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Nuclear reactions between two heavy interacting ions with nucleon transfer have been
reconsidered. The direct nuclear reaction mechanism is considered. Different reaction pro-
cesses are considered for single neutron or proton stripping and pickup reactions. The in-
teracting nuclear potential of the transferred nucleon is taken to have the form of the
Skyrme-type potential. With this representation for the nuclear potential of the transferred
nucleon, an expression for the differential cross section is obtained by using the distorted-
wave Born approximation. This expression is applied and considered for the heavy ion re-
actions with incident heavy ion projectiles 108, B3¢, 160, 180, and 3§ bombarding the heavy
targets ’Al, 288i, 2Si, ¥Si, and *’S. The energies of the incident heavy ions have values in
the range between 36.0 and 100.0 MeV. Numerical calculations of the differential cross
sections are carried out. The theoretically calculated angular distributions are in good
agreements with the experimental measurements. Reasonable spectroscopic factors are ex-
tracted from the present calculations.

NUCLEAR REACTIONS Nucleon stripping and nucleon pickup in-

duced by 36.0—100.0 MeV '°B, 1C, 0, '*0, and S on ¥’Al, %Si, Si,

308i, and 32S; calculated o(@). Finite range DWBA calculations, extract-
ed spectroscopic factors.

FEBRUARY 1983

I. INTRODUCTION

Heavy ion reactions with a single nucleon
transfer have been widely studied by many authors.
These reactions are investigated theoretically fol-
lowing different approaches for stripping and pick-
up reaction processes. The most widely used calcu-
lations are those performed by using the finite range
distorted wave Born approximation calculations.!
These calculations with the DWBA approximation
fail to predict the dependence of the observed ener-
gy on the absolute single particle transfer strength.

‘However, using Woods-Saxon potentials helps in
correcting this failure.?

A more complete understanding of heavy ion sin-
gle nucleon transfer reactions is not only necessary
in order to extract reliable spectroscopic informa-
tion from such reactions, but also to form the basis
for understanding more complicated heavy ion reac-
tions. Hence, the heavy ion single nucleon transfer
reactions have taken on great importance. On the
other hand, steady progress has been made in recent
years towards a microscopic understanding of nu-
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clear reactions and nuclear scattering processes; that
is to say, a description in terms of detailed nuclear
wave functions and an effective interaction between
nucleons which has some realistic basis. For exam-
ple, the real part of the nucleon-nucleus interaction
has been derived by folding in an effective nucleon-
nucleon force with the density distribution of the
target nucleus. This procedure is known as the
folding model. This model has been shown to be
successful in describing the real part of the
nucleon-nucleus optical model potential.

One of the most interesting realistic nuclear po-
tentials is the Skyrme-type potential.>~® This po-
tential has been shown to correct the single nucleon’
and the two-nucleon'® transfer reactions. Also, it is
shown that it improves the deuteron stripping dif-
ferential cross sections as well as the polarization in
the deuteron stripping reactions.!!

In the present work, we are interested in studying
the heavy ion reactions with single nucleon transfer.
The aim of the present work is to extend the appli-
cation of the folding model on the single nucleon
transfer reactions, where the projectile nucleus is
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TABLE 1. Optical potential parameters.
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Vo 7o ao Wo rw ay re
Channel (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
‘Be+2°P 100.000 0.989 0.700 18.030 1.198 0.786 1.250
10g 4 28g 100.000 0.977 0.728 18.030 1.223 0.752 1.250
2c42si 112.120 1.177 0.524 10.087 1.324 0.304 1.083
Bo 42854 112.120 1.177 0.524 10.087 1.324 0.304 1.083
BCc43s 100.166 1.235 0.507 8.489 1.234 0.889 1.250
UN 431p 100.166 1.235 0.507 8.489 1.234 0.889 1.250
5N 4-30p 100.000 1.140 0.680 20.000 1.200 0.600 1.350
BN 431p 100.000 1.140 0.680 20.000 1.200 0.600 1.350
160 4-2si 100.000 1.140 0.680 20.000 1.200 0.600 1.350
160 4-30si 100.000 1.140 0.680 20.000 1.200 0.600 1.350
70 4+ 2si 60.000 1.200 0.529 15.500 1.140 0.728 1.250
30 4 28si 60.000 1.200 0.529 15.500 1.140 0.728 1.250
3p 4 28gi 100.000 1.203 0.500 48.76 1.203 0.500 1.250
328 47741 100.000 1.203 0.500 48.76 1.203 0.500 1.250
1
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FIG. 1. The differential cross sections of the reaction
88i(13C,12C)»Si at incident 3C energy 36.0 MeV, leaving
the residual nucleus ?Si in its ground state. The solid
curve is our present calculations. The optical model
parameters are listed in Table I. The points are the ex-
perimental data and are taken from Ref. 12.

FIG. 2. The differential cross sections of the reaction
288i('30,'70)*Si at incident %0 energy 50.0 MeV, leaving
the residual nucleus 2Si in its ground state. The solid
curve is our present calculations. The optical model
parameters are listed in Table I. The points are the ex-
perimental data and are taken from Ref. 13.
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composed of the outgoing nucleus plus one nucleon.
For this purpose, the single nucleon transfer process
is considered in the framework of the distorted
wave Born approximation theory. The interaction
potential responsible for the transition is calculated
by folding in an effective nucleon-nucleon force of a
Brink-Boeker or Skyrme type with the density dis-
tribution of the outgoing nucleus. A theoretical ex-
pression is obtained for the differential cross sec-
tion. The interaction processes in the initial and fi-
nal channels are described by optical model poten-
tials. The nuclear interactions of the nucleon-
nucleus potentials are taken to be of the Skyrme-
type potentials. The obtained expressions are ap-

plied in studying the different heavy
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FIG. 3. The differential cross sections of the reaction
23i('°B,’Be)”P at incident '°B energy 59.0 MeV, leaving
the 2P residual nucleus with excitation energy 1.38 MeV.
The solid curve is our present calculations. The optical
model parameters are listed in Table I. The points are
the experimental data and are taken from Ref. 14.

ion single nucleon transfer reactions
ZSSi(13C’12C)29Si’ ZSSi(18O,170)29Si’ 288i(1°B,9Be)29P,
29Si(160,15N)30P, 3OSi(160,15N)3lP, 27A1(3ZS,31P)ZSSi,
and ¥8(3C,"*N)*'P. The heavy ion projectile in-
cident energies have different values between 36.0
and 100.0 MeV. Numerical calculations for the dif-
ferential cross sections of these reactions are carried
out using the DWBA calculations. The theoretical-
ly calculated angular distributions are compared
with the experimental measurements.!?~!¢ From
the fitting between the theoretical calculations and
experimental data, spectroscopic factors are extract-
ed.

In Sec. II, the theoretical expressions for the dif-
ferential cross section are introduced. In Sec. III,
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FIG. 4. The angular distributions of the reaction
5Si('%0,'*N)*°P at incident '®O energy 60.0 MeV, leaving
the residual nucleus 3°P in its ground state. The solid
curve is our present calculations. The optical model
parameters are listed in Table I. The points are the ex-
perimental data and are taken from Ref. 15.
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numerical calculations and results are given. A dis-
cussion and conclusions are presented in Sec. IV.

II. THE DWBA AMPLITUDE
WITH SKYRME-TYPE POTENTIAL

The heavy ion reactions with single nucleon
transfer will be considered. These reactions are
treated theoretically as direct nuclear reactions.
The initial channel is the interaction between the
heavy projectile A incident on the target 7. The
projectile A4 is taken to be the bound state of a nu-
cleon N and a core C. This direct nucleon transfer
reaction leads to the final channel of an interaction
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FIG. 5. The angular distributions of the reaction
305i(160,'SN)*!P at incident 'O energy 60.0 MeV, leaving
the residual nucleus *'P in its ground state. The solid
curve is our present calculations. The optical model
parameters are listed in Table I. The points are the ex-
perimental data and are taken from Ref. 15.

between the outgoing particle C and the residual
heavy nucleus R. The residual nucleus R is taken to
consist of a nucleon N bound to the target T. This
reaction is represented as

AIN4+C)4+T—-C+R(N+T), (1

where N is bound to the core C in the projectile 4
with relative angular momentum /;, while N is
bound to T in the residual nucleus R with relative
angular momentum [;. The distorted wave Born
approximation (DWBA) amplitude for this one nu-
cleon transfer reaction in the no-recoil approxima-
tion is given as

Tpo [ X5 (X4 IXT(R)dX )
10
27Al (325 , 3N P) ZBSi
E32 :100.0 MeV
S
Ground state
0 AL = 2 ; J,TT=0+
10
I
- t
E =1
o 0L
hv
b
©
-2
10 |
153 | | |
0 20 40 60 80
e (deq)
c.m.

FIG. 6. The differential cross sections of the reaction
YTA1(%28,3'P)?8Si at incident 328 energy 100.0 MeV, leaving
the residual nucleus 3'P in its ground state. The solid
curve is our present calculations. The optical model
parameters are listed in Table I. The points are the ex-
perimental data and are taken from Ref. 16.
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where X; and Xy are the distorted wave functions in
the initial and final channels, respectively. The fac-
tor A,i,f(ii) is given by

Ay (X)= [ U (R+F1)Wyclx1)
X Upm(R1)d %y, 3)

where U’:"'i and U; ym, are the bound state wave

functions of the transferred nucleon in the initial
and final channels, respectively. Vyc(x,) is the nu-
clear interaction potential between the transferred
nucleon N and the outgoing nucleus C.

In the folding model representation we have:

- g Ao - —
Vactx))= [dESSE)S, Vi EX)bo( E) 5 @

i=1
where
$0(E)=00(E1,E2, - -1E4,) (5)

is the internal wave function of the outgoing nu-
cleus C, and A, is its mass number. In Eq. (4), we
have Vy; standing for the interaction potential be-
tween the transferred nucleon (N) and the nucleon
(?) of the outgoing nucleus C. Then, Eq. (4) can be
written as

Vaclx)= [ pFIWyi(T—X AT, 6)

where py(T) is the outgoing particle density distri-
bution at the point T.

Then, we get for the differential cross section of
the heavy ion reactions with single nucleon transfer
an expression
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FIG. 7. The differential cross sections of the reaction
338i(13C,*N)*'P at incident °C energy 36.0 MeV, leaving

do_mirmin K r e e e i eial ot
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dQ  (2mi?? k(244 1)Q2Ir+1) Py parameters are listed in Table I. The points are the ex-
BchR 7) perimental data and are taken from Ref. 12.
TABLE II. Extracted spectroscopic factors.
Incident Excitation
energy energy Spéctroscopic
Reaction (MeV) (MeV) AL JT factors
%3i(1°B,’Be)’P 59.0 1.38 1,23 2 0.85
#g4(13C, 12C)»si 36.0 0.00 1 =F 0.83
25(13C, “N)*IP 36.0 0.00 1 1 0.88
8i('%0,SN)*°p 60.0 0.00 1,2,3 1+ 0.80
¥5j(160, SN)*'P 60.0 0.00 1,2 1 0.87
%5i(180,"0)si 50.0 0.00 2 =F 0.84
21A1(%8,%1P) s 100.0 0.00 2 o+ 0.80
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III. NUMERICAL CALCULATIONS
AND RESULTS

In the present work, heavy ion reactions with sin-
gle nucleon transfer have been studied. Theoretical
investigations of these reactions have been intro-
duced. The distorted wave Born approximation is
used in developing a theoretical expression for the
differential cross sections. In the distorted wave
Born approximation (DWBA) calculations, optical
model potentials have been used to describe the
heavy ion interactions in the initial and final chan-
nels. A Woods-Saxon form has been used for the

optical model potentials. The Woods-Saxon poten- -

tial form used is

(r—ry/ag)

)—l

(r—rW/aW))_

Vopt(r)=Vo(14-e

yv,. ®

The different parameters of the optical model po-
tential given by Eq. (8) are changed and adjusted
such that the theoretically calculated elastic scatter-
ing cross section of the corresponding heavy ions fit
the corresponding experimental measurements.
These obtained values of the different parameters
are then fixed and used in the calculations of the
differential cross sections of the transfer reactions.
Also, for the calculations using the present form of
the Skyrme-type potential for the nucleon-nucleus
interactions, we need the outgoing particle density
distribution py(r). In the present work, Vyc(x,) is
calculated using Eq. (6) with py(7) given by

+IWO( 1+e

2
Po(")=P6 1+%r2_ e-—(r/a)z, (9)
where
po=Ao/ |73/’ 1+—32£ (10)

The parameters w and a are chosen such that they
fit the density distribution deduced from electron
scattering. The wave functions Uli and U , appear-

ing in Eq. (3) are assumed to be oscillator model
wave functions.

The present expressions are applied and numeri-
cal calculations are carried out for different heavy
ion reactions with single nucleon transfer. The
neutron transfer reaction 28Si(13C,12C)?S;i is studied
for 13C incident energy 36.0 MeV leaving the °Si
residual nucleus in its ground state. The differen-
tial cross sections of the single neutron transfer
heavy ion reaction 2!Si(!*0,'70)?°Si are calculated
for 130 incident energy 50.0 MeV leaving *°Si in its

ground state. Using '°B projectiles with incident
energy 59.0 MeV, the angular distributions of the
reaction 28Si(1°B,’Be)?°P leaving the 9P residual nu-
cleus with excitation energy 1.38 MeV are calculat-
ed. The %0 projectiles are used with incident ener-
gy 60.0 MeV in studying the single proton transfer
reactions 2Si('%0,”N)**P and *Si(*¢0,"*N)*'P leav-
ing the residual nuclei *°P and 3'P in their ground
states. The 100.0 MeV 32S projectiles are used in
the reaction 2’A1(*2S,3!P)28Si leaving the 28Si nucleus
in the ground state. Also, the proton pickup reac-
tion 32S(13C,"*N)*'P is studied with *C projectile of
energy 36.0 MeV and for the ground state of the
residual nucleus *!P. The different parameters of
the optical model potential for the different reac-
tions are given in Table I. The calculated differen-
tial cross sections are shown in Figs. 1—7. The
present theoretical calculations are shown by the
solid curves. The points are the experimental data.
The present theoretically calculated angular distri-
butions are compared with the experimental mea-
surements. From these comparisons, the spectro-
scopic factors are extracted. The obtained values of
the spectroscopic factors are given in Table II.

IV. DISCUSSION AND CONCLUSIONS

In the present work, we studied different heavy
ion reactions with single nucleon transfer. The
present study is introduced by using the distorted
wave Born approximation. The DWBA calcula-
tions are carried out by using the optical model po-
tentials. For the nuclear interactions of the
nucleon-nucleus potentials, Skyrme-type potentials
are used. From Figs. 1—7, we see that the present
calculations produce the shapes and the oscillatory
pattern of the angular distributions. Also, the
theoretical calculations fit the right positions of the
peaks, the maxima and the minima of the differen-
tial cross sections. Also, the obtained values of the
spectroscopic factors are reasonable, as is clear from
Table II.
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