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The differential cross section of tH&Si(«,p)*P reaction for 26 MeV incident energy has been analyzed in
the distorted wave Born approximatigpWBA) with zero and full-finite range using a deep and shallow
optical, Michel and molecular potentials in the incident channel, and a usual optical model potential for proton
in the final channel. The parameters of potential in the entrance channel are determined from the elastic
scattering data. The calculations done with the deep optical and Michel potentials reproduce the structure of the
angular distributions reasonably well, but fail to account for the absolute magnitudes by a few orders. The
shallow optical one is satisfactory up to aboit,,=100°. The molecular potential, on the other hand,
reproduces both the absolute cross sections and the pattern of the angular distributions. Coupled-channels Born
approximation calculations improve fits to the data over the DWBA predictions.

PACS numbsd(s): 25.55.Hp, 21.10.Jx, 24.508g, 27.30+t

I. INTRODUCTION of Walz et al. [24] to reduce the discrepancy between the
data and calculation to 20% for thep,@) case using a

Anomalous large angle scatterifdLAS), observed in  double-foldeda-nucleus potential, has been contradicted by
the elastic scattering ai particles by light and medium-light Kajihara et al. [25], who failed to reproduce Walet al.s
nuclei [1-3], have recently been analyzed successfully forcalculations and found an enhancement faeter4 instead
*Mg, 2%Si, %%%% targets in terms of a complex molecular of 1.2. The purpose of the present study is, therefore, to
[4,5] and a special type of optical potential with a squaredexamine the extent to which the molecular, Michel, and op-
Woods-Saxon geometry, advocated by Michel and his coltical potentials can account for the pattern, magnitude, and
laborators[6,7]. The latter is, henceforth, referred to as the | oS opbserved in the three-nucleon transfer, §) reaction
Michel potential. Both of these potentials describe equally, 28g; The study is also a part of our broader goal of

well the elastic scattering data in a wide energy range with Efinding the nature of-nucleus potential capable of explain-

;z‘ggll set of parameters changing systematically with eneri-ng a number of physical phenomena involvingamparticle

The ALAS effects have also been observed in the nond"d @ light nucleus, in this casési. As evidenced from a

elastic processg®,3,8—13. Schmittrothet al.[11] have es- number of myeshga;uqns including the S|.ngle.-nucleon|c()
tablished that the use of a complex molecular potential couldf@nsfer reaction ort“Si by Daset al.[12], it is important to -
enhance the back angle scattering in a single-nucleon transféflect data having fairly complete angular distributions in
reaction involving heavy ion. Similarly, ALAS has also been Order to differentiate the effects af-nucleus potential on a
observed by Jankowslet al. [14] in the two- and three- reaction process. With this in mind, we have selected the
particle transfer reactions on tHéSi target. The large-angle €xperimental cross-section data of Jankowestkal. [14] for
behavior of the data in the latter work has been analyzed ithe ?®Si(a,p)*'P reaction covering a wide range in angular
terms of an incoherent sum of the distorted-wave Born apdistribution including those at large angles, which are ex-
proximation (DWBA) contribution calculated with the nor- pected to be sensitive to the naturesshucleus potential.
mal optical potentials and the compound nucleus contribu- The investigation has been carried out within the frame-
tion predicted on the basis of the Hauser-Feshbach modelork of zero-rangeZR) DWBA formalism with a simple
[15]. The method has, however, enjoyed limited success. process of triton-cluster transfer using shallow, deep, Michel,
The three-nucleon transfer ine(p) reactions is a com- and molecular optical potentials in the incidemtchannel.
plex process. In addition to probable contributions fromThe full finite-range(FFR) DWBA and the coupled-channels
compound nucleus, precompound and multistep sequenti@orn approximationfCCBA) calculations for the molecular
transfer processes, the direct part of the reaction mechanispotential have also been performed to determine the viability
may comprise triton stripping, knock-on and heavy-particleof the latter two potentials. This investigation further rein-
stripping[16—18. Of these triton stripping has been found to forces the past assertion that data having a wide range of
be the dominant ongl6]. Although calculations in DWBA angular distribution are important for understanding the
using the usual optical potential in the incident channel canphysical process involving-particle and light nuclei.
quite often, reproduce the general pattern of angular distri- Section Il discusses the-nucleus potentials used in the
bution, but the absolute cross section is underestimated kgnalyses. The DWBA and CCBA analyses are furnished in
two to three orders of magnitudd9]. The normalization Secs. Ill and IV, respectively. Section V deals with the dis-
problem also persists iy, p) reactiond20—23. The claim  cussion and the conclusions.
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TABLE |. Parameters of the-25Si potentials given by Eq$1), (2), and(3) used in the calculations shown in Fig. 1 are given in columns
1-5. The parameters of proton optical-model potential, and bound states-é%5{) and ¢-+p) systems are noted in columns 6-8,
respectivelyV is adjusted to give the separation energy.

Channel a+28Sj p+3p t+28Sj t+p
potential type ~ Moleculdr  Miche?  Deep optical  Shallofvoptical Opticat Bound statt  Bound stat®
Vo (MeV) 26.0 21.0 216.0 55.0 5330.55%, \% \%
Ry (fm) 5.35 5.00 3.70 5.16
ro (fm) 1.25 0.929 1.05
ag (fm) 0.34 0.60 0.67 0.505 0.65 0.921 0.50
V, (MeV) 42.0
R, (fm) 2.80
a 8.39
p (fm) 6.25
W, (MeV) 14.5 331 22.4 8.64
R, (fm) 3.85 3.98 5.16
a, (fm) 0.65 0.67 0.505
Ry (fm) 4.00
Wy (MeV) 135
rp (fm) 1.25
ap (fm) 0.47
Rc (fm) 9.35 3.95 4.07 3.95
re (fm) 1.30 1.30 1.25
3Referencd5].
bReferencd 14].
‘Referencd31].
Il. @-NUCLEUS POTENTIALS The Coulomb part for all three types of potentials is given
Vn(r), the real andW,,(r), the imaginary parts of the by
complex molecular potential, which has its root in the 7762 (2
energy-density functional study of the reactiph26] are Vc(r)z[ 1727 a3 | for r<Rg, (4)
given by 2Rc RZ
Vi(r)=— - -1 2
m(r) Vo[ 1+exp{(r —Ro)/ao}] :leze for r>Re. ®)
+V,exp{—(r?/R%)}, r

In the case of Michel and optical potential; is quite often
— _ _(r2ID2
Win(r) = —Wo exp{ — (r*/Ry)}. @ \written as=rcAY® whereA; is the target mass number. On
the other hand, in case of the molecular potental,is the

The realVy (r) and imaginaryWy (r) parts of the Michel  gym of thea and 25Si radii when they barely touch each
potential, which is an approximate form of the nonlocal po-giner.

tential expected from the resonating group mettRGM) as Although the normal optical model has not been very suc-
applied to thea-cluster systeni27,2§ are given by cessful in reproducing the elastic scattering data over the
_— energy range investigated by Jankowskal.[14] and Jarc-
Vu(r)=—Vo[1+aexp—(r</p)}] zyk et al.[10], it is possible to find a set of parameters pro-

ducing a reasonable fit to the elastic scattering data at 26
MeV. Observing that the energy-density functional approach
B —2 in the special adiabatic approximation may lead to a shallow
Win(r) = —Wo[ 1+exp{(r —R))/2a;}]"*. (2 optical potentia[26], a search for such a potential has also
] ) ) been made and included in the study.
The real and imaginary parts of the normal optical poten-  The parameter search has been carried out using the code

X[1+exp{(r—Rg)/2ay}] 2,

tial V(r) andW(r) are given, respectively, by scAT2 [29] modified by us to incorporate molecular and
Michel potentials. The parameters obtained from the best fit
V(r)=—Vo[1+exp{(r —Ro)/ag}] ™, to the elastic scattering data of theparticle by 2°Sj at 26
MeV incident energy are listed in Table I. The fits to the
W(r)=—Wo[1+exp{(r—R))/a}] L. (3) elastic data are shown in Fig. 1. In general, the fits with all
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FIG. 1. Solid lines represent calculated angular distributions for Angle ©__ (deg)

elastic scattering 26 MeV particles B3FSi using four types of
potentials noted above them and parameters listed in Table I. Open g5 2. calculated angular distributions in zero-range DWBA
circles are data frorfil4]. for the (o, p) reaction using four potentials noted in the upper right-

) ~ hand corner. The data, marked as open circles, are ffiain
four potentials are reasonable, although the shallow optical

potential fit is somewhat poorer_than those_ of the rest. F)aécopic factorsS for the cluster transfer have been deduced
rameters of the molecular and Michel potentials are the sa

m .
as the ones in Ref5]. from the expressiop30]

IIl. DWBA ANALYSIS ( da’) :ZJf+f 2 5( do ®)
expt

. dQ 23 +1 E) '
The zero-range DWBA calculations have been performed ! DWUCKS

using the codepwuck4 [30] which has been modified to
include the Michel potential in the distorting channels. TheHere @o/dQ)expr and da/dQ)pwucks are, respectively,
potential parameters in the distorting incident channel use¢he experimental cross section and that predicted by
in the DWBA calculations are noted in Table | for all four pwycks. J; andJ; are the total spins of the final and initial
potentials. The bound state wave function for the transferre@yclei, respectivelys=2.0 is the light particle spectroscopic
triton, considered as a point cluster, has been generated lpyctor.C? is the isospin Clebsch-Gordon coefficient. The de-
assuming a real Woods-Saxon well with its depth adjusted tgycedSvalues are listed in Table II. The normalization con-
reproduce the separation energy. These parameters aloBgantD?2 for thet-cluster transfer in the ZR calculations has
with the proton optical potential are also noted in Table l.peen estimated from the express[@2]
Corrections due to nonlocality81] of potential in the con-
ventional form have been applied using the nonlocality
rangesB(a)=0.2, B(p)=0.85, andB(t)=0.2 fm. The cor- do|  (2)+1) 22
rection in the triton-bound state form factor is found to pro- a0 C(23i+1)(2j+1) DoC”S a0 - (D
duce little effect on the cross section. The calculations using et pwWuCKa
all four potentials for the?®Si(a,p)3P reaction leading to
the 1/2" ground, 1.266 MeV 3/2 and 2.234 MeV 5/2  Here @do/dQ)ey and do/dQ)pwucks are, respectively,
states are compared with the data of Jankowslkil.[14] in  the experimental cross section and that predicted by
Fig. 2. pwuck4. The deducedDj values and the averagB3

To test the validity of using the molecular potential, the =2.25x 10* MeV? fm® have been shown in Table II. It is
full finite-range DWBA calculations have been carried outevident from Fig. 3 that the FFR calculations do not improve
using the codewucks [22]. The (+ p) bound state geom- fits over the ZR predictions and reduce the cross sections at
etry for the FFR calculations is shown in Table I. The FFRIlarger reaction angles even more. Nevertheless, the FFR cal-
predictions are compared to the data in Fig. 3. The spectrazulations allow us to extract the spectroscopic factors.
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FIG. 4. The coupling scheme for the CCBA used in calculations
shown in Fig. 3.

have been compared to the data in Fig. 3. The CCBA calcu-

lations improve the fits over the ZR and FFR calculations.

The inelastic 4 state atE,=4.618 MeV in ?8Si plays a
major role in the CCBA calculations in reproducing the

o ground state data. The coupling to the inelastic Sate to

10 0 20 40 80 8 100 120 140 160 180 the ground state of®Si is also significant in improving the

fits to the data for the 1.266 and 2.234 MeV states’ 6f.

The CCBA calculations seem to confirm the deformed shape

of the 28Si nucleus.

Angle ©__ (deg)

FIG. 3. The same as in Fig. 2 using CCBA instead of DWBA.

IV. CCBA ANALYSIS V. DISCUSSION AND CONCLUSION

The CCBA calculations using the molecular potential The present work reports, for the first time, the analyses
have been carried out using the catleucks [30], with the  of a three-nucleon transfer reaction using the molecular type
coupling scheme shown in Fig. 4 and the deformation papotential. While the patterns of the angular distributions for
rameters3,= —0.18 andB,= +0.08 for ?Si. In the CCBA  the reaction to the ground (172, 1.27 MeV (3/2), and
calculations, the depth of the imaginary part of the molecula.23 MeV (5/2") states of the final nucleus, are reasonably
potential(Table ) has been decreased to 10.5 MeV in orderreproduced by the DWBA calculations using the deep optical
to reproduce the angular distribution for the elastic scatterand Michel potentials, the predicted cross sections are off by
ing. All possible relative phases and various relative transi2 to 4 orders of magnitudes in each case. This agrees with
tion amplitudesag in the rearrangement paths have beenthe results of Refd.21,23 for the calculation with the deep
tried in the simplest possible coupling scheme. The transitiomptical potential and those of Xiumiet al. [36] who failed
strength in a two-step path is proportional to the square ofo reproduce the data for th®Ca(e,p)*3Sc reaction with
Bar. The CCBA predictions using the relative spectroscopicthe squared WS potential used by the Michel gr¢8a].
amplitudes given in Table Il for the 172ground, 1.266 MeV  However, the DWBA and CCBA calculations using the mo-
3/2",2.234 MeV 5/Z', and 3.415 MeV 7/2 state transitions lecular potential and assuming a simple triton-cluster transfer

TABLE Il. Cluster transfer configurationsi( number of noded,: angular momentujrused in the CCBA
are shown in columns 3-6. Column 7 indicates the relative spectroscopic amplitudes used in calculations
shown in Fig. 3. Columns 8 and 9 are, respectively, the spectroscopic factors deduced from the FFR calcu-
lations and the normalization constant for the §) reaction for the DWBA calculations.

Ey J7 Cluster transfer configuration Spect. Dgx 10*
(3*P) One-step Two-step Relative spect. factor  N&w®
MeV nlkqy nk, nk, nL, amplitudes S

0.0 1/2+ 3S 1G +01:+15 0.070 2.080.50
1.266 312 2D 2D 3S +01:+05:—05 0.031 2.56:0.64
2.234 5/2 2D 2D 3S 1G +01:+01:+02:-01 0.004
3.415 71Z 2G 3D 4S +01:+06:+02 0.003
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mechanism, reproduce not only the angular oscillations mor#lichel, on the other hand, usé&=3.95 fm. At this dis-
satisfactorily, but also the correct order of absolute crossance, the two nuclei have interpenetrated each other sub-
sections for each of the four final states including the one agtantially. In the DWBA theory, the stripped particles from
3.42 MeV excitation of*'P. The calculation using the shal- the projectile are assumed to drop on the nuclear surface and
low potential reproduces the magnitudes up to 100° or sohence, the treatment may be somewhat sensitive to the actual
but then decreases sharply at large angles. Thus, the moleoalue ofR¢ .
lar potential is the only one to account for the data for the One may summarize from the displays in Figs. 1-3 that,
ground (1/Z), 1.27 MeV (3/2), and 2.23 MeV (5/2)  while the molecular, the Michel with the squared WS geom-
final states over the entire angular distributions. Furthermorestry, and the normal optical potentials produce more or less
the present analysis indicates that the data for the reacticthe similar quality of fits to the elastic data, their use in
can be successfully described without any compound nucleugescribing the transfer data for the,p) reactions leads to
contribution, as included by Jankowski al. [14], which is  significantly different results, with only the molecular one
highly improbable at the incident energy considered here. accounting for the observed data in terms of both absolute
A pertinent question arises as to why the Michel potentialcross sections and angular distribution. This supports
which has been so successful in accounting for ALAS in theSatchler's contentiofid7] that the real test of a potential set
elastic scattering on many targés;7,32,33 including 2Si generated from the analysis of elastic scattering data lies in
in the present work, fails to reproduce the data of theits ability in reproducing the nonelastic data. The present
28Si(a,p)®*P reaction. The Michel potential has also beenwork seems to suggest preference for the molecular potential
found to be inadequate for the one-nucleon transfer reactioover other forms of ther-nucleus potential in describing the
[12]. Aside from the fact that the Michel potential is mono- angular distribution of thed, p) reaction on’®Si at 26 MeV.
tonic, whereas the molecular is nonmonotonic, one may notghe finding demands further investigation with other targets.
that the two potentials differ significantly in defining the
Coulomb radius. In case of the molecular potential, the Cou-

lomb radiusR is the distance wheréSi barely touches the ACKNOWLEDGMENTS
« particle. The observed density distributigr{y) for 28Si is . .
given by[34] The interests and assistance of Professor M. Brenner are

gratefully acknowledged. This research work was made pos-

sible by Grant No. INT-9808892 of the U.S. National Sci-
® ence Foundation and a grant from the Ministry of Science &

Technology, Government of Bangladesh, which are thank-
with ¢=3.14 fm andd=0.537 fm. Thus, at=6 fm, p(r) fully acknowledged. One of us, S.K.D., is also thankful to
=0.005(0). A reasonable density distribution farparticle ~ the American Institute for Bangladesh Studies for a travel
is 4 (y/ 7)¥?exp(—yr?) with y=0.5[35]. This is about 0.001 grant to the U.S. The authors are also thankful to Professor
atr=3.35 fm. Thus, a reasonable valueRy is (6.00+3.35 P.D. Kunz of the University of Colorado for making codes
=9.35 fm, which is used in the molecular potential. TheDbwuck4, bwucks, andCHUCK3 available to them.

-1

r—c
1+exp——

p(r)=p(0) d

[1] J. C. Correlli, E. Bleuler, and D. J. Tendam, Phys. RE6, [10] L. Jarczyk, B. Maciuk, M. Siemaszko, and W. Zipper, Acta

1184(1959. i Phys. Pol. B7, 531(1976.

[2] H. Oeschler, H. Schter, H. Ficjs, L. Baum, G. Gaul, H. [11] F. Schmittroth, W. Tobocman, and A. A. Golestaneh, Phys.
Ludecke, R. Santo, and R. Stock, Phys. Rev. L2&. 694 Rev. C1, 377(1970.
(1972.

[12] S. K. Das, A. S. B. Tarig, A. F. M. M. Rahman, P. K. Roy, M.
N. Huda, A. S. Mondal, A. K. Basak, H. M. Sen Gupta, and F.
B. Malik, Phys. Rev. (60, 044617(1999.
E [13] H.-J. Apell, W. Gemeinhardt, R. Stock, R. R. Betts, O. Han-

[3] A. Bredbacka, M. Brenner, K.-M. Klanan, P. Mangard, Z.
Mate, S. Szilayi, and L. Zolnai, Nucl. PhysA574, 397
(1994).

[4] P. Manngad, M. Brenner, M. M. Alam, |. Reichstein, and

B. Malik, Nucl. Phys.A504, 130 (1989 sen, A. Sperduto, H. Fuchs, and R. Santo, Nucl. PAg<l6,

[5] A. S. B. Tarig, A. F. M. M. Rahman, S. K. Das, A. S. Mondal, _477(1975. . .
M. A. Uddin, A. K. Basak, H. M. Sen Gupta, and F. B. Malik [14] K. Jankowski, A. Grzeszczuk, M. Siemaszko, A. Surowiec, W.
Phys. Rev. (59, 2558(1999. Zipper, A. Budzanowski, and E. Kozik, Nucl. Phy&426, 1

[6] F. Michel, J. Albinski, P. Belery, Th. Delbar, Gh. Gaire, B. (1984.

Tasiaux, and G. Reidemeister, Phys. Rev28:1904(1983.  [15] W. Hauser and H. Feshbach, Phys. R&¥. 366 (1952.
[7] F. Michel, G. Reidemeister, and S. Ohkubo, Phys. Rev. Lett[16] P. E. Hodgson, Lecture at Int. Summer School, La Rabida,

57, 1215(1986. Spain, 1985unpublished

[8] W. Trombik, K. A. Eberhard, and J. S. Eck, Phys. Revi  [17] E. Gadioli and P. E. Hodgson, Rep. Prog. Phgg, 247
685 (1975. (1989.

[9] A. M. Kobos, B. A. Brown, R. Lindsay, and G. R. Satchler, [18] R. Bonetti, F. Crespi, and K.-I. Kubo, Nucl. Phys499, 381
Nucl. Phys.A425, 205 (1984. (1989.

054606-5



S. K. DASet al. PHYSICAL REVIEW C 62 054606

[19] H. Oberhummer, Nuovo Cimento B5, 253(1980. [31] F. G. Perey, irProceedings of the Conference on Direct Inter-

[20] N. S. Chant and N. F. Mangelson, Nucl. Phys140, 81 actions and Nuclear Reaction Mechanisnd@&ordon and
(1970. Breach, New York, 19638 p. 125; Phys. Rev131, 755(1963.

[21] F. Brunner, H. H. Miler, C. Dorninger, and H. Oberhummer, [32] Th. Delbar, Gh. Grgoire, G. Paic, R. Ceuleneer, F. Michel, R.
Nucl. Phys.A398, 84 (1983. Vanderpoorten, R. Budzanowski, H. Dabrowski, L. Friendl, K.

[22] F. Hoyler, H. Oberhummer, T. Rohwer, G. Staudt, and H. V. Grotowski, S. Micek, R. Planeta, A. Strzalkowski, and A.
Klapdor, Phys. Rev. G1, 17 (1985. Eberhard, Phys. Rev. ©8, 1237(1978.

[23] J. J. Hamill and P. D. Kunz, Phys. Left298, 5 (1983. [33] F. Michel, G. Reidemeister, and Y. Kondo, Phys. Re\51;

[24] M. Walz, R. Neu, G. Staudt, H. Oberhummer, and H. Cech, J. 3290(1995.

Phys."Gl4, Lo1 (1988. [34] H. de Vries, C. W. de Jaeger, and C. de Vries, At. Data Nucl.
[25] T. Kajihara, Y. Yamamoto, and K.-I. Kubo, Nucl. Phy&568, Data Tables36, 495 (1987

499 (1994. . . .
[26] | Rte(ichs?ein and F. B. Malik, Phys. Le87B, 344 (1971) [35] L. R. B. Elton, Nuclear SizegOxford University Press, Ox-
' N, ) . ) ford, 1961.
[27] T. Wada and H. Horiuchi, Phys. Rev. Lef8, 2190(1987). Lo .
[28] T. Wada and H. Horiuchi, Phys. Rev. 8, 2063(1988. [36] B. Xjumin, L. Shuming, W. Yuanda, Y. Rongfang, H.
[29] O. Bersillon, The CodescaT2, NEA 0829 (private communi- Bingyin, and S. Zyxun, Ch_m' J. Nucl. P_hy"s. 226(1989.
[37] G. R. Satchler, inProceedings International Conference on

cation. ] Y _
[30] P. D. Kunz, The Codeswucka, DWUCKS, andCHUCKS (private Reactions between Complex Nugledited by R. L. Robinson
communicatioh et al. (North-Holland, Amsterdam, 1974p. 171.

054606-6



