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Effect of a-nucleus potential on the 28Si„a,d…30P reaction
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Microscopic and macroscopic distorted wave Born approximation calculations have been performed using
molecular, Michel and normal optical potentials to analyze the angular distributions of cross sections for 12
transitions populating the 0.0, 0.709, 1.454, 1.974, 2.538, 2.72, 2.84, 3.02, 3.93. 4.62, 5.42, and 7.20 MeV
states of30P via the (a,d) reaction. Only the molecular potential is able to produce satisfactory fits to the data,
but the normal optical potential is found to be inadequate in accounting for the large-angle data and the Michel
potential is just unsatisfactory. The spectroscopic factors for thed-cluster transfer are deduced from the full
finite-range distorted-wave Born approximation and compared to the shell-model predictions for the even-
parity states.The spin-parity assignment of the 3.93 MeV state is confirmed. The best-fit value for the finite-
range parameter for the zero-range DWBA calculations is also deduced.

PACS number~s!: 24.50.1g, 21.10.Jx
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I. INTRODUCTION

Since the early observation of an unusual enhanceme
cross section at large angles, commonly known as anoma
large angle scattering~ALAS!, by Corelliet al. @1# in a elas-
tic scattering by16O and 32S nuclei, it has also been noted
other elastic@2–8# as well as the nonelastic@7–13# processes
involving a particles. The normal optical potentials a
found to be consistently inadequate in reproducing ALAS
the similar phenomena induced bya particles@13–17#. Two
simple local potentials@18#, with a minimum number of
varying parameters, have been proposed to explain AL
The first one with a squared Woods-Saxon~WS! geometry,
advocated by Michel and his collaborators@19–22#, is a spe-
cial type of optical potential, which is referred to as Mich
potential@18#. The second one is a molecular type of co
plex potential@18,23,24# having a repulsive core in its rea
part. Both the potentials have been successful in reprodu
ALAS in the elastic scattering ofa particles @18–24# by
somesd-shell nuclei. Nonelastic processes have so far be
in most cases, treated within the framework of dire
reaction theory using the normal optical potentials in
distorted channels, except a recent study by Daset al. @25#
who have examined the effects of the molecular and Mic
potentials in one-nucleon transfer reaction to the state
28Si.

ALAS, observed in (a,d) and (a,p) reactions on28Si
@17# and (a,d) on 27Al @26# have, so far, been analyzed
terms of an incoherent sum of the distorted-wave Born
proximation ~DWBA! contribution calculated with norma
optical potentials and the compound nucleus contribut
predicted on the basis of the Hauser-Feshbach model@27#.
The method has, however, enjoyed a limited success. In
ticular, the elastic and transfer data could not be fitted w
the same optical potential.

The (a,d) reaction has been shown to be a valuable sp
troscopic tool for locating two-particle states@28–32#. Be-
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cause of the large negativeQ-value involved, the reaction
favors the transitions to states coupled to the maximum
lowed spin. Moreover, unlike the one-nucleon transfer re
tion, the (a,d) reactions involving two-nucleon transfer a
dependent on the coherence property, e.g., the relative s
of the different components of the wave functions. T
(a,d) reactions enjoy another advantage in that these ca
analyzed in terms of both the macroscopic~cluster transfer!
and the microscopic approaches in the form-factor calcu
tions. Another important feature of the (a,d) reactions lies
in populating states with theT50 transfer. Moreover, if the
relative angular momentum of the two transferred nucle
is 0 and remains so in the reaction process only theL-transfer
L5J is allowed for the natural parity states, but tw
L-transfersL5J61 are permitted for exciting the unnatur
parity states, the spin transferS51 being unique.

The present study is undertaken to examine the influen
of the normal optical, molecular and Michel potentials
analyzing the two-nucleon transfer reaction28Si(a,d)30P at
26 MeV incident energy, with the target and energy chos
for the substantial ALAS effect@18#. The latter two poten-
tials have not been tested for a two-nucleon transfer react
The work is a part of a series of investigations on oth
nonelastic processes including the (a,t) on 27Al @25#, the
(a,p) on 28Si @33# and the (a,a8) on 24Mg and 28Si @34# to
find the nature of thea-nucleus interaction which can ex
plain all the collision processes involvinga particles. In Sec.
II, the forms of the threea-nucleus potentials used in th
present work are presented. The DWBA formalism a
analyses are dicussed in Secs. III and IV, respectively. S
tion V deals with the discussion on the results of the ana
ses. The conclusion is given in Sec. VI.

II. a-NUCLEUS POTENTIALS

The squared WS Michel potential@20,21# including the
Coulomb term VC(r ) comprises of the following forms
©2000 The American Physical Society05-1



ny
od

u

em

ia
a

an

ns-

n
tum

r
s-
ster

e

ve
s-

for

m

lated

S. K. DAS et al. PHYSICAL REVIEW C 62 054605
@18,20# of the realVM(r ) and imaginaryWM(r ) parts:

VM~r !52V0@11a exp$2~r 2/r2!%#

3@11exp$~r 2RR!/2aR%#221VC~r !, ~1!

WM~r !52W0@11exp$~r 2RI !/2aI%#22, ~2!

with

VC~r !5FZ1Z2e2

2RC
GF32

r 2

RC
2 G for r<RC ~3!

5
Z1Z2e2

r
for r .RC . ~4!

In Eqs. ~1!–~4! Ri5r iAT
1/3 with i 5R, I, and C, has been

defined in terms of the usual radius parameter.
The molecular potential, which is generated from a ma

body theory utilizing the energy-density functional meth
@23,24#, has the following forms@18,24,25# for the real,
Vm(r ), and imaginary,Wm(r ), parts:

Vm~r !52V0@11exp$~r 2R0!/a0%#21

1V1 exp$2~r 2/R1
2!%1VC~r !, ~5!

Wm~r !52W0 exp$2~r 2/RW
2 !%. ~6!

Thus, the real part is nonmonotonic with a short-range rep
sion. The Coulomb and nuclear radii are scaled@18,24# ac-
cording to Ri5Ra i1r 0AT

1/3 with i 50,1,C,W and r 051.35
fm.

The normal optical potential for the alpha-nucleus syst
including the Coulomb term is given by@27#

V~r !5VC2V f~x0!2 i FW f~xW!24WD

d

dx
f ~xD!G , ~7!

where f (xi)5(11exi)21 with xi5(r 2r iA
1/3)/ai and the

subscripti 50,W andD.

III. THEORY OF DWBA FORMALISM

In absence of spin-orbit interactions, the different
cross-section for an (a,d) reaction on a spin-0 target with
particularJ-transfer in the DWBA theory@35# is given by

ds

dV
5

m im f

~2p\2!2

kf

ki
~2J11!

3(
LM U(

r1r2

b1/2@r1r2 ;J0#F l 1 l 2 L

1

2

1

2
1

j 1 j 2 J

G BM
LU 2

,

~8!

wherem ’s andk’s are, respectively, the reduced masses
wave numbers. The subscriptsi and f refer to the incident
05460
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and outgoing channels, respectively.r15@n1l 1 j 1# and r2
5@n2l 2 j 2# denote the orbital quantum numbers for the tra
ferred nucleons in the final nucleus.b1/2@r1r2 ;J0# are the
spectroscopic amplitudes in thej j -coupling for an angular
momentum transferJ and an isospin transferT50. The large
square bracket in Eq.~8! refers to the normalized 9-j symbol,
with LS- j j transformation factor@36#. BM

L describes the ki-
nematical aspects of the reaction. In Eq.~8! the light particle
spectroscopic factorc2s51.0 for (a,d) reactions has been
used.

In the macroscopic DWBA calculations, no informatio
on the structure of the cluster is required except the quan
numbers (N,L) is defined by

2~n11n2!1 l 11 l 252N1L, ~9!

where the quantum numbersn50 andl50 are assumed fo
the relative 0s-state internal motion of the transferred clu
ter. The expression for cross section in terms of the clu
quantum numbers (N,L) is given by@36#

ds

dV
5

m im f

~2p\2!2

kf

ki
~2J11!(

LM
uGLJReM

L u2. ~10!

In Eq. ~10!, only oneN value is considered to contribute, th
two nucleons in the cluster being in the relative 0s state. The
structure amplitudeGLJ , as defined by Glendenning@36# is
expressed as

GLJ5 (
r1r2

~22dr1r2
!1/2b1/2@r1r2 ;J0#F l 1 l 2 L

1

2

1

2
1

j 1 j 2 J

G
3V00̂ 00,NL:Lun1l 1 ,n2l 2 :L&. ~11!

In Eq. ~11!, V00 denotes the overlap of the spatial wa
function of relative motion of the two particles in the tran
ferred cluster with the corresponding part in the incidenta
particle. ^u& represents the Brody-Moshinsky bracket@35–
37#.

Denoting the macroscopic cross sections calculated
the L-transfer with the FFR codeDWUCK5 @38# by
(ds/dV)DW5

L and taking advantage of the incoherent su
over theL-transfer~s! as in Eqs.~8! and ~10!, one can write
the experimental cross sections for this reaction as

S ds

dV D
expt

5~2J11!FAL1S ds

dV D
DW5

L1

1AL2S ds

dV D
DW5

L2 G .

~12!

On the other hand, the experimental cross sections are re
to the microscopic cross sections (ds/dV)DW4

L calculated
with the ZR codeDWUCK4 @38# by

S ds

dV D
expt

5:S ds

dV D
DW4

. ~13!
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TABLE I. Potential parameters for DWBA calculations. The potential depthV for the bound states is
adjusted to give the separation energy.

Channel a1 28Si d1 30P d1d d1 28Si
Potential
type

Moleculara Michel a Opticalb Opticalc Bound statea

V0 ~MeV! 26.0 21.0 50.42 102.7 V V
R0 ~fm! 5.35 5.00
r 0 ~fm! 1.699 1.07 1.05 0.935
a0 ~fm! 0.34 0.60 0.505 0.852 0.50 0.997
V1 ~MeV! 42.0
R1 ~fm! 2.80
a 5.82
r ~fm! 6.25
W0 ~MeV! 15.0 28.9 10.34
RW ~fm! 4.0 3.85
r I ~fm! 1.699
aI ~fm! 0.65 0.505
WD ~MeV! 16.10
r D ~fm! 1.53
aD ~fm! 0.574
VSO ~MeV! 6.0
r SO ~fm! 1.07
aSO ~fm! 0.852
r C ~fm! 1.30 1.30 1.15 1.25 1.3
RC ~fm! 9.35

aReference@18#.
bReference@17#.
cReference@40#.
s

te
-
de
re
to

d
n

m
o
ls

itz
r
I

the

as
ting
ons,

of
d
ge

for
or

to

the
lue
: in Eq. ~13! is the normalization constant for the (a,d)
reactions. The form of Eq.~12! shows thatAL1 andAL2 are
the spectroscopic factors@26,32# for theL1 andL2 transfers,
respectively. The spectroscopic factor@26# AL in Eq. ~12! for
each of theL transfers and the normalization constant: in
Eq. ~13! can be extracted from fitting the experimental cro
sections.

IV. DWBA ANALYSIS

The microscopic zero-range and macroscopic full fini
range ~FFR! DWBA calculations for the angular distribu
tions have been performed using the computer co
DWUCK4 andDWUCK5 @38#, respectively. Both the codes a
modified to include the Michel potential. Corrections due
nonlocality @38,39# of potentials in the conventional form
have been applied using the nonlocality parametersb(a)
50.2 andb(p)50.85 fm. In both the microscopic ZR an
macroscopic FFR calculations, the molecular, Michel, a
normal optical types ofa-28Si potential and the opticald-30P
potential have been employed. The parameters of the
lecular and Michel potentials are taken from the work
Tariq et al. @18#, and those of the normal optical potentia
for the incident channel are from Jankowskiet al. @17#. Sev-
eral sets of thed-30P optical potentials including that from
Ref. @17# have been tried, but the one from the work of F
et al. @40# produces the best fit. All the potential paramete
employed in the present analyses are displayed in Table
05460
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A. Macroscopic DWBA calculations

The macroscopic analyses have been performed using
full finite-range DWBA codeDWUCK5 @38#. The bound-state
geometries for thed-d and d-28Si Woods-Saxon~WS! po-
tentials, shown in Table I, are taken from@17#. The bound
state wave functions for the transferred deuteron in alpha
well as the final nucleus have been generated by adjus
the deuteron separation energies. At the start of calculati
the accuracy parameters used in the codeDWUCK5 have been
assigned appropriate values, to define effective width
wave numbers@38,41# in the expansion of the distorte
waves in terms of plane waves for making the zero-ran
calculations identical to those from the codeDWUCK4 @38#.
This ensures the necessarycovergencefor the integral for the
zero-range form factor, defined in Eq.~3.9! of Charlton@41#.

The cluster configurations of the transferred deuteron
the different states of excitation are shown in Table II. F
the final states with natural parity, populated by oneL trans-
fer, the DWBA predictions are normalized to the data
yield the relevant spectroscopic factorAL as defined in Eq.
~12!. On the other hand, for the transitions involving twoL
transfers, leading to the final states with unnatural parity,
spectroscopic factors are obtained by minimizing the va
of x2 defined by

x25(
i

Fsexpt~u i !2sDW~u i !

Dsexpt~u i !
G2

, ~14!
5-3
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TABLE II. Cluster specstroscopic factors are compaared to the theoretical shell-model factors f
FPSDI, CW, and MSDI interactions. FPSDI and CW spectroscopic factors are taken from Ref.@32#. MSDI
factors are calculated from the spectroscopic amplitudesb1/2 of Ref. @17# by the method outlined in Ref.@32#.
SL values are normalized to the value ofuG67

7.20u2 for the 7.20 MeV state.

Ex Jp Cluster Cluster spectroscopic factor Shell model spectroscopic fac
configuration SL5uGLJu2/uG67

7.20u2

~MeV! N,L AL
a AL

b AL
c FPSDI CW MSDI

0.0 11 2,0 0.2360.07 1.7660.20 0.28 0.448 0.043 0.168
1,2 0.2360.07 d 0.56 0.237 0.121 0.031

0.709 11 2,0 0.1660.07 1.4560.20 0.029 0.030 0.020
1,2 0.2460.08 d 0.85 0.617 0.274 0.038

1.454 21 1,2 0.2560.05 0.2060.04 0.32 0.372a 0.081 7.831024

1.974 31 1,2 0.1160.04 0.7260.13 0.041 0.078 0.004
0,4 0.0960.03 0.4760.20 6.131024 0.134 1.531023

2.538 31 1,2 0.1660.04 0.6760.14 0.015 0.165
0,4 0.0760.03 ,0.25 0.426 0.076

2.72 21 1,2 0.2860.05 0.1260.02 0.34 0.058 0.045

2.84 31 1,2 0.0860.02 0.1660.07 0.007 0.007
0,4 0.0960.02 0.3360.11 0334 0.254

3.02 11 2,0 0.0360.02 0.5160.15 0.27 9.731024 0.319
1,2 0.3260.05 0.0660.10 0.35 1.431023 0.021

3.93 22 2,1 0.1160.04 0.32
1,3 0.1860.04

(31) ~1,2! (0.0660.05) (0.1460.05)
~0,4! (0.0860.05) (0.0560.06)

4.62 32 2,1 0.1560.04 0.1760.02 0.30

5.42 22 2,1 0.5460.09
1,3 0.0660.03 0.86

aPresent work.
bReference@32#.
cReference@17#.
dToo small a value to quote.
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where sexpt(u i)5(ds/dV)expt(u i) and Dsexpt(u i) are, re-
spectively, the experimental cross section, as defined in
~12!, and its error at the scattering angleu i . sDW(u i) is the
cross section predicted by the DWBA theory.

The DWBA predictions with the molecular~solid curves!,
normal optical~broken curves!, and Michel~dotted curves!
potentials are compared to the data of the ground (11),
0.709 (11), 1.454 (21), 2.72 (21), and 3.02 MeV (21)
states in Fig. 1; to the data of the 1.974 (31), 2.538 (31),
and 2.84 MeV (31) in Fig. 2; and to the data of the 3.9
(22), 4.63 (31), and 5.42 MeV (21) states of30P in Fig. 3.
It is amply clear from Figs. 1–3 that the calculations with t
05460
q.
molecular potential produces the best fits to data for all
transitions. Furthermore, the Michel potential generates c
sections, which are lower by 1 to 2 orders of magnitude th
those predicted by either the normal optical or the molecu
potential. Table III gives the comparison of the total spect
scopic factors for the cluster transfer for the three types
potentials.

The compiled work of Endt and van der Leun@44# sug-
gests alternative spin parity for the 3.93 MeV state asJp

511, 22, or 31. While de Meijeret al. @32# assignedJp

531 for the state, Jankowskiet al. @17# suggested 22. The
DWBA calculations with the molecular potential for bot
5-4
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Jp522 and 31 are compared to the experimental cross s
tions in Fig. 4. TheJp522 assignment is clearly favored
confirming the observation of Jankowskiet al.

B. Microscopic DWBA calculations

The microscopic calculations have been performed us
the zero-range codeDWUCK4 for the positive parity states
with the transferred particles stripped to thesd-shell. The
present analyses make use of three sets of spectroscopi
plitudesb1/2, two sets based on the FPSDI and MSDI Ha
iltonians as defined in Wildenthalet al. @42# and the shell-
model wave functions of the28Si and 30P nuclei given by
Wildenthal et al. @42,43# and the third one, labeled by CW
@32#, derived from the wave functions of Chung and W
denthal referred to in@32#. The FPSDI and CW amplitude
are taken from de Meijeret al. @32#, while the MSDI ampli-
tudes are from Jankowskiet al. @17#. All the three sets of
spectroscopic amplitudes are calculated in the model sp
of 0d5/2-1s1/2-0d3/2. Since the codesDWUCK4 andDWUCK5

assume that the spherical harmonics carry a time reve
phase of i l , a factor not used in the phase conventio
adopted in the calculations of the spectroscopic amplitu

FIG. 1. Comparison of the full finite-range macroscopic DWB
calculations for the28Si(a,d)30P reaction at 26 MeV leading to th
11 and 21 states of30P to the differential cross section data. Th
solid, broken, and dotted curves are the predictions using the
lecular, normal optical, Michela-28Si potential, respectively. The
data are from@17#.
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FIG. 2. Same as in Fig. 1 for the transition to the 31 states of
30P.

FIG. 3. Same as in Fig. 1 for the transition to the 22 and 32

states of30P.
5-5
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TABLE III. Comparison of deduced total specstroscopic factors from the macroscopic and normali
factors for the microscopic FPSDI calculations using the molecular, normal optical, and Michel pote
Total spectroscopic factor is the sum of the spectroscopic factors for the twoL transfers for the unnatura
parity states.

Ex

~MeV! Jp L

Total spectroscopic factors Normalization constant:

Macroscopic calculations Microscopic calculations
Molecular Optical Michel Molecular Optical Michel

0.0 11 012 0.46 0.74 23.4 280 480 7000
0.709 11 012 0.40 1.33 30.0 70 85 8000
1.454 21 2 0.25 0.50 11.0 270 950 1800
1.974 31 214 0.20 0.57 20.0 1500 2000 35000
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@32#, the amplitudes have been multiplied by an extra ph
of i l 11 l 22L before feeding these to the codes.

The bound state wave functions for each of the transfe
nucleons have been generated by assuming a real Wo
Saxon well with the geometry parametersr 051.25 fm and
a050.65 fm and the depth adjusted to produce the bind
energy equal to half the separation energy of the transfe
deuteron. A Thomas-Fermi spin-orbit term withl525 has
also been used for the bound state wave functions.

A Gaussian form of finite range correction in the loc
energy approximation@38# has been investigated. Figure
compares the microscopic DWBA calculations for the m
lecular type ofa-28Si potential using the range paramet
R50.0 fm ~broken curves!, 0.7 fm ~solid curves! and 0.85
fm ~dotted curves! to the experimental data for the transfer
the ground (11), 2.53 (31), 2.84 (31), and 3.02 MeV (21)
states. The finite-range correction withR50.7 fm improves
the fits to the data.

The effect of the three types of thea-28Si potential on the
microscopic DWBA calculations has also been examined
ing the spectroscopic amplitudes calculated from the FP
interaction. Figure 6 displays the DWBA predictions for t
molecular~solid curves!, normal optical~broken curves! and
Michel ~dotted curves! potentials, which are compared to th
data for the ground (11), 0.71 (11), 1.45 (21), and 1.97

FIG. 4. Full finite-range macroscopic DWBA calculations usi
the moleculara-28Si potential for the 3.93 MeV state assuming t
spin-parity Jp522 ~solid curve! and 31 ~dotted curve! are com-
pared to the data. The data are from@17#.
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MeV (31) states of30P. As in the case of the macroscop
analyses, the molecular potential provides the best desc
tion of the data and the Michel gives the worst. Moreov
the predicted cross sections with the Michel potential are
small that they need normalization factors~Table III!, larger
by orders of magnitude, compared to those for the molec
and normal optical potentials.

Figures 7 and 8 display the comparison of the mic
scopic DWBA calculations with the finite-range parame

FIG. 5. Comparison of the zero-range microscopic DWBA c
culations using the FPSDI spectroscopic amplitudes and the mo
ualr potential in thea channel for the28Si(a,d)30P reaction at 26
MeV leading to the ground~11!, 2.538 ~31!, 2.84 ~31!, and 3.02
MeV ~21! states of30P to the differential cross section data. Th
solid curves are the predictions using the finite-range~FR! correc-
tion with FR parameterR50.7 fm. The broken and dotted curve
are the predictions withR50.0 and 0.85 fm, respectively. The da
are from@17#.
5-6
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EFFECT OFa-NUCLEUS POTENTIAL ON THE . . . PHYSICAL REVIEW C 62 054605
R50.7 fm and the moleculara-28Si potential, for the FPSDI
~solid curves!, CW ~broken curves!, and MSDI ~dotted
curves! interactions. The calculations with the three intera
tions produce more or less the same quality of fits to
transfer data to the ground (11), 0.709 (11), 1.454 MeV
(21) states~Fig. 7!. The FPSDI and CW amplitudes produc
identical predictions for the 2.72 MeV (21) state~Fig. 7!
and 2.84 MeV (31) state~Fig. 8! and the same quality of fits
to the 1.97 (31) and 2.538 (31) MeV states~Fig. 8!. For the
3.02 MeV state, FPSDI gives a better description at la
scattering angles than CW does~Fig. 7!. Nonetheless, the
spectroscopic amplitudes from the three interactions prod
completely different spectroscopic factorsSL , as listed in
Table II. Moreover, the experimental cross sections for
reaction leading to the ground (11), 0.709 (11), 1.454
(21), 1.974 (31), 2.538 (31), 2.72 (21), 2.84 (31), and
3.02 MeV (11) states of30P, need normalization constan
as listed in Table IV, which are widely different and inco
sistent.

The 7.20 MeV (71) state is considered to have a pu
stretched (0f 7/2)

2 configuration leading to the spectroscop
amplitude for the (a,d) reaction asb1/251.0 @30,32#. This
model independent value ofb1/2 has been used to deduce t
normalization constant for the reaction as:5722625,

FIG. 6. Comparison of zero-range microscopic DWBA calcu
tions with FR correction for the28Si(a,d)30P reaction at 26 MeV
leading to the ground~11!, 0.709 ~11!, 1.454 ~21!, 1.97
~31!, and 7.20 MeV~71! states of 30P to the differential cross
section data. The solid, broken, and dotted curves are the pre
tions using the molecular, normal optical, and Michela-28Si po-
tential, respectively. The data are from@17#.
05460
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which compares closely with:5870620 and 650620 ob-
tained, following two methods for calculating the form fa
tors, by de Meijeret al. @32#. But only a few of the extracted
: values for other states given in Table IV are close to
model independent value, deduced from the reaction data
the 7.20 MeV state. None of the FPSDI, CW, and MS
interactions produce a consistent set of values for the n
malization constant.

C. Spectroscopic factors

The model dependent spectroscopic factors are calcul
from the FPSDI, CW, and MSDI spectroscopic amplitud
b1/2 by the method outlined in@32#. Since the spectroscopi
factor for the 7.20 MeV state is unity, the spectroscopic f
tors for other transitions are obtained by

SL5
uGLJu2

uG67~7.20!u2
, ~15!

where the structure factorGLJ is expressed through Eq.~11!
and G67(7.20)50.56V00 denotes the value of the structu
factor for the 7.20 MeV state. TheSL values, which are listed
in Table II, are taken from de Meijeret al. @32# for the

-

ic-

FIG. 7. Comparison of zero-range microscopic DWBA calcu
tions with Fr correction and the molecular potential for t
28Si(a,d)30P reaction at 26 MeV leading to the 11 and 21 states of
30P to the differential cross section data. The solid, broken,
dotted curves are the predictions using the FPSDI, CW, and M
spectroscopic amplitudes. The data are from@17#.
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FPSDI and CW spectroscopic amplitudes. For the MSDI
teraction, theSL values are calculated using Eq.~15! from
the MSDI spectroscopic amplitudes from Jankowskiet al.
@17#. The theoretical spectroscopic factorsSL are compared
to the experimental spectroscopic factorsAL , deduced from
the macroscopic analysis in Table II.

V. DISCUSSION

In the present work, both the molecular and Michel typ
of a-nucleus potential have been used, for the first time,
the analyses of two-nucleon transfer data. The data for
even-parity states up toEx53.02 MeV, have been analyze

FIG. 8. Same as in Fig. 7 for transition to the 31 and 71 states
of 30P.
05460
-

s
r
e

both in terms of the FFR DWBA with the cluster form facto
and the ZR DWBA with the microscopic form factors. In th
latter calculations, the FPSDI and CW@32# as well as MSDI
@17# spectroscopic amplitudes derived from the wave fu
tions of Wildenthal and his collaborators@42,43# and Ref.
@20# cited in the work of de Meijeret al. @32#. The data of the
odd-parity states are analyzed only in terms of the mac
scopic FFR calculations.

In both microscopic and macroscopic DWBA calcul
tions, the molecular potential~Figs. 1–3 and 7,8! produces
the best description of the data for all the transitions stud
The Michel potential, which has been shown to describe
isfactorily the elastica128Si data@18#, is found inadequate
not only in accounting for the pattern of the angular dist
butions~Figs. 1–3, 6!, but also in reproducing the right orde
of magnitude for the cross section data. The normal opt
potential, on the other hand, which can fit the angular dis
bution at forward scattering angles and predicts the sa
order of cross sections as the molecular one does, is fo
inadequate in describing the data at large scattering an
~Figs. 1–3, 6!.

The finite-range correction to the ZR microscopic calc
lations produces substantial effects on the pattern of the
gular distributions and improves substantially the fits to
data as can be seen in Fig. 5. This confirms the observa
made by Bencze and Zimanyi@45#. The best fit value for the
finite-range parameter found isR50.70 fm for the reaction.

In the literature, an ambiguity in the spin-parity assig
ment for the 3.93 MeV state is noted. The comparison of
macroscopic DWBA predictions forJp522 ~solid curve!
and 31 ~dotted curve! in Fig. 4 to the experimental dat
favors the former, confirming the assignment of Jankow
et al. @17# and contradicting that of de Meijeret al. @32#.

The spectroscopic factorsAL for the transitions to the
final states up toEx55.42 MeV are deduced by comparin
the macroscopic DWBA calculations to the data. Table
compares the deduced spectroscopic factorsAL to those ob-
tained at 50 MeV incident energy by de Meijeret al. @32#
and those extracted using the same data as of the pre
work by Jankowskiet al. @17#. The results of Jankowsk
et al. are not reliable as they included the compound nucl
contributions in their analyses. The results of de Meijeret al.
ll-
TABLE IV. Normalization constant: for the microscopic zero-range calculations for different she
model interactions.: rel is the value relative to the model independent:5722 for the 7.20 MeV state.

Ex Jp L Normalization constant: Relative normalization constant: rel

~MeV! Interaction Interaction
FPSDI CW MSDI FPSDI CW MSDI

0.0 11 012 280 4000 800 0.388 5.540 1.108
0.709 11 012 70 180 1500 0.096 0.249 2.08
1.454 21 2 270 850 5500 0.374 1.177 7.618
1.974 31 214 1500 500 7000 2.077 0.692 9.965
2.538 31 214 220 900 0.304 1.246
2.72 21 2 550 4500 0.762 6.233
2.84 31 214 350 450 0.484 0.623
3.02 11 012 14000 450 19.39 0.623
5-8
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are based on the zero-range calculations. Nevertheless,
AL values for the transitions involving oneL-transfer leading
to, particularly, the 1.454 (21) and 4.62 MeV (32) states
are remarkably close to those of the present work.

The AL values for the even-parity states and the mo
dependent theoretical spectroscopic factorsSL , defined in
Eq. ~15!, are compared in Table II. It can be noticed th
apart from the ground state (11), 1.454 (21), and 2.72 MeV
(21) transitions, the total spectroscopic factors(AL agree
with (SL for the CW interactions. On the other hand, t
FPSDI predictions for(SL values are closer to the exper
mental(AL for the ground and 1.45 MeV states. Neither
the FPSDI and CW interactions reproduces the experime
AL for the 2.72 MeV state. It can also be noticed from Ta
III that FPSDI yields larger spectroscopic strengths co
pared to CW. This is also reflected in the deduced value
relative normalization constants: rel in Table IV, where
FPSDI needs in general smaller: values to get to the data
None of the three interactions, viz. FPSDI, CW, and MSD
is able to yield consistent values to account for the ev
parity states. However, the model-independent:5722625
is obtained from the data of the 7.20 MeV (71) state, where
the spectroscopic amplitude is believed to be unity.

VI. CONCLUSION

Both the macroscopic and microscopic DWBA analys
suggest that the molecular type of thea-28Si potential is
undoubtedly the best of the three types of potentials con
ered. The success of the present analyses lies in obse
that the experimental cross sections for all the transitions
k

S.

.

.

M

r,

e
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reproduced over the entire angular range without the addi
of compound nucleus contributions, which are unlikely
happen at the incident energy considered herein.

The present work in conjunction with the previous stud
of thea-elastic scattering on24Mg and 28,30Si by Tariqet al.
@18#, of the (a,t) reaction on27Al @25# and the (a,p) reac-
tion on 28Si @33# by Daset al., and of thea-inelastic scat-
tering on24Mg and 28Si by Rahmanet al. @34# confirms that
the molecular potential is the best of the three types
a-nucleus interactions including the Michel and the norm
optical potentials, in describing the elastic, inelastic and
arrangement collision processes on thesd-shell nuclei. This
ushers in hopes for finding a globala-nucleus potential, as
observed by Hodgson@46#. It remains to be examined
whether the molecular type of potentials are capable of
counting for collision processes involvinga particle and
other light and medium-light nuclei. For this purpose,
would be extremely helpful to have complete angular dis
butions for different processes involving a particular nucle
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