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Effect of the a-nucleus interaction on the 29,30Si„a,d…31,32P reaction
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Microscopic and macroscopic distorted wave Born approximation calculations have been performed using
the molecular, standard Woods-Saxon~WS!, and squared WS~Michel! a-nucleus potentials to analyze the
angular distributions of cross sections for nine transitions to the even-parity states up to excitation energy
Ex54.26 MeV of 31P and eight transitions to the even-parity states up toEx53.00 MeV of 32P populated in
the (a,d) reaction at 25 MeV incident energy on the non-a cluster 29,30Si nuclei. The parameters of the three
types of thea-nucleus potentials are determined from the elastica-scattering data. The molecular potential,
without any adjustment to the parameters needed to fit the elastic scattering data, is able to reproduce, simul-
taneously, the absolute cross sections and the pattern of angular distributions, but the WS and Michel poten-
tials, obtained from the best fits to the elastic scattering data, are found to underestimate the cross sections by
one to two orders of magnitude. The spectroscopic factors for thed-cluster transfer are deduced from the full
finite-range macroscopic distorted-wave Born approximation, for nine and eight transitions to states in31P and
32P, respectively, using all three potentials and are compared to those calculated by the shell model, which
agree with those deduced from the fits to the data using the molecular potential only.
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I. INTRODUCTION

The anomalous large angle scattering~ALAS! observed in
the elastic scattering ofa particles@1–9# as well as in the
nonelastic processes involvinga particles@7–15# cannot be
explained by the standard optical potential with Wood
Saxon~WS! geometry@5,16#. ALAS in the elastic scattering
however, can be accounted for by two simple types of
a-nucleus local potential. The first one, a squared WS po
tial due to Michel and co-workers@17–20#, is usually re-
ferred@21,22# to as the Michel potential and the second is
nonmonotonic molecular potential@21,23,24# with a short-
range repulsive core. Both the potentials have been succ
ful in accounting for ALAS in the inelastic scattering ofa
particles by24Mg and 28Si @25# and the one-nucleon transfe
(a,t) reaction on 27Al @22#. However, only the molecula
potential, with the same parameters as those obtained
fitting the elastic scattering data, provides a proper desc
tion of the two-nucleon transfer (a,d) process@26# and the
three-nucleon transfer (a,p) @27# reaction on28Si.

The present work is a continuation of our investigatio
on the effect ofa-nucleus potentials on various reaction pr
cesses and targets. So far, our analyses on the two- and t
nucleon transfer reactions have been restricted to28Si, which
is an ‘‘a-cluster nucleus,’’ meaning that its constituents c
be construed as multiplea particles. In this paper, we exten
our investigation to the ‘‘non-a cluster nuclei,’’ 29,30Si using
the usual WS, Michel, and molecular potentials within t
framework of microscopic and macroscopic distorted wa
Born approximation~DWBA!. Davis and Nelson failed to
explain their (a,d) data at 25 MeV incident energy on29,30Si
@28# using the same optical model parameters as th
needed to explain the elastic scattering data and had to
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them significantly to forge fits to the (a,d) reaction data.
The present work examines how well the unadjusted par
eters of the molecular, standard WS, and Michel potential
the a channel, obtained from fitting the elastic scatteri
data, can account for the data of the29,30Si(a,d)31,32P reac-
tions. In Sec. II, the forms of the threea-nucleus potentials
used in the present work are presented. The DWBA form
ism and analyses are discussed in Secs. III and IV, res
tively. Section V deals with the discussion on the result
the analyses. The conclusion is given in Sec. VI.

II. a-NUCLEUS POTENTIALS

The complex squared WS Michel potential@18,19# in-
cluding the Coulomb termVC(r ) comprises the following
forms @18,21# of the realVM(r ) and imaginaryWM(r ) parts:

VM~r !52V0H 11a expF2S r

r D 2G J F11expS r 2RR

2aR
D G22

1Vc~r !, ~1!

WM~r !52W0F11expS r 2RW

2aW
D G22

, ~2!

with

VC~r !5FZ1Z2e2

2RC
GF32

r 2

RC
2 G for r<RC ~3!

5
Z1Z2e2

r
for r .RC . ~4!
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FIG. 1. Fits to thea elastic
scattering data at 25 MeV~labora-
tory! for ~a! 29Si and~b! 30Si with
the molecular, Michel, and stan
dard WS potentials. Solid curve
are the predictions for elastic bes
fit parameters. The broken curve
are for the adjusteda and W0

Michel parameters for the reduce
real volume integral. Data are
from Refs.@28,29#.
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In Eqs. ~1!–~4!, Ri5r iAT
1/3 (AT is the mass number of th

target andi 5R,W,C), ai ( i 5R,W), andr are the geometry
parameters.V0 , W0, and a represent the strengths of th
potential. Z1 and Z2 are the charges of the projectile an
target, respectively.

The molecular potential has the following form
@21,22,24# for the realVm(r ) and imaginaryWm(r ) parts:

Vm~r !52V0F11expS r 2RR

aR
D G21

1V1expF2S r

R1
D 2G

1VC~r !, ~5!

Wm~r !52W0expF2S r

RW
D 2G . ~6!

Thus, the real part is nonmonotonic with a short-range rep
sive potential of rangeR1 and depthV1.

The standard WS potential for thea-nucleus system in-
cluding the Coulomb term is given by

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

d

dx
f ~xD!G . ~7!

Here, f (xi)5(11exi)21, where xi5(r 2Ri)/ai with Ri

5r iAT
1/3 ( i 5R,W,D).

The parameters for the molecular, standard WS,
Michel types of thea-29,30Si potential at the 25 MeV inci-
dent energy are obtained from the best fit to the elastic s
tering data@29# using thex2 minimization codeMINUIT @30#
coupled with the optical model codeSCAT2 @31# modified to
incorporate the molecular and Michel potentials. The init
parameters for the WS potential are taken from Davis
Nelson @28#. For the molecular and Michel potentials, th
parameters of thea-28Si potential from Tariqet al. @21# are
considered as the starting parameters for thea-29,30Si inter-
action. The fits to the elastic data are shown in Fig. 1. T
parameters of the molecular, Michel, and WS potentials
noted in Table I.
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III. THEORY OF DWBA FORMALISM

In the absence of spin-orbit interactions, the different
cross section for an (a,d) reaction in the DWBA theory with
a full finite-range interaction is given by@32#

ds

dV
5

m im f

~2p\2!2

kf

ki

~2Jf11!

~2Ji11!

3 (
JLM 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!

In Eq. ~8! m ’s andk’s are, respectively, the reduced mass
and wave numbers. The subscriptsi and f refer to the inci-
dent and outgoing channels, respectively.J is the total angu-
lar momentum transfer.r15@n1l 1 j 1# and r25@n2l 2 j 2# de-
note the orbital quantum numbers for the transfer
nucleons in the final nucleus.b1/2@r1r2 ;J0# are the spectro-
scopic amplitudes in thej j coupling for an angular momen
tum transferJ and an isospin transferT50. The large square
bracket refers to the normalized 9-j symbol involving the
transformation from theLS to j j coupling scheme@33#. BM

L

describes the kinematical aspects of the reaction. In Eq.~8!
the light-particle spectroscopic factorc2s is set to be 1.0.

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

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

In Eq. ~9!, the relative 0s-state internal motion of the trans
ferred cluster is assumed. This means that a particulaL
value corresponds to only one value ofN. The expression for
cross section in terms of the cluster quantum numbers (N,L)
parallel to Eq.~8! is given by@33#
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EFFECT OF THEa-NUCLEUS INTERACTION ON . . . PHYSICAL REVIEW C 64 034605
TABLE I. Potential parameters for DWBA calculations. The potential depthV for the bound states is
adjusted to give the separation energy of bound deuteron ina and final nucleus.

Channel a129Si a130Si d131,32P d1d d129,30Si
Potential type Molecular Michel WS Molecular Michel WS WS Bound state

V0 (MeV) 26.3 31.4 182.5 27.0 25.0 190.8 102.7 V V
RR (fm) 5.45 4.83 3.53 5.52 5.20 3.57 - - -
r R (fm) - - - - - - 1.07 1.05 0.935
aR (fm) 0.34 0.55 0.76 0.34 0.46 0.73 0.852 0.50 0.997
V1 (MeV) 42.5 - - 42.0 - - - - -
R1 (fm) 2.90 - - 2.90 - - - - -
a - 7.39 - - 7.12 - - - -
r (fm) - 6.45 - - 6.45 - - - -
W0 (MeV) 17.9 34.9 13.5 17.0 34.0 13.0 17.0 - -
RW (fm) 4.10 4.06 4.64 4.10 4.05 4.69 4.10 - -
aW (fm) - 0.64 0.70 - 0.65 0.87 - 0.65 0.87
WD (MeV) - - - - - - 16.10 - -
r D (fm) - - - - - - 1.53 - -
aD (fm) - - - - - - 0.574 - -
VSO (MeV) - - - - - - 6.00 - -
r SO (fm) - - - - - - 1.07 - -
aSO (fm) - - - - - - 0.852 - -
r C (fm) - - - - - - 1.15 1.25 1.30
RC (fm) 9.45 3.99 3.99 9.46 4.04 3.73 - - -
ve
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dV
5

m im f

~2p\2!2

kf

ki

~2Jf11!

~2Ji11! (
JLM

uGLJRM
L u2. ~10!

In Eq. ~10!, the structure amplitudeGLJ , as defined by Glen-
denning@33# is expressed as

GLJ5 (
r1r2

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

3F l 1 l 2 L

1

2

1

2
1

j 1 j 2 J

GV00̂ 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@32–
34#.

The reduced cross section can be defined by

S ds

dV D L

5
m im f

~2p\2!2

kf

ki
(
M

uRM
L u2, ~12!

which is proportional to (ds/dV)DW5
L , the cross section cal

culated by the codeDWUCK5 @35#. In terms of the reduced
cross section, Eq.~8! can be recast in the form
03460
ds

dV
5

~2Jf11!

~2Ji11! (
LJ

uGLJu2S ds

dV D L

. ~13!

The square of the structure factoruGLJu2 denotes the
strength of the reactions and is proportional to the spec
scopic factor@36# of the two-nucleon (a,d) reaction.

In the macroscopic model calculations, the different
cross section for the direct transfer with multipleJ transfers
can be written with the incoherent sum overL transfers as

ds

dV
5

~2Jf11!

~2Ji11! (
LJ

SLJS ds

dV D
DW5

L

. ~14!

Here, SLJ denotes the macroscopic spectroscopic factor
the transfer (L,J). The dependence of the reduced cross s
tion overJ is dropped in the assumed absence of spin-o
interaction resulting in the incoherent sum overL.

The spectroscopic factor for thed-cluster transfer is con
sidered unity for a transfer to a stretched configurationL
5 l 11 l 2 ,J5 j 11 j 2 ,J5L1S), when the spectroscopic am
plitudeb1/251.0, where none of the target nucleons occup
either the (l 1 , j 1) or (l 2 , j 2) orbital. Denoting the strength
factor in Eq.~13! for such a reference state with the stretch
configuration byuGref

stru2, one can define the shell-model spe
troscopic factor@36# for the cluster transfer as

SLJ
G 5

uGLJu2

uGref
stru2

. ~15!
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S. K. DAS et al. PHYSICAL REVIEW C 64 034605
Using a state of the final nucleus populated by theJp

571(L56,J57) transfer with the (0f 7/2)
2 configuration as

a reference state@36#, one can calculate the theoretical spe
troscopic factor from the expression

SLJ
G 5

uGLJu2

uG67
stru2

. ~16!

In the (a,d) reaction, the spin transferS51 is unique.
Since Eq.~9! assumes that the relative angular momentum
the two transferred nucleons is 0 and remains so during
interaction responsible for the transfer, twoL-transfer values
given by L15J21 andL25J11 are permitted for transi
tion to excited states with unnatural parity transfers, but o
theL-transfer valueL5J occurs for transition with a natura
parity transfer. The ground state spins of29Si and 30Si being
Ji5

1
2 and 0, the number of allowedJ transfers are, respec

tively, 2 and 1. In the former case, one of theJ transfers with
unnatural parity involves twoL values,L1 and L2, and in
case of theJ transfer with natural parity, only oneL, equal to
one ofL1 andL2, contributes. Thus for both29,30Si targets,
there will be at best two distinctL transfers. If one denote
the cross sections predicted for the twoL values in the mac-
roscopic calculations by the full finite-range~FFR! code
DWUCK5 @35#, respectively, by (ds/dV)DW5

L1 and

(ds/dV)DW5
L2 and taking advantage of the incoherent su

over theL transfers as in Eq.~14!, one can write the experi
mental cross section as

S ds

dV D
expt

5
~2Jf11!

~2Ji11! FAL1S ds

dV D
DW5

L1

1AL2S ds

dV D
DW5

L2 G .

~17!

Thus, one can deduce the spectroscopic factorsAL1
and

AL2
for the (a,d) reaction by comparing the predicted cro

sections with the experimental data. The experimentally
duced total spectroscopic factor is then

A5AL1
1AL2

. ~18!

On the other hand, the theoretical spectroscopic factorSL
G for

the L transfer and its totalSG for a transition may be calcu
lated, respectively, from the expressions

SL
G5(

J
SLJ

G ~19!

and

SG5(
L

SL
G . ~20!

Denoting the cross sections for aJ transfer calculated
with the zero-range ~ZR! code DWUCK4 @35# by
(ds/dV)DW4

J , one can write the experimental cross sect
as
03460
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S ds

dV D
expt

5:
~2Jf11!

~2Ji11! (
J

1

2J11 S ds

dV D
DW4

J

. ~21!

: in Eq. ~21! is the normalization constant for the (a,d)
reactions. In the microscopic calculations, (ds/dV)DW4

J in
Eq. ~21! involves the shell-model spectroscopic amplitud
b1/2. Thus, the microscopic predictions, when compared
the experimental cross sections, can provide a test of a s
model calculation through the coherent effects of differe
terms in the wave functions of the initial and final nucle
The macroscopic approach, on the other hand, does no
sociate the calculated (ds/dV)DW5

L in Eq. ~17! with the
spectroscopic amplitudes, but offers a method to deduce
spectroscopic factorsAL ~in the approximation of neglecting
spin-orbit interaction! from the experimental cross-sectio
data. These extracted spectroscopic factors may then be
pared to those calculated from the shell-modelb1/2 values
using Eqs.~11! and ~16!.

IV. DWBA ANALYSIS

The microscopic ZR and macroscopic FFR DWBA calc
lations for the angular distributions have been performed
ing the computer codesDWUCK4 and DWUCK5 @35#, respec-
tively. Both the codes are modified to include the Mich
potential. Corrections due to nonlocality@35,38# of potentials
in the conventional form have been applied using the non
cality parameters b(a)50.2, b(d)50.54, and b(p)
50.85 fm. In both the microscopic ZR and macroscop
FFR calculations, the molecular, Michel, and standard W
potentials, obtained from the best fits to the scattering d
have been used in thea channel, and the WS potential ha
been employed in thed channel. The parameters of the thr
types ofa-Si potential are displayed in Table I. Several se
of WS potentials in thed channel have been tried, but on
the one from the work of Fitzet al. @39# produces a good fit
for both the targets.

A. Macroscopic DWBA calculations

The macroscopic analyses have been performed using
full finite-range DWBA codeDWUCK5 @35#. The bound-state
geometries (r R andaR) for the d-d andd-29,30Si WS poten-
tials shown in Table I are taken from Ref.@37#. The geo-
metrical parameters of the latter potentials are kept the s
as those for thed-28Si potential. The bound-state wave fun
tions for the transferred deuteron, in thea and in the final
nucleus, have been generated by adjusting the depth o
WS well for the correct deuteron separation energies. At
start of calculations, the ‘‘accuracy parameters’’ used in
code DWUCK5, which control the effective width of wave
numbers@35,40# in the expansion of the distorted waves
terms of plane waves, have been assigned appropriate va
for making the predictions of zero-range calculations iden
cal to those calculated from the zero-range codeDWUCK4

@35#. This ensures the necessary ‘‘convergence’’ for the in
gral for the zero-range form factor, defined in Eq.~3.9! of
Charlton@40#.
5-4
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EFFECT OF THEa-NUCLEUS INTERACTION ON . . . PHYSICAL REVIEW C 64 034605
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.
~17!. On the other hand, for the transitions involving twoL
transfers, the spectroscopic factors are obtained by minim
ing thex2 defined by

x25(
i

Fsexpt~u i !2sDW~u i !

Dsexpt~u i !
G2

, ~22!

where sexpt(u i)5(ds/dV)expt(u i) and Dsexpt(u i) are, re-
spectively, the experimental cross section, as defined in
~17!, 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!,
standard WS~broken curves!, and Michel ~dotted curves!
potentials are compared to the reaction data on29Si for the
ground (1/21), 1.27 (3/21), 2.23 (5/21), 3.13 (1/21), 3.30
(5/21), 3.41 (7/21), 3.51 (3/21), 4.19 (5/21), and 4.26
MeV (3/21) states in Fig. 2~a!. Similarly, for the reaction on
30Si the predictions are compared to the data of the gro
(11), 0.08 (21), 1.15 (11), 1.32 (21), 1.75 (31), 2.66
(21), 2.74 (11), and 3.00 MeV (31) state transitions in Fig
2~b!. The comparison of the data with calculations shown
Figs. 2~a! and 2~b! indicates that the threea-nucleus poten-
tials provide reasonable descriptions of the data for the re
tion to the various states of excitation of both31,32P, except
for the 2.66 MeV (21) state of32P. The predictions with all
three types ofa-nucleus potentials can account for the o
served pattern of the angular distributions of cross section
to about 90°. At larger angles, the calculated cross sect
with the Michel and standard WS potentials tend to fall
faster than the data. Furthermore, the Michel and WS po
tials underestimate the cross sections in many cases by
to two orders of magnitude. This is reminiscent of t
28Si(a,d)30P case@26#. Unfortunately, no data beyond 120
exist in the two reactions considered herein. The calculati
using the molecular potential, although failing to gener
proper structure at larger angles at some instances, see
account for the correct order of magnitude in most of
cases.

In Table II, the spectroscopic factorsAL for the cluster
transfer deduced from the calculations using the three po
tials, along with the values expected from shell-model cal
lations SL

G , using the MSDI@44#, RIP @43#, and KB @41#
two-nucleon matrix elements are presented. The total s
troscopic factorsA, deduced from using the molecular, W
and Michel potentials, andSG, calculated from the two-
nucleon matrix elements are compared in Table III.A values
extracted from the fits to the data using the molecular po
tial are in reasonable agreement with the calculatedSG from
the three types of matrix elements in terms of general tr
and magnitude. The calculations using the MSDI matrix
ements seem to agree with the deducedA values somewha
better. TheA values, deduced from the use of the WS and
Michel potentials, are usually larger by one to two orders
magnitude.
03460
r
r

z-

q.

d

n

c-

-
p

ns
f
n-
ne

s
e

to
e

n-
-

c-

n-

d
l-

e
f

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@28# of shell-model
spectroscopic amplitudesb1/2, which are as follows.

~i! The set labeled KB uses the Kuo-Brown@41# two-body
matrix elements calculated from the nucleon-nucleon in
action of Hamada and Johnston@42#.

~ii ! The set labeled RIP is based on the effective inter
tion @43# derived by fitting the observed nuclear energy le
els.

~iii ! The set labeled MSDI is extracted from the matr
elements of two-nucleon modified surface delta interact
@44#.

Since the codesDWUCK4 and DWUCK5 assume that the
spherical harmonics carry a time reversal phase ofi l , a factor
not used in the phase conventions adopted in the calculat
of the spectroscopic amplitudes@36#, the amplitudes have
been multiplied by an extra phase ofi l 11 l 22L before feeding
these to the codes.

The bound-state wave functions for each of the tra
ferred nucleons have been generated by assuming a
Woods-Saxon well with the geometry parametersr R
51.25 fm andaR50.65 fm and the depth adjusted to pr
duce the binding energy equal to half the separation ene
of the transferred deuteron. A spin-orbit term withl525 has
also been used for the bound-state wave functions. A fin
range correction in Gaussian form@35# with the range pa-
rameterR50.7 fm is used in the microscopic DWBA ca
culations, since it improves the fits to the data@26#.

The effects of the MSDI, RIP, and KB interactions on t
predicted cross sections for the reaction on both targets
first investigated using all three potentials in thea channel.
The calculated cross sections using the molecular pote
only are compared to the data for the transitions on29Si and
those on30Si in Figs. 3~a! and 3~b!, respectively. Apart from
the ground state (1/21), 1.27 (3/21), 3.13 (1/21), and 3.51
MeV (3/21) transitions@Fig. 3~a!# on 29Si and the ground
state (11), 1.15 (11), and 3.00 MeV (31) transitions@Fig.
3~b!# on 30Si, the three sets of spectroscopic amplitudes c
culated from the three matrix elements produce more or
similar fits. An identical situation occurs with the other tw
types of thea-nucleus potential, namely, the standard W
and Michel ones. However, the set of spectroscopic am
tudes, calculated using the MSDI matrix elements, seem
reproduce the data slightly better.

The effect of the three types of thea-nucleus potential on
the microscopic DWBA calculations has also been exami
using the spectroscopic amplitudes calculated from
MSDI interaction. Figures 4~a! and 4~b! display the predic-
tions from the microscopic DWBA calculations for the m
lecular ~solid curves!, standard WS~broken curves!, and
Michel ~dotted curves! potentials, and the data for the var
ous states populated in the (a,d) reaction on29,30Si. As in
the case of the macroscopic analyses, although the t
a-nucleus potentials produce reasonable fits to the data
the reactions on both29,30Si, again the molecular potentia
5-5
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TABLE II. Cluster spectroscopic factors are compared to the theoretical shell-model factors for the M
RIP, and KB interactions. The theoretical spectroscopic factors are calculated from the spectroscopic
tudesb1/2 of Refs.@28# and @29# by the method outlined in Ref.@36#.

~a! Transitions in the29Si(a,d)31P reaction

Ex Jp Cluster Cluster spectroscopic factor Shell-model spectroscopic fac

configuration AL SL
G

~MeV! N,L,J Molecular WS Michel MSDI RIP KB

0.0 1/21 2,0,1 0.1860.06 12.662.6 7.261.4 0.611 0.027 0.024

1,2,1 0.1260.04 8.461.7 4.861.0 0.006 0.053 0.011

1.27 3/21 2,0,1 0.0560.01 3.060.6 1.860.4 0.007 0.009 0.006

1,2,111,2,2 0.3060.09 4.560.9 2.760.5 0.597 0.176 0.060

2.23 5/21 1,2,211,2,3 0.1460.04 5.061.1 1.5860.32 0.112 0.220 0.013

0,4,3 0.00860.002 0.2660.07 0.0860.02 0.000 0.004 0.003

3.13 1/21 2,0,1 0.0560.02 0.9060.27 0.7660.15 0.021 0.009 0.171

1,2,1 0.0860.02 1.5060.30 1.5460.23 0.229 0.036 0.026

3.30 5/21 1,2,211,2,3 0.0860.03 4.0860.81 3.860.80 0.084 0.006 0.002

0,4,3 0.00560.001 0.2260.05 0.260.05 0.000 0.011 0.067

3.41 7/21 1,2,3 0.2660.08 13.063.9 5.261.3 0.005 0.031 0.002

0,4,310,4,4 0.0360.01 3.2560.65 1.360.33 0.143 0.020 0.101

3.51 3/21 2,0,1 0.0660.02 1.860.4 1.560.4 0.001 0.060 0.002

1,2,111,2,2 0.1460.04 4.260.8 3.560.9 0.169 0.012 0.200

4.19 5/21 1,2,211,2,3 0.0960.03 4.060.8 4.461.1 0.058 0.077 0.010

0,4,3 0.02260.006 1.0060.25 1.1060.26 0.014 0.029 0.061

4.26 3/21 2,0,1 0.0760.02 2.860.7 2.2060.55 0.002 0.004 0.002

1,2,111,2,2 0.1460.04 4.261.1 3.3060.83 0.005 0.052 0.011

~b! Transitions in the30Si(a,d)32P reaction

Ex Jp Cluster Cluster spectroscopic factor Shell-model spectroscopic fac

configuration AL SL
G

~MeV! N,L,J Molecular WS Michel MSDI RIP KB

0.0 11 2,0,1 0.6060.18 19.865.0 12.063.6 0.007 0.079 0.0004

1,2,1 0.4060.13 13.063.3 8.062.4 0.210 0.089 0.014

0.08 21 1,2,2 0.2460.07 0.9060.23 1.4060.42 0.083 0.017 0.002

1.15 11 2,0,1 0.2560.08 1.0060.22 6.762.1 0.014 0.001 0.025

1,2,1 0.2560.08 1.0060.25 6.762.1 0.001 0.011 0.061

1.32 21 1,2,2 0.0960.03 2.660.7 1.4060.42 0.0001 0.008 0.007

1.75 31 1,2,3 0.4860.14 1.2960.32 7.962.4 0.015 0.041 0.0002

0,4,3 0.3260.09 0.8560.26 5.361.6 0.078 0.029 0.116

2.66 21 1,2,2 0.1660.05 4.061.1 4.061.3 0.002 0.002 0.005

2.74 11 2,0,1 0.1860.05 1.1060.27 5.161.5 0.014 0.012 0.009

1,2,1 0.2960.09 1.6060.27 7.662.3 0.154 0.018 0.030

3.00 31 1,2,3 0.1460.04 1.9260.48 1.9360.58 0.006 0.037 0.007

0,4,3 0.02060.006 0.2160.05 0.2960.09 0.042 0.001 0.020
034605-6
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EFFECT OF THEa-NUCLEUS INTERACTION ON . . . PHYSICAL REVIEW C 64 034605
FIG. 2. Comparison of the full
finite-range macroscopic DWBA
calculations for the (a,d) reaction
at 25 MeV leading to~a! nine
even-parity states of31P and ~b!
eight even-parity states of32P to
the differential cross-section data
The solid, broken, and dotted
curves are the predictions usin
the molecular, standard WS, an
Michel potential, respectively.
Data are from Refs.@28,29#.
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seems to provide the best overall description of the data
the reaction on both isotopes. The deduced values of
normalization constant: using the spectroscopic amplitude
from all three sets of matrix elements exhibit a similar p
tern and have about the same magnitude and hence, onl
calculations using the MSDI spectroscopic amplitudes
presented in Table IV. The extracted: values for the mo-
lecular potential case vary widely and are dispersed over
range of 55 to 3800 and 600 to 4000 for the29Si(a,d)31P
and 30Si(a,d)32P reactions, respectively. For the29Si target
where the deduced spectroscopic factors using the molec
potential compare favorably with the theoretical values c
culated using shell model, the: values lie mostly in the
range of 55 to 1100 with a mean value of:5517640. This
agrees closely with the values reported in the work of
Meijer et al. @36#. On the other hand, the: values deduced
using the WS and Michel potentials are larger by one to t
orders of magnitude and inconsistent with the results in@36#.

V. DISCUSSION

In the present work, the effects of the molecular, stand
WS, and Michel types of thea-nucleus potential are exam
ined in the analyses of the data for the two-nucleon tran
03460
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-
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e

lar
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e
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(a,d) reaction on two non-a cluster nuclei. It is as a
follow-up of the same on thea-cluster nucleus28Si @26#. All
three types of thea-nucleus potential for both29,30Si cases
are obtained by fitting the elastic scattering data. The dat
the reaction, populating nine even-parity states up toEx
54.26 MeV of 31P and eight even-parity states up toEx
53.00 MeV of 32P, have been analyzed both in terms of t
FFR DWBA with the cluster form factor and the ZR DWB
with the microscopic form factors. In the latter calculation
the MSDI, RIP, and KB@28# spectroscopic amplitudes an
the finite-range correction in the Gaussian form with t
finite-range parameterR50.7 fm are employed.

A. The 29Si„a,d…31P reaction

It is evident from Fig. 2~a! that the macroscopic DWBA
calculations with all threea-nucleus potentials~molecular,
standard WS, and Michel! produce reasonable fits to the da
of the nine transitions populating the levels of31P. The small
angle data are in general better given by the Michel poten
and the large angle data are better described by the mole
one. However, both the Michel and the WS potentials o
tained from the best fits to the elastic scattering data fai
generate the correct order of the absolute cross sections
5-7
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TABLE III. Comparison of deduced total specstroscopic factorsA from the macroscopic calculations an
thoseSG from the shell-model calculations using MSDI, RIP, and KB interactions@28,29#.

~a! Transitions in the29Si(a,d)31P reaction

Ex Jp L Total spectroscopic factorsA Total spectroscopic factorsSG

Macroscopic calculations Shell-model calculations

~MeV! Molecular WS Michel MSDI RIP KB

0.0 1/21 012 0.3060.07 21.063.1 12.061.7 0.616 0.080 0.035
1.27 3/21 012 0.3560.09 7.561.1 4.560.60 0.604 0.185 0.066
2.23 5/21 214 0.1560.04 5.0361.10 1.6660.32 0.112 0.224 0.016
3.13 1/21 012 0.1360.03 2.4060.60 1.9060.27 0.250 0.045 0.197
3.30 5/21 214 0.0960.03 4.2960.81 4.0060.81 0.084 0.017 0.069
3.41 7/21 214 0.2960.08 16.364.0 6.561.3 0.148 0.051 0.103
3.51 3/21 012 0.2060.04 6.060.9 5.061.0 0.170 0.072 0.202
4.19 5/21 214 0.1160.03 5.060.9 5.561.1 0.072 0.106 0.071
4.26 3/21 012 0.2160.04 7.061.3 5.561.0 0.007 0.052 0.011

~b! Transitions in the30Si(a,d)32P reaction

Ex Jp L Total spectroscopic factorsA Total spectroscopic factorsSG

Macroscopic calculations Shell-model calculations

~MeV! Molecular WS Michel MSDI RIP KB

0.0 11 012 1.0060.22 32.866.0 20.064.3 0.217 0.168 0.014
0.08 21 2 0.2460.07 0.9060.23 1.4060.42 0.083 0.017 0.002
1.15 11 012 0.5060.11 2.0060.33 13.363.0 0.015 0.012 0.086
1.32 21 2 0.0960.03 2.6060.70 1.4060.42 0.0001 0.008 0.007
1.75 31 214 0.8060.33 2.1460.41 13.162.9 0.093 0.070 0.116
2.26 21 2 0.1660.05 4.0061.1 4.0061.3 0.002 0.002 0.005
2.74 11 012 0.4760.10 2.6660.38 12.6662.7 0.168 0.030 0.039
3.00 31 214 0.1660.04 2.1360.48 2.2260.59 0.048 0.038 0.027
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underestimate them by one to two orders of magnitude. T
is reflected in the total spectroscopic factors deduced u
these two potentials~Table III! and their comparison with the
shell-model calculations. An overall good description of t
angular distributions over the full angular range seems to
achieved by the molecular potential. Furthermore, the m
lecular potential is able to reproduce the correct order of
cross sections and yields spectroscopic factors of the s
order as expected from the theoretically calculated spec
scopic amplitudes using the MSDI, RIP, and KB matrix e
ments.

Although, the spectroscopic factorsAL for an L transfer,
deduced using the molecular potential, do not agree in m
of the cases with thoseSL

G calculated with the MSDI spec
troscopic amplitudes~Table II!, the total spectroscopic fac
torsA using the molecular potential for all but the 4.26 Me
(3/21) transition agree closely with thoseSG predicted by
the MSDI interaction~Table III!. The predictedSG and the
deduced total spectroscopic factorsA are in good agreemen
for the 2.23 (5/21), 3.30 (5/21), 3.51 (3/21), and 4.19 MeV
(5/21) states and they are of the same order for the gro
(1/21), 1.27 (3/21), 3.13 (1/21), and 3.41 MeV (7/21)
states. The KB predictions for the 2.23 (5/21), 3.13 (1/21),
3.30 (5/21), and 3.51 MeV (3/21) states, and the RIP pre
dictions for the 2.23 (5/21), 4.19 (5/21), and 4.26 MeV
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(3/21) states compare closely with the total spectrosco
factors deduced using the molecular potentials.

A comparison of the microscopic DWBA calculations u
ing the MSDI spectroscopic amplitudes for the molecul
standard WS, and Michela-nucleus potentials with the dat
for all states seems to suggest that the molecular pote
gives the best overall fits to the angular distributions. Ho
ever, none of the potentials is able to reproduce the ang
oscillations at large angles in the data for the 3.41 and 3
MeV states as satisfactorily as those for the other state
excitation. The Michel potential predicts larger oscillatio
for the ground state than required by the data. The dedu
values of the normalization constant: in Table IV indicate
clearly that the cross sections predicted by the use of
standard WS and Michel potentials are one to two orders
magnitude lower than those using the molecular potentia

The underestimation of absolute cross sections of
(a,d) reaction by the Michel potential requires some expa
sion. The volume integral of its real part,JR/4A
5420 MeV fm3, is above the normally accepted rang
300–400 MeV fm3 @18,45#. In order to decrease the volum
integral, one can take advantage of the ‘‘a-W0 ambiguity’’ ~a
decrease in the value of thea parameter favors a lower valu
of W0), observed by Tariqet al. @21#. The a parameter has
been reduced toa54.0, givingJA/4A5342 MeV fm3. The
5-8
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FIG. 3. Comparison of the
zero-range microscopic DWBA
calculations for the (a,d) reaction
at 25 MeV leading to~a! nine
even-parity states of31P and ~b!
eight even-parity states of32P to
the differential cross-section data
The solid, broken, and dotted
curves are the predictions usin
the MSDI, RIP, and KB spectro-
scopic amplitudes, respectively
Data are from Refs.@28,29#.
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corresponding best fit to the elastic data yieldsW0
532.0 MeV, which enhances the absolute cross section
the (a,d) reaction to the various final states of31P by about
an order, but worsens to a great extent the fit to the osc
tory features of the angular distributions. The calculated
gular distribution@broken curve in Fig. 1~a!# with a54.0
andW0532.0 MeV produces a poorer fit to the elastic da
A further attempt to improve the elastic fit leads toJR/4A
values larger than the normally accepted values.

One may feel uneasy to accept the large Coulomb ra
RC59.45 fm of the molecular potential. It is defined to b
the distance between the interacting nuclei when the
barely touch each other, i.e., their densities start to overla
noted in Ref. @27#. The sum of the two densities atr
59.45 fm is about 0.005 times that of central densiti
Thus, for r .9.45 fm, the potential is, essentially, given b
Eq. ~4!. It is, however, the total potential that matters. Inde
with RC53.99 fm, the Michel value, one can generate t
same potential for the real part of the molecular poten
with equivalent parameters:V0527.7 MeV, RR55.45 fm,
aR50.363 fm, V1537.9 MeV, andR152.78 fm. These
new values, which are acceptable, coupled with the un
justed parameters of the imaginary parts produce iden
fits to the data of the (a,d) reaction as well as the elast
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scattering. However, atRC53.99 fm, used in the Miche
potential, the overlap of the densities of the two collidin
nuclei is substantial and hence, it does not reflect the u
definition of the Coulomb radius.

B. The 30Si„a,d…32P reaction

Figure 2~b! shows that the macroscopic DWBA calcul
tions with all threea-nucleus potentials~molecular, standard
WS, and Michel! produce reasonable fits to the data of
transitions except the one to the 2.66 MeV (21) state of32P.
The fits to the angular distribution data leading to the grou
(11), 1.15 (11), and 1.75 MeV (31) states in32P with the
molecular potential are particularly good, which is not t
case for the WS and Michel potentials. On the other ha
the Michel potential does better in reproducing the data
the 1.32 (21) and 2.74 MeV (11) states compared to th
molecular and WS potentials. The total spectroscopic fac
A, deduced using the standard WS and Michel potentials,
larger than those extracted using the molecular potentia
at least an order of magnitude. In general, the deduced s
troscopic factors for the case of the molecular potential ar
agreement with those calculated by the shell model, in p
ticular, on whether a transition is strong or weak. This me
5-9
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FIG. 4. Same as in Fig. 2 for
the zero-range microscopi
DWBA calculations.
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that the calculated cross sections using both the WS
Michel potentials are smaller in magnitude by at least
order. The deduced total spectroscopic factorsA for the case
of the molecular potential are sometimes slightly higher th
those,SG, predicted by the shell-model calculations. If o
compares the deduced spectroscopic factors using the
03460
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lecular potential with those calculated with the MSDI spe
troscopic amplitudes, one can note that for a good numbe
cases, namely, the transitions to the ground (11), 0.08 (21),
2.74 (11), and 3.00 MeV (31) states, the discrepancy i
approximately a factor of 0.3. For the other transitions us
the MSDI spectroscopic amplitudes and for all the transitio
TABLE IV. Comparison of values of the normalization constant for the (a,d) reaction deduced from the
microscopic calculations using the MSDI spectroscopic amplitudes@28,29#.

29Si(a,d)31P 30Si(a,d)32P
Ex Jp Normalization constant: Ex Jp Normalization constant:
~MeV! Molecular WS Michel ~MeV! Molecular WS Michel

0.0 1/21 55 900 550 0.0 11 4000 48000 60000
1.27 3/21 500 6000 3200 0.08 21 600 6000 8000
2.23 5/21 400 6500 1900 1.15 11 4000 40000 60000
3.13 1/21 80 1200 550 1.32 21 2300 20000 30000
3.30 5/21 180 4000 2200 1.75 31 3800 8000 60000
3.41 7/21 800 14000 800 2.66 21 700 7000 15000
3.51 3/21 1100 15000 80000 2.74 11 1700 15000 25000
4.19 5/21 3800 50000 22000 3.00 31 1500 7000 3000
4.26 3/21 590 11000 59000
5-10
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EFFECT OF THEa-NUCLEUS INTERACTION ON . . . PHYSICAL REVIEW C 64 034605
with the RIP and KB amplitudes, the disagreement betw
the calculatedSG and the deduced spectroscopic factorsA is
somewhat larger.

The microscopic DWBA calculations using the MSD
spectroscopic amplitudes listed in Fig. 4~b! show that the
molecular, standard WS, and Michel potentials generate
sonable fits to the data for all of the transitions except tha
the 1.75 MeV state, where the quality of fit is poor, and th
to the 2.66 MeV state, where the predictions are far from
data as observed in the macroscopic analysis. Although
Michel potential does fit the small angle data for the 0.08 a
1.15 MeV states better, the molecular potential seems to
vide the best overall fit. The deduced values of the norm
ization constant: in Table IV indicate once again that th
standard WS and Michel potentials underestimate the c
sections by at least an order of magnitude, while the mole
lar potential reproduces the correct order. The failure of b
the microscopic and macroscopic calculations to account
the angular distribution for the 2.66 MeV state may lie in t
substantial contribution of two-step processes via the exc
tion of the inelastic states of30Si.

The parameters of the Michel potential giveJR/4A
5517 MeV fm3. In order to examine the effect of reducin
the volume integral to an acceptable level, the value of
a-parameter has been reduced toa54.0. The corresponding
best-fit to the elastic data results inW0524.0 MeV, which
yields JR/4A5379 MeV fm3. However, the calculated cros
sections@broken curves in Fig. 1~b!# result in an unsatisfac
tory fit to the elastic data beyond 100° scattering ang
With the new set of parameters, the calculated cross sec
for the (a,d) reaction increase at best by an order of ma
nitude, but the fit to the angular oscillations become mu
worse.

An equivalent set of parameters for the real part of
molecular potential forRC54.04 fm, the Michel value, has
been obtained asV0528.4 MeV, RR55.52 fm, aR

50.362 fm, V1537.5 MeV, andR152.78 fm. This new
set of values with the unadjusted parameters of the imagin
part again produces identical fits to the data of the (a,d)
reaction as well as the elastic scattering.

VI. CONCLUSION

Both the macroscopic and microscopic DWBA analys
carried out here seem to suggest the preference for the
lecular type of thea-nucleus potential. The angular distribu
tions in almost all cases can be described successfully w
out the inclusion of the compound nucleus contribution t
Jankowski et al. @37# had to do in the case of th
28Si(a,d)30P reaction, and without having to adjust any
the parameters of thea-nucleus potential, obtained from fit
ting the elastic data, that Davis and Nelson@28# apparently
failed to achieve.

The macroscopic spectroscopic factors for the clus
transfer in the (a,d) reactions as introduced by Skwirczyn
ska et al. @46# and de Meijeret al. @36# are found to be
strongly dependent on the nature of thea-nucleus potential
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and are sensitive to the shell-model interaction from wh
the spectroscopic amplitudes are extracted. Hence, the
ter spectroscopic factor is a sensitive probe not only to
amine thea-nucleus potential but also to test the shell-mod
interaction. The present work suggests that the MSDI in
action is the best of the three shell-model interactions c
sidered herein for silicon and phosphorus.

In consonance with the finding of our previous works
the 28Si(a,d)30P reaction@26# and the28Si(a,p)31P reaction
@27#, one may summarize that while the molecular poten
with a repulsive core, the Michel potential with squared W
geometry, and the standard optical potential with the W
shape produce more or less similar quality fits to the ela
scattering data~Fig. 1!; they lead to a significantly differen
scenario in the description of the two-nucleon (a,d) and the
three-nucleon (a,p) transfer reactions. The Michel and sta
dard WS potentials are found to underestimate the cross
tions of these reactions by one to four orders of magnitu
The predictions for the (a,d) reactions with the Michel po-
tential are, however, very much sensitive to the volume in
gral JR/4A of the real part of thea-nucleus potential. In the
present study the volume integrals 420 and 517 MeV f3

for the 29,30Si nuclei, respectively, are larger than the a
cepted range 300–400 MeV fm3 @18,45#. Reduction of the
integral through the use of the so-calleda-W0 ambiguity
@21# leads to an enhancement of absolute cross section
the (a,d) reaction by about an order of magnitude at the c
of providing a much worse fit to the oscillatory features
the angular distributions of the reaction as well as thea
elastic scattering. The apparent unsatisfactory performa
of the Michel potential in the description of the (a,d) reac-
tion may lie in its a-W0 ambiguity. It remains to be see
whether a Michel potential within the acceptable range of
volume integral can describe thea elastic and the (a,d)
reaction data simultaneously. The moleculara-nucleus po-
tential reproduces simultaneously the right magnitude of
perimental cross sections and the correct structures of a
lar oscillations of the data quite satisfactorily. Since bo
(a,d) and (a,p) reactions have a large angular momentu
mismatch due to their large negative reactionQ values, a
substantial contribution to the cross sections from the nuc
interior is expected, making these reactions sensitive to
details of thea-nucleus potential. Thus, although the m
lecular, standard WS, and Michel potentials may produ
similar effective potentials responsible for the elastic scat
ing, which primarily probes the nuclear surface, their div
gent forms in the nuclear interior have an important imp
on the nonelastic processes. This supports Satchler’s con
tion @47# that the real test of a potential lies in its ability t
reproduce elastic and nonelastic data simultaneously. A
multaneous analysis of all relevant reactions may lead t
global a-nucleus potential@48#. However, for a meaningfu
analysis, data on the complete angular distribution are a
needed as observed by Budzanowskiet al. @49#. The success
of the molecular potential conforms to Baye’s@50# assertion
that amongst the phase equivalent potentials, a shallow
tential with a singularity, to which the molecular potenti
closely bears resemblance, eliminates the states forbidde
5-11
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the Pauli principle and is, therefore, expected to produc
better description of the reaction data.

The present work in conjunction with the previous stud
of thea-elastic scattering on24Mg and 28,30Si by Tariqet al.
@21#, the (a,t) reaction on 27Al @22#, the (a,d) @26# and
(a,p) @27# reactions on28Si by Daset al., and thea inelas-
tic scattering on24Mg and 28Si by Basaket al. @25# confirms
that of the three types ofa-nucleus interactions considered
all cases, the molecular potential describes the data so
best. Some of the poor fits may be attributed to the fact
the spectra of31P and 30P, a neighboring odd-odd nucleu
are well reproduced by the Coriolis coupling model, imp
ing deformation@51,52# in these nuclei. The exisitng shel
model codes are not in a position to deal with this issue.
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@11# Å. Bredbacka, M. Brenner, K.-M. Ka¨llman, P. Mannga˚rd, Z.
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