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Abstract 

12 11 
The cross sectionsfor the knockout reactions C (IT »" n3C 

and C (IT ,n n+Tr p)C were measured over the energy range of 30 

to 90 MeV by an activation method, and compared to existing cal-

- 12 + 1 2 
culations. In this energy range, the ratio a (TT C )/O(TT C* 1 of 

the cross sections is 2 to 3 times smaller than the corresnonding 

ratio for pions on nucleons, contrary to the expectations of the 

impulse approximation. Such a behavior ha;; previously been known 

onlv noar the energy of the (3,3) resonance. 
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The knockout reactions of the type A(\r,jrN)B constitute a major 

1 2) 
f-ompcient of the pion-nucleus reaction cross section ' . These reactions have 

, "eviously been studied o^er the energy range of 50 to 1300 MeV. The exci­

tation function of the reactions C (7r+,rNjC has a yco1, near the energy of 

the (3,3) resonance in the trN cross section'' . This feature led to impulse 

1 S-9) 
•!ppi!xir..iticn interpretations ' " of the knockout reaction based on the iriep. 

of quasi-free scattering of pions from individual nucleons within the nucleus. 

In the plane wave impulse approximation (PWIA) calculation for 

the Mir*, TIU)& reaction in nuclei, the free ;tN reaction cross sections appear 

explicitly ' . The ratio R(\") defined by 

R(Aj <J{A[- V'^BJ. 

C-{A(,T. ,TT n+jT n)B} 

can then be compared to the corresponding r a t i o R(N) for f ree irN r e a c t i o n s , 

.. 10) 

'i-y> - g ( ^ " " +T n) = L , ' | f (3 /2 ) j 2 

u i / n / ' r . ^ V j | f ( . 3 / 2 ) v 2 f ( l / 2 ) | 2 v 2 | f ( 3 / 2 ) - f f l / 2 ) | : 

''T e sy:r.bol ffT) i s the Tr-nucleon s c a t t e r i n g ampli tude for i s o s p i n T. By symmetry 

i 11 1 ?) + 

or.» can reo l scn y (it n) by a v a i l a b l e data ' for c(it-p) . Around T = 180 MeV, 

•he up phase s l i f t s ' show almost no T=l/2 s c a t t e r i n g compared to T-3 /2 , so 

tha t R(N) = 3 . A s i m i l a r r a t i o i s then expected for R(A). 



Recder and Harkowitz ' investigated thr> C (^"{7r~n)C reaction 
+ 

in the energy range of 50 to 1900 MeV by analyzing the 8 activity of the 

i*sidual nucleus C" . Chivers et al measured this activation cross section 

for C 1 2 ( T T .TT.OC 1 1 around 120 and 180 MeV, and for C O*.- it*n+Tr°p)C 1 between 
12 

•0 and 280 MeV ; they found R(C ) around T = 180 MeV to be equal to 1.0 + 0.1 

atner tha7i the ratio of 3 predicted by the impulse approximation. Chivers et al ' 

ind Plendl et al " ' also sutdied the knockout reaction around T = 180 VeV for 

other targets. T^ore have been no determination of R(A) at low pion energies. 

Theoretical attempts have been made to explain the difference 

12 between thi.- predicted and measured R(C ) values at 180 MeV", as well as the shape 

oi th- e.icitr. tion curve for <J(n~C~ ) up through the (3,3) resonance, iiolybasov 

• :..irmn out a PKIA calculation, to which Selieri ' added kinematic corrections. 

u.ilkaroj ' as well as Kolyhasov and Smorodinskaya ' modified the calculation 

of Kolybasov by including higher order pion rescattering processes. In the 

above calculations ' ' ' the magnitude was normalized to the experimental 

results around T = 180 MeV, but there are considerable differences in the 
71 

8̂  

* -.ape cf the excit.-tior. curve at lower energies. Bertini considered 

effects of absorption and a diffusa nuclear surface within the framework 

of -1 Mor.te Cario direct knockout calculation. Hewson " got improved 
1 2 

vr-reroent to- R(C ) at T,r = ISO f-SeV by including the effects of charge 

•-~xinaiige *n trie fina? s ta te interactions of the outgoing neutron with the residual 

nucleus. Robson ' further investigated the final s ta te interactions and found 

that k(M is very sensitive to compound nucleus formation in the final s t a t e . 
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We report here measurements of the cross sections o i:he 

reactions C t17".77 n ) ^ ancl *- ~ {'"'* i* n+TT P)1- in the energy -pnge of 30 

*o 90 Mc'.'. The secondary ni.on beam from the Saclay electron linear accele­

rator was used. The data were obtained by analysis of the 20.4 min (3 

activity of C , so that the cross section to the sum of all the bound 

starts of C is obtained. Typical beam intensities on target were about 

r 

.':i'-.i' pio1!" per ::ocor.d. The 'icam had an energy spread of +10%, and also 

contained protons, positrons and muons. The protons were stopped by alumi­

num absorbers, '.ve found that the positrons (and possible neutron background) 

caused no significant effect by carrying out measurements with a beam consis-

tir.fr -r. unly of positrons (obtained b/ stopping lie pions in an absorber) . 

ho significant contribution to the cross section from the muons if expseteu. 

'nc pioi '>?iii: was monitored by measuring the integrated electron current 

incident on the pion production target, and its intensity was determined 
21) 

froir. previously measured values of the pion yields . Variations of beam 

intensity with time were monitored with a small plastic scintillator placed 

directly behind the target. This detector was also used to measure the beam 

12 
•jC'-TiJe fo; ».3c'' :ne<j;y. The C targets consisted of graphite disk.;, 3 cm 

in dianeter, with thicknesses ranging from 0.8 to 4.0 gm/cm". Irradiations 

wt: j c.ifjed ou": for a period of one to two half-lives of the C ictivity. 

;!' • v ays from the (3 aniiiiiLlfction werp measured in coincidence by two 

:ial (T«0 detectors in a shielded area. The decay curves were recorded in a 

multiscaler for a period ct several half-lives, and all showed the charac­

teristic 20,4 min. activity. 
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In F ig . 1 we p re sen t our experimental data along wi th the r e s u l t s 

of Foeder and Markowitz and of Chivers e t a l , and compar" them with the c a l -

c u l a t i o n s of E a ^ i n i 3 and of S e l l e r i . Our r e s u l t s for c(ir C ) a t 70 ani <\Q 

MeV a re c o n s i s t e n t with the r e s u l t s or u.ivsr"= e t a l a t 83 MeV. Our r e s u l t s for 

- 12 cfif C ) a r e c o n s i s t e n t with those of Reeder and Markowitz, cons ide re ing t h e i r quoted 

u n c e r t a i n t i e s in the i n c i d e n t ene rg ies of about +8 MeV, except a t 50 MeV. 

- l"> Comparing to theory , B e r t i n i ' s c a l c u l a t i o n fo r O(TT C ] i s h ighe r than the data 

- 12 L-.it the shape i s s i m i l a r . Se l l«>r i ' s c a l c u l a t i o n of the shape for O(TT C ) agrees 

+ 12 
with the da ta a t a l l e n e r g i e s . For O(TT C ) , B e r t i n i ' s c a l c u l a t i o n i s in f a i r agree­
ment wi th the data a t low e n e r g i e s , bu t not a t ene rg ies above 140 MeV, 

i "j 
The experimental r a t i o s R(C ") from our data and t h a t of Ol ive r s e t 

a l a re shown in F ig . 2. The r a t i o s deduced from the p ion-pro ton c ross soc t ions '" * 

1 ' 
a/\d the c a l c u l a t i o n of B e r t j n i for C, a re shown for comparison. B e r t i n i ' s r a t i o i s 

St s i m i l a r to the p ion-pro ton r a t i o over t h e e n t i r e range shown. T/iis can be expected 

s ince the abso rp t ion f a c t o r s for IT and iv a re approximately equa l . We see t h a t tteff 

12 
r a t i o R(C ) i s cons iderab ly sma l l e r than tho corresponding R(N) (by a f a c t o r of 2 

t o 3 ) , not only a t T = .1.80 MeV, where t h i s has p rev ious ly been known , bu t a t 

'.:>•"-.? €">ergie; a:, w e i l . 
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Figure Captions 

f • /*12, - - , „11 ^.12, + + o , „11 
Activation cross sections for the <•• (ft ,n n]C and (ir ,ir n+n p) C 

knockout reactions as a function of pion energy. The present data. 

along with the data of Reeder and ttarkowita and of Chivers et al J 

are shown. The dashed curve is the PWIA calculation of Selleri , 

while the solid Jines ,are smooth curves drawn through the values 

calculated by Bertini ' . 

- 12 -r 12 

Cross s e c t i o n r a t i o s O(TT C ~)/a(7r C ) as a funct ion of pion energy 

for the r e a c t i o n s C "(T~,ir~n)C and C O ,7r n+71 p)C 

The exper imental po in t s a r e from our da ta and those of Chivers e t a l , 

The s o l i d l i n e s a r e smooth curves drawn through the r a t i o s deduced 

from the c a l c u l a t e d p o i n t s of flertinr-1 for O(IT C ) and a{-n C ) , 

The dashed l i n e i s a smooth curve drawn through the r a t i o s deduced 

from the p ion-pro ton c ross s e c t i o n s . 
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