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Systematical study of the optical potential for systems likeA+ °&Ni
from sub-barrier data analyses
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Elastic scattering differential cross sections were measured féf#ie ®Ni system at sub-barrier energies.
The corresponding nuclear potential was compared with earlier results of systersHili. The present
data also allowed the determination of tFiSi nuclear density through an unfolding method. The experimen-
tally extracted?®Si density values are compared with those previously obtained foftHe, 'C, 6%
nuclei. We present a critical discussion of the absolute precision obtained for the density parameters extracted
from the data analyses.

DOI: 10.1103/PhysRevC.67.067603 PACS nunier24.10.Ht, 21.10.Ft, 21.10.Gv

We present elastic scattering angular distributions for thelei. In this work, we also discuss the absolute precision for
285j+ 58N system at sub-barrier energies. One of the purthe experimentally extracted density parameters and the con-
poses of the experiment was the determination of the nucleaistency of the results with an earlier extensive systematics
potential for this system in the surface region. This methodf heavy-ion densitie§7].
was successfully applied to several other systems involving The measurements were made using & beam from
the same target and th&C, %1% nuclei as projectiles the Sa Paulo 8UD Pelletron Accelerator, Brazil. The detect-
[1-6]. As discussed in these earlier works, at sub-barriefnd System was already described in Réf. Figure 1 shows
energies the imaginary part of the optical potential is neglitN€ elastic scattering cross sections for ##8i+°Ni sys-
gible since the corresponding reaction cross section is ver{f™- IN the optical model calculations, we have adopted a
small. Therefore, the elastic scattering data analysis in thigrocedure similar to that described in the analyses of the

energy region unambiguously determines the real part of thgub-barrler data for several systeffis-6. As a first step, we

interaction. ——

In recent works[7—10], we have developed a nonlocal - E,_, = 74.0 MeV R
model for the nuclear interaction that is based on quantum
effects related to the exchange of nucleons between the target
and projectile. The nonlocal model has provided a good de- e —755Mev
scription of the elastic and inelastic scattering, transfer, and P
fusion processes for several systems in a wide energy range
[3,5,6,8—11 The model has also provided good predictions
for an extensive systematics of potential strengths extracted
from heavy-ion elastic scattering data analyfék In the
present work, we compare the potential for tFiSi+ 58Ni
system with the results of such a systematics and also with
other results for systems involving the same target nucleus,
i.e., 12C, 16150+ 58 (from Refs.[3,5,6]), and *#®He+ 5®Ni
(the data for these systems can be found in Ri], but the
corresponding nuclear potentials were not published o far

If the nonlocal model is assumed for the interaction and
the density of one nucleus is known, an unfolding method
can be used to extract the nuclear density of the other I
nucleus from the elastic scattering data analyses. The method P P TP S R R
has already been successfully applied in the experimental 40 60 80 100 120 140 160 180
determination of densities for th&®He, *°C, and '®*0 nu- 6, (degree)
clei [5,6,12,13. In the present work, we use this method in
the data analyses of thiéSi+ **Ni system at sub-barrier en-  FiG. 1. Elastic scattering angular distributions for tA&si
ergies, with the aim of obtaining th&Si nuclear density in 4 5Ni system at sub-barrier energies. The solid lines represent op-
the surface region. We compare tReSi extracted density tical model predictions, in which the nonlocal model is assumed for
values with those experimentally obtained for the other nuthe real part of the interaction.
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In the present work, the nonlocality correction has little ef-
fect since we analyze near barrier data. In this energy region
the nonlocal potential is almost identical to the folding one
[see Eq(D)].

The folding potential depends on the densities of the two
partners in the collision

VE(R) = J p1(r)pa(r)Ug(R—r1+1p)drdr,.  (2)

In Ref.[7] a systematization of nuclear densities has been
proposed, based on an extensive study involving experimen-
tal and theoretical densities. The two-parameter F&2mi)
distribution was adopted to describe the nuclear densities,
and a distinction between nucleon and matter distributions
was made by taking into account the finite size of the

R (fm) nucleon[7]. The radii of the 2pF distributions are well de-
scribed by
FIG. 2. The nuclear potential strength as a function of the sen-
sitivity radius for the*®He, *2C, %10, and ?Si+%8Ni systems. R,=1.31AY3-0.84 fm, 3

The lines represent the results of the nonlocal model, using the
matter distributions of the nuclei within the zero-range approachyhere A is the number of nucleons in the nucleus. The

(solid lines or the nucleon densities with the M3Y interaction nycleon and matter densities present average diffuseness val-
(dashed lines The parameters of the densities involved in the Cal'ues of§N=0.50 fm and§M=0.56 fm, respectively. Owing

culations are presented in Table | and Fig. 3. i . .
P 9 to specific nuclear structure effectsingle particle and/or

collective), the parameter®, and a show small variations

have assumed a Wo_ods-Saxon_ shape for th‘? real a_nd Ma@ftound the corresponding average values throughout the pe-
nary parts of the optical potential. Our experiments indicalg;,qic taple. However, as far as the folding potential is con-

that .peripheral reaction c_han_nels present no significant C0%%rmed, the effects of the structure of the nuclei are mostly
section at the energy region in which the data were obtainedy esent at the surfacef the potentialand are mainly related
Taking this into account, the parameters of the imaginar o the diffuseness paramet@f the densities[7].

part of the potential were taken so as to provide small | aytensive optical potential systematics of Rl

strengths in the surface region and complete internal absor[a\—,aS performed within this context. The experimental poten-

tion from barrier penetration, through a large imaginary PO+ja) strengths were described within 25% precision, by com-

tential internal to the barrier and a regular boundary Condibining Egs.(1) and (2) through two different methodsi)

tion at the orgin. :j/\./'th these con_dltl_ons, th_e_ elastic scatterin sing the nucleon distributions of the nuclei and an appro-
cross section predictions are quite insensitive to variations of ja1a form for the nucleon-nucleon interaction., aliidl us-

the imaginary potential parameters. The depth and diffus€yy the matter distributions of the nuclei with a zero-range

ness parameters of the real part of the optical potential were - . .
searched for the best data fits. For each angular distributior"f‘,pproaCh forg(r). As shown in Ref{7], both alternatives

: ; : ; . ivalent in describing the heavy-ion nuclear potential.
we found a family of potentials that give equivalent data fits. @€ equiva .
The point at which these potentials cross defines the sensi- In R_ef. [7), we also_de_monstratepl thqt the fo_Idmg poten-
tivity radius, where the value of the potential is determinedt'al arising from 2pF distributions Wlth_sllghtly_ different dif-
without ambiguity(see, for example, Ref§3—6]). At sub- fuseness parameters can be appropriately simulated by con-

barrier energies, the sensitivity radius is energy depende jdering the folding of wo distributions with the same

and the nuclear potential can therefore be obtained over ; [fluseness valuea=(a,+a,)/2. This procedure was used

large range of surface radial distances by varying the incii the present work to describe the experimental potential

dent energy. This dependence determines the diffuseness %t(engths(see the solid "”e§ n Fig.)2Equatipn(3) _give; .
the potential, as can be observed in Fig. 2 for {iele, 12C accurate results for the radii of heavy nuclei, but it fails in
16,18 28g; +'58Ni systems ' " 7" the case of light nuclei in which the effects of structure are

inifi 4.6
The elastic scattering data analyses for different system'g1ore significan{7]. Therefore, for the"”He we have also

in a wide energy range have resulted in phenomenologicaﬁons'_?egfdln_ql_?]re rﬁahsucfﬁd” asttobt3_|frr1ed in RE1S, 19
optical potentials with significant dependence on the bom:S€€ 12 e)l The values of the matter diffuseness were con-

barding energie§14]. We have developed a model that as- sidered as free parameters and adjusted to reproduce the ex-

sociates this dependence with nonlocal quantum eﬁectgerimen_tal potential strengths. The r_esulting values are pre-
[7—10]. Within this model, the bare interactiovy is con sented in Table I. The results obtained with the nonlocal
- . l N -

nected with the folding potentiaf- throuah mode_l for the elastic scatter?ng _cross_se_ctions of tf@i

gp F 9 +%8Ni system are presented in Fig.(dolid lineg. The the-
) oretical calculations fail to reproduce the oscillations ob-
VN(R,E)=Vg(R)e 8IE-Vc(R-UNR B ne”, (1)  served in the dataset. We believe that such oscillations are
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TABLE |. The diffuseness values of the matter distributions and

12, -
the radii of the projectiles considered in the calculations of the ®a ‘C —a=052fm
nuclear potentials. e o "0 —a=053fm
uclear potentials. o'l S a-0&sim
A ®Si ——a=058fm

System Model Ry (fm) ay (fm)
4He+ %8Ni Eqg. (3) 1.24 0.50 -
Ref.[13] 1.64 0.48 C 107} o ‘He i
Ref.[15] 1.26 0.50 < S 82‘1* ;m
fHe+ %8Ni Eq. (3) 1.54 0.54 [ a=0.28fm
Ref.[15] 1.23 0.56 : o
. o] e
2C+*Ni Eqg. (3) 2.16 0.56 10°F ——a=051fm i
160+ 58N Eq. (3) 2.46 0.57 f ---- a=0571m
80+ 58N Eq. (3) 2.59 0.61 i .
285+ S8Njj Eq. (3) 3.14 0.58 T T T ]
m “C —a=048fm |
) o ®0 —a=049fm
10 A "0 —a=057fm 3
due to the coupling to some particular reaction channel. A ®§ ——a=053fm ]

However, we have not investigated this possibility in the

present work, because our intent is to show the quality of the

predictions of the nonlocal model. An inspection of Fig. 1 <~ 102

shows that such predictions are in agreement with the averé

age behavior of the data. Q
The values for the matter diffuseness presented in Table

should be compared with the average diffuseness obtained i

the extensive systematics of R¢7]: a),=0.56 fm. In the
systematics, a dispersidastandard deviationof about 0.025

fm around the average value was found and was associate 0 > "‘ 6
with effects of the structure of the nuclei throughout the pe-

riodic table. The*He+ °®Ni and 80+ ®Ni systems present r (fm)

matter diffuseness differing from the average valug, ( FIG. 3. Top—experimental nucleon density values at the sensi-
=0.56 fm) by about two standard deviations. In th% tivity radii for the *®He, 2C, 16180, and 28Si nuclei, extracted
case, this behavior is connected with the two off-shell vafrom elastic scattering data analyses at sub-barrier energies. The
lence neutron§6]. On the other hand, from electron scatter- solid lines correspond to two-parameter Fermi distributions, with
ing experiments, the diffuseness of thide charge distribu- radii obtained from Eq(3) (see Table) and diffuseness values as
tion has already been found to be significantly smaller tharndicated in the figure. The dashed and dotted lines correspond to
those for heavy |On$16] We mention that the |arge uncer- realistic SF and 2pF distributions obtained in R¢i%,13, respec-
tainty of the potential strength for tHHe+ 58N system(see tively. Bottom—the .dens.ity values have been decreased by 25%,
Fig. 2) results in a large uncertaintgbout 0.03 fm for the and the corresponding diffuseness values have been recalculated.
corresponding density diffuseness.

If the nonlocal model is assumed for the interaction, anddetermination of the potential strengths at the sensitivity ra-
the density of one nucleus is known, an unfolding methodlii. We have assumed the 2pF distribution to describe the
can be used to extract the ground-state nuclear density of th&Si density. The diffusenessa() and radius Ry) were
other nucleus through the elastic scattering data analysesearched for the best elastic scattering data fits, withpthe
Here, the double-folding potential is considered in the usuaparameter determined by the normalization condition. For
form: the nucleon densities and the M3Y effective nucleon-each angular distribution, we have found a family of densi-
nucleon interaction are adopted in HE). The method has ties that give equivalent data fits. These densities cross at the
been successfully applied in the experimental determinatiosensitivity radius, where the value of the density is deter-
of densities for the*®He, 'C, and %% nuclei, and the mined without ambiguity.
resulting densities have been shown to be consistent with the Figure 3(top) contains the experimental nucleon density
experimental electron scattering daftd,6,12,13. In the  values for*®He, 1°C, 101%, and?%Si at the corresponding
present paper, we describe the method in a quite concisgensitivity radii, as obtained from elastic scattering data
manner, and we invite the reader to obtain further details in analyses of several angular distributions forZNi sys-
complete discussion presented in R¢f6,17. In the data tems. The statistical error bars for the density values have
analyses, we have used a theoretical Dirac-Hartreeseen determined as described in H&f. We have adjusted
Bogoliubov density for the’®Ni nucleus[17], since the re- 2pF distributions to the experimental density valisslid
sulting predictions for electron scattering cross sections arknes in Fig. 3, top, using the corresponding radii of E(B)
in very good agreement with the dg&12]. The ?®Si den-  (see Table )l and considering the nucleon diffuseness as a
sity was obtained with a procedure similar to that used in thdree parameter. The results obtained for the values of the

10°F

067603-3



BRIEF REPORTS PHYSICAL REVIEW &7, 067603 (2003

diffuseness are indicated in Fig.(®p). The dashed lines in sponding values of the diffuseness are about 7% smaller than

Fig. 2 represent the nuclear potentials obtained using theglhose obtained without the reductigsee Fig. 3, and they

2pF distributions for the nucleon densities of the projectilesapproach the average diffuseness obtained in [Rgf.

and the M3Y effective nucleon-nucleon interaction. In this work, we have presented elastic scattering data at
As demonstrated earli¢5,6,12,13, information about the  sub-barrier energies for th&Si+*Ni system. The corre-

density in the surface region is obtained from sub-barrieponding data extracted nuclear potentials at the sensitivity

elastic scattering data analyses, while intermediate energydii have been compared with those for th#e, 12C, and
data analyses probe the density in much inner distances. This,igy , s8y; systems. All the results for the potentials are in

fact has already been usgt3] to determine a 2pF distribu-
tion for the “He nucleus(dotted line in Fig. 3, top The
corresponding results for the radius and diffuseness are ind
cated in Table | and Fig. &op), respectively. In Ref[15],
the nuclear*®He densities were obtained from elastic scat-
tering data analyses for th&®He+ p systems at 700 MeV/

very good agreement with the nonlocal model in the context
of the systematics for the nuclear densities of Réf. We
Kave also applied the nonlocal model to extract density val-
ues from data analyses. In this case, larger systematical er-
rors are expected in comparison with those involved in the
determination of potential strengths. Within the estimate of
&he systematical uncertainties, the density diffuseness experi-

'g‘ljlerzc“oﬁt- In thatt W(t)rz' .dlfflerglnt parame'ctrlgatéogs for thementally extracted from data analyses is also in good agree-
e density were tested, including symmetrized Fe(&#) ent with the systematics of Réf7]. The uncertainty of the

Qistributio_ns._ For_ the purposi of compar@son, the COITeSPONGypsolute values for the diffuseness is about 7%, but the com-
ing SF c_ilstrlk_)utlo_ns for the®®He nuclei are |_ncludeq as parison of results for different nuclei is probably less ex-
dashed lines in Fig. 8op), and the corresponding radii and posed to systematical errors. In fact, the use of the same
diffuseness are preser_lted in Table | and Figtop). method(and same target nucleusould provide partial can-

. The values found 1'21the preige”_t work_ for the nUCIeoncellation of the effects of the systematical errors. Taking this
diffuseness of thé“C, **%0, ﬂ]d Si nuclei are somewhat into account, our results clearly demonstrate that'tHe and
greater than the average valug & 0.50 fm) obtained inthe 180 have, respectively, the smallest and the greatest diffuse-
systematics of Ref[7]. This seems to be an inconsistent ness among all the nuclei studied in the present work. The
result. However, the determination of density values at thelZC' 160, and 28Si nuclei present similar diffuseness ap-
sensitivity radii is exposed to systematical errors that arisgroaching the average value of RET]. Besides the system-
from several sourcesi) the dependence of the results on the gtjcal error, the diffuseness of thHe exotic nucleus has
shape assumed for the projectilé) the theoretical density peen determined within greater statistical uncertainty
assumed for the targetiii) the contribution of the polariza- (~0.03 fm), but our analysis indicates that its diffuseness is
tion potential that has not been included in our analyses, el@omparable with those of heavy nuclei and much greater

In previous works[5,6,12,13, we have estimated the Sys- {han the value found for the neighboring staBlée.
tematical error of the density values as 20% to 30%. With the

aim of illustrating the effect of this error in the determination ~ This work was partially supported by Fundacde Am-
of the diffuseness of the density distributions, in Fighdt-  paro aPesquisa do Estado dedsRaulo(FAPESP and Con-
tom) we show experimental density values decreased bgelho Nacional de Desenvolvimento Cidicb e Tecnolgico
25% in comparison with those of Fig. @op). The corre- (CNPQ.
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