  a pulsed machine producing 10  pulses  per min 
11 with about 2 x 10 protons per  pulse .  The t a r g e t  holder i s  placed 

on a pneumatic ram t h a t  i s  shot  i n t o  pos i t i on  a t  the  end of each 

pulse.  I n  between pulses  and during tohe . f i r s t  p a r t  of  the  acce l e r a t i on  

s tage ,  the  t a r g e t  i s  i n  a shie lded pos i t i on  so t h a t  no low-energy pro- 

t o n ~  can s t r i k e  the  t a r g e t .  Then a t  the  end of t h e  a cce l e r a t i on  stage,  



the r f  accelerating f i e l d  i s  turned off while the magnetic f i e l d  con- 

t inues t o  increase. The ta rge t  i s  then rammed in to  positfon. The 

protons, which no longer a re  receiving any increment i n  energy, t r ave l  

i n  o rb i t s  with smaller and smaller r a d i i  as  the magnetfc f i e l d  in? , 

creases-until they pass through the ta rge t ,  The maxiinurn energy i s  

6.2 GeV. Lower energies a re  obtained by turning off  the r f  acceler- 

a t ing  f i e l d  a t  e a r l i e r  times i n  the cycle. . . 

2. Chemical and Counting Procedures 

The chemical separations used, for  t h i s  work Tare described i n  

Appendix C. The precipi ta tes  obtained a t  the end of the separation 

were mounted on a f i l ter-paper  disk by using a chimney and f i l t e r  
2 

arrangement. The chimneys had an area of 2.41 ern , which defined the 

e f fec t ive  s ize  of the'@source. Four drops of a 476 solution of c lear  

paint i n  ethyl  acetate  were placed on each prec ip i ta te  t o  hold it i n  

place during the drying and, mo-anting stages of sample preparation. 

The f i l t e r  paper and prccipita. tc wcrc &kdL undcr a beat. Lamp for  a 

minute or so and then placed i n  the center of a 2.5- by 3.5-5.11': 
2 

300-mg/cm -thick A 1  card by using double-sided pressure-sensitive 

tape. .Each sample was covered with a t h i n  sheet of Videne TC p l a s t i c  
2 

film, which was 1.34 mg/cm i n  thickness. 

A l l  the samples from the proton. bombardments were counted on 

end-window gas-flow B proportional counters t o  determine the radio- 

a c t i v i t i e s  present through analysis of the decay curveso The counters 

a re  described i n  Appendix D, which a lso  describes the method used t o  

determine the counting ef f ic ienc ies  of the various isotopes. 

- After the a c t i v i t i e s  'lad decayed, the samples were given t o  

D r .  Huffmangs ana ly t ica l  chemistry group who measmeathe yield of Cu 

and Mn i n  the Cu and MnO precipl-l;ales, respec-Lively, b y  .,usling 
2 

spectrophotometric and EDTA. t i . t r imetr ic  methods. 

3. Decay-Curve ~ n a l ~ s i s  and Cross-Section Calculation 

The a c t i v i t i e s  were followed over a period of time long 

enough t o  give an accurate determination of the longest-lived com- 



ponent present  o r  u n t i l  the a c t i v i t i e s  reached background. ' The 

various components of the  decay curve were resolved by the usual  

metshod. of decay-curve ana iy s i .~ .  Graghicalme+,%a&gave s u f f i c i e n t  

accuracy f o r  resolving up t o  th ree  components. 
67 .. 

The Cu decay curve coulCl e a s i l y  be resolved i n t o  61-h Cu , 
64 61 

12.8-h Cu , and 3.3-h Cu . The Mn decay curve gave components be- 
>I 

longing t o  5.7-day Mn52, 2.58-h M I I ~ ~ ,  and 45-min Mn ., The ex-peri- 

mental ha l f - l i ve s  agreed with the  values quoted i n  reference.  18. Each 

component was extrapola ted back t o  the end of bombardment iLo ob ta in  

t he  i n i t i a l  counting r a t e .  The counting r a t e s  a t  end-of'-bombardment 

, time, Ao, were converted t o  d i s i n t eg ra t i on  r a t e s ,  
Do' 

from the  measured 

counting e f f i c i enc i e s  of Appendix D, the  decay scheme f ac to r s  of re -  

ference 18, and the  chemical y ie lds .  A s a tu r a t i on  a c t i v i t y ,  
D s a t ~  -- 

i n  disintegrations/min,  was calcuia ted by div.iding the  i n i t i a l  d i s -  

i n t eg r a t i on  r a t e  by the  f ac to r  ( 1  - e - A t )  where t i s  the  length  of 

bombardment and A i s  the  decay c o n ~ t a n t ~ o f  the  p a r t i c u l a r  isotope.  

The sa tu ra t ion  a c t i v i t y  represents the  decay r a t e  of the  isotope a t  

t he  end of an  i n f i n i t e l y .  long bombardment and i s  equal  t o  the  r a t e  of 
2 

fornl~t iur l  ILIU, w1~e.r-e n i s  t.he 111mber of t a r g e t  nucle i  per cm , 1 i s  

the  beam in t ens f t y  i n  protons/min, arid u i s  the  formation cross  
2 

sec t ion  i n  cm / t a r g e t  nucleus* Because both the  A 1  f o i l  and t a r g e t  

f o i l  a r e  in tercepted by t he  same beam 

Dsat (x) = n t g t  l o  (x), 

where X s tands  f o r  product nucleus and t g t  s tands  f o r  t a r g e t  nucleus. 

Dividing Eq. (27a) by Eq. ( 2 7 b )  and rearrarigirlg gives : 



Equation (28) was used t o  ca lcu la te  the  cross sect ions  fo r  proton- 
- 

27 24 induced react ions .  The cross  sect ions  fo r  the A 1  ( p , 3 p n ) ~ a  moni- 

t o r  reac t ion  decrease gradually from 10.7 mb a t  400 MeV t o  8.7 mb a t  

6 GeV. 84 J 87 

Results of Proton Bombardments 

The r e su l t i ng  cross  sect ions  a r e  given i n  Table I X  f o r  t he  

reactions,  of protons with Zn> and i n  Table X f o r  the  reactions of 

protons with Fe. The first co,lm lis ts  the  energy of the  incident  

proton. The.second column l i s t s  t he  cross sec t ion  fo r  t he  pa r t i cu l a r  

(p, 2p) react ion.  The other  cross  sect ions  a r e  l i s t e d  i n  the  t h i r d  

and four th  columns. The number i n  parentheses i s  the  number of ex- 

periments used i n  determining t he  average value o f - t h e  cross  section.  

The uncer ta inty  was calcula ted by taking the  square of the  standard 

devia t ion of the  average value and t he  square of the  absolute e r ro r ,  

which was 10% o r  Lhe average value. Il'he square roo t  of the  sum of 

these  squares i s  the  uncer ta inty  shown i n  the  t ab l e s .  The absolute 

e r r o r  included the  uncer ta inty  i n  the  monitor cross  section,  the  un- 

ce r t a in ty  i n  counting efficiency,  and the  uncer ta inty  i n  the  decay 

schemes. 

A d i s t i n c t i o n  should be made between cross  sect ions  f o r  

. react ions  where the  spec i f i c  t a r g e t  nuclide i s  known and cross  

sect ions  f o r  react ions  where severa l  t a r g e t  nucle i  contr ibute  t o  t h e  

product. For t h i s  purpose we reserve the  term "cross  section" f o r  

the  f i r s t  case and t he  t e r m ~ t t y i e l d  f o r  the  second case. 

The exc i t a t i on  functions a r e  p lo t ted  in.  Figs. 29 and 30 t o  

show the  eriergyrdependence of these react ions .  



Table IX. 'Cross sect ions  f o r  produc.tion of Cu iso$opes from Zn by p. 

Energy 
64 

~ ( C U  )b ~ ( c u .  61 ) b 
(MCV ) (mb 1 (mb . . (mb) 

-- a * . --_, 

a00 17.8 ' 1.9 (7)  18.3 + 2.0 (7)  28,4 ' 3.2 (4)  

560 20.2 + 2 . 1  (7) 15.7 + 1.6 (7) 22.3 + 2.4 (7) 
720 26.0 + 2.8 (5 )  17.9 ' 2.0 (5 )  22.8 1 2.9 ( 5 )  

2 200 21.0 + 2 . 1  ( 2 )  12.7 ' 1.4 (2 )  14.8 + 2.3 (1) 
\ 

4000 19.2 + 2.2 ( 2 )  12.7 + 1.3 (2) 14.3 ' 1.9 (2)  

5700 19.8 ' 2.3 ( 2 )  1z08 z lo& ( 2 )  13*0 5 LA ( 2 )  

6200 23.6 5 2.4 ( a )  J.a>.l + 1.3 ( 2 )  12. g + 1.3 ( 2 )  

a 
. Cross sec t ion  calcula ted by assuming only zuh8 contributeS. 

. . 
b ~ h e s e  r e s u l t s  a r e  "yields" becausk a l i  isotopes of Zn contribute.  

Table X. Cross sect ions  fo r  production of Mn isotopes from Fe by p. 

a 
CPOS; s e c t i cn  calcula ted by assuming only coritributes. 

b ~ h e s e  r e s u l t s  a r e  "yields" because a l l  isotopes of Fe contribute.  



Fig. 29. Excitat ion functions fo r  production of Cu isotopes from 
bombardment of Zn with protons. 
Smooth curve P i s  cross s e c t i o n  fo r  ~ n 6 8 ( ~ , 2 ~ ) ~ u ~ 7  reaction.  
Dotted curve 9 i s  cross sect idn fo r  production of Cu61 from 

na tura l  Zn t a rge t ?  
Dashed curye 9 is  cross sect ion fo r  of ~u~~ from 

na tura l  Zn ta rge t .  



Fig. 30. Exci ta t ion functions f o r  'production of Mn isotopes from 
bombardment of natural .  Fe with protons. 
Smooth curve 8 i s  cross sedtion--for ~ e 5 7 . ( ~ ,  zp)Mn56 reaction.  

curve I i s  dross sec t ion  f o r  production ot' ~ r i 5 ~  from 
na tura l  Fe t a rge t .  

Dashed curve 9 i s  cross sect ion f o r  production of Mn51 from 
na tura l  Fe t a rge t .  , 



D. Discussion of I?roton Results  

1. Complex Reactions 
64 

The exci.tation fmc t ions  f o r  the  production of Cu and Cu 61 

from Zn, and fo r  the  production of Mn52 and Mn51 from Fe can be n ice ly  
' 

explained i n  terms of the Serber ~ o d e 1 ~ ~  and the  Monte Carlo cal -  - 
culat ions  of M e t r ~ p o l i s . ~ ~  These  four exc i t a t i on  functions exh ib i t  

the  same general  energy dependenc?. From 400 t o  720 MeV there  i s  a 

decrease i n  y ie ld  whereas above 2.2 GeV the  y ie lds  a r e  constant. The 

data  fo r  Mn52 have the  highest  precision s ince  Mn52 i s  the  f i r s t  com- 

ponent t o  be resolved from t h e  decay c u r v e  Some fi52 w i l l  be pro- 

duced from a (p,2pn) reac t ion  on Fe54, bu t  most of the  Mn52 i s  ' 

56 produced by a (p, 2p3n) react ion on Fe' because of the  g rea te r  abun- 
56 dance of Fe (91*6$) i n  na'tural Fe t a r g e t s  . (The symbol (p, zp3n) 

stands fo r  any reac t ion  involving a M = 1 an.d a AA = 4. ) Therefore 

we w i l l  d iscuss  the  Mn52 exc i t a t i on  funct ion i n  d e t a i l  with t h e  

understanding t h a t  the  discuss ion app l ies  j u s t  8,s wel l  t o  the  other 

exc i ta t ion  functions.  

A s  mentioned before, the  Serber Model a s s m e s  t h a t  spa l l a t i on  

react ions  occur i n  two stages, the  cascade s t e p  an& the  evaporation 

sLsy. The Murrte Carlo ~alCuia tSons  OS MetropolisR3 have been per- 
64 formed fo r  the  reac t ion  of protons with Cu . The ca lcu la t ion  shows 

t h a t  fo r  the  cascade step,  the  cross  sec t ion  f o r  a mass change of one 

or  two un i t s  decreases f a i r l y  rap id ly  i n  the  energy region from 400 

t o  1000 MeV but  d.ecreases more slowly from 1 t o  2 GeV. The r e s idua l  

nucleus a t  t he  end of t h i s  cascade has an average exc i t a t i on  energy 

of about 40 t o  50 MeV, which is 'enough t o  evaporate severa l  more 

nucleons. Moreover, t he  average exc i t a t i on  energy i s  r e l a t i v e l y  

constant with increasing bombarding energy so t h a t  t he  average number 

of evaporated p a r t i c l e s  w i l l  be insensi . t ive t o  the  incident-proton 

energy. Thus the  shape of the  exc i t a t i on  funct ion f o r  a product 

nuclide 4 o r  5 mass u n i t s  from the  t a r g e t  w i l l  be controlled, by the  

cross  sec t ion  fo r  the  one o r  'two n.ucleon-out cascade s tep.  



An a l t e rna t i ve  mecharzism f o r  achieving an overal l '  mass change 

of 4 would be a four nucleon-out cascade step,  leaving the  nucleus 

with very l i t t l e  exc i t a t i on  energy. However, the  ' ~ o n t e  Carlo cal -  

c u i a t i c i ~ p r e d i c t  t h a t  thc  cross sectior,  f o r  t h i s  tyye of  cascade 

peaks a t  about 690 MeV and leaves the  nucleus with an average exci ta-  

t i o n  energy of over 100 MeV. I n  general,  the  g rea te r  the  cascade, 

t he  gr.sL-l;er the  res idua l  exci ta t ion.  
64 

.We w i l l  assume t h a t  t he  ca lcu la t ion  fo r  protons with Cu i s  
56 d i r e c t l y  applicable t o  the  react ions  of protons with Fe The ex- 

5 2 perimental exc i t a t i on  funct icn f o r  the yPelU of MIL r o l l . 7 . u ~ ~  Llle 
64 

same energy dependence as the  one o r  two nucleon-out cascade i n  @la . 
5 2 Thus we expect t h a t  Mn i s  produced by a mecha,nism involving the  

emission of one o r  two p a r t i c l e s  i n  the cascade step,  followed by 

t he  emission of four or  three  p a r t i c l e s  i n  the  evaporation step.  
51 The y ie ld  of Mn includes the  contr ibut ion of (p,pxn) 

5 1 reaeLions wfth a l i  t he  Fe is03opcs t o  produce Fe The 1.i.fe.ti.me of 

~e~~ i s  ?robably so shor t  t h a t  l?e51 niiclei decay t o  Mn5' before the  

chemi c a l  separation can be performed. No e s  Lima.l;e of t h i s  contria- 

bl~-tion. i s  poss ible  from the  data  greseaited here.  his problem i s  
I j  2-m 

not enco:mtered i n  t he  case of because the  isomeric state Mn 

shie lds  t he  ground s t a t e  from ~ e ~ ' . )  The shape of the  Mn51 exci ta-  

t i o n  function i s  consis tant  with t he  expectations f o r  a few-nucleon- 

cascade s t e p  foliowed by a few-nucleon-evapora.tion step.  
, 

Tne rese t ions  of protons on Zn involve a shorter. ext rapolat ion 
I 

from the  Monte Carlo ca lcu la t io r .  However, s ince  na t r za i  Zn . ta rge t s  

were usedlfor these experinenti ,  the  t a r g e t  nuclide f o r  ~u~~ and Cu 
61  

i s  not near ly  a s  de f fn l t e  a s  with the  na tura l  Fe t a rge t s .  Since 

there  a r e  severa l  t a r g e t  nuclides, there  a r e  probably several  

react ions  contr ibut ing t o  the  yie ld ,  with each reac t ion  having i t s  

owri energy dependence. However, t he  general  modej.. of a .few-nuc4eon 

cascade followedby nucleonevaporation i s  w i t e  consis tent  with the  

observed exc i t a t i on  functions. 



2. (p, 2p) Reactions 

The above discussion has intentionally avoided mentioning the 
68 56 

Zn (p, 2 p ) C ~ ~ ~  and ~ e ~ ~ ( ~ ,  zp)Mn reactions. There are two distinctive 

features of these excitation functions,one being the 'unique energy de- 

pendence and the other being .the difference in magnitude between the 
56 Cu67 and Mn cross sections. . Exsmimtion of the (p, zp) excitation 

functions shows that both increase over the energy region from 400 to 

720 M~V, followed by a constant behavior at higher energy. 

There is a logical explanation for the cross-section increase 

in terms of the free-particle pp total cross sections. Above 400 MeV' 
the total pp cross section increases from about 23 mb to about 43 mb 
at 720 MeV. If we interpret the mechanism of the (p,2p) reaction as 

being a pure knock-on collision between the incident proton and a'pro- 

ton of the target nucleus with little excitation left behind, we 

would expect the ( ~ ~ 2 ~ )  excitation function to follow the structufe of 

t.he free-particle excitation function. Uoing thc samc notation as 
- - 

for the (X ,X n) reaction, we can express the probability of a (pJ2p) 

event by: 

where P represents the probability of the incident proton escaping 
3' 

and P represents the probability of the struck proton escaping with-  
P 

out further collisions. 

For a small distance of. travel, P i~ given by coll 

Pcoll = 1- exp c h p  (aopp 1 * (aopp) 9 

where a is the free-particle pp cross section and a is the reduction 
PP 

factor to account for the Pauli exclusion principle and the momentum 

distribution of the struck proton. Since the cross section for (pJ2p) 



reac t ions  i s  r e l a t ed  t o  the  in tegra ted  p robab i l i ty  of a  (p,2p) event 

over the nuclear volume, we see t h a t  a i s  d i r e c t l y  r e l a t ed  t o  
!P, 2~ 

the  f r e e -pa r t i c l e  cross  section.  The r i s e  i n  the f r e e -pa r t i c l e  cross  

sec t ion  above 400 MeV i s  l e s s  prom$inent i n  the  (p, ~ p )  react-ionis due  L u  

t h e  momentum of the  s t ruck proton i n  the  t a r g e t  nucleus. A ca lcu la t ion  

of t h i s  e f f e c t  would be qui te  i n t e r e s t i n g  but  was not attempted i n  

t h i s  work. 

Previous work on (p,2p)  exc i t a t i on  functions has not covered 

the  energy region of 11.00 t o  1000 MeV. Studies a,t, Carnegie Tech showed 

t h a t  the.  cross  sec t ion ,  f o r  ( p , ~ p )  reac t ions  general ly  increase  s l i g h t l y  

with energy i n  the  region from 200 t o  400 MeV. 77'79 This i s  cons i s ten t  

with the energy dependence of t he  pp cross  sect ions  i n  t h i s  region,  
68 

Morrison and 6 a r e t t 0 ~ ~  s tudied the  Zn (p,28BCu67 reac t ion  from 130 

t o  425 MeV by using enriched isotopes  of Zn. . , They measured a cross  

sec t ion  of 20.8 ' 5.8 mb a t  400 MeV compared with the  value of 17.8 

+ 1 .9  mb a t  400 MeV measured here.  P'igure 31 shows a  :'.plot of both 

(p, 2p) exc i t a t i on  functions measured here, including t he  da t a  of  

Morrison and Caretto.  A smooth curve f o r  the  pp t o t a l  cross  sec t ion  

i s  a1.80 shown f o r  cornpariaon. 

Rudstam e t  a l .  measured the   yield^ of Mn isotopes  from t h e  
5 2 

bombardmen.t, of  Pe with' 3 4 0 - ~ e ~  protons. 80 Their cross  s ec t i on  f o r  Mn 

f i t s  smoothly onto the  Mn52 e x c i t a t i o n  funct ion obtained i n  t h i s  work, 

bu t  the  correspondi.ng (p,2p) cross  sec t ion  i s  lower than t he  cross  - 
sec t ion  measured here a t  400 MeV by w fact.or o f  about two. (~hic i s  

a f t e r  cor rec t ing  t h e i r  da t a  f o r  the  abundance of ~e~~~ ) Their y i e ld  

of Mn51 i s  a l s o  lower than the  da t a  measured here, by a f a c t o r  of two. 

Another way of seeing the  dependence of the  (p,2p) r e ac t i on  

on the  f r e e -pa r t i c l e  cross  s ec t i on  i s  t o  p l o t  the  r a t i o  of the  (p,2p:) 

c ross  sec t ion  t o  the  f r e e -pa r t i c l e  pp cross  sec t ion  as a  funct ion of 
6 8 

encrgy. Figure 32 gives t h i s  p l o t  f o r  both the  Zn (p,Ep)Cu67 and 

Fe57(p, 2 p ) ~ n ~ ~  react ions .  Both s e t s  of da t a  show a  decrease i n  t h i s  



Fig. 31. Exci ta t ion functions f o r  p,2p) r e  c t ions .  
Cross , 'sections f o r  Zn6'(p, 2p)Cug7 react ion:  l measured 

here, 8 reference 7 . ? Cross sec t ion  f o r  Fe 7(p, Z ~ ) M J I ~ ~  reaction:  5 measured 
here, 3 reference 80. 

Smooth curve i s  f ree -par t i c le  pp cross  sect ion.  



T~ ( GeV 

Fig. 32. Ratio of (p,2 nucleon) cross sect ions  t o  f ree -par t i c le  
cross section.  . 

o [ ~ n ~ ~ ( p ,  2p ~ u ~ ~ ] / a ( p p )  f o r  (p, 2p) : I measured here 
I reference 

2p) measured here, I. 



r a t i o  from 400 t o  720 MeV, followed by a constant r a t i o  a t  higher energy. 
12 11 The smooth curve i n  the f igure  i s  the  r a t i o  of the  C ( p , p n ) ~  cross  

sec t ion  t o  the  f ree -par t i c le  pn cross section.  The similar energy 

dependence of the  (p, 2p)/pp and (p, pn)/pn r a t i o s  i s  r a the r  remarkable 

i n  l i g h t  of t he  di f ferences  i n  pp and pn cross sect ions  over the  energy 

range of i n t e r e s t  here, but  f i t s  well  i n t o  the  p ic tu re  of a s ing le  

c o l l i s i o n  of the  incident proton with a s ing le  nucleon. i n  the  nucleus. 

The decrease i n  these r a t i o s  over the  400- t o  1000-MeV region i s  

ascr ibed t o  t h e  d i f f i c u l t y  of ge t t i ng  the  newly produced mesons out  

of the  nucleus without fu r ther  in te rac t ions  a s  mentioned previously 

i n  Sec. 1 1 1 . - C .  The behavior of the  ( ~ ~ 2 ~ )  exc i t a t i on  functions i s  

thus consis tent  with the  mechanism of  a s ing le  pp c o l l i s i o n  occurring 

wit,hin the  nucleus. 

3. (P, 2p) Magnitudes 

The other fea ture  of the  (p, 2p) react ions  measured here i s  
56 the difference i n  magnitude between the Cu67 and Mn oross seat ions .  

A t  high energies the  Mn56 cross sec t ion  i s  about 2.5 times t he  Cu 6 7 

cross section.  This e f f e c t  would be e n t i r e l y  unexpected from a smooth 

mass va r i a t i on  or  l iquid-drop mcdel of the  nucleus. The l iqu id-drop .  

model would pred ic t  a l a rge r  (p, 2p) cross  sec t ion  from a Zn t a r g e t  

t han  from an Fe t a r g e t  simply because there  a r e  more protons i n  Zn. 

.The r a the r  l a rge  f luc tua t ions  i n  (p,2 nucleon) cross sect ions  among 

neighboring nucle i  has a1read.y been pointed out  by Markowitz f o r  
30 

(p,pn) react ions .  The explanation can be found i n  terms of the  

s h e l l  model. 

From the  Drevious discuss ion on t he  shape of t he  (p,2p) ex- 

c i t a t i o n  function, we know t h a t  a pp c o l l i s i o n  occurs with both 

c o l l i s i o n  par tners  escaping without. giving thei:.nucleus enough exc i ta -  
6 7 t i o n  energy t o  evaporate add i t iona l  p a r t i c l e s .  Cu l i e s  j u s t  one 

proton above the  closed s h e l l  f o r  Z = 28 whereas Mn56 i s  midway 

between t he  magic numbers of Z = 20 and IZ = 28. One might expect t h a t  



t he  bi~li l ing energy of one proton above a closed s h c l l  i s  qu i te  small, 

making it d i f f i c u l t  t o  produce a Cu67 nucleus with i n s u f f i c i e n t  ex- 

c i t a t i o n  energy' to evaporate another proton. However, looking a t  t he  

proton binding energies i n  CuG7 and Mn56 a s  given. by the  Nuclear D a t s  

Tables, we f ind  t h a t  the proton binding energies a r e  almost ident ical , .  

8.52 MeV fo r  Cu67 and q.13 MeV f o r  Mn56. Furthermore, the  neutron 

h i  niiing energy for  is  7.87 MeV, or  &out 1.8 MeV l e s s  than the '  

neutron binding energy i n  C U ~ ~ ,  so  t h a t  one would expect it t o  be 

more d i f f i c u l t  t o  form Mnb6 a t  a low enough exci ta t ion.  The p a r t i c l e  
56 binding energies a r e  qui te  s imilar  f o r  Cu67 and Mn so we co~u:l.ude 

t h a t  binding-eneGgy dif ferences  cannot be responsible f o r  the  d i f f e r -  

ences i n  cross section:. 

4. Proton Avai lab i l i ty  

I f  we consider the  number of "available" (as  defined i n  Sec: 

111. -F) protons i n  the  t a rge t  nuclei ,  we notice a d i s t i n c t  corre la t ion.  

Assuming t h a t  only t he  twu pro.Lons beyond the  closed s h e l l  of Z = 28 
68 

i n  Zn a r e  avai lable  and t h a t  a l l  s i x  protons beyond the  closed s h e l l  

of Z = 20 i n ~ e ~ ~  a r e  avai lable ,  we would expect a rat i ,b ot. 612 = 311 

f o r  the numher of ava i lab le  protons. This predic ts  the  Fe57(p,2p)Mn 56 
68 

reac t ion  t o  have three times t h e  cross  sec t ion  f o r  t he  Zn ( ~ I , z ~ ) c u  6 7 

reaction,  i n  agreement with the  observed r a t i o  of 2.5/1. 

A s h e l l  s t a t e  i s  considered t o  be ava i lab le  only when the  

di f ference between the  binding energy of t he  protons i n  t h a t  s h e l l  

and the  binding energy of the  topmost s h e l l  i s  l e s s  than t he  energy 

needed t o  evaporate other  nucleons from the  res idua l  nucleus. Unfor- 

tunat'ely, binding energies of buried s h e l l  s t a t e s .  a r e  known only fo r  

t he  l i g h t  nuclei,  and not f o r  t he  mass region of i n t e r e s t  here. 
44 

If we assume t h a t  the  foregoing analysis  i s  valid, we can 

. u s e  experimental data  t o  s e t  l i m i t s  on the  di f ferences  between she l l -  

s t a t e  binding energies. For example, knowing t h a t  the  f protons 
6 8 7/ 2 

i n  Zn a r e  not avai lable  f o r  a (p,2p) reac t ion  t e l l s  us t h a t  the  



. . . . .. 
difference i n  'binding energy between' the  f  protons and the  2p 

6 8 712 312 
protons i n  Zn i s  g rea te r  than. about 8 MeV ( the  binding energy of 

an cx pa r t i c l e ,  taken from Cameron's Mass Table81). Likewise, the  2s 

and Id  s h e l l s  must l i e  more than 7.'27 MeV below the  f  s h e l l  i n  
712 

~ e ~ ~ ,  since the  protons i n  these  s h e l l s  a r e  *not ava i lab le  fo r  a (p, 2p) 

reaction.  

Much more experimental data  i s  needed before we can be ce r t a in  

of t he  usefulness of (p,2p) react ions  a s  a measure of bur ied-shel l  

binding energies. Other e f f ec t s ,  such a s  the  densi ty  of s t a t e s  i n  

t he  Yinal nucleus, may influence the. magnitudes of (p, 2p) cross  

sections.  The Nuclear Data sheets' l i s t s  only the  ground s t a t e  f o r  

Cu67 whereas there  a r e  a t  l e a s t  15 s t a t e s  inMn5' between the  ground 

s t a t e  and the  par t ic le-emit t ing s t a t e s .  Mn56 is an.odd-odd nucleus 

so it probably does have more exci ted s t a t e s  than the  odd-even 

nucleus C U ~ ~ ,  but  it may be t h a t  the  exci ted s t a t e s  of Cu67 a r e  not 

yet  known. 
. . 
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V I I  . PION REACTIONS I N  AL, CU, AND ZN 

I + A .  Introduction 

A few  experiment.^ were.perPormed. t o  measure the yields  of more 

complicated pion-induced react ions .  Specific product nuclef were deter-  

mined by radiochemically separating spec i f ic  elements from the 'target 

material .  and mea.surilig the r ad ioac t lv l t i e s  wi.l;?i luw-backgruuld P c~~ii t t t t i . .~ .  

The "non-simple" p'ion-induced react ions  a r e  of i n t e r e s t  f o r  comparison 

with the  Monte'Carlo calculations and other theore t ica l  treatments of 

high energy nuclear reactions. .  

Included i n  the  cascade s tep of the  Monte Carlo calculations are 

the  effects ,  of pion creation and rea'bsorption. %?he use of pions a s  a 

means of allowing large energy t r ans fe r s  was f i r s t  proposed by Wolfgang 

and F'ried1ander::to explain the mass-yield curve from interact ions  of 
82 

protons with' Cu a t  2.2 GeV'.. . . The short  mean f ree  path of plorls i n  

nuclear matter means. t h a t  there  i s  a high proba'bility t h a t  a newly pro- 

duced pion w i l l  be reabsorbed i n  the  nucleus and give i t s  rest-riiass 

energy t o  the.  two nucleons par t ic ipa t ing  i n  the  absorption process. The 

subsequent sca t te r ing  of these two nucleons i s  an e f f i c i e n t  means of 
8 3 exci t ing the nucieus.. . 

Cumming e t  a l . .  have found. t h a t  fo r  high-energy proton bombard- 

ments of l i g h t  nuclei  the cross sections f o r  the  production of various 
84 

nuclei  a r e  constant with energy. , .  This i s  Tnterpreted t o  mean t h a t  the  

energy-deposition spectrum i s .  r e l a t i v e l y  independent of the incident-  . . 

proton energy. It i s  possible t h a t  pion-nucleon isobars a r e  formed which 

escape the  l i g h t  nuclei  without giving ex t ra  excitatiori  energy a s  the  

bombarding energy i s  increased. The. in te rac t ion  of pion-nucleon isobars 

within nuclear matter i s  not completely.understood. a s  of t h i s  wri t ing.  

. .Another high-energy.process involving pdons i s  cal led the 

fragmentation mechanism.. This was proposed t o  accbunl; f o r  the  e jec t ion  

83~85 The loca l  "hot spot" of nuclear fragments .of mass 10 < A < 50. . 

necessary f o r  the  e jec t ion  6f a fraginent i s  presumably created by the 



f a s t  scat ter ing and absorption of a p ion . in  a . t ime comparable t o  the  

time f o r  a cascade. The comparison of pion-induced nuclear reactions 

and proton-induced.reactions might provide information on the v a l i d i t y  

of the  fragmentation mechanism. 

The major emphasis i n  the following discussion should be placed 

on the techniques developed- f o r  studying complex reactions induced by 

pions. The data, r e su l t s ,  and analysis  a r e  preliminary and introductory 

and should be evaluated a s  such. These s tudies  a r e  ac t ive ly  being 

~oii.l;iiiueil a L Berkeley . 



B. Experimental Methods 

1. Targcts 

Spal la t ion products were measured from three d i f fe ren t  metal 

t a rge ts :  Al, Cu, Zn. Large quant i t i es -of  these metals a r e  read i ly  

avad.1abJ.e i n  sheet form. The t a rge t s  fo r  meson bombardment consisted 

of stacks ,of 2.5-in.-diam disks .  Thicknesses up t o  0.25 i n .  were required 

t o  produce -suff ic ient  amounts of md ioac t iv i ty  from pion--beams of i-n-- - 

6 t ens i ty  10 n/rni.n. The disks were obtained by turning down sheets of 

the  metal on a l a the .  In  t h i s  way it was possible t o  obtain undforrn 

t a rge t s  with the .exac t  diameter of the  beam-defining counter. 
24 

. . Aluminum was chosen mainly t o  study the. pro&uction of Na. .. 
24 

The y ie ld  of Na . i n .  a piece of 3 - m i l .  A 1  has been .widely. used a s  a 

beam in t ens i ty  monitor i n  proton bombardments. It was hoped t h a t  the  
27 - react ion Al (n ,p2n)Na24 could serve a s  a s imilar  monitor f o r  pion- 

induced react ions  once the  exci ta t ion function was measured. Bu-l; the 

radiochemical method f o r  separation of milligram.amounts of Na from 

gram amounts o f . =  descr.ibed i n  this. 'work is . inconvenient and lengthy, 
. - The th'ickness of  Al rcquired t o  obtain measureah1 e ro~mt ing  r a t e s  of ' 

24 
Na. make to t a l+  counting of thc- o r ig ina l  t a rge t  impossib.le. .T&w- 

backpoi-lnd. y counting. of the  o r ig ina l  t a rge t  was not t r i e d  i n  t h i s  

work but ought.. t o  succeed. 

Copper was. chosen a s  a .  t a rge t  because of the  p o s s i b i l i t y  of 

comparing the data f o r  pion-induced react ions  with the large amount of 

data avai lable  f o r  proton-induced spa l la t ion  reactions.86 Copper has 

been a convenient t a rge t  fo r  many s tudies  of spa.l..l.ation reactions . 

despite the f a c t  t h a t  na tura l  copper has two s tab le  isotapes,  ~u~~ and 

The t h i r d  t a rge t ,  Znj,-was chosen i n  order t o  compare the. Zn 68 
- . - .  68 (n , n p ) ~ l . + ~  reaction with the react ion Zn ( p , 2 p ) ~ u 6 7 .  If f ree-  

p a r t i c l e  col l is ion.  cross sect ions  govern these reactions,  the 

(T-,n-p) react isn should show some e f f ec t  from the J = T = 3/2 



resonance, and. the' (p ,a) should show the r i s e  . in - cross section between 

,400 and 1000 MeV charac te r i s t ic  of pp t o t a l  cross sec t ions .  

No separated isotopes. were used f o r  these experiments be.cause 

of the  large quant i t i es  of t a rge t  material  required. The metal t a rge t s  

were of high purity..  The A l  was 99.9% pure. The Cu showed l e s s  than 

0.01% of Fe, Mn, and N i  when analyzed spectroscopically by George 

Shalimoff. The Zn was reagent grade supplied by A.D. MackayCo,. The 

t o t a l  weight of t a rge t  material  i n  a given run was a s  much a s . 7 0  g f o r  

an Al target,  485 g for. a Cu t a rge t ,  and 100 g .?or a Zn t a rge t .  (Thus 

the  radiochemical separation techniques could be c l a s s i f i ed  a s  "bucket" 

ra ther  than "micro.") . , 

I n  most of the bombardments, the  pion beam was.monitored by using 

the  counter telescope described i n  Sec.11-B. The same corrections fo r  

muon contamina%ion and coincidence-countin losses  w.ere made a s  d i s -  fS 
cussed. previously. No. correction was made f o r  secondary p a r t i c l e s  

produced i n  the, t a rge t s  themselves i n  these i n i t i a l  .experiments.. 

After f r rad ia t ion  Tor many hours (8 t o  20))  the  t a rge t s  were 

walked, not run, back . to- the-  chemistry laboratory fo r  chemical separation 

'of tte. spa l la t ion  products. A p rec ip i t a t e  of NaCl was obtained from 

the  Al t a rge ts ,  a p rec ip i ta te  of Fe 0 was separated from the Cu ta rge ts ,  
2 5 

and prec ip i ta tes .  of Cu, MnO and N i O  were obtained from the  Zn t a rge t s  
2 

The chemical procedures.are outl ined i n  Appendix C .  The f i n a l  pre-  

c i p i t a t e s  on f i l t e r  paper were mounted on 1-in.-diam aluminum disks  

f o r  counting i n  the low-background counters. I n i t i a l  counting r a t e s  

from these samples were. selaom more than 100 counts/min and often l e s s  

than 10 couits/min; t h i s  rrlade decay-curve resolution and h a l f - l i f e  

determination d i f f i c u l t .  After the  . a c t i v i t i e s  had decayed t o  back- 
' 

ground leve ls ,  the samples were analyzed by members of D r .  ~ ~ f f m a n ' s  
' ana ly t i ca l  chemistry group t o  determine the yield  of the  element in-  

volved. 
. . 

2.  L O W - ~ a c k ~ r o b d  Counting . . 

. . . . 

Because of. the  r e l a t i v e l y  law i n t ens i t i e s  of pion beams, special  

anti-coincidence equipment was designed fo r  low-background p counting. 



A successful  counter, designed by Duane Mosier and. Richard Leres, con- 

s i s t e d  of a standard B-proportional counter surrounded by a r i ng  of 16 
:large b rass  Geiger tubes, each about 2 0 . i n .  long and 2 i n . - i n  diameter. 

This e n t i r e  assembly was surrounded by a Pb-brick cave, the .  ins ide  of 

which was. l i ned  with 1/4-in. l u c i t e .  Every pulse  i n  the  r i ng  of Geiger 

tubes'  generated a block pulse about 200 psec long,. which turned. o f f  the  

s ca l e r  t h a t  recorded counts from the  Counter. Twu clucks w c l ' t  avail- 

ab le ,  one recording t he  t o t a l  elapsed t i m ~  and t he  other only t h e  time 

t h e  counter was ac tua l l y  on ( l i v e  t ime) .  The background with t h i s  s e t -  

up was typically about 3 .9 cuulls/mill, collqal-ed with thc  ucusld @ - c o ~ n t ~ s  

background of 8 t o  10 counts/min. The l i v e  time was 9% of the  elapsed 

time and t he  efficiency was i den t i ca l  t o  t he  other B counters. An 

opt ional  fea tu re  was t he  use of a scaler-gater  blocking pulse t o  tw11 

of f  the:  @ sca l e r  during. the  acce le ra t ion  cycle. of t he  Bevatron. .This 

system was discussed e a r l i e r  f o r  t h e  2:'- counter. U s e  of t he  Bevatron 

blokking pulse  cut the  l i v e  time t o  about 97% and t he  background t o  

about 1 .6  counts/min. . 

To get  morc r e l i a b l e  'low-ba.ckground- counting equipment., Ken , 

R1.1ssel  dcsigned a t r ans i s t o r i zed  co1.1-ntzr based on a model used a t  

Livermore. . The detecLor coilsisted of a gas-flow @-proportional c:nu.nt.er 

surrounded on.Lop and s ldes  by. an Ampex tube .giving pulses  i n  a n t i -  

coincidence. Except f o r  the. high-voltage power supply and thc .  sca le r s ,  

a l l  the  components were. t r ans i s t o r i zed .  The detector  was housed with- 

i n  an. 18-in.  ..-diam Pb. sh ie ld .  Two of these  counters were made and placed 

. i n  a room on the  basement f l o o r  of the  new chemistry annex about 150 
f e e t  fu r ther  from the  Bevatron than t h e  o ld  counting ruum. 1 . L  was f e l t  

t h a t  t h e  Bevatron would have . less  e f f e c t  here because of the  increased 

dis tance and because a h i l l  separates t he  basement of t he  annex from 

t h e  Bevatron. These counters had backgrounds. of about 0.2 t o  0 .3  

counts/min, but  t he  f 3 .  detect ion e f f ic iency  was orlly about. 77% of .the 

e f f ic iency  of-  shelf  1 on .a regular  B co.ul~l;er. ' The de.creased. ef f ic iency 

was due t o  t he  lower so l i d  angle. .  Sourccs f o r  the  new.countera bad 

t o  be prepared on 1- in .  -diam disks  r a the r  than on. tne  usual 2 . 7 - .  l ~ y  

3.. 5-in.  Al '- counting' card, but  i n  a l l  o ther ,  respects  mounting of the  

samples was t he  same. 



3. Decay-Curve Analysis - 

The NaCl samples from the bombardment of Al showed no a c t i v i t y  
24 

other than the 15-h Na , and a s t ra ight  l i n e  could be drawn through 

the data. The Cu prec ip i ta te  from the bombardments of Zn showed com- 
61 ponents character is t ic  of cP7, C U ~ ~ ,  and Cu , and were resolved 

graphically; The Fe 0 samples gave decay curves with several .corn- 
2 3  

ponents i n  addition t o  8-h ~e~~~ These could be resolved. in to  5.7- 

day Mn52 arid 2.58-h Mn56. . The Mn02 samples from bombardment.. o f ,  Zn 
- 

gave the Mn52 and Mn76 a c t i v i t i e s  and a l s o  a shorter-lived a c t i v i t y  
51 probably due t o  45-min Mn . . To facil i ta. te. .analysis of these decay 

curves., an IBM computer program (FRENIC). was- used. t o  give a l eas t -  

squares analysis of the decay curves. ~he .o r ig ina lp rog ram.a r r anged  by 

Kasmussen and Hoff. fo r  the Berkeley 704 has recently been revised by 

John Mahony and the computer group for  use w i t H .  the -1BM 7090. . This 

program allaws both the ha l f - l i f e  and i n i t i a l  activity:  of a l l  the com- 

ponents t o  .be varied i n  order t o  f ind  a .lea.st-squares f i t  t o  the decay 

curve. Since the h l f  - l ives  a r e  well known for. . the.  .isotopes. studded 

here, they were kept constant and only the ' i 'nit ial  a c t i v i t i e s  were 

allowed t o  vary. 



C, Results  of n- -Induced Complex Reactions 

. . The in5:tial a c t i v i t y .  a t  end-of -bombardment was corrected f o r  

t h e  e f f ic iency  of t he  counter a t  t h e  given shelf' pos i t ion  and spwce  
- A t  

thickness;  f o r  t h e  sa tu ra t ion  f ac to r  1 - e , and f o r  the  chemical. 

y i e ld .  The e f f ic iency  of a  given nuclide a s  determined i n  Appendix D 

was mul t ip l ied by 0.77 t o  obtain t h e  corresponding e.fficiency of t h e  

t r ans i , t o r i zed  low-background counter. The beam in t ens i t y  was monitored 

wi th  the  counter telescope described i n  Sec. IT-B. The cross sec.t'Pomls 

were. ca lcula ted from 

Table X I  gives the  measked cross sect ions  f o r  the  production of 
'2 '-( 

Na24 from Al by negative pions .  

. . 

24 
. . . . . . Table  X I . .  Cross sect ions  ril-r. l;hr reac t ion  A 1 2 7 ( ~ -  , p 2 n ) ~ a  . , . ,  --- - 

Incident - Measwed Average 
pion energy cross sect ion cross s'ection 

( M ~ v )  (mb ) (mb 

a  T2ie p ion  beam was monitored by meand of a  ca l ib ra ted  ion chamber 

a t  127 MeV only. 



Fig. 33. Exci ta t ion functions f o r  production of ~a~~ from A l .  
I cross sect ions  f o r  ~ 1 2 7  (n-, p2n)Na24 react ion.  
Smooth curve i s  cross sec t ion  f o r  A127(p, 3 p n ) ~ a 2 4  

reac t ion  from da ta  of reference 84 and 87. 



These cross sections a r e  p lo t t ed  i n  Fig.  33 along with a smooth cumre 

representing the. cross section f o r  production of Na24 from A127 by ' 

protons. The pion da-ta have large e r ro r s  and a r e  sparse making it 

p r e m t ~ e  t o  say:-anything ae f in i t e  about the  exci ta t ion function f u r  

>-induced production. One can say tha t  the ~ 1 ' ~  (a- ,p?i~n)Na~~.  cross 

sections a r e  of similar magnitude a s  the p-induced cross sections.  

. Table X I 1  gives the  cross sectfons fo r  ' the. reactions of pions 

on Cu. The. cro33 ~ec t i . ons  a r e  ca.lculate? w?:l:'h the assumption t h a t  . 

both ~u~~ and Cu6' contrihilte t o  the. yie ld . .  Ibe Mn and F e  a c t i v i t i e s  

were detected with t he  low-ba.ckground f3 counters, while th. e Cu 61 

a c t i v i t y  was measured by count iag  . the  0.. 511-MeV annihi la t ion radiat ion '  

w.iths.3-by-,?j-.in. NaI c rys t a l .  No special..chemical separation. f o r  Mn 

wa.s perform?d j-n. the  bombardments o f  C u  wdth pions . The Mn a c t i v i t i e s  

appeared i n  the  Fe 0- 'samples; 1% was assumed t h a t  the  -Mn a c t i v i t i e s  
2 3 

had carr ied on the F ~ ( O H )  p rec ip i t a t e s  since no Mn holdback ca.rrfer 3 
had been added. . I n  the  calculation of the'Mr..cross sect.ions.,. the  

chemical yie ld  wa.s assumed t o  be the.  same a s  khe chemical yi- ld  f o r  Fe. 

The data of Ta1)J.e X I 1  a r e  based on only one experiment f o r  each 

cross section.  The e r ro r  of 30 t o  40% i s  determined from the e r ro r s  

in  beam-monitoring, decay-curve resolution,  and chemical-yield deter-  

mination. The t a r g e t  f o r  the 302-MeV data was a thin-Al can f i l l e d  with 

CuO powder. The other runs were made with metal t a rge ts .  The powder 

Larget was much eas ic r  t o  work wfth chemically and S.t, i s  recommended 

t h a t  f ~ w t ~ h e r  experiments be perform~d with powder t a rge t s  rather than 

the  ~ r ~ e t a l  t a rge ts .  

.Tne cross sect ions  fo r  the  reactions of pions with Zn a r e  

presented i n  Table X I I I .  The CuG7 cross sectioh i s  based on the - 
68 assumption tha-t only Zn contributes t o  i t s  formation. The cross 

section f o r  was caiculated by assuming t h a t  a l l  the  isotopes of 



Table X I I .  Cross sec t ions . for  t he  production of various nuclides from 

the bombardment of Cu with nega.tive pions. 

Incident -pion 
energy ( M ~ v )  

cross section 
(pb:) 

-- . . 

a 61 Cu was detected by c o d i n g  the annihi la t ion ray.  
. . . . . . . . . .  . , .  . . . . .  

. , 



,Table ~111.: Cioss sedt.ions fo r .  the  production of various isotopes by 

t h e  bombardment of Zn with negative pions.  

. . 
Incident-pion , Measured Average 

Isotope energy cross  sect ion cross section 
( M ~ Y )  (mb ) (mb 

a The ~i~~ cross  s e c t i o n  was. ca lcula ted a f t e r .  assuming t h a t  a l l  

isotopes of Zn contribute t o  i t s .  formation except Zn64. The 

t o t a l  percent abundance of th.e applicable Zn isotopes was 51.1%. 



Zn except ~n~~ can produce ~ i ~ ~ .  The other cross sections a re  ca l -  

culated on the  bas i s  t h a t  a l l  Zn isotopes contribute t o  the y ie ld .  

Again the 302-MeV data were obtained with a n  oxide t a rge t  ra ther  than 

a metal t a rge t .  FOP the  bombardment of pions on Zn, Mn ca r r i e r  was 

added t o  the  t a rge t  solution and a spec i f ic  chemical separation of 

Mn was performed. 
64 61 The absolute y ie lds  of Cu and C u  can be compared with the 

r e l a t i ve  yields  presented by Turkevich and Fung f o r  the  absorption 
88 

of slow 7 ~ -  i n  ZnC12. - The following tab le  gives the r a t i o  of the  

Cu6'- t o  Cu64 cross sections f o r  the  absorption of slow n- , pion energies 

measured here, and fo r  the bombardment of Zn with 400-M~V protons. 

61 Table XIV. R a t i o  of Cu and Cu64 cross sections from bombardment of 

Slow 7 ~ -  ,302 -MeV n- . 373 -MeV n- 400-M~V p 



Thc primary object  i n  t he  bombardment of Zn with pions was t o  
- a 

cO% 

a r e  the  2n6'(T ,T p ) c P 7  reac t ion  with t he  corresponding 

Zn (p ,2p)~u67  react ion.  The pion data obtained a t  373 MeV with metal 

t a r g e t s  was not very reproducible; t he  average value given i n  the  

t a b l e  is probably not too r e l i a b l e .  However the  two runs' a t  302 MeV 

t h a t  used a ZnO powder t a rge t  were qu i t e  reproducible fo r  a l l  th ree  

Cu activP.L5.es measured. . Comparing t he  - ( n - , n p J  cross sect ion t o  the 

(4-p) t o t a l  cross  sect ion a t  300 MeV, we see t h a t  t h e  r a t i o  i s  
. . 

16 i 2 6 7 
3 0 

= 0.53 k .07. The value of t h e  Z & ~ ( ~ , ? ~ ) C U  /(pp) r a t i o  

shown i n  Fig.  32.  is' 0.66 5. ,07, a t  @o. 'M~v;,  

, This would ind ica te  t h a t  t h e  term f o r  the  p robab i l i t y . o f  a 

co l l i s i on ,  Pcoll , dominates .the expression f o r  t h e  p robabi l i ty  of 

a "simp1e1' event, P 
(a,ab) 

. . This i s  expectedwhen react ions  o f t h i s  

type occur on t he  nuclear surface .  When a co l l i s i on  occurs on t he  

surface,  t h e  -pa.rti:le i r l v  olved w i l l  t r ave l  only shor t  d i ~ t s n c e s  t o  

escape t h e  rlucleus. Thus t h e  d.ifferences i n  mean f r ee  path  f o r  pions 
' and nucleons w i l l  not be too  important fn  determirlirlg Lhe r e l a t i v e  

y ie ld  f o r  d i f f e r en t  "simple1' r eac t ions .  However it i s  again necessary 

t o  obtain more experimental data t o  e s t ab l i sh  t h i s  re la t ionsh ip .  

The production of isotopes more than m e  ~rlass un i t  l e s s  than 

t h e  t a r g e t  can 'be  in te rpre ted  i n  terms.of  the  Serber model. 32 
A. 

modification i s  necessary-to account f o r  pion absorption.  . It is  most 

probable t h a t  the  incident pion w i l l  be a'bsorbed a f t e r  a few col l is ior ls  

ins ide  the  nucleus. The absorption i s  assumed t o  take place between 

two nucleons, and t he  rest-mass energy of. t he  pion i s  divided between 

t h e . t y o  nucleons.. 'The.two reco i l ing  nucleons w i l l  i n i t i a t e  a f a s t  

cascade.and from then on t he  process i s  indist inguishable from a proton- 

induced cascade. From t h i s  model we speculate t h a t  t h e  y ie lds  of pfon- 

induced react ions  do not d i f f e r  g r ea t l y  from the  yie lds  of proton-induced 

reac t ions  when we consider "non-simple" react ions .  



Table XV s m a r i z e s  the  non-simple react ions  measured i n  t h i s  

work and compares t he  y ie lds  with s imi la r  y ie lds  from proton react ions .  

I n  general,  t he  y i e ld s  from pion react ions  agree with t he  y ie lds  from 

proton-induced react ions .  The accuracy of the  pion da ta  i s  not s u f f i -  

c i en t  t o  enable de t a i l ed  conclu$ions t o  be drawn, but the re  does not  

seem t o  be a very s tmng  dependence on t h e  incident-pion energy. 

It should be noticed t h a t  t he  y ie lds  of CuG4 and CuG1 from 

300-MeV n- + Zn' a r e  both lower than the  corresponding y ie lds  from 

400-MeV p + Zn. The a b s o q t i o n  of a n  i n  a Zn t a r g e t  nuclide means 

t h a t  no protons can be emitted i f  a Cu product i s  t o  b e  observed. For 

p + Zn, two protons along with several  neutrons must be emitted, which 

opens up severa l  more reac t ion  channels. Thus we might p red ic t  s l i g h t l y  

g rea te r  y ie lds  f o r  t he  proton-induced reac t ion  when the  product nuclide 

i s  only one charge u n i t  below the  t a r g e t  nuclide.  For product nucle i  

f a r t h e r  removed from the  t a rge t ,  t h i s  e f f e c t  i s  probably l e s s  important. 

One other  fea ture  can be noticed from these  data .  Let us assume 
64 

t h a t  t he  react ions  n- + Zn and p c Cu63 f o m  highly exci ted com- 
64* 

pound systems of Cu64ie and Zn , respect ively .  A t  the  high exc i ta t ion  

energies considered here t he  di f ference i n  charge of these two "com- 

pound nucle i"  i s  r e l a t i v e l y  unimportant i n  determining the  numbers of 

protons and neutrons emitted i n  t h e  de-excitat ion process. Thus we 

would e q e c t  the  y i e ld s  from these  two react ions  t o  be almost i den t i ca l .  

2116~ composes 48.9% of the  Zn t a rge t ,  and Cu6' composes 69% of the  Cu 

t a rge t ,  so the  da ta  given here may be su i t ab l e  f o r  a comparison of 

t h i s  type. From the  data  of Table XV we see  t h a t  the  y ie lds  of Mn 52 
36 - 

and Mn a r e  11 and 5 mb for  t he  case of 300-MeVn on Zn, and 7.1 and 

2.5 mb f o r  3 4 0 - ~ e ~  p on Cu. The magnitudes of t he  proton cross  

sect ions  a r e  s l i g h t l y  lower than the  pion cross sections,  bu t  the  r a t i o  
52 56 of the  Mn, /Mn y i e ld s  (2.2 f 0.6 i n  the  pion case and 2.8 f 0.6 i n  

t he  proton case) a r e  s imilar  within t he  experimental e r r o r .  

From the  l imi ted amoiint of data  presented here, one cay say t h a t ,  

i n  general,  pion-induced react ions  do not behave d i f f e r en t l y  from proton- 



Table XV. Comparison of y ie lds  for.  "non-simpae" pion- and proton- 

induced react ions .  0 i s  given in .  mb. 

Reactf on. 

215 MeV .7r7 I- Cu 

24.5 MeV n- + Cu 

302 MeV n--'+ Cu 

245 MeV 7r- .+ Zn 

302 MeV 7i- + Zn 

373 MeV 4- + Zn 

340 Mev p + cua 

400 MeV p + Zn 
400 MeV p + Fe 

340 MeV p + Fe 
b 

%ta from reference 8 i .  

. .  b ~ a t a  from reference 80. 



induced react ions  f o r  t a r g e t s  and products i n  t h i s  mass region.  .The 

major significance of t h i s  remark comes from consideration of the  

various theor ies  f o r  energy t r ans f e r  i n  proton-induced spa l la t ion  

react ions .  The production and reabsorption of pions has. been of ten 

proposed a s  t he  mechanism of energy t r ans f e r  f o r  high-ener.gy.nuclear 

reaction-s.  The' experimental evidence .given here ind ica tes  t h a t  t he  

energy deposition from pion- and proton-induced react ions  i s  qu i t e  

s imi la r .  This supports the  hypothesis t h a t  pion processes p lay  a 

n~a jor  r v l e  i n  high-energy nuclear reactions. .  

Tile lrlrluerlct! uf pfons I n  the fragmentat.ion process i s  s t i l l  . 

unknown.. To c l a r i f y  t h i s  po in t  it would be.necessary t o  obta in  cross 

sect ions  f o r  production of much l i g h t e r  fragments than measured here.  



. . VIII. SUMMARY -AND CONCULSIONS 

' ' The mos? significant feature of the experimental results des- 

cribed in this 'thesis is the appearallce of fi-ee-particle-like c o l l i  s i  ons 

' within nuclear matter'; Quasi-free-particle scattering has been investi- 

gated in many laboratoriks around the world by using proton beams and 

measuring two outgoing protons in coincidence. Major accomplishments 

of the (p, 2p) coincidence experiments have been the determination 

of the binding energy of shell-model states in light nuclei, and the 

determination of' the momentum disrI;~-ibutions o? protons in r iUCLe1.  

However sirr~ilar and."complimentary effects 'can be discovered by 'using 

%.e.~hni'~~es to meashe the resiaual nucleus after a simple reactj:on. has 
- - 

occurred. The (n ,n n) reaction studied here is an example of such 
a technique. 

First we will summarize the free-particle effects discovered 

in this work and then list the applications of (n, , . :~ n) reactions. 



A. ' Summary bf &ee - ' ~ a r t ' i c ~ e ,  Ef fec t s  
. .  . . ' " <  . < .  

, . .  ~ ' ~ 7  :.: . . :. 2 . ,  , - i  '. .. 
12 - , 11 

The' measurement: of -the C s '  .(n. ,n - n)  : c . excjrtatian function 

showed a peak a t  the  same incident-pion energy as the  resonance i n  

f ree-parkic le  3.-n. scatkek5ng. This peak i s  i n  d i s t i n c t  contras t  t o  
12 

the  C (pJ pn') cl1 exc i ta t ion  function, which shows no peak i n ,  t h i s  

energy region and'where no resonance e x i s t s  i n  t he  f r ee -pa r t i c l e  pn 

cross sections.  Arguments based on the  r e c o i l  ene rm given t he  s t ruck 

neutron show t h a t  the  pion peak i s  not due t o  the  incident  pion having , 

. the same momentum a s  the  proton a t  the  (P, pn) peak. A simple ca l -  

cula t ion,  based on the  assumption of a s ing le  n-n co l l i s i on  a f t e r  

.which both co l l i s i on  par tners  escape directly, .  reproduced t h e  shape 

of t he  experimental exc i ta t ion  function.  The f a c t  t h a t  the  calculated 

values were lower than the  experimental values by a constant fac to r  

i s  a t t r i bu t ed  t o  the  ?pproximations employed and t he  defects  i n  the  

nuclear model. The calcula t ion showed, i n  addit ion,  . t h a t  the  g rea tes t  

contributions t o  the  (7T-,n- n)  reac t ion  came from the  nuclear swface .  
'67 The experimental exc i ta t ion  ;unction f o r  t he  Zn68 ( P J  ) Cu 

and (pJ  2p) Mn56 react ions  showed s t ruc ture  s imi la r  t o  t he  f r ee -  

p a r t i c l e  pp t o t a l  cross sect ions .  The f r ee -pa r t i c l e  pp cross sect ions  

have a r i s e  from 400 t o  1000 MeV and then decrease t o  a cbnstant va1.w 

i n  the  GeV region:.. The (p, 2p) react ions  show. s imilar  behavior. In.  

contFast t he ;  (.p,: p ~ ) '  ekcr ta t ion  functions do not show t h i s  behavior 
. . 

because the  f r ee -pa r t i c l e  pn cross sect ions  a r e  r e l a t i v e l y  constant 

i n  t he  b 0 -  t o  100.0-MeV .regfon. 

A t  itOi-~eV incident-pion 'energy the  r a t i o  of the  Zn68 (?lrJ?l-p) 

Cu6? cross sect ion t o  the  f r e e - p a r t i c l e  n-p 'cross sect ion i s  almost 

t he  s h e  as the  r a t i o  of t he  Zn68 ,(p,  2 p )  CuG7 .cross se:tion t o  the  

f r e e - p a r t i c l e x p  . .  , cx?oss sect ion.  !?his i S  t 6  be. &pec-tred i f  f r ee -pa r t i c l e  
- - 

. sca t t e r i ng  : i s  the  control l ing fea ture  of both the  (n. ,n P )  and (P, '& 
react ions .  ~ iwevek ,  more. information i s  nekded about t he  energy 

- - 
dependence of the  - (n  ,n p )  reac t ion  before t h i s  can be f i rmly es tabl ished.  



+ + 
Data on t h e  . .  b12 . (n ,n n )  C" . r eac t ion  ought t o  give evidence 

+ :+ 
concerning .whether . the (n ,n n)  react ions  proceed by the- one-step 

or. two-step mechanism provided exper 'hen ta l  complications can be 

:'ove?come. The t e n t a t i v e .  resu-1ts obtained here ai*e inconcLboive on 

. t h i s  poi-nt. . .HoweVer,both mechanisms assume a n - i n i t i a l  TN co l l i s ion ,  

. . . so .  t h a t  t he  basic.  premise . o f .  the  impiise -appr.oxhation' . i s  s t i l l  . '  

. ' . ' preserved regardless  of.which mechanism appl ies .  . , 



. - 
B. Uses of 61 - 9 f l  n)  Reaction 

12 - 
Once the  mechanism of the  C (= ,=- n) C" react ion i s  

f irmly es tabl ished,  the react ion may be applied t o  several ' .other 

problems i n  nuclear physics.  

The resonance peak i n  n-n s ca t t e r i ng  i s  considerably broadened 

when the  neutron i s  moving within the  p o t e n t i a l  well  of the  nucleus. 

This broadening can be calcula ted provided the  momentum d i s t r i bu t i on  

of the neutrons i s  known. S t a r t i ng  with the  experimental peak, one 

could i n f e r  a momentum d i s t r i bu t i on  f o r  the  neutrons i n  the  "avai l -  

able"  shell-model s t a t e s .  

By using the  concept of avaPlable s takes  and studying t he  

(n-,T- n)  reactioil a s  a func.t;-ion of t a r g e t  mass, it may be poss ible  

t o  limiks on the  @inding energy of various shell-model s t a t e s .  
- - 

Any theo re t i c a l  treatment of the  (n ,n n )  react ion i s  

sens i t ive  t o  the  value of t he  mean f r e e  path f o r  pions i n  nuclear 

matter .  I f  a su i tab ly  accurate model and de t a i l ed  computer calcula t ion 
- - 

were attempted, the  experimental (n ,n n )  cross sect ions  could be 

used i n  determining the  mean f r e e  path  and e f f ec t i ve  cross sect ions  

i n  nuclear matter .  
12 - - 

The C (.rr ,n n )  C" r eac t ion  can be llsed a s  a monitor of 

pion i n t e n s i t i e s  f o r  pion-induced reac t ions  i n  other  t a r g e t  nuc le i .  

The plas. l ; ic-scinti l lator technique i s  qu i t e  straightSorward.and r e l i a b l e  

and the  h a l f - l i f e  i s  convenient f o r  shor t  bombardments. This w i l l  

enable determination of other monitor reac t ions  f o r  longer bombardments 

without the  necess i ty  of counting the  beam d i r e c t l y .  

Ericson e t  a l .  have discussed t he  use of low-momentum t r ans f e r  

react ions  a s  a means of obtaining 7IT cross sect ions  by radiochemical 

techniques .89 The method assumes t h a t  pe r iphera l  co l l i s i ons  occur 

within nuclear matter  between the  incident  p a r t i c l e  and one nucleon. 

The C12  (n-,n- n) c~~ reac t ion  s tbdied here gives evidence t h a t  



elementary-particle co l l i s i ons  do occur i n  nuclear matter .  This 

provides the  experimental evidence they require  t o  support t h e i r  

mechanism f o r  low-momentum t r ans f e r  react ions .  Pion-pion cross 

sectfons car1 be obtained from data  on pion exchange react ions  

(026 l9 &-I = 0)  by comparison of the  pion-induced cross sect ion t o  

t h e  proton-induced cross sect ion a t  t he  same c.m. energy. 



C .  Compar'ison..of.Pion-and . . . .. Proton-Induced Reactions 

The data presented here for spallation reactions~caused"by 
. . . . , . . . . . 

pions are quite limited,. but the yields are similar .in magnitude to 
. . . . . , . . -  . . 

yields from proton-induced reactions with the,,same element. The 

assumption that pions are.absorbed and the ensuing cascade is equivalent 
. . . a  . . . 

to a proton-induced cascade is. consistent with the data. The Monte 

Carlo calculations currently being carried out at Brookhaven use the 
.. ... 

assuruptlon that the pion quickly forms an isobar and, travels through 

riuclear ma-tter coupled to.a nucleon! It would be necessary to obtain 
. . . . . . 

much more extensive :data. to check this assumption. More data are 

also needed to investigate the fragmentation mechanism. . . 

To summarize : a lit.tle is known, much .is unknown. 
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APPENDICES 

A .  Free-Par t ic le  Tota l  Cross Sections 

The following four  f i gu re s  a r e  f r e e -pa r t i c l e  t o t a l  cross  

sec t ions  taken from the  l i tera t icce .  



96 Fig. A-1. Free-par-t'icle pp cross sections (from graph by Glassgold ).. 
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Fig. A-2. Free-particle pn cross sections(from data collected in re- 
ference 97). 
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Fig. A-3. Free-particle n p cross sections(from data collected in re- 

ference 97). 



Fig. A-4. Free-particle n-p cross sections(from data collected in re- 
ference 97). 



Bb Correction for .  .rr- Decay t o  p- . . . 

The. G- .and v from the  de,cay. of a .TT- a r e  .emitted a t  180 deg . 

- t o  each other  . i n  the c a m .  uT rcferencci  Accuming that t.hp 

i s  i so t rop ic  i n  t he  coma coordinate system, .we want t o  ca lcu la te  the  

s o l i d  angle subtended by a counter a t  some distance r from the  point  

of decay. The s o l i d  angle i n  t h e  c .me system when divided by 

gives the  f r ac t i on  of t he  decays a t  a given distance t h a t  reach t h e  

counter. .This f r ac t i on  must be multipaied by t he  f r ac t i on  of decays 

occurring a t  t he  g l v e n  point  t o  obta in  t he  r e l a t i v e  11 curl tr1LuLPull 

from t h a t  po in t .  The t o t a l  y contamination i s  obtained by s m i n g  

t he  contributioris from each segment of path  length.  The s teps  i n  

. t h e  calcula t ion a r e  .as follows. 

1. Divfde . the  .paSh length  i n t o  segments. 

2. ,Fr.om the  midpoint of each segment, ca lcula te  . the  laboratory 

. 3 .  Convert 8 t o  .c .m:.,system :by using the  equation a t  end, o f  

t h i s  a,-p-pendlx. There w i l l  be two values- of e 9 ,  correspond- 

ing t o  y ' s  t h a t  come of f  backward i n  the c.m. and p ' s  t h a t  

rnme off  i n  t h e  forward d i rec t ion .  Even some of t he  p ' s  

i n  t h e  backward hemisphere reach the  counter because of 

the  l a rge  forward ve loc i ty  of t he  c.m. 

4. Convert t he  c .m. angle 8 ' t o  a c .m. s o l i d  angle Q ' : 



5 .  Add the forward and backward solid angles for each segment 

and divide by h to obtain the fraction of decays reaching 
the counter. 

6 .  Calculate the mean distance of travel before decay A:. . 

h = p y C  TI , 
0 

where 

p = v/c 

v = velocity of pion, 

c = speed of light, 
2 -1/2 

Y = ( l - B )  

and 
- 8 

T = 2.55 X 10 sec.. 
0 

7. Calculate, e-d/hfor each segment to determine the fraction 

of initial beam that decays in each segment.  h he dis.2 
. .tancc d is measu~:cd f ru l a  Lhe start' of the Ty'lf'light rto 

the point of decay) 

8. Multiply the'fraction of decays in each segment by the 

fraction of muons reaching the counter, to determine 

fraction of initial beam that gives p's in counter for 

each segment. 

9. Sum up p contributions from all the segments, 

10. At the counter, the fraction of the beam that is pions 

is given by the number of pions still remaining in the 

bcam divided by the 'to.tal number .of particles. 

The total number of particles at the counter is the sum of 

the pions still remaining plus the muon contamination of the beam. 

The initial contamination can be determined by a range curve. Then 

we assume that all the muons and electrons initially present reach 

the .counter telescope. , These statements apply to the case where the 

contamination of the beam is known at some' point (e .g., liquid-hydrogen 



t a r g e t )  and . the  con%amination i s  desi red a t  some point  downstream 

( e  ,g . , chemistry t a r g e t )  . . 

The equation f o r  the  conversion of t he  l a b  angle of the  muon 

i n t o  the c.m. angle is  double valued f o r  Llie cbu.qs& Tl~ereforc it i c  

simpler t o  ca lcu la te  t h e  l a b  angle f o r  a given c.m. angle and make a 

p l o t  of , la-b angle vs c.m. angle.  The c.m, angles may then be i n t e r -  

polated from the.known l ab  angles.  The equation i s :  
42 

t a n  8 = 
B'sin 8 '  
y(B+B ' coc 8 ' ) 7 

where 

B '  = v/c f o r  p- i n  c u m . ,  

B : -= v/c fo r  n- i n  lab ,  

8 = l a b  angle, 

8 '  = cum. angie, 

ayd 7 = ( 1  -B ) -'I2 f o r  n i n  l ab .  

B F  i s  a constant  f o r  n-p decay equal t o  0.268 

B and y depend on t he  par.l;icular n-bean energy involved. 



C. Chemical Procedures 

1. Separation of 'Cu from Zn f o i l s  a f t e r  proton bombardments: 

a .  Dissolve Zn f o i l  i n  6~ .- HC1. 

b. Add 10 mg CU++ c a r r i e r  and holdback c a r r i e r s  f o r  ~ i++ ,  CO++, 

++ 

c. Dilute so lu t ion  t o  3 M  - HC1. 

d. Bubble 111 H2S gas and p rec ip i t a t e  CuS. 

e. Centrifuge, d issolve  CuS i n  6~ - H C l  plus 1 drop 30% H202. 

f .  Make CU++ solut ion j u s t  ba re ly  acidic ,  add Na SO and heat  
2  3'+ ++ 

u n t i l  so lu t ion  i s  decolorized t o  reduce Cu , t o  Cu . 
go  Add 1 M  - KSCN t o  p r ec ip i t a t e  C'uSCN. 

h. Centrifuge, dissolve CuSCN i n  EC1 and H202. 

i. Make s t rongly ammoniacal, add Na2S204, and heat  t o  p r ec ip i t a t e  

Cu. 

j. F i l t e r ,  wash with water, alcohol, and acetone; mount. 

2. Separation of Mn from Fe f o i l s  a f t e r  proton bombardments: 

++ 
a.  Dissolve Fe f o i l  i n  6M HNO so lu t ion  containing 10 mg Mn 

- 3 +++ +++ +++ 
c a r r i e r  and holdback c a r r i e r s  f o r  C r  , V and Sc . 

b. Add concentrated HNO heat  and add KC10 t o  p r ec ip i t a t e  Mn02. 
3' 3  

c. Cen t r i pae ,  d issolve  Mn02 i n  6~ - HNO and 1 drop 30% ~ ~ 0 ~ .  
3 

d. Pour so lu t ion  ca re fu l ly  i n to  hot  so lu t ion  of excess NaOHand 

H 0  t o  p r ec ip i t a t e  Mn02- 
2  2  

e. Centrifuge, d issolve  Mn02 i n  6M HNO 
- 3' 

f .  Repeat p rec ip i ta t io i i  of MnO with KC10 
2 3' 

g. F i l t e r ,  wash with H, 0, alcohol and acetone; mount. 
L 

3. SeparatAon of Na from A 1  a f t e r  pion bombardment: 

a. Dissolve A 1  i n  b i g  bucket (3 l i t e r )  of 6M - H C 1  containing 30 
+ 

mg Na c a r r i e r .  

b. Make so lu t ion  bas ic  with NH OH t o  p r ec ip i t a t e  A ~ ( O H )  4 3' 



c. Centrifuge i n  floor-model centrifuge ( 4 - l i t e r  capacity).  

d o  Wash p rec ip i t a t e  thoroughly with Hi0 then recentrifuge.  - 
e.  Collect  suPelvmtant solut ions  (2- or  3 l i t e r s ) ,  a c id i fy  yi ' th 

4 /1  mixture of  concentrated HNO and HC1. 
3 2 

. f .  Evaporate t o  small volume by using a l l  possible . techniques . 

' f o r  ~ a f o  rapid  e ~ a ~ o r a . i i o n .  Add more acid  a s  necessary t o  

des t roy NHLC1. 

g. When so lu t ion  i s  l e s s  than 30 mli ter ,  an F~(oH) , ,  scavenging 
J 

,precipi ta t iorr  may be performed i f  desired.  (NO noticeable 

e f f e c t  on thc  decay curve was observed due t o  t h i s  s t ep ) .  

h. Evaporate the  so lu t ion  t o  dryness i n  a small beaker. 
: + 

i. Heat i n  a muffle furnace f o r  10 .min k t  600' C. NHq s a l t s  
+ 

should be completely destroyed and Na w i l l  be converted t o  

N a  0; cool. 
-2 * 

j. Add i mli te r  of concentrated H C l O  and fume care fu l ly  t o  4 
dryness . 

k. :Dissolve NaClO i n  10-mliter  n-butanol. 4 
1. Add .2 ml i te r  n-butanol sa tu ra ted  with dry gel.  

m. ~ i l t e r .  t,he NaC1 formed, wash ' with bu t anv i -HC~  mixture; mount. 

4, Separation of Fe from Cu a f t e r  pion bombardments: 

a. Dissolve Cu t a r g e t  i n  concea.l;rated IINO and a l i t t l e  concen- 
3 

t r a t e d  HC1. 

b. Add 30 mg Fe c a r r i e r  and d i l u t e .  

c. Make s t rongly ammoniacal, f i l t e r  out  ~e (OH) 
3 ° 

d. ~ P s s o l v e  Fe i n  HC1, d i l u t e  t o  2N. - 
e. Add ~ u p f e r r o n  reagent t o  p r ec ip i t a t e  Fe. 

f a  centrifuge,  d issolve  Fe-cupferron p r e c i ~ b t a t e  i n  HC1. 

g. P rec ip i ta te  F'e (OH) with NH40H. 
. . 3 

h. F i l t e r ,  i g n i t e : t o  ~e 0 
2 3O 

i. Transfer t o  f i l t e r  chimney. 

j. Wash with H 0, alcohol, and ace-Lone; mount. 
2 



5 .  Separation of Cu, Mn and N i  from Zn a f t e r  pion bombardments: 

a .  Dissolve Zn i n  6~ - HC1. 
++ ++ ++ 

b. Add 30 mg each of Cu , Mn and N i  c a r r i e r s .  

c. Dilute t o  3 M  - HC1, pass i n  H S gas. 
2 

d o  F i l t e r  CuS a i d  continue as i n  Procedure 1 t o  obta in  Cu sample. 

e. Take f i l t r a t e  from s t e p  d, make strongly basic  with NaOH t o  

precipi ta te  MnUZ and  N i  (OH) 2. 

f .  Dissolve p r ec ip i t a t e  i n  K!l, make pH ahoiit, 6 .  

go Add dimethylglyoxime reagent t o  p r ec ip i t a t e  NiDMG. 

h. F i l t e r  NiDMG, dissolve,  and r ep rec ip i t a t e  NiDMG. 

i. Ign i te  NiDW t o  NiO,  f i l t e r ,  wash with H20, alcohol and acetone; 

mount. 

J , 
k. Add concentrated HNO then add KC10 t o  p r ec ip i t a t e  Mn02. 

L. 3' 3 
1. Continue as i n  &cedure 2 t o  obta in  p r ec ip i t a t e  of MnO 2' 



Do Beta Counter and Efficiency ~ e t e r m i n a t i o n '  . 

\ . . 

1. Counters 

The samples from the  proton bombardments were counted on end-win- 

dow gas-flow .beta proportional  counters.. These counters have been 

descralbzd by. Blolnn. The cnrnrnim~t,y counters mentioned by him were 

brought up t o  da te  ancf standardized. New ampli f iers  and s ca l e r s  of 

an  improved design were obtained f o r  seven f3 counters. A potentio- 

meter gave'increased s e n s i t i v i t y  t o  the  high-voltage control  on the  

amplif ier .  The s ca l e r  has a b u i l t - i n  power supply which feeds t he  

ampli f ier  a l so .  A regulated 5000-V power supply replaced the  old  

nonregdated suppljc. 

The de tec tors  were modified i n  severa1,ways t o  achieve grea te r  . . 
reproducibf i f  ty. The electrode t h a t  formerly consisted ,of  a loop, 

of tungsten wire on a s in& hypodermic needle was replaced wi-t;h a .  

new design. This cons i s t s  of two hypodermic needles suspended l i k e  

an inverted V from the  top of the  ckiaudber.. Across ihc opcn end of 

the  V j.s an 180-deg a r c  of 0.001-in. tungsten wire with an a r c  dia-  

meter of 1 em. , Thls design allows the wire t o  come'closer t o  the  
. . 

window with a r e su l t an t  decrease i n  background. The aluminized 

Mylar w i r d o w s  were replaced with gold-ized Mylar, the  evaporated 

gold being on the  ins ide  l aye r  of the  Mylar. This made the  colmters 

les-s  s ens i t i ve  t o  l i gh t :  A t h i n  aluminum r i n g  was designed f o r  each '  

detectoi- t o  hold the  Mylar window securely i n  place. W l l t l l  . this 3-ing 

it i s  possi'bie t o  put  culisidei-able goc pressure nn the  wlndow with- 

out  having the  window bow. This elimim3Zes chd~igcs i n  c f f i e iency  

due t o  changes i n  gas pressure. Brooks-mite gas flowmeters replaced 

t he  "bubblers" previously used Lo regulate  gas pressure. A l u c i t e  

r ing  was designed f o r  each de tec tor  t o  hold it securely i n  the  

counter stando . . 

APLer these changes, (and w5t.h constant care and feeding) each 
36 counter gave a constant coi j lz t f r~  .r:aLe .to within 1$ with A, Cl  so~arce. 



A l l  counters agreed t o  within 2% f o r  t h i s  standard on she l f  3. The 

backgrounds normally were about 9 counts/min with a f luc tua t ion  of 

about 0.5 counts/min, depending d i r e c t l y  on whether the  Bevatron was 

operating o r  not. (one of these counters was placed on a portable 
' rack and then the  background was measured i n  several  locations'.throu&h- 

out  the  building. The f i r s t  f l oo r  gave approximately 1 count/min 

lower backgrourid than the  second-floor counting room. ) . 

2. Eff ic iencies  

The e f f ic iency  of these  8 counters was determined following a pro- 

cedure out l ined by Bayhurst and Prestwood. 91 Their method eliminates 

the  need fo r  making separate correct ions  fo r  backscattering,  shelf  

geometry, air absorption, e tc .  They found t h a t  the  e f f ic iency  fo r  f3 

counting on 'a  given shelf  was a smooth function of the  average energy 

of the  f3 spectrum fo r  allowed f3 spectra.  The average energy f o r  

pos i t ive  or  negative f3 spectra  fo r  a given nuclear charge and f3 end- 

point  energy is  read from a family of curves. .For a given-type 8 

counter and sample-mounting technique, an  empirical  curve must be 

drawn giving the  e f f ic iency  of the  counter vs the  average energy of 

t he  f3 spectrun. This curve i s  shown i n  Fig. D - 1  f o r  the  f3 counters 

and mounting techniques u sed ' i n  t h i s  experiment.  o or mounting tech- 

niques see Sec. VI. B Z )  The e f f i c i enc i e s  were obtained by comparing 

the  counting r a t e  of a weightless sample on a 41-t counter with the  

counting r a t e  of t h e  same source mounted i n  the  standard fashion and 

counted on shelf  1 of the  B counters. 

For MnY6 and C G ~ ~ ,  p l o t s  were made of t h e  e f f ic iency  on a given 

she l f  vs the  thickness of the  p r ec ip i t a t e  i n  which the  a c t i v i t y  i s  

16cated. These da t a  a r e  shown i n  Fig. D-2. Mn56 i s  representa t ive  of 

most of the  high-8-energy a c t i v i t i e s .  Cu67 shows the  s t rong  e f f e c t  

the  source thickness has on the  e f f ic iency  of low-energy 8 ' s -  The 

da ta  of ~ l a n n ~ '  and ~ r e s p o ~ '  were used when.source-thickness correct ions  

were des i red  f o r  o ther  a c t i v i t i e s .  Data were a l s o  obtained f o r  t he  
56 r e l a t i v e  counting e f f i c i e n c y o n  various shelves f o r  ~ a ~ ~ ,  Na24, , 



- Average p energy, < E > ( MeV) 

Pi.g. D-1. Beta-counting e f f ic iency  vs average f3 energy f o r  
shelf  1 of end-window ropor t ional  counters. so point 
determined by Mahony. g8 zn63 point  determined by smith. 98 
Other da ta  a r e  from t h i s  work. A l l  e f f i c i enc i e s  were de- 
termined with weightless sources. 



Fig. D-2. Counting-efficiency correction vs weight of sample. 

% = 100 'C- counting efficiency for thickness x. 
-counting efficiency fo 0 thickness E 

6 

1 
Smooth curve I is for Cu 7 prepared as f ree  Cu. 
Dashed curve I is for Mn5 prepared as MnOZ. 
Weight refers to the weight of the element-rather 

than the weight of the compound. All sources 
were prepared on 2.41-cm2 circular disks. 



137 C U ~ ~ ,  MnSaj C136 and C s  . These da ta  showed t h a t  the  e f f i c iency  

could vary by a  few pGrcent f o r  the  same a c t i v i t y  on the  same she l f  

of  d i f f e r e n t  comters ,even though the  standards agreed t o  within 1%. 

This va r i a t i on  i s  presumably due t o  small d i f ferences  i n  she l f  d i s -  
. i 

tances.  

Once t he  empirical  curves have been determined f o r  e f f i c iency  vs 

average f3 energy, and fo r  e f f i c i ency  vs sample thickness, then  it i s  

poss ible  t o  .calculate e f f i c i enc i e s  f o r  any other  a c t i v i t y .  The average 

energy i s  determined :Pr.c-)rn I-,he graph, the  e f f i c iency  of a weightless 

sol-lrce j.s 'd,~termined, from the  empirical  cwve,  and t he  source-thick- 

ness correct ion i s  determined 'by comparing the  new ac-1;ivity wit11 t he  

absorption effect ,  of some other  a c t i v i t y  with a s imi la r  average energy. 

The e r r o r  on the  e f f i c i enc i e s  determined i n  t h i s  manner i s  about 5%. 
. , .  



E. Physics Groups That Provided Meson Beams 

Moyer Group - W . C  Bowman, J . B .  Caroll,  J .A.  Poier, M. P r ips te in  

act. 1961 

Crowe Group - R. Beck, No Dairiki ,  To bung, '  . 
my 1962 

Crowe Group - B. Czirr  

J11me 1961 

Moyer Group - H. Goldberg, ~ . d  Kenney 

Feb. 1962 

'Segr\e Group - N. .Booth, R. H i l l ,  H. Rugge, 0. Vik 

Apri l  1962 

Moyer Group - B.C. Barish, R. J. Kurz, J. Solomon, V. Perez- 

Mendez Ju ly  1961, Dec. 1961, Jan. 1962, .April 1962 

~ e g r ;  Group - To Eliof ,  W. Johnson, C.E. Wiegafid, T. YpsilantiG- 

' hkrch 1961 

Crowe Group - G. Bingham, H. Kruger 
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