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TWO AND FOUR NUCLEON TRANSFER REACTIONS 
INDUCED BY HEAVY IONS y(.*IK<l r,fl,t, I 

M.-C. M a l l e t - L e m a i r e 
D . P h . N . B . E , CEN S a c l a y , B . P . n ° 2 , 91190 G i f - s u r - Y v e t t e (FRANCE) 

and 

Lawrence B e r k e l e y L a b o r a t o r y , U n i v e r s i t y o f C a l i f o r n i a 
B e r k e l e y , C a l i f o r n i a 94720 U . S . A . * 

ABSTRACT 

Two n u c l e o n t r a n s f e r r e a c t i o n s i nduced by heavy i o n s have been '• *"j j 
p a r t i c u l a r l y s u c c e s s f u l i n p o i n t i n g ou t c o n t r i b u t i o n s of i n e l a s t i c .J ij5 
two s t e p p r o c e s s e s . They p r o v i d e a way t o i n v e s t i g a t e t h e o v e r l a p g i j » 
be tween the wave f u n c t i o n s of e x c i t e d s t a t e s of t h e t a r g e t and 3 :"p 5 
r e s i d u a l n u c l e i . However, c a l c u l a t i o n s of a b s o l u t e c r o s s s e c t i o n s r£ ™ £ 
must t a k e i n t o a c c o u n t s e q u e n t i a l t r a n s f e r . The s t u d i e s of t h e S I ' S " 
( 0 , ^ C ) r e a c t i o n on I s -Od and O f - l p s h e l l n u c l e i a r e r e v i e w e d . The * ' • $ 
r e l a t i v e s p e c t r o s c o p i c f a c t o r s a r e in good agreement w i t h t h o s e of at £ *g 
t h e ( ^ L i , d ) and ( 1 ^ C , ^ B e ) r e a c t i o n s , s u g g e s t i n g t h a t t h i s r e a c t i o n i s 2 S 3 
a good a t r a n s f e r . However, some p u z z l i n g r e s u l t s a r e s t i l l n o t £} * % 
u n d e r s t o o d - e x c i t a t i o n of u n n a t u r a l p a r i t y s t a t e s i n s - d s h e l l i 52 ? * 
n u c l e i , t h e f a i l u r e o f EFR-DWBA c a l c u l a t i o n s i n r e p r o d u c i n g t h e / • f 2 f i 
a n g u l a r c o r r e l a t i o n m e a s u r e m e n t s . S e v e r a l e x p e r i m e n t a l r e s u l t s m & * § 
showing t h a t t h e ^®Si ( - ^ O . ^ C ) 32g r e a c t i o n i s n o t a good a t r a n s f e r p w S 1 
w i l l be p r e s e n t e d . 

INTRODUCTION 

Multinucleon t ransfer react ions are studied to identify the 
multiparticle-Tnultihole s t a t e s in nuclei and obtain information on 
the i r nuclear structure—by comparing tlie s e l e c t i v i t i e s of d i f fe ren t 
react ions reaching the same residual nucleus. Such s tudies performed 
with l i g h t - i o n induced react ions were reviewed by Fortune-1- a t the 
Tokyo Conference. In the i r communication to the present Conference, 
the Los Alamos group 2 compared the s e l e c t i v i t i e s of the 5 8 N i ( t , p ) and 
56Fe(°Li,d) reactions and from the differences found few leve l s of 
^°Ni that could possibly correspond to proton exc i ta t ion with two 
protons in the 0f5/2-lp she l l and two proton holes in the 0f7/2 s h e l l . 

The a v a i l a b i l i t y of heavy ion beams has strongly increased the 
number of react ions that can be used to reach the same residual 
nucleus. Therefore, an enormous amount of experimental and t h e o r e t i 
cal work has been devoted to the study of heavy ion t ransfer reac
t i ons . To understand the mechanism of these react ions many one 
nucleon t ransfer data have been measured and analyzed, es tab l i sh ing 
the basic features of heavy ion reaction dynamics;-**^ i ) a strong 
dependence of the cross section on Q value and angular momentum 
matching condit ions, and the evolution of the angular d i s t r i bu t ions 
from b e l l shapes to forward peaked cross sect ions with increasing 
incident energies . 

iil£ 

Present address. 



z 
Low^ d i s c u s s e d t h e v a l i d i t y of d i r e c t r e a c t i o n t h e o r y t o d e s c r i b e 

heavy ion. few n u c l e o n t r a n s f e r r e a c t i o n s a t t h e Caen C o n f e r e n c e , 
showing t h a t most of t h e f e a t u r e s o f t h e s i n g l e n u c l e o n t r a n s f e r can 
be d e s c r i b e d i n t h e framework of e i t h e r D i s t o r t e d Wave Born Approxima
t i o n (DWBA) o r Coupled Channel Born A p p r o x i m a t i o n (CCBA) f o r m a l i s m . 
Here I d i s c u s s t h e s t u d i e s of two and f o u r n u c l e o n t r a n s f e r r e a c t i o n s 
i n d u c e d by heavy i o n s which have been used t o p robe n u c l e a r s t r u c t u r e 
a s w e l l a s t o i n v e s t i g a t e the r e a c t i o n mechanism. 

TWO NUCLEON TRANSFER REACTIONS 

The heavy i o n i n d u c e d two p r o t o n and two n e u t r o n t r a n s f e r 
r e a c t i o n s h a v e b e e n measured on a l a r g e number of t a r g e t n u c l e i and 
on a wide r a n g e of i n c i d e n t e n e r g i e s . 6 - 8 From t h e s e d a t a I w i l l d i s 
c u s s t h r e e main f e a t u r e s : i ) t h e s e l e c t i v i t y o f t h e s e r e a c t i o n s 
compared t o l i g h t i o n i nduced r e a c t i o n s , i i ) t h e i m p o r t a n c e of 
i n e l a s t i c two s t e p p r o c e s s , and i i i ) t h e compar i son of t h e o r e t i c a l 
and e x p e r i m e n t a l a b s o l u t e c r o s s s e c t i o n s . 

Comparing t h e p o p u l a t i o n o f 

HEAVY ION REACTION SELECTIVITY 

28. 

t i o n " ( F i g . 1) and t h e ( t , p ) r e a c t i o n 
'Mg levels by the ( 0, 0) 10 reac-

is an example of the relative 

i 0 ° Bf Channel 
XQL 785-8763 

9ft 18 16 28 
Fig. 1. Energy spectrum of the Hg( 0, 0) Mg reaction (Ref. 9). 
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s e l e c t i v i t l e s of l i g h t and heavy ion react ions a t tandem energies . In 
the exc i ta t ion energy region where such comparison can be achieved 
(below 6 MeV), t h e i r s e l e c t i v i t i e s appear to be very s imi la r . In 
cont ras t , the recent study of the 2 6Mg(a, 2He) 2^Mg r e a c t i o n 1 1 (Fig. 2) 

shews a strong s e l e c t i v i t y to 

"1 

^0^ m 
aW!Ui 

. ^ ^ W ^ * 1 ^ 

'.jdfrflrtW 

X}'. 

high spin s t a t e s ( S " ^ " ^ . Such 
a s e l e c t i v i t y to high spin s t a t e s 
has a lso been observed with r e l 
a t ive ly high energy heavy ion 
beams (~~ 10 MeV/nucleon) on l i gh t 
target nuclei (Op and ls-Od 
nuclei) .1-2,13 

For the l i gh t ion Induced 
reac t ions , l i k e the (a . He) 
reac t ion , the spins of the new 
states observed in 

2 8 M g 

have been 
assigned from the shape of the 
angular distributions.H»l* In 
case of heavy ion Induced reac
tions, the angular distributions 
are bell shaped at incident 
energies close to the Coulomb 
barrier.^ At higher incident 
energies they display forward 
peaking and under favorable 
kinematic conditions they also 
display oscillations characteris
tic of the angular momentum 
transferred. A nice example of 
L dependence of heavy ion angular 
distributions has been reported 
for 5 0 T i 0 +,2+,4 + and 6+ states 
populated by the 48Ca( 1 60, l 4C) 
reaction at 56 MeV incident 
energy." As the oscillations 
and L dependence observed in the 
above example arise from a 
dominance of the |mj - L magnetic 

substate contribution for well matched transitions, they are observed 
only in these specific cases. If transitions are not well matched, 
the various magnetic substate contributions are equally important. 
The contributions of odd and even magnetic substates are out of 
phase, resulting in a strong damping of the oscillations and lack of 
L dependence. 

The angular distributions of the Mg( 0, 0) Mg reaction have 
been measured at 50 MeV incident energy.9 Those of the ground-state 
and first 2 + excited state exhibit strong oscillations with a period 
of about 7 degrees which is characteristic of the grazing value 
(£g - 26). For the states lying at high excitation energy, most 
angular distributions are like those of the 8.2 and 8.45 MeV states 
(Fig. 3). They exhibit no structure just a smooth decrease of the 

m. 
Energy {UeVJ 

Fig. 2. Energy spectra of the 
(a,2He) reaction on 2 6Mg, 2 8Si and 
29si targets (Ref. 11). 



4 

10., 

2 6Mg(V 60) 2 8Mg 
E l o b=50MeV 

£ : 

£ 4 | 

' f * , , 8.45MeV 

} 1 i 
5 i { 

i ! 
8.20 MeV 

i i » i { 

" . " . ^il 
10 15 20 25 

Scm(deg) 

Fig, 3. Angular d i s t r ibu t ions of the 
26Mg(18 0,16o)28M g r eac t ion . (Ref. 9). 

cross section to backward 
angles. Such lack of L 
dependence of the experimental 
angular d i s t r ibu t ions does not 
allow any spin assignment of 
the populated l e v e l s , and i s 
c lear ly the main disadvantage 
of heavy-ion induced react ions 
over l i gh t - i on induced reac
t ions . 

Two-step Process 

Two nucleon t ransfer 
react ions induced by heavy 
ions have demonstrated 
expecial ly well the contr ibu
t ion of two step processes 
where the t ransfer preceeds 
or follows i n e l a s t i c e x c i t a 
t i on . An important feature 
of these react ions i s tha t a t 
incident energies not too high 
above the Coulomb h a r r i e r , the 
angular d i s t r ibu t ion of a two 
step t ransfer i s markedly 
d i f fe ren t from tha t of a one 
s tep d i r ec t t rans fe r . Many 
two step contr ibut ions have 
been reported in recent 

I) 
xperimental data (see Table 
> 7,19-36 

Figure 4 shows the G e ( 1 6 0 , 1 8 o ) ^ G e data measured a t 
Brookhaven. 2? In th i s case, the ground-state angular d i s t r i bu t ion i s 
b e l l shaped whereas that of the 2 + s t a t e i s forward peaked. These 
differences have been reproduced with EFR-CCBA c a l c u l a t i o n s 2 8 using 
spectroscopic amplitudes determined from BCS-RPA wave functions. The 
d i rec t contribution to the 2 + s t a t e i s completely suppressed by the 
s t ruc tu re of t h i s s t a t e and i t s cross sec t ion comes from purely two 
step process. In such two s tep t rans i t ion the t ransfer i s associated 
with i n e l a s t i c exc i ta t ion produced e i t he r by nuclear or Coulomb 
i n t e r a c t i o n . As these two contr ibut ions have opposite s igns , an 
in ter ference which i s always dest ruct ive occurs in the region of the 
grazing angle. 

Angular d i s t r i bu t ions of the Ge( 0 , 0 ) Ge two neutron 
s t r ipp ing react ion have a lso been measured (Fig. 5 ) . The angular 
d i s t r i bu t ion of the '&Ge ground-state i s i den t i ca l to that of the 
^Ge(160 j 180)74^ g _ s t r a n s i t i o n , as expected from time reversed 
r eac t i ons . That of the ?°Ge 2*» s t a t e exh ib i t s a steep drop neer the 
grazing angle followed by a pla teau between 40° and 55° . The main 
fea tures of such a pecul iar shape are reproduced by a CCBA calculation. 
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Table I. List of reactions where inelastic two step processes have 

been pointed out. 

R e a c t i o n s (HeV) JUf. 

"• ' ' •»e ,< 1 W*-"' ' , s . 56 7 , 1 6 , 1 7 . 1 8 
6W60."c>'62« 56 19 
1 1 6 S „ . 1 6 0 . " c ) l l a i , 64 20 

» M , < » 0 . » C ) 2 6 » 1 45 21 

• W W ' * 4B 22 

" W W 2 * . 48 19 

" V W ' o . 70 23 

1 2 0s„( 1 8o,"o) l 2 2

S„ 99 24,25 
u W 6 o,"<» 1 M s» 104 24 ,25 ,26 

' W W * 75 27,2B 

' W W c . 77-56 27 ,28 

" 8 S . ( 1 8

0 , 1 6 0 ) 1 M S . 100 29 
ISO. ,16„ 18„,198„ 

S E ! 0 , 0) Sn 
' S d ^ W S u 98 30 
5 8 , 6 0 , 6 2 , 6 4 N i ( 1 8 0 1 6 o ) 6 0 , 6 2 , 6 4 , 6 6 m 65 31 

" B K ^ O / ' O ) 5 ^ ' 73-2 31 

' W W W 50 9 

1 4 W : c A ) " 2 K d 7B 32 
l B 6H("c."c) 1 8Si 70 33 
l 5 W 2 c . "e> 1 S 2 s . 65 34 
1 B V 2 c . u o 1 8 0 w 70 34 
l »re(»c,"o 1 2 2 i . 70 35 

^W'c."©"^. 78 36 

By th is ana lys i s , i t has been es tabl ished tha t the '"Ge 2 + , angular 
d i s t r ibu t ion r e s u l t s from an interference between the d i rec t and 
ind i r ec t t r a n s i t i o n s . In addi t ion , the I d i s t r i bu t ion of the t ransfer 
cross sect ion shows that the in ter ference between the d i rec t and 
ind i r ec t routes i s respect ively dest ruct ive or constructive depending 
on whether the two-step process i s occurring via nuclear or Coulomb 
I n e l a s t i c exc i t a t i on . 

I t should be mentioned tha t the CCBA angular d i s t r ibu t ions shown 
In Figs. 4 and 5 for the two nucleon t ransfers have been performed 
using op t i ca l model parameters and deformation values which f i t the 
experimental data on ^ O and ^ 0 e l a s t i c and i n e l a s t i c s c a t t e r i n g . 
As previously suggested by ^lendenning and WoIschin 2 6 the coupling 
with the Ify) 2+ s t a t e was found to modify s ign i f i can t ly the angular 
d i s t r i bu t ion of the g-s to g-s t r a n s i t i o n . Neglecting t h i s t r a n s i 
t ion , the calculated grazing peak was shif ted by A degrees to back
ward angles, producing a poorer agreement with the experimental data . 
The two-step route via the *"o 2 + s t a t e produces an enhancement of 
the forward angle c ross -sec t ion , moving the grazing peak in t h i s 
d i r ec t i on . The Importance of the *-°0 2 + coupling was expected in the 
76Ge(16o,18o)74GG two neutron pick-up reac t ion , as the t r a n s i t i o n s 
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7 6 GerO, , a O) K Ge 

c 

b 

r 

IK 
* f i , H l i * "Ge \ -

• 

1 1 i f ' " -
20 40 60 

6 m < d t g l 

ISL 78S>B7SE 

Fig. 5 . EFR-CCBA analyses of 
the 7 * G e ( 1 8 0 , 1 6 0 ) 7 6 G e react ion 
(Ref. 28). 

corresponding to the •'-"O 
exci ted in i t s 2 + s t a t e are 
favored by a factor of 3.5 
compared to those where the 
1 8 0 i s l e f t in i t s ground-
s t a t e . 

Fig. 4. EFR-CCBA analyses of the 
76Ge(l&o. 0) 7*Ge react ion (Ref. 28) . 

In most of the analyses, 
only the two step process via 
the exc i t a t ion of the f i r s t 2+ 
exci ted s t a t e of the target and 
res idual nucleus has been 
included. Ho*?ever, recent 

study of the 150sm(16o,18o)148sin r e a c t i o n 3 6 suggests that other two 
step routes [ i . e . , 0^(A) •* 02(B) •+ 2^B)] make extremely important 
contr ibut ions to the 2 "̂ cross sec t ions . This i s in agreement with the 
previous 1 5 0SmCp,t) 1* 8Sm data where the 0+ + oJCB) cross sect ion i s 
3 times as large as the Ot •* 2J~ cross sec t ion . In the case of the 
76Ge(16o, 1 80) react ion discussed previously, recent 7 6 G e ( p , t ) r e su l t s 
show that a l l the exci ted s t a t e s are much l e s s populated than the g-s 
and 2+ s t a t e s . 3 7 

Other i n t e r e s t i n g features have been pointed out by Baltz and 
Kahana 3! in t h e i r EFR-CCB.'. ana lys i s of the 5 8 , 6 0 , 6 2 , 6 4 N i ( l 8 o , 1 5 0 ) a „ d 
6 0 N i ( 1 6 0 , l B 0 ) reac t ions . 
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• Two s tep contr ibut ions v ia the i 8 0 excited s t a t e s 4^, 0* and it 
are small . 

• Surface t ransparent po ten t i a l s are strongly favored to repro
duce both the angular d i s t r i bu t i on shapes and the cross-sect ion 
magnitudes. Cross sect ions calculated with strong absorbing 
po ten t i a l s are by an order of magnitude smaller than those obtained 
with surface transparent p o t e n t i a l s . In addit ion to t h i s po ten t i a l 
dependence, they noticed that the ca lcula t ions were sens i t ive to the 
choice of parameters used to describe the form factor of the i n 
e l a s t i c excitation.* 5. To minimize these e f f e c t s , EFR-CCBA calcula
t ions of the t ransfer data should always be car r ied out simultaneously 
with a coupled channel analysis of the e l a s t i c and i n e l a s t i c data . 

• The po ten t i a l dependence of the EFR-CCBA calcula t ion should be 
energy dependent. At low energy, the react ion should be l ess s ens i 
t ive to the absorption due to the Coulomb repuls ion . With increasing 
incident energies more d i rec t channels become open, increasing the 
surface absorption s t reng th . Therefore, i t would be i n t e r e s t i n g to 
study from the experimental data such energy dependence of two step 
processes. 

In addition in reproducing the marked shape difference of the 
angular d i s t r ibu t ion observed experimentally between di f ferent 
f ina l s t a t e s , EFR-CCBA calcula t ions reproduce b e t t e r the r e l a t i v e 
i n t e n s i t i e s than DWBA calcula t ions do (Table I I ) .9»19 However, in 
t h e i r analysis of the 1 1 6 S n ( 1 6 0 , 1 4 C ) l l 8 T e r e a c t i o n , 2 0 Lepine e t a l . 
have shown tha t the importance of coupling effects on the r e l a t i v e 
populations may strongly depend on the wave functions used. 

Table 1 1 . Comparison between 
s e c t i o n s c a l c u l a t e d 

experioei 
with EFR 

t a l and Theo re t i c a l 
-DWBA and EFR-CCBA 

c r o e a -
Eorralism. 

Reaction EHeV R - 0 /o w 

exp theory 

' W W 6 * - ' 56 g . s . , 0 1.04 HeV, 2 + 2 .83 HeV, 3" 

DWBA 

CCBA 

56 

27 

35 
75 
35 

22', 

35 

1 0 V 2 C . 1 0 B e ) 1 0 V 
a 

' 8 g . s . , 0 0.475 HeV. 2 + 2 .0 HeV, 3~ 

DWBA 
CCBA 0 + - 2 + , 0 4 - 3~ 
CCBA 0"\ 2 + , 3" 

a 
' 8 

47 
28 
58 

873 
2B 
36 

289 
28 
20 

26„ , 1 8 , 16„.28„ b 

Mg( 0 , 0) Hg 50 g . s . , 0 1.47 HeV, 2 + 

DWBA 

CCBA 

50 

10 
20 

1B6 

13 

a) Ref. 19 
b) Ref. 9 
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IL must l>f emphasi zed that two step contr ibut ions were also seen 
in (p , t ) rr-.-ict ions. In Uiese 1 Ight Ion experiments, however, the 
direct .nitl Indirect angular d i s t r ibu t ions differ only in the extreme 
forward region, making the existence of such process more d i f f i cu l t 
to es tab l i sh from the data. In contras t , for heavy-ion reactions at 
properly chosen incident energies , the shape difference i s so well 
marked that an examination of the data i s generally suf f ic ien t to 
discriminate between the two react ion mechanisms. Such i n e l a s t i c two 
step process offer a unique way to invest igate the overlap between the 
s t ruc tures of two excited s t a t e s . 

Comparison between Experimental and Theoretical. Absolute Cross 
Secti ons 

A common problem of two nucleon t ransfer react ions i s that the 
theore t ica l cross sect ions generally underestimated the exper i 
mental data by one or two orders of magnitude. In dealing with 
comparison of absolute cross sec t ions , i t i s necessary to compare 
the method used for the ca l cu la t ions . For ins tance , the no recoi l 
approximation overestimates the cross section by a factor of 4 
compared to the exact f i n i t e range ca lcu la t ions . The c lu s t e r EFR-CCBA 
calculat ions underpredict the two neutron t ransfer cross sect ions by 
a factor 2.3 for the ' ^Ge( 1 8 0 •*+ ^0) case and a factor of approxi

m a t e lv 3 for the Ni(^°0 •++ ^0) r eac t ions . To estimate the importance 
of microscopic form factors Baltz and Kahana-^1 compared the EFR-DWBA 
cross section of the 5 8 » 6 0 N i ( 1 8 O , 1 6 O ) 6 0 » 6 2 N i g _ s t r ans i t i on calculated 
witli a c lus te r approximation to the r e su l t s of Bayman-*8 obtained with 
a microscopic form factor . The agreement in angular d i s t r i bu t i ons 
between these two ca lcula t ions i s remarkable. The cross sect ion 
magnitude i s overestimated by 30% with the c lus t e r approximation. 

Recent work39-42 has shown that the d i f f i cu l ty of too small 
cross sect ions i s par t ly due to the contribution of sequent ia l t r ans 
fer , indeed the EFR-DWBA calcula t ions of the ^ 8 C a ( l 8 0 , i D 0 ) react ion 
performed by the Texas group show tha t : i ) simultaneous t ransfer 
c ross-sec t ions can be increased by a factor 2 by using extended she l l 
model wave functions and taking in to account of the res idual i n t e r ac 
tion between the two nucleons t ransfer red , i i ) the contr ibut ion of 
sequential t ransfer ( 1 8 0 , 1 7 0 g _ s ) ( ^ O g - s . ^ O ) has a cross sect ion as 
large as that of simultaneous t r ans fe r , and i i i ) the cross sect ions 
of sequent ia l and simultaneous t ransfer add coherently to reproduce 
the experimental cross sec t ions . Such calculations'*^ have been 
extended to the 3 . MeV 2 + s t a t e of 5 0 C a showing that for a l l the 
s t a t e s the sequential two step cross section i s important. For 
simultaneous t r ans fe r , the DWBA cross sections exhibi t a sh i f t of the 
grazing peak towards la rger angles with increasing exc i ta t ion energy 
of the res idual nucleus while the experimental data do no t . The 
inclusion of the sequential two step process seems to remedy th i s 
discrepancy. 

In the case of react ion, i t has been found 
tha t the sequent ia l two step process has the dominant contr ibut ion to 
the cross sec t ion , but the cross sect ions calculated in t h i s way must 
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s t i l l be n o r m a l i z e d by a f a c t o r 10 t o 25 t o t h e e x p e r i m e n t a l c r o s s 
s e c t i o n s . The a n g u l a r d i s t r i b u t i o n s of s e q u e n t i a l and s i m u l t a n e o u s 
t r a n s f e r a r e v e r y s i m i l a r f o r t h e * 8 C a ( 1 8 0 ,16-0) and A 8 C a ( i 6 0 , U C ) 
r e a c t i o n s , b u t d i f f e r f o r t h e 1 2 C ( 1 8 0 , 1 6 0 ) ^ C r e a c t i o n . 4 1 * ^ 2 I n t h e 
c a l c u l a t i o n s o f t h e s e t h r e e c r o s s s e c t i o n s i t h a s a l s o been found t h a t 
g - s t o g - s t r a n s i t i o n s g e n e r a l l y g i v e t h e dominant c o n t r i b u t i o n t o t h e 
c r o s s s e c t i o n w i t h t h e e x c e p t i o n of t h e i 8 C a ( 1 8 0 , l o O ) 5 0 C a r e a c t i o n 
f o r which t he p r o c e s s v i a t h e 1?0 l / 2 + i n t e r m e d i a t e s t a t e i s a l s o 
s t r o n g . 

FOUR NUCLEON TRANSFER REACTIONS 

Four n u c l e o n c o r r e l a t i o n s i n n u c l e i a r e one of t h e most i n t e r e s t 
i n g a s p e c t s of m u l t i n u c l e o n t r a n s f e r r e a c t i o n s . From t h e s p e c t r o 
s c o p i c f a c t o r s c a l c u l a t e d by K u r a t h ^ 3 ( T a b l e I I I ) , i t i s s e e n t h a t t h e 
l i t h i u m - i n d u c e d r e a c t i o n s a r e t h e b e s t p r o c e s s e s t o s t u d y a c l u s t e r i n g 
i n n u c l e i . I n d e e d , t h e s e l a s t y e a r s , many i n t e r e s t i n g r e s u l t s have 
been c o l l e c t e d v i a t h e ( °L i ,d ) and ( 7 L i , t ) a s t r i p p i n g r e a c t i o n s a s w e l l 
a s t he ( d , 6 L i ) and ( ^ e ^ B e ) a p i c k - u p r e a c t i o n s . 4 4 * 4 5 

T«ble I I I . The S. I 

0.41 
0.012 
0.125 

("Ll.d) 
( 7 Ll , t ) 

The availability of heavy ion beams allowing investigation of 
the 2p-2n transfer reactions from a wide variety of projectiles, has 
stimulated interest in studying four nucleon correlations in nuclei. 
The (!6o,12C) transfer has received the largest interest. This reac
tion was first systematically studied at Saclay, on fp shell target 
nuclei.46 The corresponding spectra clearly displayed a strong 
selectivity to states lying in an excitation energy region where the 
number of levels is known to be high. However, at that time the 
counter telescope technique used to detect the ̂ 2C led to energy 
spectra with rather poor energy resolution (.- 250 keV), and the low 
counting rate prevented systematic measurement of the angular distri
butions. Presently, the magnetic spectrometer allows measurement of 
energy spectra with an energy resolution of about 60-100 keV— 
similar to that used in studies of the (6Li,d) reactions, so that 
individual levels of the two reactions can be compared. Furthermore, 
the solid angle of these spectrometers makes it possible to measure 
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tlu* angular di s t r ibut i cms of the individual levels for a quant i ta t ive 
ana lys i s . 

Whether the four nucleons transferred in the ( , b 0 , ZC) reaction (16o, 1 2 C) ... 
behave l ike an u pa r t i c l e lias been much discussed ' ' ^ " as the 
(ifiDt'^C) a spectroscopic factor if. rather small . However, shel l 
mode] calculat ions performed by Kurath and Towner y show that at the 
nuclear surface the contribulion of Os re la t ive motion should 
dominate, while a l l the other components of re la t ive motion should 
have small contr ibut ions . As i t i s now well establ ished that heavy-
ion induced leact ions occur at the nuclear surface, one can expect 
that the ( 0, C) reaction wi l l behave l ike a,good x t r ans fe r . To 
check this hypothesis several experiments have, been carr ied out to 
compare the (1°0,^ 2C) and the C Li,d) r eac t ions . I wi l l review the 
resu l t s obtained with the ( 1 6 0 , 1 2 C ) reaction on (Is-O-J) and (Ip-Of) 
target nuclei and how they do compare with the (^Li,d) data . 

Some experiments have also compared 2p-2n t ransfer reactions 
induced by dif ferent p ro j ec t i l e s on the same target nucleus. The 
purpose of such s tudies i s to determine if thj? heavy-ion induced 
react ions can be described in terms of "u t ransfer" and used as an 
a l t e rna t ive to the lithium-induced reac t ions . 

The (12(;,0|le) reaction has a la rger 't spectroscopic factor than 
the (1"0,12(;) react ion. However, i t s use i s s t i l l very recent due 
to the fact that "He is unstable and has to be detected as two cor
rela ted it p a r t i c l e s . Another, disavantage of t h i s reaction i s i t s 
poor energy resolution (180-300 keV) so that generally the angular 
d i s t r ibu t ion measurements have been limited to the g-s and 1st excited 
s t a t e . The spectroscopic factors extracted from these data wi l l be 
compared to those obtained from the ( l^O.^C) a n ( j ( ^ j i ^ ) data . 

Studies of the other 2p-2n heavy-ion induced reac t ions , such as 
( 1 3 c , 9 B e ) , ( 1 A N , 1 0 I i ) , ( 1 8 0 , l 4 C ) , and ( 2 0 N e )

1 6 O ) , have been r e s t r i c t e d 
to the measurement of a few energy spec t ra . 1 wi l l discuss the 
comparison of the 2 8 S i ( 1 6 0 , 1 2 C ) and 2 8 s i ( 1 8 0 , 1 4 C ) reactions at 60 MeV 
incident energy for which angular d i s t r i bu t i ons to individual levels 
have been measured, so that quant i ta t ive comparison can be achieved. 

Se lec t iv i ty of the ( 0, C) Reaction 
c o \ C, i n C.') 

An energy spectrum of the Ni( 0, C) Zn reaction measured at 
60 MeV incident energy-^ with the Saclay QDDD i s shown in Fig. 6. 
The 60 keV energy resolut ion allowed iden t i f i ca t ion of 13 l eve l s 
between 3.19 and 6.30 MeV exc i t a t ion energies . In the region below 
4.5 MeV exci ta t ion energy, where both the ( 0, C) and (°Li,d) 
react ions exci te well separated t r a n s i t i o n s , the s e l e c t i v i t y of these 
two react ions to individual t r ans i t i ons appears to be very s imi la r . 
Such s i m i l a r i t i e s have a lso been observed by comparing these two 
react ions on 4uCa, 5 l 2 4 M g 52 a n d 2 8 s i , 5 2 » 5 3 and for other Of-lp s h e l l 
t a r g e t - n u c l e i . 2 
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^M^O.^CJ^Zn E„„.60MeV 

'^L 

Channel number 

XfiL 785-6754 

The measurement of the 
angular d i s t r ibu t ions of individ
uals l eve l s of ° Zn populated by 
the ( 1 6 0 , 1 2 C ) react ion has been 
performed at two Incident ener
gies 46 and 60 MeV. At the 
lowest energy they are b e l l 
shaped with a maximum moving from 
65° c m . for the ground s t a t e to 
75° c . s . for the 3" s t a t e . Such 
a move of the grazing angle to 
backward angles for increasing 
exc i ta t ion energy i s expected for 
a d i r ec t t r ans fe r , At 60 MeV 
incident energy, these angular 
d i s t r ibu t ions are forward peaked 
(Fig. 7 ) , The ground s t a t e and 
2^ s t a t e display o s c i l l a t i o n s 
with a 6° c m . period, while the 
3~ s t a t e has no s t ruc tu re a t a l l . 

EFR-BWBA Analysis of the 
( 1 6 0 , 1 2 C ) Reactions 

The DWBA angular d i s t r i b u 
t ions of the (1 6 0,^ 2 C) reac t ion 
are generally analyzed with the 
EFR-DWBA codes such as SATURN-
MARS of K. S. Low and T. Tamura 
or LOLA of R. DeVries. With the 
two assumptions of a os r e l a t i v e 
motion (n=0, 1=0) between the 
t ransferred p a r t i c l e s and a 
s ing le N value for the desc r ip 
tion of the center of mass 
motion, the cross section can be 
factorized as follows; 

Fig. 6. Energy spectrum of the 
5 8 N i ( 1 6 0 , 1 2 C ) e 2 Z n reac t ion (Ref. 50) . 

do 

-BA 

(8) » US' t c [i <»] DWBA 

where Sj" and S£" are respectively the spectroscopic factors relative 
to the light system (a-b) and to the heavy system (B-A). The normali
zation factor N has been introduced to take into account that for 
heavy ion reactions the DWBA calculations are generally unable to 
reproduce absolute cross sections. Because of this normalization 
problem, only relative spectroscopic factors can be extracted from 
comparison of experimental and DWBA cross sections. If in addition the 
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e g ' X9L 785-8753 

Fig. 7. EFR-DWBA analys is of the 5 8 N i ( 1 6 0 , 1 2 C ) 6 2 Z n react ion. The 
opt ical po ten t i a l set F i s a surface t ransparent type po ten t i a l 
<Ref. 50). 

spectroscopic factors are known from she l l model ca lcu la t ions , one 
can determine how far the normalization factor N i s from the idea l 
value of 1. The two .iiain uncer ta in t ies encountered in the DWBA 
analys is a r e : the choice of the op t i ca l model parameters, and the 
choice of the parameters used to ca lcu la te the bound-state wave 
functions. 

Despite the e f fo r t s of both t h e o r i s t s and experimental is ts to 
determine an op t i ca l po ten t i a l describing heavy ion i n t e r ac t i on , the 
c h a r a c t e r i s t i c s of such a po ten t ia l are not yet well es tab l i shed . 
This i s due to the fact that a t low Incident energies , the e l a s t i c 
s ca t t e r ing data are only sens i t ive to the extreme t a i l of the 
p o t e n t i a l . Consequently» many ambiguities have been found between 
families of op t ica l model parameters able to reproduce the experimen
t a l e l a s t i c s ca t t e r ing angular d i s t r i b u t i o n s ; po ten t i a l s with very 
d i f fe ren t geometries and absorptive proper t ies have been obtained. 

Previous s tudies of multlnucleon t ransfer react ions? »-*l have 
already pointed out tha t the t ransfer d i f f e r e n t i a l c ross-sect ion 
shapes are very sens i t ive to the absorption at the nuclear surface. 
A coherent descr ipt ion of these react ions and of the e l a s t i c s ca t 
t e r ing strongly favors the use of surface t ransparent p o t e n t i a l s . 

CO ft: i n £ n 

DWBA analysis of the Ni( 0, C) Zn reaction has been per
formed at 46 and 60 MeV Incident energies. The 1 6 0 optical potentials 
used have been determined by fitting the elastic scattering data at 
each of these energies. Since no optical model parameters were 
available for the exit channel, the same parameters were used in the 
exit and entrance channels. At 60 MeV incident energy only the 
surface transparent potential (Fig. 7) provides a fairly good fit to 
the experimental data, while all the others produce bell shape 
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angular d i s t r i b u t i o n s . At 46 MeV incident energy, such surface t r ans 
parent po t en t i a l , as well as the o thers , fa i led to reproduce the 
experimental data . 

As pointed out by Glendenning such a systematic discrepency 
between DWBA and experimental cross sect ions i s d i f f i cu l t to under
stand in terras of two step process via i n e l a s t i c exc i ta t ions of the 
target or res idual nucleus. Indeed as has been seen in the analysis 
of the two-nucleon t ransfer data, the importance of such two step 
processes depends on the strength of the i n e l a s t i c exc i ta t ions of the 
intermediate s t a t e s as well as on the parentage amplitudes involved 
in the d i rec t and two step processes. The r e l a t i v e s t rengths and 
phases of the parentage amplitudes are not expected to be s imi lar 
for different f inal s t a t e s . Therefore such coupling to low lying 
co l lec t ive s t a t e s w i l l not lead to a systematic e f fec t . A possible 
explanation55 D f the fa i lu re of DWBA ca lcu la t ions at low energies i s 
that the weakly bound s t a t e wave function i s modified by the f ie ld of 
the approaching nucleus. Such polar izat ion e f fec t , calculated for 
one nucleon t ransfer react ion in the two center she l l model, allows 
the t ransfer to take place a t larger impact parameters and sh i f t s 
the d i s t r ibu t ion to smaller angles. Whether, during the time of a 
typical react ion, the she l l model s t a t e s undergo an adiabat ic 
polar iza t ion depends on the r a t i o of the t r ans i t i on time to the 
nuclear period, so that the effect should decrease with incident 
energy. 

Figures 8 and 9 show that the angular d i s t r i b u t i o n s ^ of the 
28si(16o,12cJ32s react ion measured a t 60 MeV incident energy are 
f a i r ly well reproduced with a surface transparent p o t e n t i a l . These 
t ransfer data are a good challenge to a l l the po t en t i a l s which have 
been recently proposed to describe the 16 O + 28gi e l a s t i c s c a t t e r i n g . 
The po ten t i a l E-18 determined by Cramer e t al^6 i n the i r analysis of 
the e l a s t i c s ca t t e r ing data on a wide range of incident energies 
(33-215.2 tteV) fai led to reproduce the t ransfer data . The weakly 
absorbing po ten t ia l determined by Schkolnik e t a l . 5 7 a lso f a i l ed ; 
the one proposed by Auerbach et a l . , 5 ° readjusted to f i t the 60 IfeV 
e l a s t i c sca t t e r ing data , provides f i t s equivalent to those shown in 
Fig. 8. 

For a l l the L=2 t r a n s i t i o n s , the DWBA ca lcu la t ions exhibi t 
o sc i l l a t i ons whose amplitude i s too small compared to the experimental 
data . This i s understandable in terms of misrepresentation of the 
cross-sect ion contr ibut ion for a pa r t i cu l a r m-substate. Each 
magnetic substate makes a s igni f icant contr ibution to the f inal 
cross sec t ion . The s t rong o sc i l l a t i ons have d i f fe ren t phase for each 
magnetic subs ta te , and t h i s r e su l t s in a f ina l angular d i s t r i bu t ion 
that i s not strongly o s c i l l a t o r y . Since the DWBA cross sect ions vary 
rapidly with small changes in bound-state r a d i i , the spectroscopic 
factor product S^" S^ 8 cannot be en t i r e ly determined unless the 
bound-state parameters are very well known, 

DeVries has shown that for t ransfer react ions 
induced by heavy ions a t incident energies close to the Coulomb 
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F i g . 8. 
2 8 S i ( l & 0 , 

EFR-
^2C) 

DWBA a n a l y s i s o f t h e 
3 2 S r e a c t i o n (Ref . 5 3 ) . 

b a r r i e r , t h e Coulomb te rm 
in t h e i n t e r a c t i o n p o t e n 
t i a l i s i m p o r t a n t . The 
DWBA c r o s s s e c t i o n s a r e 
s t r o n g l y a f f e c t e d by t h e 
i n t r o d u c t i o n of such 
Coulomb i n t e r a c t i o n , bu t 
n e i t h e r t h e s h a p e s n o r 
t h e r e l a t i v e s p e c t r o 
s c o p i c f a c t o r s a r e s e n s i 
t i v e t o t h i s e f f e c t . 

T h e r e f o r e , one 
s h o u l d n o t r e l y h e a v i l y 
upon compar i son of 
a b s o l u t e v a l u e s of 
s p e c t r o s c o p i c f a c t o r s a s 
l o n g a s t h e DWBA c r o s s 
s e c t i o n s have n o t been 
c a l c u l a t e d i n a c o n s i s 
t e n t way. However, s i n c e 
t h e r e l a t i v e c r o s s 
s e c t i o n s v a r y l i t t l e w i t h 
changes in b o u n d - s t a t e 
p a r a m e t e r s o r o p t i c a l 
model p a r a m e t e r s , t h e 
r e l a t i v e s p e c t r o s c o p i c 
f a c t o r s can be r e l i a b l y 
e x t r a c t e d and compared 
be tween d i f f e r e n t r e a c 
t i o n s . 

S p e c t r o s c o p i c f a c t o r s 

The s p e c t r o s c o p i c f a c t o r s r e l a t i v e t o the g round s t a t e a r e l i s t e d 
i n T a b l e IV , f o r b e t t e r comparison w i t h t h e r e s u l t s o b t a i n e d i n t h e 
a n a l y s i s o f o t h e r t r a n s f e r d a t a . These s p e c t r o s c o p i c f a c t o r s a r e 
g e n e r a l l y i n good a g r e e m e n t w i th those d e r i v e d from t h e ( 6 L i , d ) 
r e a c t i o n s 4 8 * 5 * , 6 0 , 6 1 w j . t h two main e x c e p t i o n s t h e 2+ s t a t e i n *TTi , 
and the 5 . 0 1 MeV 3" s t a t e of ^2g^ i n t j j e l a t t e r c a s e , s p e c t r o s c o p i c 
f a c t o r s have n o t been e x t r a c t e d from t h e ( ° L i , d ) d a t a . The v a l u e s 
° r e l / ( 2 £ + l ) have been l i s t e d where oXel i s t n e r e l a t i v e magnitude of 
the peak i n t h e ( ° L i , d ) c r o s s - s e c t i o n t o a p a r t i c u l a r s t a t e . In such 
comparisons between s p e c t r o s c o p i c f a c t o r v a l u e s , one should be c a r e 
f u l about the q u a l i t y o f t h e DWBA f i t s . For the s t a r r e d c a s e s quoted 
i n Table IV, the s p e c t r o s c o p i c f a c t o r s have been e x t r a c t e d w i t h poor 
DWBA f i t s , s o t h a t t h e i r meaning i s h i g h l y q u e s t i o n a b l e . 

12 8 Data about the ( C, Be) r e a c t i o n s g e n e r a l l y have been l i m i t e d 
to t h e ground s t a t e and 2 + f i r s t e x c i t e d s t a t e , 6 2 , 6 3 f o r which a g r e e 
ment wi th t h e < 6 L i , d ) and ( 1 6 0 , 1 2 C ) r e s u l t s I s g e n e r a l l y good. For 
4 4 j i the s i t u a t i o n i s c o n f u s i n g , as d i f f e r e n t data l e a d t o d i f f e r e n t 
r e s u l t s . 
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2 8 5 | ( 1 6 0 1 2 C ) 3 2 S 

t r I n h , 6 0 M p V 

S h e l l model c a l c u l a t i o n s * ^ of 
& ^ Z n g - s and 6 2 Z n 2 + ^ s p e c t r o s c o p i c 
f a c t o r s have been pe r fo rmed assum
i n g t h e s e s t a t e s d e s c r i b e d w i t h a 
( 2 p 3 / 2 ) c o n f i g u r a t i o n a round a 
5 8 N I c o r e . The r a t i o S a ( 6 2 Z n 2 + i > / 
S a ( 6 2 Z n g _ s ) p r e d i c t e d by t h e s e c a l 
c u l a t i o n s i s . 5 5 , i n ag reemen t w i t h 
t h e 0 . 4 0 v a l u e d e r i v e d from t h e 
DWBA a n a l y s i s of t h e e x p e r i m e n t a l 
d a t a . The p r o d u c t s N S a ^ A - B ^ 
£ Q have been d e t e r m i n e d by 
compar ing t h e e x p e r i m e n t a l t o t h e 
DWBA c r o s s s e c t i o n s . They a r e 
q u o t e d i n p a r e n t h e s e s i n T a b l e IV 
f o r t h e g - s t r a n s i t i o n s . These 
v a l u e s c o r r e s p o n d t o t h e use of t h e 
f o l l o w i n g b o u n d - s t a t e p a r a m e t e r s : 
R= 1.25 A c

1 / 3 fm and a = 0 . 6 5 fm i n 
t h e DWBA c a l c u l a t i o n s . Us ing t h e 
t h e o r e t i c a l s p e c t r o s c o p i c f a c t o r s 
So from B e n n e t t 6 ^ f o r t h e ( 5 8 N i -

62z,n) s y s t e m and Kura th^9 f o r t h e 
( 1 6 Q - 1 2 Q ) s y s t e m , a n o r m a l i z a t i o n 
f a c t o r of 5 i s o b t a i n e d f o r t h e 
5 8 N i ( 1 6 o , 1 2 c g _ s ) 6 2 z n g _ s t r a n s i t i o n 
a t 60 MeV i n c i d e n t e n e r g y . 

P u z z l i n g e x p e r i m e n t a l r e s u l t s 
o b s e r v e d i n v a r i o u s s t u d i e s of t h e 
7165712c)-

• Excitation of unnatural 
par i ty s t a t e s : The study of the 
MM^16o7l2cy28 s l a n d 2 8 S 1 ( 1 6 0 > 1 2 C ) 

32s reaction-* 2 has c lear ly pointed 
out the population of unnatural 

pa r i ty s t a t e s . Such t r ans i t i ons are forbidden in a pure d i rec t a 
t ransfer on a 0 + t a rge t . The exci ta t ion of such leve ls with s i g n i f i 
cant cross sect ion implies e i t h e r than the four nucleons are t r ans fe r 
red in a r e l a t i ve motion dif ferent from 0s[(0p) for instance] or 
mult is tep contr ibut ions via the i n e l a s t i c exc i ta t ion of e i t he r the 
t a rge t or the res idual nucleus. 

• Polar izat ion o f . 2 0 Ne in the 0( 0, C) reac t ion . A recent 
study of the 1 6 0 ( 1 6 0 , 1 2 C p ° N e reaction performed at Orsay 6 5 shows 
i ) the angular d i s t r i bu t ions are accurately described by EFR-DWBA 
ca lcu la t ions assuming an a t ransfer , and i i ) the r e l a t i ve spec t ro
scopic values of the g-s ro t a t iona l band are close to 1 as expected 
from the theore t i ca l values calculated with SU3 wavefunctions for 2 0 Ne. 
The 12C«.16Q angular cor re la t ions of the sequential react ion 
160(16©, 12c)20tfe* -»• a + IOQ n a v e D e e n measured both in the react ion 
plane and in a plane perpendicular to i t for several excited s t a t e s . 

Fig. 9. EFR-DWBA analysis of 
the 2 8 S i ( l ° o , l 2 c ) 3 2 s react ion 
(Ref. 53) . 
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axis perpendicular to the reaction plane has been extracted from the 
data with a l ea s t square method. This c lear ly es tab l i shes a strong 
polar izat ion of the 2"Ne* on an axis perpendicular to the reaction 
plane (Fig. 10), since the population for m=j i s by far the l a rge s t . 
The EFR-DWBA calcula t ions cannot reproduce the experimental angular 
co r re l a t ions . 

Comparison of the 2 8 S i ( 1 8 Q , U C ) and 2 8 S i ( l 6 Q , 1 2 C ) react ions 

The energy spectrum (Fig. 11) of the Si( 0, C) react ion 
c lear ly show the exc i ta t ion of the -*2S T=l s t a t e lying a t 7.12 MeV 
exci ta t ion energy. Such AT=1 t rans i t ion i s forbidden in a pure ct 
t r ans fe r . 

The experimental angular d i s t r ibu t ions of the low lying s t a t e s 
could be f i t t e d with EFR-DWBA calcula t ions only with opt ica l model 
parameters modified from those determined by an op t ica l model 
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Fig . 10. Angular d i s t r ibu t ion 
for the population of the m-j 
magnetic substate of s t a t e s 
populated in the 1 6 O < 1 6 O , 1 2 C ) 2 0 N e + 
a-H-^0 sequent ia l reac t ion 
<Ref. 65) . 

mental cross sec t ions , sequent ia l 
account together with simultaneous 

analysis of the entrance channel 
e l a s t i c s ca t t e r ing data . This 
difference with the 2 8 S i ( 1 6 o , 1 2 C ) 
react ion measured at the Ramp 
incident energy i s not understood. 
Therefore, the goal of the exper i 
ment to determine the r a t i o of 
spectroscopic factors S c t ( 1 ®0, 1 ^C)/ 
S a ( 1 6 0 , 1 2 C ) could not be achieved. 
The r e l a t i ve spectroscopic fac tors 
of the 4.28 MeV 2 + s t a t e and 4.46 
MeV 4 + s t a t e s are 10 times smaller 
than those obtained with the 
( 1 6 0 , 1 2 C ) data . 

CONCLUSION 

The study of two nucleon 
transfer reactions induced by 
heavy ions has pointed out impor
tant contributions of two step 
processes where the transfer is 
proceeding via target and residual 
nucleus inelastic excitation. At 
incident energies not too high 
above the Coulomb barrier, such 
processes produce clear shape 
changes between different final 
state angular distributions. At 
higher incident energy, the 
angular distributions are forward 
peaked and display oscillations 
for both mechanisms. Nevertheless 
the failure of DWBA theory in 
reproducing the c?:oss section of 
different final spates with the 
same normalization factor is 
partly removed by using EFR-CCBA 
formalism. Such inelastic two 
step processes provide a unique 
way of testing the overlap between 
the wave functions of excited 
states of target and residual 
nuclei. However to reproduce the 
absolute values of the experi-

transfer has to be taken into 
transfer. 

Most of the experimental data relative to the ( 0, C) reaction 
suggest that this 2p-2n transfer is proceeding via the transfer of an 
a particle as well as the (^Li,d) reaction. Further Investigation of 
the few cases where deviations have been observed should be done. As 
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exci ta t ion of unnatural 
par i ty s t a t e s has been 
observed only in the case 
of light-deformed target 
or residual nuc le i , i t 
can be connected to in
e l a s t i c two step contribu
t i o n s . I t should be 
noticed that such exc i t a 
t ion of unnatural par i ty 
s t a t e s has also been 
observed in the s tudies 
of the (^Li,d) react ion 
on ls-Od she l l ta rget 
nuc l e i . 

Heavy ion p ro j ec t i l e s 
cannot compete with l i gh t 
ion induced react ions as 
far as the L dependence 
of the angular d i s t r i b u 
t ions i s concerned. In 
addi t ion , much experimen
t a l work remains to be 
done before completely 
understand the react ion 
mechanism. For example, 
resonance l i ke s t ruc tures 

were recently discovered in the exci ta t ion function of the 
2 * M g ( 1 6 0 , 1 2 C ) 2 8 S i 6 6 reaction at the incident energies: 47, 52 and 
57 MeV in a region where the react ion was assumed to be purely d i r e c t . 

CHANNEL NUMBER 400 

XBL 7B5-8755 

Us- ii-28 S K ^ O , 
Energy spectrum of the 

1 4 c ) 3 f S reaction (Ref. 53) . 

There have been speculations about the possibility of observing 
enhanced multi pair transfers between two superfluid nuclei,^7 Search 
for such a nuclear Josephson effect is a particularly interesting 
field which can only be achieved with heavy ion projectiles. To get 
a realistic estimate of the cross section of multi pair transfer 
reactions, it is important to include in the calculations all the 
informations derived from the studies of heavy ion two nucleon 
transfer reactions. 
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