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S u m m a r y .  - -  Differential cross-sections for (p, ~) reactions have been 
obtained at  E ,  ~ 26.7 McV for gBe, riB, 19F and at  several  proton energies 
between 25 and 45 MeV for 12C and 160. For  these two nuclei a marked  
var ia t ion with proton energy of both  the  shape of the angular  dis tr ibu-  
tion and the integrated cross-section is found. The present  results,  
and the earlier ones at  E , =  38 MeV, have been compared with P W B A  
calculations for the four direct  mechanisms (pick-up, knock-out,  heavy-  
part icle  pick-up and heavy-par t ic le  knock-out) taking into account 
their  interference terms. 

1 .  - I n t r o d u c t i o n .  

I n  a p r e v i o u s  p a p e r  f r o m  th i s  l a b o r a t o r y  (1) a s t u d y  of t h e  (p, ~) r e a c t i o n  
in  9Be, 11B, 1~C, 160 a n d  19F a t  a p r o t o n  b o m b a r d i n g  e n e r g y  of 38 M e V  w a s  
r e p o r t e d .  T h e  m a i n  conc lus ion  was  t h a t  no  s ingle  d i r e c t - r e a c t i o n  m e c h a n i s m  
cou ld  s a t i s f a c t o r i l y  a c c o u n t  for  t h e  o b s e r v e d  d i f f e r e n t i a l  c ros s - sec t ions  a t  t h a t  
e n e r g y :  on ly  for  191~ t h e  h y p o t h e s i s  of a p u r e  t r i t o n  p i c k - u p  p roces s  s e e m e d  
f a i r l y  c o m p a t i b l e  w i t h  t h e  e x p e r i m e n t a l  r e su l t s .  W h i l e  t h e  a b o v e  conc lu s ion  
d e p e n d e d  on a P W B A  t h e o r e t i c a l  a p p r o a c h ,  i t  h a s  b e e n  s h o w n  r e c e n t l y  t o  
r e m a i n  v a l i d  a lso  in  a D W B A  t r e a t m e n t  (2). 

(1) G. GAMBARINI, I. IORI, S. MICHELETTI, l-NT. MOLHO, M. PIGNANELLI and G. TA- 
GLIAFERI~I: Nucl .  Phys . ,  126A, 562 (1969). 

(2) W. J. THOMPSON, S. EDWARDS, D. ROBSON and T. L. TALLEY: contr ibut ion in 
In terna t iona l  Con]erence on Clustering P h e n o m e n a  i n  Nuc le i  (Bochum, 1969). 
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The ~+F(p, a)~O differential cross-section exhibits  a typica l  diffractionlike 
s t ructure  over  the entire angular  range. This react ion has been analysed a t  
other energies, assuming a pure  pick-up process, in the D W B A  approach,  
by  COLE et al. (3) and  b y  HIRD and LI  (*). These analyses reach a sat isfactory 
agreement  for the  overall  cross-section magni tude ,  bu t  fail  to give a detailed 
fit to the shape of the ~-particle angular  distr ibution.  The exper imenta l  da ta  
for the reactions in 9Be, liB, 1:C and 160, show in contras t  p rominen t  back-  
ward peaking  (~.~) in the differential cross-sections, suggesting the presence of 
other  mechanisms  besides the  pick-up. 

We have  now continued our s tudy  tak ing  fur ther  da ta  for the same reac- 
tions a t  different energies, and  extending the P W B A  analysis to take  into 
account  the four possible direct mechanisms and their  interference terms.  
The procedure used to calculate the (p, ~) differential cross-section is described 
in a separa te  repor t  (6). 

2.  - E x p e r i m e n t a l  re su l t s .  

The measurements  were performed 
with the  external  pro ton  beam of 
the ~ i l an  AV-F cyclotron. The ex- 
per imenta l  set-up and  procedure were 
as described in ref. (~). Differential  
cross-sections da/dg2 at  26.7 MeV in- 
c ident-proton energy have  been ob- 
ta ined for the same nuclei a l ready 
studied a t  38 MeV and are shown in 
Fig. i to 5. I n  the  case of the 

Fig. 1 . -  Angular distributions of a-parti- 
cles for the reactions a), b) 9Be(p, %)6Li at 
E~= 26.7 and 38MeV, and c) 9Be(p, al)6Li 
at E~=  26.7 MeV. The curves are the 
result of the four-mechanism PWBA cal- 
culation with the parameters given in 

Table I. 
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(3) R. K. COLE, R. DITTMAN, H. S. SA~TDHU and C. N. WADDEL: ~UCl. Phys., 
91 A, 665 (1967). 

(4) B. HIRD and T. Y. LI: Can. Jourr~. Phys., 46, 1237 (1968). 
(5) :R. M. CRAIG, B. HIRD, C. J. KosT and T. u LI: Nucl. Phys., 96A, 367 (1967). 
(e) G. GAMB~INI, I. IORI and N. MOLHO: Rep. INFN/BE-69/4 (1969). 
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Fig. 2. - Angular distributions of ~- 
particles from the reactions liB(p, %)SBe 
at E ~ =  26.7 and 38 MeV. The curves 
are the result of the four-inechanism 
P W B A  calculation with the parameters 

given in Table I. 
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Fig. 3. - Angular distributions of a-par- 
ticles from the reactions 12C(p, %)9B at 
several proton energies. The full curves 
are the result of the four-mechanism 
P W B A  eaIeulation with the parameters 
given in Table I. The dashed curves 
are guides to the eye. Where not drawn, 
the statistical error bars are smaller 

than the size of the points. 
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Fig. 4. - Angular  distr ibutions of ~-par- 
ticles from the reactions 160(p, %)1aN at  
several proton energies. The full curves 
~re the result of the four-mechanism 
P W B A  calculation x~dth the parameters  
given in Table I. The dashed curves 
are guides to the eye. Where not drawn, 
the stat ist ical  error bars are smMler 

than the size of the points. 

r e a c t i o n s  on  c a r b o n  a n d  o x y g e n  the  a n g u l a r  d i s t r i b u t i o n s  e x h i b i t  a m a r k e d  
c h a n g e  w h e n  t h e  p r o t o n  e n e r g y  is l owered  to  26.7 5IeV. 
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Fig. 5. - Angular  distr ibutions of c~- 
particles from the reactions Z~F(p, ao)t~O 
at E D= 26.7 and 38 MeV. The curves 
are the result of a P W B A  calculation 
assunling only the PU mechanism with 

the parameters  given in Table I. 

3 .  - A n a l y s i s .  

3"1. T h e  P W B A  c a l c u l a t i o n .  - The  (p, ~.) r e a c t i o n  c ross -sec t ions  h a v e  been  
a n a l y s e d  in  t e r m s  of a P W B A  ca l cu l a t i on  w i th  ze ro - range  i n t e r a c t i o n .  The  
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use of the P W B A  in place of the more refined distorted-wave t r ea tmen t  may  
be justified ~s far as the shape of the angular  distributions is concerned. This 
point  has been discussed in ref. (1), and in more detail  in ref. (6) where the  
results of P W  and D W  calculations for the  19F(p, ~)160 reaction have been 
compared and found practically equivalent :  ~n outcome which is not  sur- 
prising, in view of the drastic approximat ions  needed at present  in bo th  methods.  
Pa r t  of these reflect a lack of knowledge of fundamenta l  physical  quanti t ies,  
others are made only to overcome technical  difficulties in the calculations. 
The use of approximate  wave functions ~nd interact ions is an  example of the 
former type,  tha t  of zero-range interact ion of the latter.  

I n  the case of DW]3A a fur ther  cause of uncertaint ies  derives f rom the 
choice of opticM-model potentials.  Analogously  in P W B A  cMeulations an  
addit ional  indeterminat ion is int roduced by  tile choice of cut-off radii. 

The difficulties encountered in the D W B A  approach have been pointed  ou t  
very  recently also by  K0ST and ]~IRD (7). 

The specific purpose of the present P W B A  calculation was to see tile effect 
of taking into account  :~t tile same t ime the four direct mechanisms:  pick-up 
(PU), knock-out  (KO), heavy-part icle  pick-up (HPPU)  and heavy-par t ic le  
knock-out  (HPKO).  The differential cross-section can be wri t ten  ~s follows: 

do" 
(1) d~2 

--" K ~ rv T m~K~ ) --k 5 r/,rKo m.e. , 
vpmTmR 

The factor K contains the dependence oil kinenmtics, and statistical f:wtors. 
The quantities T ~re the transit ion matr ix  elements for tile single mechanisms 
and their expressions can be found in ref. (1), or more explicitly in ref. (6). 
The matr ix elements are calculated in plane-wave zero-range approximat ion  
with a cut-off r~dius. The p-t systenl is described with ~ Yukawa- type  wave 
function. 

Tile sum in (1) is performed over the z-component  of proton,  ta rget  and  
residual nucleus intrinsic spin. The coeff• N~. and N.2 are rel:~ted to 
tri tonlike and alplmlike structures in ta rge t  nuclei, being proport ional  to 
0~0 t and 01,0~0~ respectively. The 0, are the reduced widths and Or, O~ are 
overlap integrals. The latter give tim degree of overlap between the  interna.1 
wave function of the transferred group of nucleons when bound in the t,~rget 
nucleus and in the ~-particle. 

A single /-value has been used for each bound systems. This limitt~tion 
however, because of the spin and par i ty  conservation,  does not  give rise to 

(7) C. J. KOST and B. HIND: ~u Phys., 132A, 611 (1969). 
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ambigui ty  in almost all our cases. This is true also for KO and t t P P U  mech- 
anisms if one assumes the core in the ground state. 

When  interference effects between the four mechanisms are calculated it  
is impor tan t  tha t  the absolute values of the single amplitudes be evaluated 
with the same degree of accuracy. The above requirement is assumed to be 
satisfied by  the present calculations since the same type  of approximations 
have been used for the various amplitudes. However this point cannot be 
proved. 

The sign of the interference term is essentially given by  Clebseh-Gordan 
coefficients. We have constructed these coefficients for t-core and s-core 
systems in a symmetr ic  way. 

The approximations introduced, al though important ,  do not limit the pos- 
sibility of extract ing an  indication of the role played by  the four mechanisms 
if consistent relative values at  different energies are obtained. 

3"2. Comparison wi th  the experimental  data. - The experimental  angular  
distributions at 26.7 MeV and 38 MeV have been compared with the P W B A  
predictions with a best-fit procedure. Because of the long computing t ime 
required for the calculation of each curve, the t ime allowed for the best-fit 
search does not  assure tha t  the best possible result has been obtained in each 
case. The choice of the cut-off radii has been limited by  the requirement tha t  
they  should decrease with increasing energy, in agreement  with the deeper 

TABLE I. -- Values o/ the cut-o~/radii and o/ the coe//ieients N 1 and N 2 o/eq.  (1) obtained 
/tom the best-/it procedure. 

Target 

9~Be 

Zp J (MeV) 

26.7 
38 

R 
(PU) 
(fm) 

6.8 
5.6 

R : R R I 
(HPKO) (K0) (HPPU)b N 1 

4.8 6.8 
4 5.4 

5.4 
4.6 

0.25 
0.174 

0.423 
0.263 

0.59 
0.66 

0.48 
0.38 

26.7 
38 

6.1 
5.5 

nB 26.7 3.8 4 5.6 4 0.228 0.277 0.82 
38 3.2 3.4 4.3 3.4 0.269 0.25 1.07 

12C 26.7 5.2 6.2 6.0 5.2 0.477 0.273 1.75 
38 4.2 3.2 5.8 3.6 0.875 0.193 4.50 

160 26.7 4.8 5.8 3.2 5.2 0.643 0.177 3.60 
38 3.6 4.6 2.4 4 0.386 0.05 7.70 

19 F 
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penet ra t ion  in the  nucleus of the  more  energet ic  part ic les .  T~ble I repor ts  
the  values of the  cut-off radii  and  of the  coefficients ~V~ and  ~V2. 

I n  all the  cases where  the  four- 
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m e c h a n i s m  analysis  has  been  applied,  
the  shapes g iven b y  p ick-up  and  knock-  
out  processes are  p rac t ica l ly  indist in- 
guishable when  app rop r i a t e  cut-off  radii  
are chosen. The  best-fi t  p rocedure  is 
then  of ten de t e rmined  b y  the  heavy-  
par t ic le  processes.  

In te r fe rence  t e rms  are genera l ly  im- 
po r t an t ;  an  example  of the i r  effect is 
given in Fig. 6 for the  case of the  
react ion  ~B(p ,  ~0)SBe a t  38 MeV. 

Fig. 6. - Contribution of the interference 
terms to the cross-section calculated with 
the four-mechanism PWBA approach. The 

case shown is that of the riB(p, %)SBe reaction at E p :  38McV. a) PWBA cross- 
section with interference terms; b) interference terms. 

3"3. Discussion o] speci]ic reactions. 

3"3.1. T h e  9Be(p, ~)6Li a n d  l i B ( p ,  ~)SBe r e a c t i o n s .  The e x p e r i m e n t a l  
angular  distr ibutions do not  v a r y  m a r k e d l y  be tween  the  two energies. The  
P W B A  fits given in Fig. 1 and  2 are sa t i s fac tory  and  cer ta in ly  be t t e r  t h a n  
those obta ined  with  only one m e c h a n i s m  and  repor ted  in ref. ('). I n  l~ig. 1 
the  exper imenta l  results for the  t rans i t ion  to the  2.184 MeV first exci ted s t a te  
of e l i  are also given. :No four -mechan i sm P W B A  analysis  has been  carr ied 
out in this case because of the  longer comput ing  t ime  required  b y  the  high- 
spin value. 

3"3.2. T h e  l~C(p, ~)~B r e a c t i o n .  Changes in the  shape  of the  experi-  
men ta l  angular  dis t r ibut ion are seen when the  energy  is lowered f r o m  38 to 
26.7 MeV. Since the  ma in  change is the  d i sappearance  of the  b a c k w a r d  p e a k  
a t  large angles, i t  is not  suprising t h a t  the  general  t r end  of the  expe r imen ta l  
dis t r ibut ion a t  26.7 MeV can be reproduced using only the  P U  process (or 
the K O  which gives a s imilar  p a t t e r n  p rov ided  the  cut-off radius is read-  
justed). The 38 5ieV data ,  instead,  cannot  be f i t ted wi th  only one mechan i sm.  
The results of the  four -mechan ism calculat ion are  g iven in Fig. 3 for  b o t h  
energies. 
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3"3.3. T h e  160(p, ~)~N r e a c t i o n .  Again there are here noticeable changes 
with energy in the angular  distribution, bu t  this t ime the  size of the back- 
ward peak is greater  at  the  lower energy (Fig. 4). 

The shape of the 26.7 exper imental  curve shows also less pronounced oscil- 
lations. The strong backward peaking requires at  least one heavy-part icle 
mechanism. I t  is apparent  anyway  tha t  in this ease not  even the four- 
mechanism calculation can account for the behaviour  at  large angles. 

We have found however tha t  calculations with H P P U  alone reproduce 
this peaking when one allows the two cut-off radii to va ry  independently.  
In the four-mechanism analysis the two radii have been given the same value 
for computat ional  convenience. 

A negative conclusion is also reached in a t tempts  to reproduce, wi thout  
drastic changes (8) in the value of the parameters ,  the strong energy depen- 
dence of the shape of the angular  distributions. 

3"3.4. T h e  *9F(p,~)l~O r e a c t i o n .  The angular  distributions present 
typical  diffractionlike s t ructure which, apar t  front an angular  displacement 
of diffraction oscillations, does not  change substant ial ly with energy, as shown 
in Fig. 5. The curves given in the Figure are calculated using only the pick-up 
mechanism as suggested by  the s t ructure of *gF, which is well described as 
a *cO core plus three nucleons in an (sd) cluster. 

No four-mechanism analysis has been a t t empted  for this reason, and also 
because our best-fit procedure fails in ease of strongly oscillating distributions. 
The pick-up curve reproduces the position of the first three maxima bu t  not  
the behaviour  at  small and large angles. 

4 .  - C o n c l u s i o n .  

The introduct ion of the four direct mechanisms leads to fits which generally 
reproduce at  least the  overall behaviour  of tile exper imental  data  and represent  
an improvement  over those obtained when only the pick-up or knock-out  
is used. 

This improvement  could be ascribed simply to the increased number  of 
degrees of freedom; the use of more than  one mechanism, however, is required 
by  the physical si tuation in light-mass target  nuclei, and is well justified if 
reasonable values are assigned to the addit ional  parameters .  The best-fit 
values found in the present analysis for the cut-off radii  are in fact  near those 
expected, and their  energy dependence is reasonable. 

(s) 1~. L. W~mSH and S. EDWARDS: Nuovo Cimento, 55 B, 443 (1968). 
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The absolute values of the coefficients N~ and N2 which are connected to 
nuclear properties are not  significant as derived f rom this type  of analysis.  
Their ratio, however, and its energy dependence migh t  allow some speculation 
on the role of possible tri tonlike or alphalike structures in the target  nuclei. 

I n  this connection it should be noticed tha t  their  choice, operated by  the 
best-fit procedure, is mainly  determined by  the fit of the heavy-par t ic le  pro- 
cesses as discussed in Subsect. 3"2. 

~ rom the data  of Table I it is seen tha t  for 9Be and  ~IB the rat io N,/N2 
is approximately  the same at  the two energies, and  t h a t  its value is not  far  
from 1 (and in fact  quite close to this figure for the second nucleus). These 
N~/N2 ratios and the sat isfactory fit obtained for the  angular  distr ibutions 
indicate, within the precision of the method,  impor t an t  contributions from 
alphalike structures. 

A different si tuation is found in the case of ~C, and  a90. The coefficient 
N1 is always larger than  N2, and  their ratio shows a large increase with inci- 
dent energy. This predominance seems in contrast  with an alphalike s t ructure  
such as has been hypothesized for these two nuclei. I t  is however  possible 
t ha t  the KO mechanism on a nucleus with alphalike cluster s t ructure  is 
hindered by  the presence of a s trong (p, p~) react ion tha t  does not  require 
capture in the residual nucleus of the incoming proton,  which is ra ther  we.~kly 
bound in 'B and  a3~. 

Moreover the experimental  si tuation for '~C and ~60 nuclei is more complex 
than  previously envisaged, as borne out by  the s trong energy variat ion of 
the differential cross-sections with proton energy. This behaviour  cammt  be 
rei)roduced by direct mech~nisms unless the parameters  -~re allowed wide 
variations.  

I t  is therefore dillicult to extract  any  definite informat ion on elusterlike 
structure of these two nuclei f rom our analysis. 

This situation invites fur ther  experimental  s tudy  of the (p, ~) reaction 
energy dependence and suggests th'~t, at  least in the case of ~2C and leO, the 
above analysis is inadequate.  Some progress in directions other than  simply 
adding several direct mechanisms is necdcd. 

R I A S S U N T O  

Sono state misurate le sezioni d'urto differenziali per reazioni (p, ~) indotte da protoni 
di 26.7 MeV di energia sui nuclei di ~ alB, 12C, ~0 e I'F. Per il 1~C e il 160 le misure 
sono state estese anche ad altre energie comprese tra 25 e 45 MeV, e per questi due nuclei 
si sono osservate al variare dell'energia notevoli cambiamenti sia nella forma de]le 
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dist r ibuzioni  angolari  ehe nel valore  delle sezioni d 'u r to  in tegrate .  I r i sul ta t i  sper imenta l i  
r ipor ta t i  ne! presente  lavoro,  unit~tmente ad al tr i  dat i  o t t enu t i  p receden temente  ad 
E~ = 38 MeV, sono s ta t i  anal izzat i  ne l l ' appross imazione delle onde plane, tenendo conto 
dei  qua t t ro  possibili  meccanismi  di re t t i  di reazione, e dei loro te rmini  di in terferenza.  

O Mexalm3Me npnMofi pemcuml (p, ~) na ~erKnx n~tpax. 

Pe3mMe ('). ~ BbI~H no~yqeHbI ~bdpeperturiaylbHbm nonepe~m],ie ceqeHrm ~i~[ peaK- 
tm~ (p, ~) npH E~-----26.7 MaB Ha 9Be, ~aB, ~gF ~ npi~ i~ei~oropbix aHeprrmx NpOTona Meg~y 
25 I~ 45 MaB rla 12C rt ~eO. ~ n ~  aTrtx ~ByX n~ep o6napy;~erto 3aMeTHOe n3Mei~errHe rt 
~OpMbI yrnoBoro pacnpe)xe~enn~ rt rlpOI~nTerpHpoBanHoro rIonepe~qoro ce~emi~ c anep- 
rne~ npoToaa.  I-lonyqeHnue pe3yabTaTbI n 6onee pamtne pe3yn~,TaTi, i npa  E ~ = 3 8  MaB 
cpaannaaancb c P W B A  Bblqnc~enrIflMH ~YLCt ~eTbIpex npsMbXX Mexarm3MOB (3axaav, 
BbI6HBah~te, 3axBaT Tfl)KeYlbIX qaCTI~ I,'I BbI6~IBaHHe Tfl~KenbIX qaCTHLI), C ytleTOM reIX nrITep- 
tI~epeHtIHOHHSIX qnenom 

(') Hepese3eno peOamtue~. 


