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Effect of a-nucleus potential on the27Al „a,t…28Si reaction
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Full finite-range distorted-wave Born approximation calculations have been performed using molecular,
Michel, and normal optical potentials to analyze the angular distributions of cross sections for the 53 transitions
populating the bound and unbound states of28Si via the (a,t) reaction. The parameters of these three potentials
have been determined from analyses of the elastic scattering data in the entrance channel at the incident energy
involved. The molecular and optical potentials are found to produce satisfactory fits to the data, but the Michel
potential seems to be inadequate. For all three potentials in the entrance channel, the deducedl transfers for the
transitions to the 15.02, 15.85, and 16.11 MeV states differ from the assignments previously reported. The
extracted spectroscopic factors are compared with shell-model predictions.@S0556-2813~99!02510-8#

PACS number~s!: 25.55.Ci, 21.10.Jx, 24.10.Eq, 24.50.1g
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I. INTRODUCTION

Since the first observation of anomalous large angle s
tering ~ALAS! by Correlli et al. @1# in the elastic scattering
of a particles by16O and32S, it has also been found to occu
in other elastic and nonelastic processes@2–4# induced bya
particles. The normal optical-model potentials are found
be consistently inadequate in reproducing ALAS in elas
and inelastic scattering as well as transfer reactions indu
by a particles@5–9#. Two alternative types of potential hav
been proposed to explain ALAS. The first one, advocated
Michel et al. @10,11#, is a special type of optical potentia
with a squared Woods-Saxon~WS! geometry. The second
one is a molecular type of complex potentials@12–14#, hav-
ing a repulsive core in its real part. Both potentials have b
successful in reproducing ALAS in the elastic scattering oa
particles @10–15# by some 2s-1d nuclei. Nonelastic pro-
cesses have so far been, in most cases, treated within
framework of direct-reaction theory using normal optical p
tentials in the distorted channels. The anomalies in the d
of (a,d) and (a,p) reactions on28Si @9# have, so far, been
analyzed in terms of an incoherent sum of the distorted-w
Born approximation~DWBA! contribution calculated with
normal optical potentials and the compound nucleus con
bution calculated on the basis of the Hauser-Feshbach m
@16#. The method has enjoyed a limited success. In part
lar, the elastic and transfer data could not be fitted with
same optical potential. To the best of our knowledge ther
no available report dealing with the single particle trans
processes using both the molecular- and Michel-type po
tials, although these potentials could explain successfully
elastica-scattering data for a number of 2s-1d targets@15#.
The normal optical model, on the other hand, has failed
explain these data. One may also note that the molecular
of potential has been able reasonably to reproduce@17# the
angular distributions of the cross section for t
28Si(a,p)31P reaction leading to the ground and excit
states. The present study is motivated with a view to test
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two potentials in analyzing the one-nucleon transfer reac
on a target, as a part of a series of investigations to find
nature of thea-nucleus interaction which can explain all co
lision processes involvinga-particles including particle
transfer reactions. With this objective in mind we have ch
sen the experimental data of Yasueet al. @18# for the
27Al( a,t)28Si reaction atEa564.5 MeV leading to 56 tran-
sitions with an energy resolution of about 35 keV. T
DWBA analyses in the work of Yasueet al. @18# do not use
the appropriate form factor as well as the full finite-ran
~FFR! calculations for the transitions to states in the unbou
region. We have investigated the effect of a FFR using
normal optical, Michel-type, and molecular potentials f
particle transfers to bound as well as the unbound states
ing the resonance form factor, formulated by Vincent a
Fortune@19,20#. One may note, however, the lack of reactio
data in the analysis at scattering angles greater than a
60° ~c.m.! which might be important in determining the de
tails of the potentials. The form of the three types

FIG. 1. Fits to thea-27Al elastic scattering data at 64.5 MeV
with molecular and Michel potentials. Data are from@18#.
©1999 The American Physical Society17-1
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TABLE I. Potential Parameters.V adjusted to give the separation energy.

Channel a127Al t128Si p127Al t1p

Potential
type Optical Michel Molecular

Optical
Bound
state

Bound
stateset 1 set 2

V0 ~MeV! 218.0 80.20 52.81 143.82 56.30 V V
r 0 ~fm! 1.24 1.617 1.55 1.19 1.40 1.25 1.25
a0 ~fm! 0.68 0.60 0.57 0.682 0.72 0.70 0.65
V1 ~MeV! 68.46
R1 ~fm! 2.84
a 7.40
r ~fm! 2.90
W0 ~MeV! 25.6 55.20 58.13 31.30 50.10
r I ~fm! 1.24 1.53 1.28 1.40
aI ~fm! 0.68 0.52 0.999 0.72
Rw ~fm! 3.35
WD ~MeV!

r D ~fm!

aD ~fm!

Vs.o. ~MeV! 4.65 l525 l525
r s.o. ~fm! 0.996
as.o. ~fm! 0.280
r c ~fm! 1.25 1.25
Rc ~fm! 5.10 3.90 9.30 3.94 3.94

a b c d d

aReference@34#.
bReference@35#.
cReference@36#.
dReference@27#.
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a-nucleus potential used in the present work is discusse
Sec. II. Section III gives briefly the salient aspects of t
DWBA theory relevant to the present analyses. The DW
analyses are furnished in Sec. IV. Section V discusses tl
transfers involved in populating the various final states,
particular l assignments that differ from the previously r
ported values@18# for some of the transitions. The conclu
sions are given in Sec. VI.

II. a-NUCLEUS POTENTIALS

The squared WS Michel potential@10,11# including the
Coulomb termVc(r ) is comprised of the following forms
@10# of the realV(r ) and imaginaryW(r ) parts:

VM~r !52V0H 11a expF2S r

r D 2G J
3F11expS r 2RR

2aR
D G22

1Vc~r !, ~1!

WM~r !52W0F11expS r 2RI

2aI
D G22

, ~2!

with
04461
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n

Vc~r !5FZ1Z2e2

2Rc
GF32

r 2

Rc
2G ~ for r<Rc! ~3!

5
Z1Z2e2

r
~ for r .Rc!, ~4!

whereRC5r CAT
1/3 is the Coulomb radius.

This phenomenological form of the potential has be
shown to be approximately similar to the equivalent loc
potential@21# obtained from the microscopic analysis usin
resonating group method@21,22#.

The molecular potential is embedded in the early works
Block and Malik@23# and others@24,25# who recognized this
as the manifestation of the role of the Pauli exclusion pr
ciple in heavy ion scattering. The potential is obtained fro
a many body theory utilizing the energy-density function
method@25,26#. This potential has the following forms@14#
for the real,Vm(r ), and imaginary,Wm(r ), parts:

Vm~r !52V0F11expS r 2R0

a0
D G21

1V1 expF2S r

R1
D 2G1Vc~r !, ~5!
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FIG. 2. Full finite-range DWBA predictions compared to data@18# for three transitions using~a! molecular,~b! normal optical, and~c!
Michel potentials with set 1 and set 2~Table I! of triton potentials in the exit channel.
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Wm~r !52W0 expF2
r

RW
G2

. ~6!

Thus the real part is nonmonotonic with a short-range rep
sion. The Coulomb radius is scaled@14,15# according to
RC5Ra1r CAT

1/3, Ra being the contribution froma par-
ticles.

The normal optical potential for thea-nucleus system in-
cluding 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. The Coulomb radius is given b
RC5r CAT

1/3.

III. THEORY OF DWBA FORMALISM

The differential cross section for a transfer reaction wit
particularj transfer in the DWBA theory@28# is given by

ds

dV
5

m im f

~2p\2!2

kf

ki

1

~2Ji11!~2sa11! ( uTf i u2, ~8!

whereJi andsa are the spins of the target and the projecti
respectively. m’s and k’s are, respectively, the reduce
masses and wave numbers. The subscriptsi andf refer to the
04461
l-

a

,

incident and outgoing channels, respectively.( denotes the
sum over all magnetic substates.Tf i is the transition ampli-
tude, having the form

Tf i5JE d3raE d3rbx f
~2 !* ~kb ,rb!Vf i~r !x i

~1 !~ka ,ra!.

~9!

Here J is the Jacobian of the transformation to the relat
coordinates.x i

(1) and x f
(2) are the distorted waves in th

initial and final channels, respectively, with outgoing a
incoming boundary conditions.ra andrb are the coordinates
of the outgoing and incoming particlesa andb relative to the
center of mass of the system.ka andkb are the momenta o
the projectile and ejectile, respectively. The distorted wa
x~k,r ! are generated from the Schro¨dinger equation@28#

H ¹21k22S 2m

\2 D @V~r !1Vc~r !#J x~k,r !50, ~10!

whereV(r ) is the distorting potential andm is the reduced
mass of the pair. The distorting potential may be the norm
optical, Michel, or molecular potential. TheVf i is the transi-
tion matrix having the form@28#

Vf i5^c fcbuVuc ica&. ~11!

Equation~11! can be, under certain circumstances, facto
into ~i! the overlap integral̂c f uc i& containing the spectro
scopic amplitude and the information on the nuclear str
7-3
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FIG. 3. Full finite-range~solid curves! and zero-range~dotted curves! DWBA predictions using~a! molecular,~b! normal optical, and~c!
Michel potentials for the g.s. andEx511.58 MeV transitions are compared to data. Data are from@18#.
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ture and~ii ! the effective interaction̂cauVucb& responsible
for the transition from the initial channel to the final chann
@28#. In the analysis of single nucleon stripping reactions
is assumed that the transferred nucleon is picked up from
projectile and deposited into a shell-model state of the fi
nucleus. Thus the DWBA calculations in the present analy
involve the single particle proton wave function in the fin
nucleus as well as that in the incidenta particle.

In the isospin representation, Eq.~8! can be reduced into a
more tractable form for the calculation of the cross section
the stripping reaction in FFR calculations@30#:

S ds

dV D
expt

5
2Jf11

2Ji11
C2SsS ds

dV D
DWUCK5

. ~12!

(ds/dV)DWUCK5 means the cross section calculated with
computer codeDWUCK5, C2 is the isospin Clebsch-Gordo
coefficient, andSands are, respectively, the heavy and lig
particle spectroscopic factors.Jf andJi are the total spins o
the final and initial nuclei, respectively. The correspond
expression@30# for a zero-range~ZR! approximation is

S ds

dV D
expt

5
~2Jf11!

~2Ji11!~2 j 11!
D0

2C2SS ds

dV D
DWUCK4

.

~13!

D0
2 is the normalization constant, and (ds/dV)DWUCK4 is the

cross section calculated withDWUCK4.
For the analyses of the data for the unbound states of

final nucleus, the resonance form factor formulated by V
cent and Fortune@19,20# is applied. It is assumed that th
resonance has a Breit-Wigner shape, and in such a cas
differential cross section is given@20# by
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FIG. 4. Full finite-range DWBA predictions using molecula
~solid curves!, normal optical~dotted curves!, and Michel~dashed
curves! potentials for the transitions withl values indicated are
compared to data~solid or open circles!. The triton potential of set
1 has been used with the normal optical and Michel potentials,
that of set 2 with the molecular potential in thea channel. Data are
from @18#.
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FIG. 5. Same as in Fig. 4.
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ds

dV
5

Gmk

\

dsF

dV
. ~14!

HeredsF/dV is the cross section predicted at the energy
resonance~the positive energy of the transferred proton re
tive to the core!. G is the width of the resonance,m is the
reduced mass of the transferred proton and the ta
nucleus, andk is the wave number of the proton at the res
nance energy.G is estimated from the relation@20#

2

G
5

2m

\2k F E
0

Rmax
uu~r !u2dr1

G

2k

d

dk S G8

G D G . ~15!

Hereu(r ) is the radial wave function of proton in the field o
target core andr 5Rmax is the distance beyond which nucle
04461
f
-
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-

potentials are assumed to be zero.G andG8 are the irregular
Coulomb function and its derivative atr 5Rmax, respec-
tively.

IV. DWBA ANALYSIS

The ZR and FFR DWBA calculations for the angul
distributions have been performed using the compu
codesDWUCK4 and DWUCK5 @30#, respectively. Both codes
are modified to include Michel and molecular potentia
For the ZR calculations, a Gaussian form of finite-ran
correction in the local energy approximation@29,30# with
the correction parameterR50.7 fm has been used. Corre
tions due to the nonlocality@30,31# of potentials in the
conventional form have been applied using the nonloca
parametersb~a!50.2 andb(p)50.85 fm. The FFR analyse
have been performed for both bound and unbound reg
7-5
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FIG. 6. Same as in Fig. 4.
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using the Michel, molecular, and normal optical mod
types of potentials.

A. Choice of potential parameters

For the entrance channel, the parameters of the molec
and Michel types of potential are generated by fitting
angular distributions of elastic data@18# using the chi-
squared minimization codeMINUIT @32# in conjunction with
the optical-model codeSCAT2 @33# modified to incorporate
the Michel and molecular potentials. The fits to the elas
data are shown in Fig. 1. The normal optical-potenti
parameter set used in the present analysis is taken from@34#.
The parameters of all three types of potentials are given
Table I. The bound state geometry parameters are also n
in Table I. For a bound state of28Si for both the FFR and ZR
04461
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calculations, as well as for the bound state of thea for the
FFR calculations, the single proton transfer wave funct
has been computed adjusting the WS potential well depth
that its eigenvalue equals the separation energy@29#.

For the triton potential in the exit channel, different se
of triton potentials have been tried. Two sets of triton pote
tials, labeled set 1 and set 2 in Table I, have been found t
the data reasonably well with the molecular, normal optic
or Michel potential in the entrance channel as can be see
Figs. 2~a!–2~c!. Set 2 of triton potentials produces a slight
better fit at the larger scattering angle region when the m
lecular potential is employed in thea channel@Fig. 2~a!#. On
the other hand, the normal optical potential in thea channel
produces a good fit to the data for set 1 of triton potentials
the exit channel@Fig. 2~b!#. We have, therefore, finally cho
sen set 2 of triton potentials with the molecular potential a
7-6
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FIG. 7. Incoherent sums of full finite-range DWBA predictions using molecular~solid curves!, normal optical~dotted curves!, and
Michel ~dashed curves! potentials for the transitions withl values indicated are compared to data~filled or open circles!. Data are from@18#.
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set 1 of the triton potentials with the Michel or normal op
cal potential in thea channel for the analyses of the data.
is to be noted that the sensitivity of the predicted cross s
tions to the triton potential seems to be much stronger in
case of the normal optical potential in the entrance@Fig.
2~b!# than for cases with the other two potentials.

B. Angular distributions

The comparison of the ZR and FFR DWBA calculatio
of the angular distributions for the ground state~g.s.! and the
state at the excitation energyEx511.58 MeV using the mo-
lecular, Michel, and normal optical potentials for the best
to the experimental data are shown in Figs. 3~a!–3~c!.

The FFR DWBA calculations for angular distributions f
the best fits to the data using all three types ofa-nucleus
potentials for variousl transfers are compared to the expe
mental data in Figs. 4–9 for all levels. The levels in Fig
4–9 are grouped according to the associatedl transfers. The
04461
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levels populated through thel 52, 3, and 4 transfers ar
shown in Figs. 4–6, respectively. On the other hand,
levels which have been obtained through the incoherent
of more than onel transfer such asl 5012, 113, and 2
14 are shown, respectively, in Figs. 7–9. The DWBA fit
the unresolved group atEx56.88 MeV is also shown in Fig
8 with the total incoherent contribution froml 5213. In the
previous study, Yasueet al. associated anl 53 transfer for
fitting 15.02, 15.85, and 16.11 MeV transitions, but in t
present study, it seems to bel 54. The predicted angula
distributions using each of the molecular, Michel, and n
mal optical potentials for bothl transfers (l 53 andl 54) are
compared to the data in Fig. 10. Clearly, thel 54 transfer is
preferred in all three cases.

C. Spectroscopic strengths

The spectroscopic strengths of a reaction for a transi
to a final state (Jf ;Tf) with the transferred configuration~lj !
is related to the spectroscopic factorSl j @38# by
7-7
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FIG. 8. Same as in Fig. 7. The data of the 6.88 MeV transition are compared to thel 5213 DWBA predictions.
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Gl j 5
~2Jf11!

~2Ji11!
C2Sl j , ~16!

where C is the Clebsch-Gordon coefficient involving iso
spins of the target and the final nucleus.

The sum rule for the spectroscopic strength in the cas
the 27Al( a,t)28Si reaction can then be expressed@38# by

(
Jf

Gl j 5
1

2
^n holes& ~ for Tf51!

5
1

2
^p holes&2

1

2
^n holes& ~ for Tf50!,
04461
of

where^p holes& and^n holes& are, respectively, the effectiv
number of proton holes and neutron holes in the orbit~lj !.

The total strength comprising transitions withTf50 and
1 is then

(
Jf ,Tf

Gl j 5^p holes&. ~17!

The deduced sum of strengths for alll 52 transitions with
j 53/2,5/2 transfers andTf50,1 is(G52.33. This is almost
half of the sum rule strength 5.0, the number of proton ho
in the 1d5/2 and 1d3/2 orbits. Similarly, the sum of alll 50
transition strengths for bothTf50 and 1 has been found t
be (G50.96, which is again 50% of the expected sum
2.0.
7-8
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FIG. 9. Same as in Fig. 7.
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The extracted transition strengths for the (62;0) state at
Ex511.58 MeV and (62;1) state atEx514.36 MeV, which
have the stretched configuration (1d5/2

21,1f 7/2) in the shell
model, are 0.14 and 0.23, respectively, which is small co
pared to the expected full strength of 1.08 for each. If o
considers, however, the fragmentation of 62 strengths as due
to the deformed structure of the28Si core, using the assump
tions that~i! the vibrational state of the core does not chan
in the transition,~ii ! the core has negative deformation, a
~iii ! the proton-hole configuration in the target isuj i55/2,
V i51/2&—i.e., the target hasJi55/2 andKi51/2—one may
calculate the spectroscopic strength due to deformation u
the expression@39,40#

G5
~2Jf11!

~2Ji11!
C2S5g2C2^JiKi j VuJfK f&

2CNl j~Vva!2,

~18!
04461
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whereCNl j (Vva) as defined in@39,40# are the coefficients
connecting a deformed single particle state to spher
eigenstates, andg2 is unity asKiÞ0. The values of these
coefficients have been taken from@41#. Equation~18! with
K f54 results in a strength ofG50.083 for each of the
(62;0) and (62;1) states, which is, indeed, small.

V. DISCUSSION

In the present study, 53 transitions have been analy
with all three types of potentials. The analyses involve~i! 4
transitions with thel 52 transfers~Fig. 4!, leading to the
ground, 4.98, and 6.69 MeV states with the uniquej 55/2
transfer and the 12.33 MeV state which is assumed to
populated viaj 53/2, ~ii ! 11 transitions withl 53 ~Fig. 5!,
~iii ! 9 transitions withl 54 ~Fig. 6!, ~iv! 11 transitions with
7-9
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FIG. 10. Full finite-range DWBA predictions for transitions withl 54 ~solid curves! andl 53 ~dotted curves! values are compared to dat
for three transitions using~a! molecular,~b! normal optical, and~c! Michel potentials. Data are from@18#.
p

th

th
th
to
e

e
po
th
ly
a
th
r
e

,
t

al
b

e
eV
in
but
er
ree
nd
ned
and
ials
at-
rect

.89

se

i-

5,

or
ws
tter
the admixturel 5012 ~Fig. 7!, ~v! 7 transitions with the
admixture l 5113 ~Fig. 8!, ~vi! 1 transition with l 5213
~Fig. 8! populating probably two unresolved states with o
posite parities at aboutEx56.88 MeV, and~vii ! 11 transi-
tions with the admixturel 5214 ~Fig. 9! transfer. The data
of the transition to the 11.97 MeV state are compared to
DWBA predictions twice, once in Fig. 8 for thel 5113
transfer and again in Fig. 9 for thel 5214 transfer as both
transfers produce acceptable fits to the data.

In Fig. 3 the FFR and ZR calculations are compared to
angular distribution data for transitions to the g.s. and
state atEx511.58 MeV. The improvement of the fits due
predictions of the former over those of the latter underlin
the importance of the FFR calculations.

It is evident from Figs. 4–9 that the full finite-rang
DWBA analyses using the molecular and normal optical
tentials fits quite satisfactorily the experimental data of
44 transitions out of 53 with 9 other states fitted moderate
In general, the fits with the molecular and normal optic
potentials seem to be of the same quality, but the fits with
Michel potential are comparatively poor. At forward scatte
ing angles,20° or so, all three potentials yield, to som
extent, the same results. But at larger scattering angles
the bound state transitions with excitation energies up
11.58 MeV, the molecular potential provides a better fit,
though the normal optical potential competes reasona
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well, while the Michel potential fails completely. For th
continuum states with excitation energies above 11.58 M
both molecular and normal optical potentials yield aga
comparable results with quite reasonable fits to the data,
the Michel potential fails again. At reaction angles larg
than 30°, the difference in the predictions due to the th
distortinga-nucleus potentials becomes very prominent a
increases with the reaction angle. It is also to be mentio
that for some transitions, e.g., the 4.98, 6.69, 8.54, 10.21,
12.24 MeV states, neither of the three types of potent
could produce good fits to the angular distributions, indic
ing probably that reaction mechanisms other than the di
one may be involved in these cases.

Yasueet al. @18# reported that an admixture ofl 51, 2,
and 3 was needed to fit the data of the level 6.88 and 6
MeV, but in the present study an admixture ofl 52 and 3
suffices to fit satisfactorily the angular distributions of the
unresolved levels~Fig. 8!. Furthermore, they@18# used the
l 501214 admixture for the 7.93 and 8.26 MeV trans
tions, while in the present workl 5012 seems to be suffi-
cient to fit the data quite well~Fig. 7!. Moreover, as men-
tioned earlier, Yasueet al. @18# associated the 15.02, 15.8
and 16.11 MeV transitions with thel 53 transfer, but the
comparison of the predictions in the present analyses fl
53 and 4 in Fig. 10 for each of the three potentials sho
that the angular distributions for these transitions are be
7-10
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TABLE II. States of28Si observed in the27Al( a,t) reaction atEa564.5 MeV.

(2Jf11)C2Ssa

Present work

Ex

~MeV!
Jp;T

b l (nl j ) c d e f,g

g.s 01;0 2(0d5/2) 4.8 4.5 4.5 4.6
1.78 21;0 (012) 0.7, 1.08 0.84, 1.26 0.672, 1.008 1.7, 1.2
4.62 41;0 (214) 2.13, 0.022 2.90, 0.396 2.22, 0.117 2.5, 0.04
4.98 01;0 2(0d5/2) 0.42 0.6 0.75 0.48
6.28 31;0 (012) 0.138, 1.24 0.36, 2.04 0.63, 1.47 0.39, 1.4
6.69 01;0 2(0d5/2) 0.03 0.048 0.048 0.04
6.88 32;0

(213) 0.27, 0.03 0.57, 0.03 0.456, 0.024 0.65, 1.1, 2
6.89 41;0
7.38 21;0

(012) 0.06, 0.86 0.3, 1.2 0.276, 1.104 0.15, 0.90
7.42 21;0
7.80 31;0 (012) 0.26, 0.396 0.357, 0.663 0.315, 0.585 0.22, 0.35
7.93 21;0 (012) 0.27, 0.672 0.63, 1.17 0.441, 0.819 0.7, 0.65, 0
8.26 21;0 (012) 0.30, 1.20 0.15, 1.65 0.38, 1.5 0.13, 1.1
8.41 42;0 (113) 0.48, 0.72 0.9, 0.9 0.9, 0.9 0.45, 1.0
8.54 61;0 4 0.48 0.78 0.9 0.13
8.59 31;0 (012) 1.0, 1.51 2.85, 2.85 1.8, 1.8 0.8, 1.9
8.90 12;0 (113) 0.048, 0.072 0.076, 0.032 0.055, 0.023 0.018, 0.04
8.94 41;0 (214) 0.054, 0.023 0.022, 0.086 0.022, 0.086 0.11, 0.06

52;0 or 3 0.054 0.066 0.036 0.06
9.16 41;0 4 0.02 0.03 0.03 0.06
9.32 31;1 (012) 1.176, 0.50 1.95, 1.05 1.365, 0.735 1.5, 0.49
9.38 21;1 (012) 1.33, 0.88 3.36, 1.44 3.84, 0.96 1.6, 1.0
9.48 21;0 (012) 0.52, 0.90 1.5, 1.5 1.026, 0.054 0.2, 0.24
9.70 52;0 3 1.20 1.8 1.8 1.8
9.76 (2,3)2;0 (113) 0.038, 0.113 0.576, 0.144 0.385, .096 0.06, 0.17
9.93 (1,2)2;0 3 0.60 1.17 0.99 0.11

10.21 (2 – 4)1;0 4 0.096 0.126 0.126 0.17
10.38 31;1 (012) 0.66, 1.98 1.13, 3.38 0.75, 2.25 0.65, 2.3
10.72 11;011 (214) 0.113, 0.038 1.92, 0.48 0.144, 0.036 0.11, 0.009
10.94 1 (214) 0.70, 0.08 1.37, 0.072 1.083, 0.057 0.32
11.10 (214) 0.105, 0.045 0.108, 0.072 0.072, 0.048 0.1, 0.04,
11.14 21 (214) 0.363, 0.297 0.274, 0.068 0.168, 0.042 0.02, 0.06
11.44 21,31,41;(0,1)

(214) 2.96, 0.16 5.99, 0.315 3.99, 0.21 3.8, 0.39
11.45 11;1
11.58 62;0 3 1.41 1.86 1.68 2.1
11.80 1 214 0.19, 0.157 0.36, 0.36 0.5, 0.22 0.13, 0.12
11.90 32;0 (113) 0.4, 0.08 0.126, 0.294 0.099, 0.231 0.49, 0.17
11.93 2 113 3.70, 0.195 5.67, 0.63 4.28, 0.23 4.7
11.97 (21,41);0 214 0.59, 0.066 0.972, 0.108 0.11, 0.066 0.5, 0.09

or 32;0 or 113 0.41, 0.221 0.655, 0.353 0.43, 0.23 0.4, 0.3
12.07 (26);0 214 0.21, 0.09 0.315, 0.135 0.252, 0.108 0.3, 0.09

or 3 0.21 0.36 0.24 0.2
12.24 31141;0 214 0.1, 0.06 0.144, 0.216 0.144, 0.216 0.27, 0.12
12.30 21;0 4 0.39 0.51 0.51 0.06
12.33 11;1 2 0.72 1.32 0.9 0.55
12.49 32;0 3 0.84 1.2 1.14 1.0
12.66 42;1 3 3.00 5.4 4.2 3.8
12.82 12;0 113 0.14, 0.32 0.20, 0.46 0.15, 0.36 0.03, 0.32
13.25 52;1 3 3.30 5.4 4.2 3.6
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TABLE II. (Continued).

(2Jf11)C2Ssa

Present work
Ex

~MeV!
Jp;T

b l (nl j ) c d e f,g

13.99 2 3 0.63 1.02 0.78 1.6
14.36 62;1 3 2.40 2.88 2.7 3.7
14.69 2 3 0.24 0.51 0.33 0.39
15.02 2 4 0.15 0.21 0.21 0.70
15.38 2 3 0.45 0.78 0.57 0.55
15.55 1 4 0.12 0.21 0.15 0.09
15.85 2 4 0.11 0.222 0.156 0.36
16.11 2 4 0.48 0.24 0.48 0.41
16.50 1 4 0.14 0.24 0.18 0.07

as52.0 is the light particle spectroscopic factor.
bReference@37#.
cOptical.
dMichel.
eMolecular.
fReference@18#.
gLight particle spectroscopic factor is not mentioned in@18#.
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fitted by thel 54 transfer. It is also obvious from Fig. 10 th
the predictions with the molecular potential bring out t
difference more distinctly in the angular patterns forl 53
and l 54.

The spectroscopic factors~Table II! extracted using the
molecular potential are comparable to those obtained u
the normal optical potential, but are a bit larger for som
cases. In general, those deduced from using the Michel
tential are even larger. Considering the quality of the fits,
spectroscopic factors obtained with the Michel potential
expected to be less reliable.

The spectroscopic strengths extracted from the use of
molecular potential are compared to those calculated f
the shell model@42# in Table III. The predicted and deduce
strengths agree for most of thel 52 transitions except tha
for the 6.89 MeV state. The extracted strengths for thl
50 transitions to the 1.78, 6.28, and 9.32 MeV state
much weaker than the predicted values. This may be pa
ascribed to the fact that the matchingl transfer ukiRi
2kfRf u ~k’s andR’s are, respectively, the momenta and i
teraction distances in the reaction channels! lies in the range
2–4 overEx50.0– 14.36 MeV of the final nucleus and hen
l 50 is a mismatched transfer. Thel 50 shell-model wave
functions used in@42# may not be good due to truncation.

The extracted sum of strengths for alll 52 as well as for
all l 50 transitions has a factor of 2 missing from the e
pected magnitude, e.g., the effective number of proton h
in the transfer orbits. This is surprising when one consid
that the states of28Si resulting from thej p51/21, 3/21,
5/21 transfers in the reaction are highly improbable to ex
at Ex.16.50 MeV. The spherical shell model cannot pro
ably take up the whole of the transition strength, and som
the strength drains off as a result of deformation. For
transition to each of the 62 states atEx511.58 and 14.36
04461
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TABLE III. Comparison of the deduced spectroscopic streng
to the shell-model predictions.

G5
~2Jf11!

~2Ji11!
C2S

Ex

~MeV!
Jp;T

a l (nl j ) Present workb Shell modelc

g.s. 01;0 2(0d5/2) 0.375 0.53
1.78 21;0 (012) 0.06, 0.08 0.38, 0.06
4.62 41;0 (214) 0.19, 0.01 0.33, 0.00
4.98 01;0 2(0d5/2) 0.06 0.05
6.28 31;0 (012) 0.05, 0.12 0.34, 0.14
6.69 01;0 2(0d5/2) 0.004 0.005
6.88 32;0 3 0.002 0.0
6.89 41;0 2 0.038 0.27
7.38 21;0

(012) 0.02, 0.09 0.02, 0.17
7.42 21;0
7.80 31;0 (012) 0.03, 0.05 0.357, 0.663
7.93 21;0 (012) 0.04, 0.07 0.00, 0.13
8.59 31;0 (012) 0.15, 0.15 0.035, 0.21
9.32 31;1 (012) 0.11, 0.06 0.38, 0.06
9.38 21;1 (012) 0.32, 0.08 0.23, 0.05
10.38 31;1 (012) 0.06, 0.19 0.01, 0.20
10.72 11;011 (214) 0.012, 0.006 0.015, 0.00
11.58 62;0 3 0.14 0.083d

14.36 62;1 3 0.23 0.083d

aReference@37#.
bMolecular potential.
cReference@42#.
dDeformed shell model@39,40#.
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MeV, the predicted strengthG50.083, calculated on the ba
sis of deformed shell model@39,40#, is not adequate enoug
to explain the observed values~Table III!. The band mixing
effects due to Coriolis coupling@43# may have significant
effects on these transition strengths and is worth further
vestigation.

VI. CONCLUSIONS

In the present work, both the molecular and Michel typ
of a-nucleus potential producing the same quality fit to t
a-27Al elastic data have been used to analyze one-nuc
transfer data to the bound and unbound states of28Si. The
present work shows that full finite-range DWBA analys
with the molecular potential can describe the angular dis
butions of the transitions to the bound and unbound state
28Si at least as satisfactorily, if not somewhat better, as th
obtained using the normal optical potential. On the ot
hand, the Michel potential is, in general, inadequate to
plain the data. Furthermore, at reaction angles greater
u-

ta

,

v.

ec

et

ys

.

l,
,

q,
ik

04461
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an

about 30°, the DWBA calculations using the three types
a-nucleus potentials become significantly different an
hence, the experimental data at larger angles appear t
essential to decide the nature of thea-nucleus potential. To
determine the parameters of the potential more accura
elastic scattering data at large angles would also be help
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