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Abstract : The success and failure of the Distorted Wave Method (DWM) applied to 
heavy ion transfer reactions are illustrated by few examples : one and 

15 18 28 
multi-nucleon transfer reactions induced by N and 0 on Si target nu
cleus performed on the vicinity of coulomb barrier respectively at 44 and 
56 MeV incident energy. 

I. INTRODUCTION 

We shall review in this talk various applications of the distorted wave 
method applied to heavy ion transfer reactions. The most simple approach is 

(2) the DWBA formalism which is suitable when the reactions occur in one step. This 
appears in case of one nucléon transfer reactions leading to good single particle 
state. On the other hand when the weak coupling model is justified, the CCBA for-

(3) 
malism has to be applied. A state described by a single particle wave function, 
coupled to a collective state such as a first 2 can be reached not only through 
the usual direct route, but also by core excitation of the target and/or residual 

lar 
(4) 

(3) nuclei. It can also appear that the direct route is forbidden. In a similar 
way core excitation can also be consider in the projectile-ejectile system. 

The same approach for the description of two nucléon transfer reaction can 
be used. Furthermore in case of two nucléon transfer one more additional assumption 
is often made : the two transferred nucléons are assumed to be in os relative 
motion. 

The difference of shapes of the angular distributions observed for various 
excited levels in the vicinity of the coulomb barrier can be used to distinguished 
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between one and two step processes. * Nevertheless as the incident energy 
increases the difference of shapes disappears. A second check of the validity 
of the CCBA formalism is i better reproduction of the relative intensities of 
the various populated levels. 

If the relative intensities are often well described by the distorted wave 
method, the absolute value cannot be reproduced, sometime even, for one nucléon 
transfer. This was the case for the excitation function of Pb( 0, N) Bi 
measured between 100 - and 312 MeV 0 incident energy. At low energy the 
theoretical cross section is too small by factor 2 and at high energy too large 
by factor 3. The disagreement is even more dramatic in case of two nucléon 
transfer reactions where the factors of normalization varies arbitrarily between 
10 and 100. ' Nevertheless, the relative intensities can be very well reproduce. * ' 

Connected with this problem of absolute value, the choice of the optical 
model parameters plays an essential part. Often in case of one nucléon transfer 
the parameters deduced from the elastic scattering by an optical model analysis 
allow us to reproduce the transfer reaction angular distributions. This is par-

(2) ticulary true for well Q matched reactions and for strong single particle states. 
In case of two nucléon transfer reaction, the parameters deduced from elastic 
scattering do not allow us to reproduce the shape of the angular distributions. 
The predictions is either out of phase or bell shape peaked at too backward an
gles. The introduction of two step processes such as core excitation, do not 

(5 9) help enough to solve the problem. ' As soon as it is tried to reproduce the 
shape of the experimental angular distribution, by modifying the optical model 
parameters, the theoretical cross sections decrease in absolute value. The intro
duction of a large surface transparency (weak imaginary part at the nuclear sur
face) reduces the discrepancy between theoretical and experimental values. 

We shall illustrate this various: point of view by different exemples. We 
shall review first the one nucléon stripping and pick-up reactions induced by 
15 28 N on Si at 44 MeV incident energy. We shall discuss then multinucleon trans-

I g 28 fer reactions induced by 0 on Si at 56 MeV incident energy. We shall present 
18 18 the ( 0, F) reaction which will be treated as one proton one neutron exchange 

between the two colliding core with the coupled reaction channel formalism (C.R.C). 

All the presented experiments have been performed using the heavy ion beams 
of the Saclay F.N. tanden Van de Graaff and the Saclay QDDD magnetic spectrometer. 
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In all these analyses we have used for the DWBA, CCBA and CRC the exact 
finite range (E.F.R.) codes SATURN MARS I and II, taking that way into account 
ail the recoil-effects. 

In the present version of the codes the coulomb stripping interaction is 
included. Thus, there is no more discrepancy between results given by the post 
and the prior representations. 

II. ONE NUCLEON TRANSFER REACTIONS 
MEASURED AT 44 MeV INCIDENT ENERGY. 

2 8Si( , 5N, ' V 9 S i AND 2 8Si( , 5N, , 60) 2 7A1 

Oft t •* 1A O A 

In the Si( N, N) Si stripping reaction all the single particles states 
seen previously in (d,p) experiments are strongly populated. Furthermore the 
2.43 MeV 3/2 level is rather strongly excited and has a bell shape angular dis-

29 tribution very similar to the ones of the other levels of Si. This particular 
level was very weakly populated by the (d,p) reaction and had shown an isotropic 
angular distribution. We shall see later, on that this 2.43 MeV 3/2 level is 

28 populated by a pure two step process involving core excitation of Si. 

28 15 16 27 In the Si( N, 0) Al one proton pick-up reaction, the hole states are 
3 (13) 

strongly populated in a similar way as in the (d, He) experiment. But we 
can also observed the 2.21 MeV 7/2 state and 3 MeV doublet 3/2* and 9/2 . These 
three states are well described by the weak coupling model considering the cou
pling of the d 5/2 hole to the first 2 collective state of Si. Thus it 
will be shown that these states are populated by pure two step processes invol-

28 ving core excitation of Si. 

A) E.F.R. - D.W.B.A. analysis. 

The most important ingredient of a DWBA calculations are the optical model 
parameters. It has been possible to measure the elastic - scattering in the 
entrance - and exit channel leading that way no freedom for the optical model 
parameters. Two families of Woods-Saxon parameters are used : i) E-18 derived 

16 28 (15^ 
from an elastic scattering analysis of 0 on Si between 33 and 215.2 MeV^ ; 

and ii) OMPl whisch is just a four parameter potential fitting the present elastic 
scattering data. These potentials were adjusted in order to reproduce perfectly 
the present experimental elastic angular distributions ; see figure I and 2. The 
dashed curves for N and 0 ions correspond to prediction obtained with the 
optical model parameters of the N entrance channel. The difference between 
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fits and prodictions are extremely small. The parameters are given on table I. 

28 15 14 29 Figure 3 presents the fits of the Si( N, N) Si one neutron stripping 
reaction, obtained with the optical model parameters which reproduce elastic 
scattering both in entrance and exit channels. The quality of the fits is espe
cially good for the ground state 1/2 and first excited state 3/2 which are 
known to be good single particle states. It has to be noticed that, the fit is 
poor for the 3.62 MeV 7/2 and there is no explanation for this anomaly. 

On the oth;r hand, it is impossible to reproduce the angular distributions 
28 15 16 27 of the Si( N, 0) Al one proton pick-up reaction with the optical model 

parameters derived from the elastic scattering fits in entrance and in exit chan
nels, see figure 4. The experimental points are forward peaked while the theore
tical DWBA curve is bell shape und barkward centered. This kind of disagreement 
can be cured only by lowering arbitrairly the coulomb barrier in the entrance 
and exit channel. This was performed in the present case, by increasing the real 
and coulomb radius from 1.35 fm up to 1.45 fm for the E-I8 family. The fits 
obtained with this arbitrary procedure are presented in figure 5 fcr all the Al 
levels which have a large hole components in the 2s-Id shell. 

In table II are presented the spectroscopic factors of these one neutron 
stripping and one proton pick-up reactions. They are arbitrarily normalized in 
the ground state values known by light ion direct transfer reactions. The spec
troscopic factor for the projectile-ejectile system is S » 2. for both reac
tion ( N, N) and ( N, 0) from simple shell model considerations with the 
belief that 0 is perfect double magic core. 

15 )4 
For the stripping reaction ( N, N), the overall normalization factor 

N » o / a
t u e o i 8 extremely closed to one. On the other hand for the pick-up 

reaction ( N, 0), this normalization factor is N * 3.20, which means that 
the theoretical value are predicted much too small. This lost of intensity is 
due to the arbitrary modification of the optical model parameters needed in 
order to reproduce the experimental shapes of the transfer angular cross sections. 

B) E.F.R. - C.C.B.A. Analysis. 

28 It is well known that Si is a strongly deformrd 4N nucleus wi:h a large 
8- • " 0.40 deformation parameter and that the levels of Al and Si 



can be describe schimacically by the weak coupling model. Thus the 2.73 MÏV 
5/2+, 2.21 MeV 7/2+ and the 3 MeV doublet 3/2* and 9/2+ of Al have component 
of Id 5/2 hole coupled to the first 2 + collective state of Si : [2 + 6 Id 5/2JJf. 
Similarly, wc have to consider for Si components such as [2 ê 2s 1 /2J __. for 
the 2.03 MeV 5/2+, 2.43 MeV 3/2* and 3.07 MeV 5/2+ states. The [28 d 3/2] com-
ponent was evaluated in a previous CCBA analysis of Si( He,d) P and was 
found to be neglegible. 

CCBA calculations have been performed in order to reproduce the differential 
cross sections. There is no adjustable parameters except for the one proton pick
up reaction where one optical model parameter (r * r ) was modified in family 
E-18 in order to reproduce the experimental shape (same parameters as in the 
previous DWBA calculations). The vibrational model was used to describe the col-

28 29 27 lective states of Si, Si and Al ; the 6~ values are those given by inelas-
( 16Î tic scattering or lifetime measurements. The optical model parameters used 

E - 18 - CC are given in table 1 and the spectroscopic factors, given in table 3, 
(12-13) are those of light ion induced reactions. Thi 

into account both in the entrance and exit channel. 

(12-13) are those of light ion induced reactions. The core excitation are taken 

For the Si( N, N) Si stripping reaction the quality of the fits is 
improved for all the states and especially at forward angles, giving that way a 
signature of two steps processes! See figure 6. The coupling scheme are inset in 
each curve. The 2.43 MeV 3/2 level is populated only by a two step process, there 
is no direct term. The absence of direct route was already settled by the (d,p) 

(12) experiment performed at 18 MeV deuteron incident energy. In this experiment, 
this level is the only one which has a flat isotropic angular distribution while 
the others states display an oscillatory pattern. 

In figure 7 are presented the results of the CCBA calculations for the 
28 15 16 27 
Si( N, 0) Al one proton pick-up reaction. Three levels are populated only 

via two step processes : the 2.21 MeV 7/2 and the 3 MeV double 3/2 and 9/2 . 
It is obvious the 7/2 and 9/2 cannot have single particle state component in 

•- • . . . . . . 2 8 
the 2s - Id shell. Thus these states are populated only via Si core excitation 
of the first 2 . The normalization factors N • a I 0„„ o, are the same for all 

exp ct-tJA 
the states except for the 2.21 MeV 7/2 states for which the normalization factor 
is 1.25 instead of 3.2. It can be shown from simple angular momentum conservation 
law that the population of the 7/2 state corresponds to destructive inter-28 ference between core excitation in the incident channel ( Si) and core excitation 
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27 • 
in the exit channel ( Al), while the interference is constructive for the 9/2 
state. In fact the CCBA predicts to large cross section for the 2.21 MeV 7/2 
state. 

It can be concluded on this typical exemples that the distorted wave method 
is a rather powerful tool in case of one nucléon transfer offering the possibility 
to check the weak coupling model. Only the absolute values are not well reproduced 
presently in case of one neutron pick-up reaction. 

III. TWO NUCLEONS TRANSFER REACTIONS 

28 18 16 30 The Si( 0, 0) Si two neutron stripping reaction has been analyzed 
using first of all, the DWBA formalism and then the CCBA formalism. The use of 
coupled channel formalism had turned out to be necessary due to the fact that 
28 30 
Si and Si have strong collective states giving rise to two step processes 

involving core excitation of the target and residual nuclei. The presence of this 
indirect routes modifie strongly the relative intensities of the population of 
the final levels. Furthermore in these calculations a os relative motion is as
sumed to describe the two transferred neutron. It has been impossible to find a 
family of optical potentiel which reproduce simultaneously the 56 MeV elastic 
scattering data and the angular distribution of the two neutron stripping reaction 
measured at the same energy. In a similar way as it was dene in case of one pro
ton pick-up we have been obliged to decrease arbitrarily the coulomb barrier in 
both channel by increasing the real and coulomb radius. In order to reproduce 
the strong oscillatory behaviour of the ground state angular distribution some 
surface transparency was necessary : r„ < r v, W < V and also a^ < a, . The po
tential S - 23 - 15 used for the present DWBA and CCBA analysis are listed on 
table 1 with the one S - 23 corresponding to elastic scattering as a reference. 

In figure 8 and 10 are presented the DWBA fits (one step process) corres
ponding to all the states populated by two neucron stripping reactions. Like in 
one nucléon transfer reactions, spectroscopic factor can be extracted. Since we 
are working with the os cluster approximation, the cross section are expressed 
in the following way : 

aexp. " N S 1 S2 aDWBA 

where S. is the cluster spectroscopic factor of the projectile-ejectile system 
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and S. the spectroscopic factor for the target and residual nuclei system. N is 
a normalization factor. In table IV are listed the experimental normalization 
factor N along with S. for the projectile-ejectile system and S_ for target resi
dual nuclei system provided by a full shell model calculation of W. Chung and 

( 18) B.H. Wildenthal. The noma'ization factor N would be constant and equal to 
one if the transfer reactions were well described by DWBA and if the shell model 
spectroscopic factors were realistic. In fact we are missing the absolute value 
and the relative intensity for the first three states are constant within a fac
tor 2. The second 2. is predicted much too large and the 5.95 MeV 4_ predicted 
small is too large ; this state is predicted extremely weak and if we used a nor
malization constant N * 20, as deduced from other excited states, we find S 0 

(5.95 MeV, 4_) » 0.051 which is in fact a small spectro 
qualitatively predicted by the shell model calculations. 
(5.95 MeV, 4_) =» 0.051 which is in fact a small spectroscopic factor like it is 

It turns out that the relative intensities are not too badly predicted by 
the shell model calculation. This situation can be improved by taking into ac
count in a CCBA calculations the indirect paths. Such calculations were performed 

28 + 
taking into account the core excitation of Si on its first 2 collective state 
located at 1.78 MeV and also core excitation of Si on its first collective 2 
located at 2.24 MeV. 

28 
The rotational model is used to describe the Si nucleus whith a 8- defor

mation parameter of 8, * - 0.40 (oblate core), on the other hand the vibrational 
30 7 . (19) 

model is used for Si which is usualy considered as a softer nucleus ; the 
6_ values is 0.32. The spectroscopic amplitudes of the various routes are given 

(18) by the previous shell model calculations and are listed on table 5. Since the 
weak coupling model is mixing collective variables and single particle wave 
functions, we have studied the influence of the sign of the deformation parameter 
8» on the CCBA cross sections. For that purpose, we have in the rotational model 
coupling fliped the sign of the 8 2* From figure 11, it can be seen that the dir-
ference between oblate and prolate deformation is weak and that there is no ex
perimental possibility to determine the sign of nuclear deformation by measuring 
•tripping angular distributions induced by heavy ions experiments. The optical 
model parameters used are those of the previous DWBA analysis, see table I fa
mily S - 23 - 15. 
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Figure 12 presents the results of CCBA calculations with the well known 
28 oblate deformation for Si. The coupling sheme is inset in the figure. The 

normalization constant for these two states is now N » 6.54 instead of 9.1 for 
the g.s. and 20.8 for the 1.35 MeV 2 as in the previous DWBA calculation. This 
fact shows the importance of the two step processes in the reproduction of the 
relative intensities. We have tried also to reproduce the 3.50MeV second 2 ? cross 
section ; describing this state as 2 phonon states. An admixture of one phonon 
state, directly coupled to the ground state, with a deformation parameter of 
6'~ s 0.23 do not change the results. 

The spectroscopic amplitudes of all the various route consider are listed 
in table 5. The results are presented on figure 13 with the coupling scheme used 
for core excitation. The normalization constant are respectively N - 8.17 for 
the g.s. 0 + and the 2.24 MeV 2* and N » 4.41 for the 3.50 MeV 2* which have to 
the compared respectively to 9.1, 24. and 2. in tl>e orevious DWBA calculations. 
Here also the CCBA provide a spectacular improvement on the relative intensities. 
The fact we miss the absolute values is mainly due to the change of the optical 
model parameters needed to reproduce the angular distributions. Presently, the 
so-called "unhappiness factor" N is only 6 or 8 which is a rather small number 
compare to what was found in other «.nalysis. 

The phase of the spectroscopic amplitude are in fact experimentally assigned 
ly the shape of the angular distributions. The route going from the first 2 , 
excited state of the target to the g.s. of the final nucleus do not contribute 
to the cross section. Thus it had turned out that we only have to determine the 

30 relative sign between direct and indirect routes for the excited levels of Si. 
For obvious reasons (blocking effects) the routes : 0 •* 0 , 2. -*• 2. and 2. •* 2 2 

have the same sign because it correspond to identical transfer cluster transition. 
So we have to determine only the sign of routes : 0 -*• 2. and 0 •*• 2.. If the 
sign are identical for direct and indirect routes the interference is constructive 
otherwise destructive. 

This point of view is illustrated on figure 14 where it can be seen comparing 
+ 30 with the experimental data that the angular distribution of the first 2 of Si 

favors constructive interference while for the second 2 the destructive inter
ference is preferred. 

Thus, it had turned out, for the two nucléon transfer reactions that detailed 
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informations about intrinsic wave functions of the nuclei can be obtained. The 
distorted wave formalism can be improved by making microscopic form factor cal
culations in order to take into account all the order of the relative motions 
of the transferred cluster. One important point has still to be investigated, 
can sequential processes wheie two nucleus are transferred one by one through 
intermediate state, be important ? All these points rise the question of the 
impossibility to reproduce the absolute values of the transfer reaction cross 
sections with the present approximations. 

IV. THREE NUCLEON TRANSFER REACTIONS. 

28 18 15 31 In figure 15 is presented the spectrum of the reaction Si( 0, N) P 
one triton stripping reaction performed at 56 MeV incident energy. The triton 
transfer reaction populates all the single particle states identified previously 

3 (20) 
by ( He, d) experiment. ' A DWBA analysis was performed. The optical model 
parameters are those which reproduce not only the elastic scattering but also 

28 18 17 29 the Si( 0, 0) Si one neutron stripping reaction ; see table 1«family of 
4 parameters S - 7. The DWBA fits are shown on figure 16. A os cluster approxi
mation was made and the spectroscopic factors are extracted using the usual formula 

a • • NS, S, an,TD.. exp I 2 DWBA 

These spectroscopic factors can be compared in table 6 with the ones extrac
ted through ( He, d) one proton stripping reaction. We can notice a strong 
correspondence in the relative intensities due to a trivial reason : empty shell 
are strongly populated in both reactions. Unfortunately we dont have yet any three 
nucléon spectroscopic factors provided by shell model calculations. 

28 18 15 31 A similar analysis was performed for the Si( 0, 0) Si three neutron 
stripping reaction performed at 56 MeV incident energy. Single particle states 

(21) identified by (d,p) experiment are also strongly populated by three neutron 
stripping reactions see figure 17. It has turned out that it is impossible to 
reproduce the angular distributions which any kind of optical potential which 
reproduces the elastic scattering data ; the parameters have to be strongly mo
dified and are listed or. table 1 : S - 23 - 23 along with the one S - 23 corres
ponding to elastic fit. The radius of real and coulomb potential have been lar
gely increased as well as the diffusivity in order to focus the angular distri
butions to the forward angle otherwise like for the two nucléons transfer reaction 

| 
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bell shaped angular distributions peaked at backward angle are obtained. The 
angular distribution are shown in figure 18. The spectroscopic factors have been 
extracted for two different families of optical potentials S - 23 - 23 and 
S - 23 - 18, and are listed on table 6 along with the ones known by (d,p) ex
periments. A strong corelation can be noted between the one neutron spectroscopic 
factors and the three neutron ones. Here also unfortunatelly we don't have any 
shell model three neutron transfer spectroscopic factors. 

Despite the difficulties to measure small cross sections, the three nucléon 
transfer can be considered as a very good spectroscopic tool like the one and two 
nucléon transfer reactions, since the cluster approximation seems to be vilid. 

V. CHARGE EXCHANGE REACTION. 

It has been possible to study the one proton-one neutron exchange process 
28 18 13 28 + + 

of the reactions Si( 0, F) AI leading to g.s. doublet 2 and 3 . This se
quential mechanism can be studied with coupled channel reaction formalism (C.R.C.) 
which is just a sequential DWBA calculations with a coherent sum over all the 18 17 channels. The intermediate states considered are the following : i) the ( 0, 0) 

29 . 17 18 
neutron stripping going to Si followed by the ( 0, F) proton pick-up leading 

28 18 19 27 19 '• 8 
to Al, ii) The ( 0, F) proton pick-up going to Al followed by the ( F,! F) 28 neutron stripping leading to Al. In this proton-neutron exchange reaction we 
have only to consider the good single particle state having a large spectroscopic 
factor. All the channels opened are presented on figure 19. Unfortunately the cal
culations cannot be performed with all the routes simultaneously. The intermediate 19 27 states F + AI can be neglected since the calculated ratio is 

", I 80. , 9F , , 8 F / g( g.s.' ) 
o(,80, V , 8 F ) 2 + 

- 0.073 

We present now on figure 20 preliminary calculations with only two intermediate 
17* 29 . 29 

states : 0. ,» coupled with *>i. #„ and *>i. ,. levels. These two intermediate 
states would probably doninate since it look easier to form F on its it ! + level 

18 18 (25) 
with two s 1/2 nucléons in the ( 0, F) exit channel. The spectroscopic factors 29 used are listed on table 7. The spectroscopic factors corresponding to Si and 
17 28 18 17 29 
0 are derived from our own experiment Si( 0, 0) Si ; see Appendix A. The 
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optical model family used is S - 7 which reproduces : elastic scattering data, 
oae neutron stripping data and one triton stripping data. Thus, there is for this 
one proton-one neutron exchange reaction no adjustable parameters. CRC cross 
sections have been calculated for the two states of the unresolved doublet 
+ + 28 
2 and 3 of Al. As it can be seen on figure 18, the shape of the angular dis
tribution is rather well reproduced except at very forward angles. The absolute 
value is not given by the C.R.C. formalism o / 0_ _ r » 317. In fact two 

._ exp L.K.L. _q ?9 
intermediate states are missing the 0 5/2 coupled to Si. / ? and Si-i/o 

(25) g»s» '/* •" *• 

levels. The inclusion of these two channels can increase only a„ _ _ by a 
factor 2. Furthermore the direct term due to charge exchange has also to be con-
sidered. 

VI. CONCLUSION. 

Iae main success of the distorted waves method is to be able for the direct 
transfer reactions, to reproduce the relative intensities, and also to be sensitive 
in second order process, to the phase of the spectroscopic amplitudes ; nuclear 
structure properties can be then studied. Thus it turns out that heavy-ion trans
fer reaction is a very powerful spectroscopic tool. If core excitation is present 
the CCBA formalism is the most suitable to describe transfer reactions. In a 
large number of case, the shape of the angular distributions can be reproduced, 
using the optical potential determined by fitting the elastic scattering. That 
was the case for (,5N, , 4 N ) , ( 1 80, l 7 0 ) , ( , 80, , 5N) and (180, , 8F) reactions. 

The absolute values are missed by a factor less than 10 in two nucléon trans-
18 18 reaction and by a factor 300 in the ( 0, F) exchange reaction. That can 

means that the formalisms describing these transfer reactions are oversimplified. 
In particular i 
sently missing. 

18 18 fer reaction and by a factor 300 in the ( 0, F) exchange reaction. That can 
descrit 
18 18 In particular in case of ( 0, F) calculation, the direct exchane» term is pre-

It can be necessary to perform a microscopic from factor calculation in order 
to take into account all the relative order of the intrinsic motion of the trans
ferred cluster. Furthermore sequential processes where nucléons are transferred 
one by one through single particle intermediate states has to be considered. With 
the advent of extremely large and fast computers it would be possible to perform 
more and more detailed and accurate calculations. 
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Appendix A 

28 18 17 29 The Si( 0, 0) Si one neutron stripping reaction has been analyzed with 
the DWBA formalism. The optical potential S - 7 which offers the possibility to 
reproduce the elastic scattering fits also the transfer data see table I. The 
results of the DWBA calculations are presented in figure 21 and 22. We have 
measured simultaneoulsy the transfer reaction corresponding to the Id 5/2 orbit 
of 0 and to the 2s 1/2 orbit of 0 first excited level. We can that way g.s. ^ 17 
extract also the spectroscopic factor of Id 5/2 and 2s 1/2 orbit of 0 see 
table VIII. This analysis is in good agreement with the work of J.F. Petersen et al, 

(23) performed on the same reaction. 
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FIGURE CAPTIONS 

Fig. I : Elastic angular distributions of heavy ions in the entrance and exit 
channel, the dashed curves for 0 and N correspond to the N optical 
model parameters (entrance channel). The optical model parameters are given 
on table 1. 

Fig. 2 : Elastic angular distributions of heavy ions in the entrance and exit 
channel. See caption of fig. 1). 

28 15 14 29 Fig. 3 : Si( N, N) Si angular distributions. The optical model parameters 
used in the EFR-DWBA calculations reproduce the elastic scattering in the 
entrance and exit channel. The corresponding spectroscopic factors are lis
ted in table II, 

28 J5 16 27 Fig. 4 : Si( N, 0) Al angular distribution. The theoretical curves are 
obtained with an EFR-DWBA calculation using two different families of po
tential E-18 and OMPI which reproduce the elastic scatterings in the en
trance and exit channel. 

28 15 16 29 Fig. 5 : Si( N, 0) Si angular distributions. The solid curves are EFR-DWBA 
results for the potential E-18 arbitrarily modified in the entrance and exit 
channel : r • r » 1.45 fm instead of 1.35 fm. The dashed curve corresponds c v v 

to the original E-18 potential. The corresponding spectroscopic factors 
are listed on table 2. 

• 28 15 14 29 Fig. 6 : Si( N, N) Si angular distributions. The theoretical curves were 
obtained with an EFR-CCBA calculation using the E-18 optical model parameter 
set. The coefficient of normalization are the same for all the transitions : 
N - 1.4. 

28 15 16 27 Fig. 7 : Si( N, 0) Al angular distributions. The theoretical curves were 
obtained with an EFR-CCBA calculations using the E18 CC modified optical 
model parameters : r - r - 1.45 fm instead of 1.35 fm. The coefficient 
of normalization N - o* /onnTt. are the same for all the states N * 3.8 

exp CCBA 
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except far the 2.21 MeV 7/2 state for which N = 1.25. 

28 18 16 30 Fig. 8 : Si( 0, 0) Si two neutron stripping angular distributions of the 
two first 0 states spectroscopic factors, see table 4. 

28 18 16 30 Fig. 9 : Si( 0, 0) Si two neutron stripping angular discributions of the 
first few positive parity states. Spectroscopic factors see table A. 

28 18 16 30 Fig. iO : Si( 0, 0) Si two neutron stripping angular distributions of the 
first few negative parity states. 

Fig. 11 : Theoretical two neutron stripping angular distribution for two diffe-
28 rent sign of the B_ deformation parameter of Si. The rotational model is 

used to generate the entrance distorted waves in the coupled channel cal
culation while in the exit channel the vibrational model is used. 

Fig. 12 : CCBA fits of the first 0 and 2 of Si angular distributions. Spec
troscopic amplitudes are listed on table V. 

Fig. 13 : CCBA fits of the g.s. and the first two 2 collective state ; spec
troscopic amplitudes are listed on table V. 

Fig. 1A : Theoretical two neutron stripping angular distributions. The construc
tive interference correspond to a positive sign for the direct route 0 -> 2 , 
the destructive interference correspond to negative sign ; The phase of 
g.s. '•* g.s. transition is taken positive by convention. 

28 . 18 15 31 Fig. 15 : Si( 0, N) P one triton transfer reaction spectrum measured at 
56 MeV incident energy. 

28 18 15 31 
Fig. 16 : DWBA fits of the Si( 0, N) P one triton transfer reaction poten

tial S-7 reproduce the elastic scattering (table I). Triton spectroscopic 
factors see table VI. 

28 18 15 31 Fig. 17 : Si( 0, 0) Si three neutron transfer reaction spectrum measured at 
56 MeV incident energy. 
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28 18 15 31 Fig. 18 : DWBA fits of the Si( 0, 0) Si expeimental angular distributions. 
The potential S - 23 - 23 do not fit the elastic scattering (table I). The 
corresponding spectroscopic factors are listed on table VI. 

Fig. 19 : Diagram of the channel corresponding to proton-neutron exchange in the 
28-.A8n 18_v28,, ,_+ V*\ 
Si( 0, F) Al (2 , 3 ) reaction. 

78 IQ 10 TO + + 

Fig. 20 : C.R.C. fit of the experimental °~i( °0, F) Al ( 2 , 3 ) angular dis-
28 tributions. The Al g.s. doublet is not resolved, and the two corresponding 

theoretical angular distributions were added incoherently. 

28 18 17 29 Fig. 21 and 22 : Si( 0, 0) Si one neutron stripping reaction. Potential 
S - 7 reproduce the elastic scattering (table I). The spectroscopic factors 
are listed on table VIII. 



TABLE I 

OPTICAL MODEL PARAMETERS 

Systems V rv av W rw "w 
2 * X /N Family E. inc. 

2 8Si • , 5N 11.467 1.350 0.618 24.560 1.230 0.552 0.85 EI8 IN 44 

10.407 1.350 0.618 24.497 1.230 0.552 2.30 E18 CC 44 
2 7 A I • , 6 o : 11.618 1.201 0.841 29.225 1.110 0.674 3.38 El8 OUT 44 
2 9si • u a 9.447 1.498 0.367 24.337 1.394 0.235 2.91 E18 OUT 44 
2 8Si • , 5N 30.000 1.168 0.689 19.202 1.168 0.689 1.04 0MP1 IN 44 
2 7A1 • , 60 30.000 1.120 0.713 24.759 1.120 0.713 3.57 0MP1 OUT 44 
2 9Si • , 4N 30.000 1.089 0.764 29.906 1.089 0.764 7.17 OMPI OUT 44 
2 8Si • , 80 48.CIO 1.242 0.552 45.575 1.246 0.349 7.11 S-23 56 
2 8Si( , 80, , 60) 48.010 1.400 0.525 9.940 1.353 0.431 S-23-15 56 
2 8si< I 8o, , 5o> 48.010 1.400 0.925 30.000 1.400 0.925 S-23-23 56 
2 8 s i < l V 5 o > 48.010 1.400 0.525 30.000 1.400 0.525 S-23-18 56 
2 8Si • , 80 50.0 1.093 0.743 43.015 1.093 0.743 4.86 S-7 56 

r » r v c 

a) For the calculations of x /N, a standard error of 6 % was assumed ; for E18 CC the x /N is calculated for 
the elastic and inelastic data points together. 
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TABLE II 

28C.,15M 14M.29C. . 28_.,I5M 26..27A1 Si( N, N) Si and Si( N, 0) Al 

Neutron stripping spectroscopic factors 

2 9 . . . . Si levels S ( 2 8 S i ( d , p ) ) 
a) 

S(E18) 
b) 

S(0MP1) 

g . s . 1/2* 0.525 0.525 0.525 

1.27 MeV 3/2* 0.737 1.064 1.154 

2.03 MeV 5/2* 0.121 0.146 0.155 

3.07 MeV 5/2* 0.C58 0.054 0.060 

3.62 MeV 7/2" 0.375 0.493 0.546 

Proton pick-up spectroscopic factors 

Al leve l s S ( 2 8 S i ( d , 3 H e ) ) 
c) 

S(El8) 

g . s . 5/2* 3.80 3.80 

0.84 MeV l / 2 + 0.49 1.02 

LOI MeV 3/2* 0.56 1.03 

2.73 MeV 5 / 2 + 0.6I 0.71 

' . .. 

a) N - 1.118 
b) N - 1.124 
c) N - 3.20 
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TABLE III 

Spectroscopic factors for CCBA analysis of *°Si( ' JN, '^N^'si 

Transitions Transferred S 
Initial Final j * 

g.s. 0 g.s. 1/2 1/2 1 0.525 b 

2.04 MeV 5/2* 5/2 2.3 a 0.121 b 

2.43 MeV 3/2* 3/2 1.2 a 0.000 b 

3.07 MeV 5/2* 5/2 2.3 a 0.058 b 

1.78 MeV 2 + 2.04 MeV 5/2* 1/2 1 0.525 

2.43 MeV 3/2* 1/2 1 0.525 

3.07 MeV 5/2* 1/2 1 0.525 

Spectroscopic factors for CCBA analysis Si( N, 0) Al 

Transitions Transferred S 
Initial Final j * 

g.s. 0 g.s. 5/2 5/2 2.3 a 3.25 c 

2.73 MeV 5/2 + 5/2 2.3 a 0.65 c 

1.98 MeV 2* 2.21 MeV 7/2* 5/2 2.3 a 3.25 

2.73 MeV 5/2* 5/2 2.3 a 3.25 

2.98 MeV 3/2* 5/2 2.3 a 3.25 

3.00 MeV 9/2* 5/2 2.3 a 3.25 

a) The normal I contribution is only considered in the actual calculation1}. 
b) Mermaz et al. Phys. Rev. Ç3, 1773 (1971). 
c) B.H. Wildenthal and E. Newman, Phys. Rev. 167, 1027 (1968). 
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TABLE IV 

Two neutron stripping spectroscopic £actors(os cluster approximation) 

Si states NSj S 2 ° 2
b N 

g-s. 0\ 10. 0.9019 9.1 

3.79 MeV 0* 0.20 0.0068 24.0 

2.24 MeV 2* 1.35 0.0530 20.8 

3.50 MeV 2* 0.45 0.1845 2.0 

4.81 MeV 2* weak 0.005 -

5.95 MeV 4* 1.25 0.0005 2042. a 

6.72 MeV l" 0.666 

5.48 MeV 3~ 1.0 

7.04 MeV 5~ 2.94 

° e x p - N V S2°DWBA V , 8 ° ' , 6°>- ,'224' 
a) if N - 20 S,( 2 8Si, 3 0Si) - 0.051 

2 exp. 
b) Shell model theoretical value. W. CHUNG and B.H. WILDENTHAL private 

communication. 
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TABLE V 

jo I D it "in 
Si( 0, 0) Si CCBA Spectroscopic amplitudes 

. Initial state Final state 
i 

Spectroscopic 
2 8Si 3 0Si amplitudes 

g.s. 0* g.s. O.j + 0.9497 

g.s. 0* 2.24 MeV 2* + 0.2303 

1.78 MeV 2* g.s. 0j - 0.2980 a 

1.78 MeV 2* 2.24 MeV 2* + 0.5720 

1.78 MeV 2* 3.50 MeV 2* + 0.3045 

g.s. 0 3.50 MeV 2* - 0.4295 

a) This route do not contribute significantly to the reaction 
cross sections. 

e2 c°si) - - o.4o 

8 2 ( 3 0 S i ) - + 0.32 

Sj ( , 8 0 , , 6 0 ) - 1.224 

exp. 
N S 1 °CCBA ' 
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TABLE VI 

Oft I fl 1 ^ t% OQ I W 1 ^ 1 

Si( 0, N) P and Si( 0, 0) Si three nucléon spectroscopic factors 
(os cluster). 

31 P states N S 1 S 2 S( 3He,d) c 

g . s . 1/2* 0.270 0.70 

1.27 MeV 3 / 2 + 0.400 0.725 

2.23 MeV 5 / 2 + 0.066 0.0683 

3.1 MeV l / 2 + ' 0.07 

3.3 MeV 5 / 2 + 

3.41 MeV 7 / 2 + 
• < 0.17 > 0.01 

0.01 

3.51 MeV 3 / 2 + / 0.03 

4.43 MeV 7/2~ 0.03 

31 Si s ta tes N S. S,/(N S. S,) d 

I Z 1 2 g . S . 
S - 7 S-23-23 

S (d,p) 

a) b) 

g . s . 3 / 2 + 1. 1. 0.85 0.825 

0.75 MeV 1/2* 0.73 0.75 0.27 0.65 

1.70 MeV 5/2* 0.10 0.19 0.02 0.05 

3.13 MeV 7/2 0.73 0.44 0.55 0.84 

3.53 MeV 3/2~ 1.16 1.07 0.475 0.55 

a) Wildenthal and Glaudemans, Nucl. Phys. A108 (1968) 49 
b) Bondorf and Leachman, Mat. Fys. Medd. Dun. Vid. Selsk 34 (1965) n 
c) Wolff and Leighton, Nucl. Phys. A140 (1970) 319 
d) (N S. S.) - 666 family S-23-23 best fit. 

1 l g , S ' - 9.1 family S-23-18. 
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TABLE VII 

28 18 18 28 Spectroscopic factors of the exchange reaction Si( 0, F) Al 

S( 2 8Si, , 70 1/2) = 0.23 a ) 

S( 2 8Si, 2 9Si 1/2) = 0.56 a ) 

S( 2 8Si, 2 9Si* 3/2) = 0.73 a ) 

S( , 70* 1/2,,8F) = 0.27 b ) 

S( 2 9Si, 2 8Al) - 3.8 C ) 

28 18 17 29 
a) From the present Si( 0, 0) Si experiment. 
b) T.T.S. Kuo and G.E. Brown, Nucl. Phys. 85, 40 (1966) 

28 15 16 27 
c) From Si( N, 0) Al experiment, one proton d5/2 removal 
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TABLE VIII 

Spectroscopic factors of the Si( 0, 0) Si reactions 

°exp * Sl S2 °DWBA 

States S . S2 S2 

, 7 0 2 9Si , 7o, 2 9si 2 9Si 

r g.s. 5/2+ 

(o.87 MeV l/2+ 

g.s. 5/2+ 

j g.s. 5/2 + 

ID.87 MeV l/2+ 

g.s. 5/2+ 

g.s. 5/2* 

g.s. 5/2+ 

g.s. l/2+ 

g.s. l/2+ 

1.27 MeV 3/2* 

3.62 MeV 7/2"* 

3.62 MeV 7/2~ 

4.08 MeV 7/2+ 

4.93 MeV 3/2* 

2.03 MeV 5/2* 

0.13 a ) 

1.3 

0.9 b ) 

0.12 b ) 

0.10 

0.70 

1. 

0.56 

0.56 

0.73 

0.51 

0.51 

0.056 

0.40 

0.56 

From a) S,(,70,ld5/2) - 1.77 S,( , 70*, 2S 1/2) - 0.23 
From b) S,(,70,1d5/2) - 1.76 S,( , 7o\ 2S 1/2) - 0.24 

assuming 2 particles on the Id 5/2 and 2s 1/2 orbital. 

I 
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