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Microscopic and macroscopic distorted wave Born approximation calculations have been performed using
the molecular, standard Woods-Saxd'S), and squared W$Michel) a-nucleus potentials to analyze the
angular distributions of cross sections for nine transitions to the even-parity states up to excitation energy
E,=4.26 MeV of 3P and eight transitions to the even-parity states upte3.00 MeV of 3P populated in
the (a,d) reaction at 25 MeV incident energy on the naereluster?®3%j nuclei. The parameters of the three
types of thea-nucleus potentials are determined from the elagtgcattering 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 fod-tiaster transfer are deduced from the full
finite-range macroscopic distorted-wave Born approximation, for nine and eight transitions to staRearial
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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[. INTRODUCTION them significantly to forge fits to theo(d) reaction data.
The present work examines how well the unadjusted param-
The anomalous large angle scatteriddAS) observed in  eters of the molecular, standard WS, and Michel potentials in
the elastic scattering of particles[1-9] as well as in the the « channel, obtained from fitting the elastic scattering
nonelastic processes involving particles[7—15 cannot be ~ data, can account for the data of tfe*Si(a,d)*"*% reac-
explained by the standard optical potential with Woods-tions. In Sec. II, the forms of the three-nucleus potentials
Saxon(WS) geometny[5,16]. ALAS in the elastic scattering, Used in the present work are presented. The DWBA formal-
however, can be accounted for by two simple types of thdSM and an_alyses are dls_cussed in Sec_s. Il and IV, respec-
a-nucleus local potential. The first one, a squared WS poterfiVely: Section V deals with the discussion on the result of
tial due to Michel and co-workerEl7—20, is usually re- the analyses. The conclusion is given in Sec. VI.
ferred[21,22) to as the Michel potential and the second is a

-2

W (r)=—W,

nonmonotonic molecular potentif®1,23,24 with a short- IIl. @-NUCLEUS POTENTIALS

range repulsive core. Both the potentials have been success-The complex squared WS Michel potentfdl8,19 in-

ful in accounting for ALAS in the inelastic scattering ef  cluding the Coulomb ternV(r) comprises the following

particles by**Mg and ?8Si[25] and the one-nucleon transfer forms[18,21] of the realV,,(r) and imaginaryWy,(r) parts:

(a,t) reaction on?’Al [22]. However, only the molecular

potential, with the same parameters as those obtained from (2 F—R

fitting the elastic scattering data, provides a proper descrip- v/, (r)= -V, 1+ a ex;{ - (_) } 1+ex;{ R)

tion of the two-nucleon transfer(d) procesq26] and the P 2ag

three-nucleon transferafp) [27] reaction on?8Si. +V(r) )
The present work is a continuation of our investigations o

on the effect ofe-nucleus potentials on various reaction pro-

cesses and targets. So far, our analyses on the two- and three- r—Rw)||?

nucleon transfer reactions have been restricte¥$g which 1+exp< 2ay ” ' @

is an “a-cluster nucleus,” meaning that its constituents can

be construed as multipke particles. In this paper, we extend with

our investigation to the “none cluster nuclei,”?%*%;j using

the usual WS, Michel, and molecular potentials within the r2

framework of microscopic and macroscopic distorted wave VC(r):{

Born approximation(DWBA). Davis and Nelson failed to

33— —
R

Z,7Z,€%
2R¢

for r<R¢ 3

explain their @,d) data at 25 MeV incident energy di-3%i )
[28] using the same optical model parameters as those :leze for r>R @
needed to explain the elastic scattering data and had to vary r c
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In Egs. (1)—(4), Ri=r;AY® (At is the mass number of the Ill. THEORY OF DWBA FORMALISM

target and =R,W,C), a; (i=R,W), andp are the geometry
parametersV,, Wy, and « represent the strengths of the
potential. Z, and Z, are the charges of the projectile and
target, respectively.

The molecular potential has the following forms

In the absence of spin-orbit interactions, the differential
cross section for ana,d) reaction in the DWBA theory with
a full finite-range interaction is given 42|

[21,22,24 for the realV,(r) and imaginaryW,,(r) parts: do mipr ki (234+1)
dQ (27422 ki (2J;+1)
r—Rg\ |t r\2 ,
V(r)=—Vy 1+ex an +Viexp — R_1 I, 1, L
1 1
+Ve(r), ©) x> | 2 BY4p1py;30] 5 5 1 h
Vi
2 j1 J2 3
W, (r)=— Woexr{ - ( Wv) } . (6) (8)
Thus, the real part is nonmonotonic with a short-range repulin Eq. (8) u's andk’s are, respectively, the reduced masses
sive potential of rang®; and depthv;. and wave numbers. The subscriptandf refer to the inci-
The standard WS potential for the-nucleus system in- dent and outgoing channels, respectivélis the total angu-
cluding the Coulomb term is given by lar momentum transfep;=[n4l1j;1] and p,=[n,l,j.] de-

note the orbital quantum numbers for the transferred
nucleons in the final nucleug3 p,p,;J0] are the spectro-

. (7 scopic amplitudes in thg coupling for an angular momen-
tum transferd and an isospin transf@r=0. The large square
bracket refers to the normalizedj9symbol involving the

Here, f(x))=(1+€*)"", where x;j=(r—R)/a; with R, transformation from th&Sto jj coupling schem¢33]. B,

d

=r,A{® (i=R,W,D). describes the kinematical aspects of the reaction. In(&q.
The parameters for the molecular, standard WS, anthe light-particle spectroscopic factofs is set to be 1.0.
Michel types of thea-2°*%i potential at the 25 MeV inci- In the macroscopic DWBA calculations, no information

dent energy are obtained from the best fit to the elastic scabn the structure of the cluster is required except the quantum
tering datg29] using they? minimization codemiNnuiT [30]  numbers ,L), which are defined by

coupled with the optical model codeeAT2[31] modified to
incorporate the molecular and Michel potentials. The initial
parameters for the WS potential are taken from Davis and
Nelson[28]. For the molecular and Michel potentials, the
parameters of the:-28Si potential from Taricet al. [21] are  In Eq. (9), the relative @-state internal motion of the trans-
considered as the starting parameters fordh@>%i inter-  ferred cluster is assumed. This means that a partidular
action. The fits to the elastic data are shown in Fig. 1. Thevalue corresponds to only one valueMfThe expression for
parameters of the molecular, Michel, and WS potentials areross section in terms of the cluster quantum numbisrg Y
noted in Table I. parallel to Eq.(8) is given by[33]

2(Ng+ny)+ 1 +1,=2N+L. (9)
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TABLE |. Potential parameters for DWBA calculations. The potential déptlor the bound states is
adjusted to give the separation energy of bound deuterenand final nucleus.

Channel a+29Si a+30Si d+313%P d+d d+23%j

Potential type  Molecular Michel WS  Molecular Michel WS WS Bound state

Vo (MeV) 26.3 314 1825 27.0 250 190.8 102.7 V \Y

Rg (fm) 5.45 4.83 3.53 5.52 5.20 3.57 - - -

rg (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

Vi (MeV) 42.5 - - 42.0 - - - - -

R, (fm) 2.90 - - 2.90 - - - - -

a - 7.39 - - 7.12 - - - -

p (fm) - 6.45 - - 6.45 - - - -

Wy (MeV) 17.9 34.9 135 17.0 34.0 13.0 17.0 - -

Ry (fm) 4.10 406 4.64 4.10 4.05 4.69 4.10 - -

ay (fm) - 0.64 0.70 - 0.65 0.87 - 0.65 0.87

Wp (MeV) - - - - - - 16.10 - -

rp (fm) - - - - - - 1.53 - -

ap (fm) - - - - - - 0.574 - -

Vso (MeV) - - - - - - 6.00 - -

rso (fm) - - - - - - 1.07 - -

ago (fm) - - - - - - 0.852 - -

re (fm) - - - - - - 1.15 1.25 1.30

Rc (fm) 9.45 3.99 3.99 9.46 404 373 - - -
do . Mi g kf (2Jf‘|’ 1) L2 d_O': (2‘Jf+1) 2<d_0->l-
0 et K (23D g |Gl 10 - @ g @) - @

In EqQ. (10), the structure amplitud&, ;, as defined by Glen-
denning[33] is expressed as

The square of the structure factd®, ;| denotes the
strength of the reactions and is proportional to the spectro-
scopic factol{ 36] of the two-nucleon ¢,d) reaction.

In the macroscopic model calculations, the differential
cross section for the direct transfer with multigléransfers
can be written with the incoherent sum ovetransfers as

Gu= 2 (2-6,,) %8 p1p,:J0]

P1P2

l, 1, L
do  (2J;+1) do\t
|5 3 1| Qoo{OONL:L|nylq,nol5:L). d—Q=(2Ji—+l)§ Su(d—Q>DW5- (14
ji d2 J

(11) Here, S, ; denotes the macroscopic spectroscopic factor for
the transfer I(,J). The dependence of the reduced cross sec-
In Eqg. (11), Qg denotes the overlap of the spatial wave f[ion ove_rJ is dro_ppepl in th_e assumed absence of spin-orbit
function of relative motion of the two particles in the trans- Intéraction resulting in the incoherent sum over
ferred cluster with the corresponding part in the incident | N€ Spectroscopic factor for thiecluster transfer is con-
particle.( | ) represents the Brody-Moshinsky bracka®— sidered unlty for a transfer to a stretched conflgurgtlbn (
34]. =l,+1,,J=],+],,J=L+S), when the spectroscopic am-
The reduced cross section can be defined by plitude 8Y/2= 1.0, where none of the target nucleons occupies
either the (4,j;) or (I,,j») orbital. Denoting the strength
factor in Eq.(13) for such a reference state with the stretched

L
(d_‘7> _ Mkt ki OUETE (12) configuration by G,y|?, one can define the shell-model spec-
dQ/) (2mp22k W M troscopic factof36] for the cluster transfer as
which is proportional to (ﬂa/dﬂ)ﬁws, the cross section cal- [
culated by the codewucks [35]. In terms of the reduced fJ=TZ. (15
cross section, Eq8) can be recast in the form |Gref
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Using a state of the final nucleus populated by tife do (2J;+1) 1 [(do)’
=7"(L=6J=7) transfer with the (0,,,)? configuration as aa, “NaaTn 2 5371l da (21)
a reference state86], one can calculate the theoretical spec- expt : bw4

troscopic factor from the expression
N in Eqg. (21) is the normalization constant for ther(d)
|GL5|? reactions. In the microscopic calculationslofdQ)2,, in
= —enz (16)  Eq. (21) involves the shell-model spectroscopic amplitudes
|G&7 BY2. Thus, the microscopic predictions, when compared to
. _ . _ the experimental cross sections, can provide a test of a shell-
_In the (a,d) reaction, the spin transfe3=1 is unique.  madel calculation through the coherent effects of different
Since Eq/(9) assumes that the relative angular momentum otgrms in the wave functions of the initial and final nuclei.

the two transferred nucleons is 0 and remains so during thepo macroscopic approach, on the other hand, does not as-
interaction responsible for the transfer, tlugransfer values sociate the calculatedd(r/dQ)EWS in Eq. (17) with the

given by L.1=‘]_1 and.L2=J+ 1 are pe_rm|tted for transi- spectroscopic amplitudes, but offers a method to deduce the
tion to excited states with unnatural parity tran_sfers, but Onlyspectroscopic factors, (in the approximation of neglecting
the.L-transfizr Val# 4= ogcurs for t.ran%'g.on Vg'ggs‘"?‘ Qgtural spin-orbit interaction from the experimental cross-section
parity transfer. The ground state spins“o8i and Si being 515 These extracted spectroscopic factors may then be com-

—1 -
J.i_lz and g the nrl]Jmfber of allowed tranfstf;ﬁrs ar?, reSP‘;C pared to those calculated from the shell-mogéf values
tively, 2 and 1. In the former case, one of theransfers wit using Eqs{(11) and (16).

unnatural parity involves twd values,L; andL,, and in
case of the) transfer with natural parity, only ore equal to
one ofL; andL,, contributes. Thus for botR**%i targets, IV. DWBA ANALYSIS
there will be at best two distindt transfers. If one denotes
the cross sections predicted for the tlvealues in the mac-

roscopic calculations by the full finite-rangéFR) code .

. Ly ing the computer codeswuck4 and bwucks [35], respec-
PWUCKS [35],  respectively, by do/dQ)pys and ey Both the codes are modified to include the Michel
(do/dQ) g%, and taking advantage of the incoherent sumpotential. Corrections due to nonlocal[§5,38 of potentials
over theL transfers as in Eq14), one can write the experi- in the conventional form have been applied using the nonlo-
mental cross section as cality parameters B(«)=0.2, B(d)=0.54, and B(p)

=0.85 fm. In both the microscopic ZR and macroscopic
(dO') (2J4+1) A (da)Ll A (dcr)LZ FFR calculations, the molecular, Michel, and standard WS
— | == |A | — Ll ==
dQ expt (23;+1) 1dQ/ s 20dQ ) Hus

G
J

The microscopic ZR and macroscopic FFR DWBA calcu-
lations for the angular distributions have been performed us-

: potentials, obtained from the best fits to the scattering data,
(17) have been used in the channel, and the WS potential has
been employed in thé channel. The parameters of the three

Thus, one can deduce the spectroscopic fao@qusand types ofa-Si potential are displayed in Table I. Several sets

. . . of WS potentials in tha channel have been tried, but only
Ay, for the (a,d) reaction by comparing the predicted Cross o o "trom the work of Fitet al. [39] produces a good fit

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

A=A +AL, (18 A. Macroscopic DWBA calculations

The macroscopic analyses have been performed using the
On the other hand, the theoretical spectroscopic fa&tdor  full finite-range DWBA codepwucks [35]. The bound-state
the L transfer and its tota8® for a transition may be calcu- geometries (r andag) for the d-d andd-?**Si WS poten-
lated, respective|y, from the expressions tials shown in Table | are taken from Re{B?] The geo-
metrical parameters of the latter potentials are kept the same
s s as those for the-?3Si potential. The bound-state wave func-
S => St (19 tions for the transferred deuteron, in taeand in the final
’ nucleus, have been generated by adjusting the depth of the
WS well for the correct deuteron separation energies. At the
start of calculations, the “accuracy parameters” used in the
code bwucks, which control the effective width of wave
SEEDEE (200  numbers[35,4Q in the expansion of the distorted waves in
L terms of plane waves, have been assigned appropriate values
for making the predictions of zero-range calculations identi-
Denoting the cross sections for Jatransfer calculated cal to those calculated from the zero-range coseck4
with the zero-range (ZR) code bwucka [35] by  [35]. This ensures the necessary “convergence” for the inte-
(da’/dQ)JDW4, one can write the experimental cross sectiongral for the zero-range form factor, defined in £§.9) of
as Charlton[40].

and
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The cluster configurations of the transferred deuteron for B. Microscopic DWBA calculations
the different states of excitation are shown in Table Il. For
the final states with natural parity populated by dangans-
fer, the DWBA predictions are normalized to the data to
yield the relevant spectroscopic factdy as defined in Eq.
(17). On the other hand, for the transitions involving tio
transfers, the spectroscopic factors are obtained by minimi
ing the x? defined by

The microscopic calculations have been performed using
the zero-range codewuck4 for the positive parity states
with the transferred particles stripped to thd shell. The
present analyses make use of three E28 of shell-model
spectroscopic amplitudgs'’?, which are as follows.

(i) The set labeled KB uses the Kuo-Broyil] two-body
matrix elements calculated from the nucleon-nucleon inter-

- Texpl 01) — opw( 6) ]2 action of Hamada and Johnstp42].
X —Ei AT ol 0;) ' (22 (ii) The set labeled RIP is based on the effective interac-
o tion [43] derived by fitting the observed nuclear energy lev-
where oo, ) = (da/dQ) e 6i) and Ao, 6;) are, re- els.
spectively, the experimental cross section, as defined in Eq. (iii) The set labeled MSDI is extracted from the matrix
(17), and its error at the scattering andle. opw(6;) is the  elements of two-nucleon modified surface delta interaction
cross section predicted by the DWBA theory. [44].

The DWBA predictions with the moleculdsolid curves, Since the code®wuck4 and bwucks assume that the
standard WS(broken curvels and Michel (dotted curves  spherical harmonics carry a time reversal phasié, af factor
potentials are compared to the reaction date?8i for the  not used in the phase conventions adopted in the calculations
ground (1/2), 1.27 (3/2), 2.23 (5/2), 3.13 (1/2), 3.30  of the spectroscopic amplitud¢86], the amplitudes have
(5/2%), 3.41 (7/Z), 3.51 (3/2), 4.19 (5/Z), and 4.26 been multiplied by an extra phaseibf"'2~" before feeding
MeV (3/2") states in Fig. @). Similarly, for the reaction on these to the codes.
30sj the predictions are compared to the data of the ground The bound-state wave functions for each of the trans-
(1%), 0.08 (2"), 1.15 (1"), 1.32 (2"), 1.75 (3"), 2.66  ferred nucleons have been generated by assuming a real
(27),2.74 (1"), and 3.00 MeV (3) state transitions in Fig. Woods-Saxon well with the geometry parameterg
2(b). The comparison of the data with calculations shown in=1.25 fm andag=0.65 fm and the depth adjusted to pro-
Figs. 2a) and 2b) indicates that the three-nucleus poten- duce the binding energy equal to half the separation energy
tials provide reasonable descriptions of the data for the rea®f the transferred deuteron. A spin-orbit term witk- 25 has
tion to the various states of excitation of both®#, except also been used for the bound-state wave functions. A finite-
for the 2.66 MeV (2) state of3?P. The predictions with all range correction in Gaussian forf85] with the range pa-
three types ofe-nucleus potentials can account for the ob-rameterR=0.7 fm is used in the microscopic DWBA cal-
served pattern of the angular distributions of cross section upulations, since it improves the fits to the da28).
to about 90°. At larger angles, the calculated cross sections The effects of the MSDI, RIP, and KB interactions on the
with the Michel and standard WS potentials tend to fall off predicted cross sections for the reaction on both targets are
faster than the data. Furthermore, the Michel and WS poterfirst investigated using all three potentials in hechannel.
tials underestimate the cross sections in many cases by ofde calculated cross sections using the molecular potential
to two orders of magnitude. This is reminiscent of theonly are compared to the data for the transitions?e®i and
28Sj(«,d)*°P casg26]. Unfortunately, no data beyond 120° those on®’Si in Figs. 3a) and 3b), respectively. Apart from
exist in the two reactions considered herein. The calculationthe ground state (1/9, 1.27 (3/2), 3.13 (1/2'), and 3.51
using the molecular potential, although failing to generateMeV (3/2") transitions[Fig. 3(@] on 2°Si and the ground
proper structure at larger angles at some instances, seemsdtate (1), 1.15 (1"), and 3.00 MeV (3) transitions[Fig.
account for the correct order of magnitude in most of the3(b)] on *°Si, the three sets of spectroscopic amplitudes cal-
cases. culated from the three matrix elements produce more or less

In Table I, the spectroscopic factors for the cluster similar fits. An identical situation occurs with the other two
transfer deduced from the calculations using the three potenypes of thea-nucleus potential, namely, the standard WS
tials, along with the values expected from shell-model calcuand Michel ones. However, the set of spectroscopic ampli-
lations S°, using the MSDI[44], RIP [43], and KB [41] tudes, calculated using the MSDI matrix elements, seems to
two-nucleon matrix elements are presented. The total speceproduce the data slightly better.
troscopic factordh, deduced from using the molecular, WS,  The effect of the three types of thenucleus potential on
and Michel potentials, an®®, calculated from the two- the microscopic DWBA calculations has also been examined
nucleon matrix elements are compared in TableAlzalues using the spectroscopic amplitudes calculated from the
extracted from the fits to the data using the molecular potenMSDI interaction. Figures @) and 4b) display the predic-
tial are in reasonable agreement with the calcul&edrom  tions from the microscopic DWBA calculations for the mo-
the three types of matrix elements in terms of general trendecular (solid curve$, standard WS(broken curves and
and magnitude. The calculations using the MSDI matrix el-Michel (dotted curvelpotentials, and the data for the vari-
ements seem to agree with the dedudedalues somewhat ous states populated in the,d) reaction on?*3%i. As in
better. TheA values, deduced from the use of the WS and thehe case of the macroscopic analyses, although the three
Michel potentials, are usually larger by one to two orders ofa-nucleus potentials produce reasonable fits to the data for
magnitude. the reactions on bott{®3%i, again the molecular potential
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TABLE Il. Cluster spectroscopic factors are compared to the theoretical shell-model factors for the MSDI,
RIP, and KB interactions. The theoretical spectroscopic factors are calculated from the spectroscopic ampli-
tudesBY? of Refs.[28] and[29] by the method outlined in Ref36].

(@) Transitions in the?®Si(a,d)P reaction

E, J7 Cluster Cluster spectroscopic factor Shell-model spectroscopic factor
configuration AL Se
(MeV) N,L,J Molecular WS Michel MSDI RIP KB
0.0 12 2,01 0.18-0.06 12.6-26 7.2:1.4 0.611 0.027 0.024
121 0.12:0.04 8.4:1.7 48:1.0 0.006 0.053 0.011
1.27 312 2,01 0.05-0.01 3.0:0.6 1.8-0.4 0.007 0.009 0.006

1,2,1+1,2,2  0.36:0.09 4.5-0.9 2.7%+0.5 0.597 0.176 0.060

2.23 520 1,2,2+1,2,3 0.14-0.04 5.001.1 1.58-0.32 0.112 0.220 0.013
0,4,3 0.008:0.002 0.26-0.07 0.08-0.02 0.000 0.004 0.003

3.13 12 2,01 0.05:0.02 0.96:0.27 0.76:0.15 0.021 0.009 0.171
12,1 0.08:0.02 1.56:0.30 1.54:0.23 0.229 0.036 0.026

3.30 5/2° 1,2,2+1,2,3 0.080.03 4.08-0.81 3.8-0.80 0.084 0.006 0.002
0,4,3 0.005:0.001 0.22-0.05 0.2£0.05 0.000 0.011 0.067

3.41 712 12,3 0.26:0.08 13.0-:3.9 5.2:1.3 0.005 0.031 0.002
0,4,3+0,4,4 0.0%0.01 3.25:0.65 1.3-0.33 0.143 0.020 0.101

3.51 312 201 0.06-0.02 1.8-0.4 1504 0.001 0.060 0.002
12,1+1,22 0.14-0.04 4.2£0.8 3.5:0.9 0.169 0.012 0.200

4.19 5/2° 1,2,2+1,23  0.0%0.03 4.0:0.8 44-11 0.058 0.077 0.010
0,4,3 0.022-0.006 1.06:0.25 1.1G6:0.26 0.014 0.029 0.061

4.26 312 2,01 0.070.02 2.8:0.7 2.26:0.55 0.002 0.004 0.002
12,1+1,22 0.14-0.04 4211 3.30:0.83 0.005 0.052 0.011

(b) Transitions in the®*Si(«,d)*?P reaction

E, J7 Cluster Cluster spectroscopic factor Shell-model spectroscopic factor
configuration AL SP
(MeV) N,L,J Molecular WS Michel MSDI RIP KB
0.0 1t 2,01 0.60-0.18 19.8:5.0 12.0-3.6 0.007 0.079 0.0004
121 0.40-0.13 13.0-:3.3 8.0-2.4 0.210 0.089 0.014
0.08 2 122 0.24-0.07 0.90:0.23 1.40-0.42 0.083 0.017 0.002
1.15 1 2,0,1 0.25-0.08 1.00:0.22 6.7+2.1 0.014 0.001 0.025
12,1 0.25-0.08 1.00:0.25 6.7+2.1 0.001 0.011 0.061
1.32 2 1,2,2 0.0%£0.03 2.6-0.7 1.40:0.42 0.0001 0.008 0.007
1.75 3 1,23 0.48:0.14 1.2%-0.32 7.9:24 0.015 0.041 0.0002
0,4,3 0.32:0.09 0.85-0.26 5.3:1.6 0.078 0.029 0.116
2.66 2 1,22 0.16-0.05 40-11 4.0:1.3 0.002 0.002 0.005
2.74 1 2,01 0.18-0.05 1.16:0.27 5.x*15 0.014 0.012 0.009
121 0.2%-0.09 1.60:0.27 7.6:2.3 0.154 0.018 0.030
3.00 3" 1,23 0.14-0.04 1.92-0.48 1.93-0.58 0.006 0.037 0.007

0,4,3 0.02:0.006 0.2%0.05 0.29-0.09 0.042 0.001 0.020
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seems to provide the best overall description of the data fofa,d) reaction on two norme cluster nuclei. It is as a
the reaction on both isotopes. The deduced values of thillow-up of the same on the-cluster nucleug®si [26]. All
normalization constart using the spectroscopic amplitudes three types of thex-nucleus potential for botif®3%Si cases
from all three sets of matrix elements exhibit a similar pat-are obtained by fitting the elastic scattering data. The data of
tern and have about the same magnitude and hence, only thiee reaction, populating nine even-parity states upEjo
calculations using the MSDI spectroscopic amplitudes are=4.26 MeV of 3P and eight even-parity states up
presented in Table IV. The extractédvalues for the mo- =3.00 MeV of 2P, have been analyzed both in terms of the
lecular potential case vary widely and are dispersed over thEFR DWBA with the cluster form factor and the ZR DWBA
range of 55 to 3800 and 600 to 4000 for tRSi(a,d)*'P  with the microscopic form factors. In the latter calculations,
and 3°Si(«,d)*?P reactions, respectively. For tHéSi target the MSDI, RIP, and KB[28] spectroscopic amplitudes and
where the deduced spectroscopic factors using the moleculdte finite-range correction in the Gaussian form with the
potential compare favorably with the theoretical values calfinite-range parametd®=0.7 fm are employed.
culated using shell model, the values lie mostly in the
range of 55 to 1100 with a mean valueX# 517+ 40. This A. The 2%Si(a,d)3'P reaction
agrees closely with the values reported in the work of de ) ] ) )
Meijer et al. [36]. On the other hand, thg values deduced It is evident from Fig. 2a) that the macroscopic DWBA
using the WS and Michel potentials are larger by one to twdalculations with all _threex-nucleus potentlal§molecular,
orders of magnitude and inconsistent with the resulfgé).  Standard WS, and Micheproduce reasonable fits to the data
of the nine transitions populating the levels®dP. The small

V. DISCUSSION angle data are in general better given by the Michel potential
’ and the large angle data are better described by the molecular
In the present work, the effects of the molecular, standar@ne. However, both the Michel and the WS potentials ob-
WS, and Michel types of the-nucleus potential are exam- tained from the best fits to the elastic scattering data fail to
ined in the analyses of the data for the two-nucleon transfegenerate the correct order of the absolute cross sections and
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TABLE Ill. Comparison of deduced total specstroscopic facfofeom the macroscopic calculations and
thoseS® from the shell-model calculations using MSDI, RIP, and KB interacti@829.

(@) Transitions in the?®Si(a,d)P reaction

E, J7 L Total spectroscopic factors Total spectroscopic factoi®®
Macroscopic calculations Shell-model calculations
(MeV) Molecular WS Michel MSDI RIP KB
0.0 12" 0+2 0.30:£0.07 21.6:3.1 12.0:1.7 0.616 0.080 0.035
1.27 3/27 0+2 0.35-0.09 75-1.1 4.5-0.60 0.604 0.185 0.066
2.23 5/ 2+4 0.15-0.04 5.031.10 1.66-0.32 0.112 0.224 0.016
3.13 /2 042 0.13:t0.03 2.406-0.60 1.96-0.27 0.250 0.045 0.197
3.30 5/ 2+4 0.09-0.03 4.2%0.81 4.00:0.81 0.084 0.017 0.069
3.41 712 2+4 0.29:0.08 16.3-4.0 6.5:1.3 0.148 0.051 0.103
351 3/ 0+2 0.20:0.04 6.0:0.9 5.0:1.0 0.170 0.072 0.202
4.19 5/ 2+4 0.11x0.03 5.0:0.9 55-1.1 0.072 0.106 0.071
4.26 3/ 0+2 0.21+0.04 7.0:1.3 5.5:1.0 0.007 0.052 0.011
(b) Transitions in the®*Si(«,d)%?P reaction
E, J7 L Total spectroscopic factors Total spectroscopic factoi®®
Macroscopic calculations Shell-model calculations
(MeV) Molecular WS Michel MSDI RIP KB
0.0 1t 0+2 1.00:0.22  32.8:6.0 20.0:4.3 0.217 0.168 0.014
0.08 2 2 0.24-0.07 0.90:0.23 1.40-0.42 0.083 0.017 0.002
1.15 1 0+2 0.50:0.11 2.00:0.33 13.3:3.0 0.015 0.012 0.086
1.32 2 2 0.09£0.03 2.60:0.70 1.40-0.42 0.0001 0.008 0.007
1.75 3 2+4 0.80+0.33 2.14-041  13.129 0.093 0.070 0.116
2.26 2 2 0.16£0.05 4.00-1.1 4.00:1.3 0.002 0.002 0.005
2.74 1 0+2 0.47+0.10 2.66:0.38 12.66:2.7 0.168 0.030 0.039
3.00 3 2+4 0.16:0.04 2.13:0.48 2.22:0.59 0.048 0.038 0.027

underestimate them by one to two orders of magnitude. Thi§3/2") states compare closely with the total spectroscopic
is reflected in the total spectroscopic factors deduced usinfactors deduced using the molecular potentials.
these two potential€Table 1) and their comparison with the A comparison of the microscopic DWBA calculations us-
shell-model calculations. An overall good description of theing the MSDI spectroscopic amplitudes for the molecular,
angular distributions over the full angular range seems to bstandard WS, and Michet-nucleus potentials with the data
achieved by the molecular potential. Furthermore, the mofor all states seems to suggest that the molecular potential
lecular potential is able to reproduce the correct order of thejives the best overall fits to the angular distributions. How-
cross sections and yields spectroscopic factors of the sanever, none of the potentials is able to reproduce the angular
order as expected from the theoretically calculated spectrasscillations at large angles in the data for the 3.41 and 3.51
scopic amplitudes using the MSDI, RIP, and KB matrix ele-MeV states as satisfactorily as those for the other states of
ments. excitation. The Michel potential predicts larger oscillations
Although, the spectroscopic factofg for anL transfer, for the ground state than required by the data. The deduced
deduced using the molecular potential, do not agree in mostalues of the normalization constartin Table IV indicate
of the cases with thossf calculated with the MSDI spec- clearly that the cross sections predicted by the use of the
troscopic amplitudegTable 1), the total spectroscopic fac- standard WS and Michel potentials are one to two orders of
tors A using the molecular potential for all but the 4.26 MeV magnitude lower than those using the molecular potentials.
(3/2") transition agree closely with thos®® predicted by The underestimation of absolute cross sections of the
the MSDI interaction(Table IIl). The predictedS® and the («,d) reaction by the Michel potential requires some expan-
deduced total spectroscopic factdrsare in good agreement sion. The volume integral of its real partJgr/4A
for the 2.23 (5/2), 3.30 (5/2), 3.51 (3/2), and 4.19 MeV =420 MeVfn?, is above the normally accepted range
(5/2%) states and they are of the same order for the ground00—400 MeV fni [18,45. In order to decrease the volume
(1/2%), 1.27 (3/2), 3.13 (1/2), and 3.41 MeV (7/2) integral, one can take advantage of the-¥\; ambiguity” (a
states. The KB predictions for the 2.23 (5)23.13 (1/2°),  decrease in the value of theparameter favors a lower value
3.30 (5/2), and 3.51 MeV (3/2) states, and the RIP pre- of Wy), observed by Tariegt al. [21]. The « parameter has
dictions for the 2.23 (5/2), 4.19 (5/2), and 4.26 MeV  been reduced ta=4.0, givingJa/4A=342 MeV fn?. The
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corresponding best fit to the elastic data yieldd,  scattering. However, aRc-=3.99 fm, used in the Michel
=32.0 MeV, which enhances the absolute cross sections gfotential, the overlap of the densities of the two colliding
the (@,d) reaction to the various final states 9P by about nuclei is substantial and hence, it does not reflect the usual
an order, but worsens to a great extent the fit to the oscillagefinition of the Coulomb radius.

tory features of the angular distributions. The calculated an-

gular distribution[broken curve in Fig. ®] with a=4.0 B. The %Si(a,d)%2P reaction

andWy=32.0 MeV produces a poorer fit to the elastic data. ] )

A further attempt to improve the elastic fit leadsdg/4A ~ Figure 2b) shows that the macroscopic DWBA calcula-
values larger than the normally accepted values. tions with all threex-nucleus potentialémolecular, standard

One may feel uneasy to accept the large Coulomb radiu¥vs, and Michel produce reasonable fits to the data of all
Re=9.45 fm of the molecular potential. It is defined to be transitions except the one to the 2.66 MeV'jState of*%p.
the distance between the interacting nuclei when the twd he fits to the angular distribution data leading to the ground
barely touch each other, i.e., their densities start to overlap g4 ™), 1.15 (1"), and 1.75 MeV (3) states in*?P with the
noted in Ref.[27]. The sum of the two densities at  molecular potential are particularly good, which is not the
=9.45 fm is about 0.005 times that of central densitiescase for the WS and Michel potentials. On the other hand,
Thus, forr>9.45 fm, the potential is, essentially, given by the Michel potential does better in reproducing the data for
Eqg. (4). It is, however, the total potential that matters. Indeedthe 1.32 (2) and 2.74 MeV (1) states compared to the
with Rc=3.99 fm, the Michel value, one can generate themolecular and WS potentials. The total spectroscopic factors
same potential for the real part of the molecular potentialA, deduced using the standard WS and Michel potentials, are
with equivalent parameter¥,=27.7 MeV, Rg=5.45 fm, larger than those extracted using the molecular potential by
ar=0.363 fm, V,=37.9 MeV, andR;=2.78 fm. These at least an order of magnitude. In general, the deduced spec-
new values, which are acceptable, coupled with the unadroscopic factors for the case of the molecular potential are in
justed parameters of the imaginary parts produce identicaigreement with those calculated by the shell model, in par-
fits to the data of thed,d) reaction as well as the elastic ticular, on whether a transition is strong or weak. This means
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FIG. 4. Same as in Fig. 2 for
the  zero-range  microscopic
DWBA calculations.

that the calculated cross sections using both the WS anlécular potential with those calculated with the MSDI spec-
Michel potentials are smaller in magnitude by at least artroscopic amplitudes, one can note that for a good number of
The deduced total spectroscopic factofer the case cases, namely, the transitions to the ground)(10.08 (2V),

of the molecular potential are sometimes slightly higher thar2.74 (1*), and 3.00 MeV (3) states, the discrepancy is
those,S®, predicted by the shell-model calculations. If one approximately a factor of 0.3. For the other transitions using
compares the deduced spectroscopic factors using the mtike MSDI spectroscopic amplitudes and for all the transitions

order.

TABLE IV. Comparison of values of the normalization constant for thed) reaction deduced from the
microscopic calculations using the MSDI spectroscopic amplit{i2@®9.

29Si(a,d) 3P

30Si(w,d) 3P

E, J7 Normalization constarn¥ E, J7 Normalization constan¥
(MeV) Molecular WS Michel (MeV) Molecular WS Michel
0.0 12 55 900 550 0.0 1 4000 48000 60000
1.27 312 500 6000 3200 0.08 2 600 6000 8000
2.23 5/2 400 6500 1900 1.15 1 4000 40000 60000
3.13 12 80 1200 550 1.32 2 2300 20000 30000
3.30 5/ 180 4000 2200 1.75 3 3800 8000 60000
3.41 712 800 14000 800 2.66 Vi 700 7000 15000
351 312 1100 15000 80000 2.74 1 1700 15000 25000
4.19 512 3800 50000 22000 3.00 3 1500 7000 3000
4.26 312 590 11000 59000
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with the RIP and KB amplitudes, the disagreement betweeand are sensitive to the shell-model interaction from which
the calculateds® and the deduced spectroscopic factais  the spectroscopic amplitudes are extracted. Hence, the clus-
somewhat larger. ter spectroscopic factor is a sensitive probe not only to ex-
The microscopic DWBA calculations using the MSDI amine thea-nucleus potential but also to test the shell-model
spectroscopic amplitudes listed in Figb}# show that the interaction. The present work suggests that the MSDI inter-
molecular, standard WS, and Michel potentials generate reaction is the best of the three shell-model interactions con-
sonable fits to the data for all of the transitions except that tsidered herein for silicon and phosphorus.
the 1.75 MeV state, where the quality of fit is poor, and that In consonance with the finding of our previous works on
to the 2.66 MeV state, where the predictions are far from thehe 28Si(«,d)3°P reactior{26] and the?®Si(«, p)3'P reaction
data as observed in the macroscopic analysis. Although th@7], one may summarize that while the molecular potential
Michel potential does fit the small angle data for the 0.08 andvith a repulsive core, the Michel potential with squared WS
1.15 MeV states better, the molecular potential seems to prageometry, and the standard optical potential with the WS
vide the best overall fit. The deduced values of the normalshape produce more or less similar quality fits to the elastic
ization constani in Table IV indicate once again that the scattering datdFig. 1); they lead to a significantly different
standard WS and Michel potentials underestimate the crossenario in the description of the two-nuclean ) and the
sections by at least an order of magnitude, while the molecuthree-nucleon ¢,p) transfer reactions. The Michel and stan-
lar potential reproduces the correct order. The failure of botldard WS potentials are found to underestimate the cross sec-
the microscopic and macroscopic calculations to account fations of these reactions by one to four orders of magnitude.
the angular distribution for the 2.66 MeV state may lie in theThe predictions for thed,d) reactions with the Michel po-
substantial contribution of two-step processes via the excitatential are, however, very much sensitive to the volume inte-
tion of the inelastic states o¥Si. gral Jg/4A of the real part of thex-nucleus potential. In the
The parameters of the Michel potential givi/4A present study the volume integrals 420 and 517 Me¥ fm
=517 MeVfn?. In order to examine the effect of reducing for the 2°3%j nuclei, respectively, are larger than the ac-
the volume integral to an acceptable level, the value of theepted range 300-400 MeV #}18,45. Reduction of the
a-parameter has been reducedts 4.0. The corresponding integral through the use of the so-calledW, ambiguity
best-fit to the elastic data results \W,=24.0 MeV, which [21] leads to an enhancement of absolute cross sections of
yields Jr/4A=379 MeV fnt. However, the calculated cross the («,d) reaction by about an order of magnitude at the cost
sectiong broken curves in Fig. (b)] result in an unsatisfac- of providing a much worse fit to the oscillatory features of
tory fit to the elastic data beyond 100° scattering anglesthe angular distributions of the reaction as well as the
With the new set of parameters, the calculated cross sectioidastic scattering. The apparent unsatisfactory performance
for the (a,d) reaction increase at best by an order of mag-0f the Michel potential in the description of ther(d) reac-
nitude, but the fit to the angular oscillations become mucHion may lie in its a-W, ambiguity. It remains to be seen
worse. whether a Michel potential within the acceptable range of the
An equivalent set of parameters for the real part of the’0lume integral can describe the elastic and the 4,d)
molecular potential foR.=4.04 fm, the Michel value, has reaction data simultaneously. The molecudanucleus po-

been obtained asV.—28.4 MeV. R.=552 fm. a tential reproduces simultaneously the right magnitude of ex-
—0.362 fm.V.=37 50MeV. andR ’_2 F;S f'm Thié neva perimental cross sections and the correct structures of angu-
—VU. y 1= . y 1= &. .

- . . . lar oscillations of the data quite satisfactorily. Since both
set of values with the unadjusted parameters of the |mag|nar%/a d) and (a,p) reactions have a large angular momentum
part again produces identical fits to the data of thed) miématch du,e to their large negative reactiQnvalues, a
reaction as well as the elastic scattering. '

substantial contribution to the cross sections from the nuclear
interior is expected, making these reactions sensitive to the
VI. CONCLUSION details of thea-nucleus potential. Thus, although the mo-
gecular, standard WS, and Michel potentials may produce
8i_milar effective potentials responsible for the elastic scatter-
Ing, which primarily probes the nuclear surface, their diver-
. . . ...gent forms in the nuclear interior have an important impact
tions in .almosft all cases can be described succe_ssfl_JIIy WItTB 1 the nonelastic processes. This supports Satchler’s conten-
out the |n(_:lu3|on of the compound n_ucleus contribution thattion [47] that the real test of a potential lies in its ability to
gg\n_kowsléloet al. [37] had to do in the case of the \onroquce elastic and nonelastic data simultaneously. A si-
Si(a,d)”"P reaction, and without having to adjust any of iy taneous analysis of all relevant reactions may lead to a
the parameters of the-nucleus potential, obtained from fit- global a-nucleus potential48]. However, for a meaningful
ting the elastic data, that Davis and Neld@8] apparently  analysis, data on the complete angular distribution are also
failed to achieve. needed as observed by Budzanoweskal.[49]. The success
The macroscopic spectroscopic factors for the clustebf the molecular potential conforms to Bay§s0] assertion
transfer in the &,d) reactions as introduced by Skwirczyn- that amongst the phase equivalent potentials, a shallow po-
ska et al. [46] and de Meijeret al. [36] are found to be tential with a singularity, to which the molecular potential
strongly dependent on the nature of #henucleus potential closely bears resemblance, eliminates the states forbidden by

Both the macroscopic and microscopic DWBA analyse
carried out here seem to suggest the preference for the m
lecular type of thex-nucleus potential. The angular distribu-
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