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a-nucleus optical potential in the double-folding model
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The double-folding formalism for the-nucleus optical potential is revised to study the exchange effects and
density dependence of the effective nucleon-nuclédN)(interaction in detail. A realistic density dependent
M3Y interaction, based on th&-matrix elements of the ParidN potential, has been used in the folding
calculation. The local approximation for the nonlocal one-body density matrix in the calculation of the ex-
change potential was tested by using the harmonic oscillator representation of the nonlocal density matrices of
the a-particle and target nucleus. The inclusion of a realistic density dependence into the effédtinter-
action was shown to beital for a correct description of the refractive-nucleus scattering data. A high
sensitivity of the density distributions of the-particle and target nucleus to the shape of éheucleus
potential was found, which can be used in the folding analysis to test various density modelsdepahécle
and target as well as to choose the most realistic approximation for the overlap density in the dinuclear system.
Our results also stress the importancenefiucleus scattering experiment in the nuclear structure study.
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[. INTRODUCTION versions of the DD give, by design, the same saturation val-

ues, they do result in different values of the nuclear incom-

During the past two decades, the double-folding modepPressibilityK. These density dependences of the M3Y inter-

[1] has been widely used to generate the real parts of both trEtion have been carefully tested in the folding analysis of
a-nucleus and heavy-ior(HI) optical potentials. It is refractive a-nucleus and light HI elastic scattering

: : . [13,14,16,17, and one was able to conclude from these stud-
stralghtforvv_ard to see tha_t folding mod_el gener_ates t_he fIrSti[es thatK values ranging from 240 to 270 MeV are the most
order term in the expression for the microscopic optical po

. . . } ‘appropriate for the cold nuclear mattgk6] (an important
tential that is derived from Feshbach’s theory of nuclear re¢oncusion for the nuclear equation of sfate

actions[2]. The success of this approach in describing the  The main features of the new version of the folding model
observed elastic scattering of many systems suggests that thgs,18,19 are the inclusion of a realistic DD into the effec-
first-order term of the microscopic optical potential is indeedtive NN interaction and the explicit treatment of the ex-
the dominant part of the real HI optical potentjal. change potential using a realistic local approximation. In
The basic inputs for a folding calculation are the nucleargeneral, the calculation of the exchange potential is quite
densities of the colliding nuclei and the effective nucleon-complicated due to its nonlocality. An accurate local ap-
nucleon (N\N) interaction. A popular choice for the effective Proximation can be obtained for the exchange potential by

NN interaction has been one of the M3Y interactions which{'€ating the relative motion locally as a plane wave, similar
were designed to reproduce ti@matrix elements of the to the prescription developed for the nucleon-nucleus optical

: . o . .~ potential[20,21]. However, the evaluation of thiecalized
Reid [4] anq .PaI’IS[S] NN potepUaIs n an oscillator basis. exchange potential still contains a self-consistency problem
These densityndependenM3Y interactions have been used 5 inyolves an explicitsix-dimensional integration over

with some success in folding model calculations of the Hlihe nonlocal density matrices of the two colliding nuclei.
optical potential at relatively low energigs], where the data  |smail et al. [22] have recently studied the accuracy of the
are sensitive to the potential only at the surface. However, iftocal approximation for the one-body density matiid) in
cases of refractive nuclear scattering, characterized by thiae folding model using the wave function based on har-
observation of “rainbow” feature¢see Refs[6-11]), the  monic oscillator model. They have shown that the numerical
scattering is sensitive to the optical potential over a widererror of the local approximation for the one-body DM could
radial domain and the simple M3Y-type interaction failed tobe up to 20%, but did not check this in any optical model
give a good description of the data. This has motivated théOM) analysis of elastic nucleus-nucleus scattering. A more
inclusion of an explicit density dependence into the originalaccurate study of the single-nucleon exchange in the double-
M3Y interactions[12], to account for the reduction in the folding model by Soubbotin and Vas[23] has shown that
attractive strength of the effectiéN interaction that occurs the local approximation for the one-body DM used in the
as the density of the nuclear medium increases. folding model is quite appropriate if a realistic expression is
A Hartree-Fock study of nuclear mattéMM) [13,14 has  used for the kinetic energy density. But they have not
also shown that, as expectftb], the original densitynde-  checked either the discussed effect in the OM analysis of
pendentM3Y interaction[4,5] failed to saturate cold NM, elastic data.
leading to collapse. Therefore, several parametrizations of In the light of these results, we find it necessary to con-
the density dependend®D) for the M3Y interaction were sider the problem in more detail. The best testing ground for
introduced 13,14,14 in order to reproduce the observed NM our purpose is theefractive a-nucleus elastic scattering,
saturation density and binding energy. Although differentwhere the data were proven to be very sensitive to the real
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optical potential at small distances. We also show in the  Local approximation for the one-body density matrix
present study how the introduction of the DD into the M3Y

int " frects the foldi tential and thi Even the evaluation of the exchange potential in the lo-
intéraction aftects the folding potential and compare this,, ;o 4 form(3) is complicated: it contains a self-consistency

\(/:vr;t:ngéetee;f;ect caused by different treatments of the ex-problem becausek (E,R) depends upon the potential
' V(E,R) itself, and involves the integration over the nonlocal
(one-body density matrices of the colliding nuclei. In gen-

Il. THE DOUBLE-FOLDING MODEL eral, the nuclear densitigs,»)(r) are taken either from an
accurate nuclear structure model or directly from the electron
Ref. [19] and we only recall briefly its main features. In scattering data, and the calcglation of t.he. exchange po.tential
general, the projectile-targdtea) optical potential can be (3) can be dong16,18 by using a realistic approximation
evaluated as a Hartree-Fock-type potential of the dinucleder the nonlocal DM[20,24
system

The details of the double-folding formalism are given in

s\. S
p(r,r+s):p(r+§ J1 kp(r+§ s, 5
V:i ; A[<ij|vD|ij>+<ij|UEX|ji>]:VD+VEXv (1)
with
where the nuclear interactioniis a sum of the effectivélN
interactionsv;; between nucleor in the projectilea and
nucleonj in the targetA. The antisymmetrization of the di- 71(3) = 3] 1(X)/x=3(sinX— X cosxX)xC. ©6)

nuclear system is done by taking into account the so-called
single-nucleon knock-on exchange effetise interchange
of nucleons andj).

The direct term is localprovided that theNN interaction
itself is loca), and can be written in terms of the one-body
spatial densities,

To accelerate the convergence of the DM expansion, Campi
and Bouyssy(CB) [24] have suggested to choose, for a
spherically symmetric ground state density, the local Fermi
momentumkg(r) in the following form:

Vp(E,R)= j pa(ra)pa(ra)vp(p,E,s)d3r 4d3r 4,

5 1 1/2
kF(r)Z{m T(f)—ZVZP(Y)“ : (7)

S=rp—r,+R, 2

wherepa(ra)=pa(ra.ra) is the diagonal part of the nonlocal Assuming the CB prescription, we choose further the ex-
(one-body density matrix for the projectile, and similarly for tended Thomas-Fermi approximation for the kinetic energy

pa(ra) for the target nucleus. density 7(r), and the local Fermi momentum is obtained as
The exchange term is, in general, nonlocal. However, an

accurate local approximation can be obtained by treating the

relative motion locally as a plane way20,21] 23 5C{Vp(r)]? 5V2p(r)| Y2

3
kF<r>=H§w2p<f>} TR 3k |

VEX(EiR):f pa(Ta:fatS)pa(ra,ra—Svex(p,E,s) ®)
X exp @) d3r ,d3r 4. (3) WwhereCg is the strength of the so-called Weizkar term
M representing the surface contributionstoFor a finite fermi-

onic system, the commonly accepted value of the Weiz-

K(E,R) is the local momentum of relative motion deter- sacker term[25] is Cs=1/36, denoted hereafter as CB1 ap-
mined as proximation. It was also suggest¢@l6] that in a region of
small density or highv p (like the nuclear surfagehe Weiz-
sacker correction term to the kinetic energy density should
—[Eem~V(E,R)=Vc(R)], (4)  be enhanced and have a strengthCaf= 1/4, denoted here-
h after as CB2 approximation. In our previous folding calcula-

tions[16—18 we have used the CB2 approximation which
w is the reduced massy =aA/(a+A) with a and A the  generally gives a slightly better OM fit to the data. The re-
mass numbers of the projectile and target, respectively. leent studie$22,23 of the DM expansion have shown, how-
the calculation of the local momentumV(E,R) ever, that the CB1 approximation gives a more correct local
=Vp(E, ,R) +Vex(E,,R) andV(R) are the total nuclear expression for the DM. We will discuss this aspect here in
and Coulomb potentials, respectively. more detail by comparing results given by the CB local ap-

2
K2(E,R)= &
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TABLE I. Harmonic oscillator parametefsee Eqs(12) and(15)] for the ground state densities of the
particle, *2C, and *%0 with the corresponding rms radii.

Nucleus Version b ms Reference rnis rms
(fm) (fm) (fm) (fm)
‘He A 1.4044 1.7200 Ref23] 1.47+0.02 1.58-0.04
B 1.2658 1.5503 this work
C 1.1932 1.4613 Refi]
2c 1.5840 2.3316 this work 2.330.01 2.35-0.02
150 1.7410 2.6115 this work 2.610.01

dEmpirical rms radius given by the experimental charge density from elastic electron scatteriigldata
unfolded with the finite-size proton distribution.

Empirical rms radius given by the Glauber model analyd 43 of the experimental interaction cross
section.

proximation with the “exact” results in cases where awhere

simple harmonic oscillator model is appropriate for the DM.
Assuming the local CB approximatiofb) and using the

energy and density dependent exchange interaction

vex(p,E,s) given below in Sec. Ill, one easily obtains the

self-consistent and local exchange potentak as

2
_?)_

If one takes the h.o. paramete;=1.1932 fm(version C in
Table ) then the density12) is exactly the Gaussian form
for the @ density adopted in Ref1], which has a rms radius
of 1.461 fm (quite close to the empirical value of 1.47
+0.02 fm.

4
pa(r)Epa(rvr):Wex% (12)

Vex(E,R)=4m f vex(p,E,8)jo(K(E,R)S/M)s?ds
0

X f fa(r,s)fa(Jr—RJ,s)d%, 9 In recent years, many interesting data have been measured
for systems involvingp-shell nuclei like °C and 0. The
where h.o. form has already been used in the pagi for the den-
sities of these nuclei in the folding model calculation, and it
Fagay(T+8) = Paay(F)] 1(kFa(A)(r)S)- (10) is expected to be reasonable if the h.o. parameter is chosen to

reproduce the empirical value of rms radius. With 12 nucle-

ons in 2C fully occupying the lowess: andp2 h.o. shells,
p(r,r+9) is in general a nonlocal function which also de-
pends upon the relative orientation between the two vectors
ands. However, the effect due to different orientations be-
tweenr ands is negligible compared to the DM value itself
[22,24) (see numerical “error bars” in Fig. 1 of Ref24)),
and one can represent the ground state DMfar explicitly

The exchange potenti@®) can then be evaluated by an it-
erative procedure which converges very fast.

Exact treatment of the one-body density matrix using
harmonic oscillator representation

The simple harmonic oscillatdh.o) model was already
used by Campi and Bouys$24] to treat explicitly the non-
locality of the DM for the justification of the local approxi-

mation (5)—(7). In the same way, it is possible to explicitly s|?
evaluate the exchange part of the folding poten(@alusing ) r+—
the h.0. model for the DM. One should keep in mind, how- . - o 4 (1+ Alr+9r s 2
ever, that the h.o. model is a simple approach which cannof "’ %3 3b? 4b? b?

give the correct description of the nuclear surface and (13
asymptotic tail of the density distribution. Therefore, we
consider here only systems of strongly bound nuclei ike Assuming the lowess$3, p3, andp3 h.o. shells fully occu-

particle or *?C (for which the use of h.o. model is reason- pied by 16 nucleons if€0, the ground state DM for this

able.

nucleus can be represented in the same way as

a particle is a unique case where a simple Gaussian can

reproduce very well its ground state dengity. Assuming 4

nucleons to occupy the lowest h.o. shell in *He, one
obtains exactly the nonlocal ground state DM for thear-

ticle as
S
exp — ,

4n’,

2

42 11
r+5 (11

pa(r,r+S)=pa(

2

s
4 2|r+9r ¢ |72
p(rI+9)=—zp3| 1+ — 2 T2 b2
(14

The ground state density dfC or 1°0 is evaluated as diag-
onal part of the density matri¢l.3) or (14)
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TABLE II. Parameters for the Fermi modidee Eq.(18)] of the ground state density distributions for
12¢, 180, 58Ni, and °°Zr with the corresponding rms radii.

Nucleus Version Po c a rms Reference rnis
(fm~3) (fm) (fm) (fm) (fm)

2 I 0.207 2.1545 0.425 2.298 R¢R8] 2.33+0.01
I 0.194 2.214 0.425 2.332 this work

150 I 0.181 2.525 0.450 2.574 R4R28] 2.61+0.01
I 0.168 2.600 0.450 2.618 Refi46]

58N 0.176 4.080 0.515 3.695 Ref19] 3.68+0.01

%0z¢ 0.165 4.900 0.515 4.251 R4R8] 4.20+0.01

3 mpirical rms radius given by the experimental charge density from elastic electron scatteriig1data
unfolded with the finite-size proton distribution.

4 0 r2 r2 the nuclear densities are also taken, as in our previous fold-
p(N=p(r.1)= —zmz| 1+ — 2~ |exA — 2| (15  ing calculationd 16,18, in the two-parameter Fermi form

where F,=4/3 and 2 for *C and °O, respectively. The p(r)=po/l1+expl(r=c)/a)]. (18

chosen h.o. parametelsfor these nuclei are given in Table
l.

Using Egs.(12) and (13), it can be shown that the ex-
change potential for-particle incident on g-shell (targe}
nucleus is still evaluated by E() but using, instead of the

CB local approximatiori10), the exact density profiles in the
following forms: Ill. EFFECTIVE NN INTERACTION

Parameters in Eq18) were chosen to reproduce correctly
the nuclear rms radii as suggested by electron scattering data
or by the shell model calculatior4,28,29. The density pa-
rameters of nuclei studied in this work are given in Table II.

& The effectiveNN interaction and the adjustments of its
_ density dependent parameters to reproduce the saturation
fo(r,8)=p(r)exp — —=|, 16 . . . .
o(1:8)=pa(1) % 4ba) (16) properties of nuclear matter have been described in detall
elsewherd13,14,14. In general, the interaction is assumed

and to have a separable form
f _ 14 Fol , S s r? vp(ex)(p,S)=F(p)vpEx(S), (19
A(rls)_m BZ r _Z ex —W—Bz .

(17) wherevp andvgy are the direct and exchange terms, respec-
tively, derived from the M3Y interactionjg},5], ands is the
We note that Eqs(13)—(15) were derived explicitly for'?C internucleon .sepellratior_pz is the density of the surrounding
and %0, In case the?2 or pt shell is not fully occupied, one nuclear medium in which the two nucleons are embedded.
' 2 2 ’ The radial shape of the M3Y-Paris interactidj used in the
should normalize th@3 or pz component of the h.o. wave present folding calculation, are given in terms of three Yuka-
function to the neutron or proton numbers in this shell beforeyas. Its explicit form can be found, e.g., in Refd6,19.
adding it to thes part to obtain the full wave function. As a The density dependenégp) is taken in the CDM3Y6 form
result, one obtains the same express(d@ and(l?) for the which was introduced in Reth] Its parameters were cho-
ground state density and density profig(r,s), respec- S€nto reproducg the NM sgtg_ration properties and a value of
tively, but with a differentF, number. Similarly, for a sys- nuclear matter incompressibility =252 MeV (see Table |
tem involving twop-shell nuclei like 2C+12C, 10+ 12c",  in Ref.[16]).
and %0+ 10 , where the ground state DM’s can be approxi-  The overlap density in F(p) is usually taken to be the
mately described by the h.o. model, the exchange potenti@um of the projectile and target densities. In the case of ex-
can be evaluated by E¢9) but using the exact expression change potentiaB), the overlap density is the total density
(17) for the density profilesf,a(r,s) instead of the CB &t the midpoint between the two nucleons being exchanged,
local approximation(10).

In this case, one can test the validity of the CB local
approximation for the DM by comparing the exchange po-
tential obtained using approximati@h0) with that obtained
using the exact expressiofi) and(17). The most accurate In addition to the energy dependence of the folded potential
approximation has to be used in general case, when therising from the exchange term, it was found necessary to
nuclear density cannot be described by the h.o. model. In thiaclude an “intrinsic” energy dependence into the M3Y in-
present work, besides the h.o. representati@@sand(15), teraction, in order to reproduce the empirical energy depen-

S
l’a+— +pA

S
P=Pa 2 rA_E ' (20)
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dence of the nucleon-nucleus optical potenf8,30. This 20 12
additional energy dependence was incorporated in a sepa- C o+ “C

rable form so that Eq(19) becomes 15 | E..s=120 MeV

vpEx (P E,S)=g(E)F(p)vpEx(S)
=(1-0.00F,s/a)F(p)vpEx(S),
(21

whereE,,,/a is the energy per nucleain MeV).
As discussed in Sec. Il, the main effect of antisymmetri-
zation under exchange of nucleons between the two nuclei

/ CDM3Y6

[Vexact (R)-V(R)/Vexact(R)*100

that is included in the folding model is the single nucleon 0t ---ZE

knock-on exchange in which the two nucleons interacting via r —CB

vex(s) are interchanged. To avoid explicit treatment of the 15 E —GCBi

nonlocality in the calculation of the exchange potential, a Lo I"""ICBZI L

simple zero-range exchang@E) pseudopotential is still 20 e

widely used instead of the finite-range exchange, which re- o 1 2 3 4 R(E; ) 6 7 8 9 10
m

placesv gy (s)—J(E) 8(s) in Eq. (3). The magnitude of (E)
has been determined empirically1] by comparing with the FIG. 1. Numerical accuracgin %) of the folding potentials for
exact results for proton scattering from various targets, af,  12c system a€,,,= 120 MeV obtained with the h.o. model for
energies up to 80 MeV. Explicil(E) value for the M3Y-  the « and '*C densities, using different local approximatiosee
Paris interaction can be found, e.g., in R&. caption and footnote in Table )Ifor the nonlocal one-body DM.
Results were obtained using the density dependent CDM3Y6 inter-

IV. FOLDING ANALYSIS OF THE ELASTIC action.

ALPHA-NUCLEUS SCATTERING where the imaginary WS part of the optical potential is given

It is now well established that elasticnucleus scattering
at intermediate energies is strongly refractive. In this case, W
the absorption is quite weak and the measured elastic scat- W(R)=— — .
tering cross sections were shown to be sensitive tadhé 1+exp((R=Rw)/aw)

a-nucleus potential not only at the surface but also at shorte{-he renormalization factd¥,,, together with the WS param-
distances. Consequently, one can use such data to test diff Ve

dters are adjusted in each case for the best fit to the elastic

ehnt rc?odels foLthex—nucleushoptmallpote?nﬁl. The_ smlaller gata. All the OM analyses were made using the code
the distance the stronger the overlap of the projectile ang., ., [34]. The inputs for masses and energies in the

target, and hence the density dependence of the effelitive ¢, calculation as well as in the OM analysis were taken

interaction plays a crucial role. The fplding model ha_s beerkls given by the relativistically corrected kinematias).
used successfully to analyze refractiwenucleus and light

HI elastic scatterind14,17,18, to infer the most realistic
DD for the M3Y interaction.

The real optical potential (E,R) obtained in Sec. Il must 12C target is a well-known “refractive” target for differ-
be supplemented by an imaginary potential which accoungnt light projectiles, ranging from particle[36] to **C[8,9]
for the absorption into nonelastic channels. In some cases &nd 0 [11,37. From numerousx+ °C elastic data we
was found sufficient to simply treat the effectidd interac-  have selected the data Bg,= 104 MeV[39], 120, 145 and
tion as having a complex strength so that the real and imagit72.5 MeV[40], which have been shown to be strongly re-
nary optical potentias have the same radial shape. Howevefractive, with an overwhelming domination of the far-side
the weakabsorption found in the refractive-nucleus[32]  scattering at large angl¢86].
and light HI[3,33] systems requires that the imaginary po- We have chosen for the folding analysis of elastic
tential should have a different shafie ratio of the imagi- +'2C data version C of ther density(see Table), which
nary to the real potential tends to peak at the surface anblas been used so far in most of the folding analyses of
becomes relatively weak in the interiorTherefore, it is  a-nucleus scattering. Fo’C target, the h.o. forni13) and
common to use the folding model to calculate the real poten¢16) of the DM was used. In Fig. 1 we have plotted the
tial and to use a Woods-Sax@dw'sS) form for the imaginary  relative difference(in %) of the folding potentials fora
potential. Thus, the local optical potentibl(E,R) in our  +!2C system atE,,,=120 MeV, calculated using different

(23

a+1°C system

OM analysis of the elastia-nucleus scattering is versions of the CB local approximatiofl0) for the DM,
from the exact results obtained using E<$) and(17). One
U(E,R)=V¢(R)+Ny[Vp(E,R)+Vex(E,R) ] +1W(R), can see that the most accurate is the CB1 local approxima-

(22 tion [see Eq.8) and the discussion afterThe error caused
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data which are strongly sensitive to the real optical potential.
We have chosen the elastic+ *°C data at 120 and 172.5
MeV for our detailed folding analysis and the obtained OM
o+ '%C parameters are given in Table Ill. We found that the differ-
Eie=120 MeV ence caused by different local approximations for the DM's
of the & particle and*?C target shown in Fig. 1 can lead to a
slight differencg(well within the uncertainty of the measured
datg in the calculated elastic cross sections at large angles,
provided thaiN,, factor and WS parameters of the imaginary
potential are chosen by the leagt fit to the data. The main
effect that can be traced is the enhancement of the renormal-

40 f
-60 |

-80 |

V (MeV)

-100 F

[ :gf:ci?gy;;%) ization factor for the folding potential. Namely, the best-fit
Aer s T CB2 (M3Y) Ny factor found with the CB2 approximation is about 12—-14

N — Exact (M3Y) % larger than that found with the exact treatment of nonlocal
-140 T DM or with the CB1 approximatior{Table Ill). About the

same difference is found in potentials at distances around 4
fm (Fig. 1), and the considered elastic data are probably sen-
sitive to the real optical potential at such small distances. The
R (fm) CB2 local approximation is less accurate compared to the
CB1 approximation and givesM,, value deviating stronger
from unity. We note that with the inclusion of a realistic DD
into the M3Y interaction, all versions of the+ °C folding
potential(if renormalized properlydescribe the data reason-

-160 T T T T T W

FIG. 2. Radial shape of the folding potentials fot 1°C system
at E,p=120 MeV obtained with the h.o. model for theand *°C
densities, using the CB2 local approximatitotted curvesand
exact treatmentsolid curve$ of the nonlocal one-body DM. Re-
sults obtained with densityndependenMa3Y interaction and den- ably well.

sity dependentCDM3Y6 interaction are plotted, respectively, by ~ 1he folding potentials calculated with the densifyde-
thin and thick curves. pendentM3Y interaction are much deeper than those ob-

tained with the densitydependentinteraction, and such a
by the use of the CB1 approximation f3fC target or for  difference(up to 30-40 % as shown in Fig) Zannot be
both thea particle and*?C target is only around 1% which is eliminated by simply renormalizing the real folded poten-
much less than other uncertainties of the folding model. Bottials. Even with the exact treatment of the nonlocal DM in
the CB2 approximation and the simple zero-range exchangée exchange term, the folding potential gives a much worse
prescription can lead to an error of up to 15%. Thus, they arét to the data if there is no DD included into the effective
less accurate compared to the CB1 approximation. M3Y interaction(see Figs. 3 and)4The OM fits with the

Concerning the introduction of a realistic DD into the “density independent” folding potentials tend to gin,
effective M3Y interaction, from the results plotted in Fig. 2 values substantially smallgby 40-50 % as well as the
one finds immediately that the difference in the folding po-parameters of the imaginary WS potential deviating strongly
tentials calculated with or without a DD in the M3Y interac- from those obtained with “density dependent” potentials.
tion is much more substantial compared to the errors causeBuch a failure of the density independent M3Y interaction in
by using different CB local approximations for the DM. The the description of the refractive data has been discussed in
folding potentials calculated using the densitylependent the past, and here we show that this effect is much stronger
interaction are much deeper compared to those calculatghan the uncertainty from different CB local approximations.
using the same local approximations and dendépendent The folding results discussed so far were obtained with
interaction. The relative difference amounts up to 30-40 9%he h.o. model for the'?C density. Since the simple h.o.
at small radii. This is the reason why the folding model usingmodel usually cannot give a correct description of the
the densityindependeneffectiveNN interaction usually fails asymptotic tail of the density distribution, it is of interest to
to describe the refractive-nucleus elastic scattering data. make the same analysis using a more flexible form*f@

The inclusion of a realistic DD into the original M3Y inter- density. For this purpose, we have used two versions of the
action, necessary for the correct description of the nucleaFermi model(18) for *2C density. Parameters of version |
matter saturation properti¢3,14,18, substantially reduces (see Table IJ, which has been widely used in the previous
the strength of the folding potential at small distances. Oufolding analyses for systems involvinfC, were adjusted
folding results obtained for the incident energies ranging [28] to give the shape and rms radius close to those given by
from 40 to 172.5 MeV have shown about the same effects athe shell model calculation. Its rms radius of 2.298 fm is
discussed here for the energy of 120 MeV. Thus, the effectslightly smaller than the empirical value of 2.33 fm deduced
shown in Figs. 1 and 2 are practically energy independent.from elastic electron scatteringtl]. The empirical matter

We now show how the effects discussed above for theadius of °C might be somewhat largéR.35+0.02 fm) if
folding potential can affect the calculated elastic cross secone adopts the result given by the Glauber model analysis
tion. Since a difference in theeal optical potential can be [42,43 of the experimental interaction cross section. There-
well compensated by some change of imaginary poten-  fore, we have chosen the h.o. paramétand the new Fermi
tial, one has to consider, for this purpose, refractelastio parametergversion 1) for *2C such that they reproduce in
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TABLE Ill. Optical potential parametefsee Eqs(22) and(23)] used in the folding analysis of the elastic
a+'2C data aE,,= 104, 120, 145, and 172.5 MeV. The folding potentials were obtained using version C of
the « density and three choices for tHéC density (Tables | and I). Different approximations for the
nonlocal DM are abbreviated as follows: Exaeixact treatment of nonlocal DM’s for both and *°C using
the h.o. model; CB-exact treatment of the nonlocal DM far and CB1 local approximation fot°C;
CB1=CB1 local approximation for botk and '°C; CB2=CB2 local approximation for bothr and *2C. y?
values are per datum, and were obtained with experimental errors.

Ewo Cdens. DM DO Ny (r3i? Jy w Ry aw or X2
(MeV) (fm) (MeVim® (MeV) (fm) (fm) (mb)
104 har.osc. Exact Yes 1.136 3.392 329.8 17.93 3.891 0556 7855 9.7
Fermi Il CB Yes 1.126 3.398 326.5 17.76 3.866 0.572 785.9 105
Fermi | CB Yes 1.119 3.382 319.0 17.72 3.817 0593 784.6 12.1

120 har.osc. ZE No 0631 3.206 238.8 2435 2,561 1.034 8418 24.0
har.osc. Exact No 0.707 3.267 263.2 20.33 3.231 0.840 808.3 19.5
har.osc. ZE Yes 1.138 3.368 311.7 23.09 3.430 0.708 800.3 5.6
har.osc. CB2 Yes 1307 3.398 327.6 21.31 3.711 0.618 7935 5.0
har.osc. CB1 Yes 1150 3.394 326.0 20.79 3.773 0.596 789.7 6.7

120 har.osc. Exact Yes 1166 3.397 327.8 2092 3.772 0595 790.2 6.1

Fermi Il CB Yes 1.157 3.403 324.7 20.74 3.742 0.611 7910 6.3
Fermi | CB Yes 1.143 3.386 315.5 20.90 3.659 0.643 7908 7.7
145 har.osc. Exact Yes 1.159 3.404 309.8 19.35 3.858 0.599 769.5 2.2
Fermi Il CB Yes 1.150 3.410 306.9 18.65 3.862 0.618 7743 2.3
Fermi | CB Yes 1.146 3.394 300.8 17.87 3.868 0.636 777.1 2.7

172.5  har.osc. ZE No 0627 3.221 217.7 12.67 3.821 0.816 742.0 12.3
har.osc. Exact No 0.730 3.281 245.7 14.18 3.911 0.716 743.1 8.3
har.osc. ZB  Yes 1.064 3.383 267.1 21.21 3.351 0.795 7585 3.6
har.osc. CB2 Yes 1.297 3.417 295.6 21.81 3.770 0.558 7144 3.2
harosc. CBl1 Yes 1.145 3411 292.3 20.75 3.808 0.568 7216 3.4

1725 har.osc. Exact Yes 1.162 3.413 294.1 21.02 3.814 0.557 7186 3.3
Fermi Il CB Yes 1.137 3417 287.0 20.50 3.718 0.626 731.8 3.5
Fermi | CB Yes 1.121 3.402 2785 19.48 3.673 0.680 7435 3.9

#Density dependence of tHeN interaction: “Yes” when the CDM3Y6 version foF (p) is used with the
M3Y interaction; “No” when no density dependence is used, iFp)=1.
bSimple zero-range approximatigsee discussion in Sec. Jlis used for the exchange potential.

both models a rms radius of 2.332 fm. For both versions ohas been studied extensively in elastf©+*?C [11,37 and

the Fermi density, the folding calculation was performed1604 160 scattering[17,39 at different energies. Some of
with the exact treatment of the nonlocal DM farand the  ayailable elastiar+1%0 data show quite a strong refractive
CB1 local approximation for the DM of“C target. Results gy cture. and we have considered elasti¢ %0 data at

of the OM analyses of the elastic+ 1°C data at four ener- E = 541 MeV [44], 80.7 MeV/ [45], and 104 MeV[39].

gies are given in Table lll and shown in Fig. 5. As one can-”?ese data cover a’ wide angular ,range and have a broad
see, all three versions JfC density give about the same fit shoulderlike maximum, typical for the nuclear rainbow.

to the data, with some difference seen at largest angles, es- The errors caused by two versions of the CB local ap-

pecially at 145 and 172.5 MeV. Since the h.o. and Fermi Il L e ; i
densities have the same rms radius, the corresponding fold quxmanon(lO) for the nonlocal DM's in the folding calcu

i 16
potentials also have about the same rms radiysactor and ;;“c())vcn\'\?ﬁriifouf?o?biultzg'e_rshaemnﬁggtr ;?:gur;?esié S:E;n g; 1
volume integral per interacting nucleon pdiy (Table IlI). 9- @ :

o : o
The folding potential obtained with version | of the Fermi approximation which has the error of only around 1%. The

model for 1C density has, as expected, smaller rms apd dlfferer_1ce in the folqllng pot_entlals calculated with or without
- ) ) .~ a DD in the M3Y interaction was also found much more
values, and it gives a slightly worgg fit to the data. This .
. - . substantial compared to that caused by the two CB local
shows that the rms radius of the chosen density distribution Lo . . X
. X . X approximations. The use of the density dependent interaction
is very important in the folding model. ; . -
is crucial for a correct description of the data over the whole
angular rangésee Fig. 6.
To test the'®0O density, we have analyzed the elastic
160 nucleus, due to its double-closed shell structure, has-'°0 scattering data &,,,=54.1, 80.7, and 104 MeV using

been proven to be also a strong ‘“refractive” target, whichthe CDM3Y6 folding potential obtained with the h.o. model

a+1%0 system
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FIG. 3. Elastica + *°C scattering data d&,,,= 120 MeV plotted N A Fermil
in linear scale, in comparison with the OM fits given by the folding . T':g;m»;:v '''''
potentials obtained with the h.o. model for theand *°C densities, W 5 150MaY
using densityindependenM3Y interaction and densitgependent . o 145MeV
CDMB3YE6 interaction. The corresponding OM parameters are given 10 © 1725 MeV
in Table Il1. 5
00 s R NN
0 20 40 60 80 100 120
(Table ) and two versions of the Fermi mod@lable Il) for O4 . (deg)

the %0 density. The conclusion is that all three versions of _ _

the %0 density are appropriate for the folding calculation.  FIG. 5. EIast_lCa+12C scattering data & ,p=104, 120, 145,
Version Il of the Fermi moddl46] and the h.o. form for the and 172.5 MeV in comparison with the OM fits given by the fold-
160 density have rms values very close to the empirical raind potentials obtained with the h.o. model and two versions of the

dius of 2.61-0.01 fm, and they give almost the same folding F&rmi model for the'®C density, using the density dependent

potential(seeNy and other OM parameters in Table)lV

A consistent test of different choices for thedensity is
also important for the folding analyses of the elastic and
especially,nelastic a-nucleus scatterinfl9], where the ac-

12.00

o + '?C, E,p=172.5 MeV

11.00
10.00

9.00
------ ZE (M3Y)
Exact (M3Y)

—— Exact (CDM3Y8)

o Data

8.00

7.00

6.00

do/do R

5.00

20 30 70

40
©Oc,m, (deg)

FIG. 4. The same as in Fig. 3, but far+2C system afE,,
=172.5 MeV.

CDM3Y6 interaction. The nonlocal DM of ther particle was
treated exactly in all cases using version C of theensity. The
nonlocal DM of the *2C target was treated exactly with the h.o.
density, and in the CB1 approximation with the Fermi density. The
corresponding OM parameters are given in Table IIl.

curate input for thex density is necessary because the same
factor Ny, as obtained from the OM analysis, is to be used
further (in the DWBA calculation to renormalize the transi-
tion folding potential. We have performed the folding analy-
sis of the samer+ %0 scattering data using three different
choices for thea density (Table ). Version A of the «
density has the h.o. parametdr, & 1.4044 fr taken from

Ref. [23], which gives a rms radius of 1.72 fitarger than

the empirical value by about 0.25 jmThis b, value was
obtained as variational parameter in a self-consistent
Hartree-Fock calculation which gives thebinding energy

of 28.24 MeV, quite close to the experimental value. Version
C of the o density is exactly the Gaussian form adopted in
Ref. [1], which has a rms radius close to that deduced from
the elastic electron scattering data. Recently, the Glauber
model has been often used to deduce the nuclear radius from
the analysis of the experimental interaction cross sections,
and the rms radius obtained fdiHe is around 1.58 fm
[42,43. We have chosen, therefore, also a h.o. parameter
b,=1.2658 fm(version B which gives a rms radius of 1.55
fm, close to the result of the Glauber analysis. Radial
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FIG. 6. Elastica+ %0 scattering data & ,,=54.1 MeV plot-

ted in linear scale, in comparison with the OM fits given by the FIG. 7. Radial shape of three versions of the h.o. model for the

. . . . 16
f°'d"19_ poten_tlals obta_u_ned with the h.o._model _for theand O a ground state density used in the present folding calculation. See
densities, using densityndependentM3Y interaction and density details in Table |

dependentCDM3Y6 interaction. The corresponding OM param-
eters are given in Table IV. We found that the folding potential obtained using version
A of the « density gives a worse fit to the data compared to
shape of the three h.o. versions for telensity is shown in  other two casegsee y? values given by these potentials in
Fig. 7, and the corresponding folding potentials for dae Table Ill). The difference between results given by versions
+10 system at 54.1 MeV are shown in Fig. 8. As the dif-B and C is rather small and well within the experimental
ference between the densities is more substantial in the cesfrors. Since the difference is significant in the calculated
ter of thea particle, the difference in the potentials is largestcross section at large angles, we have further testedrthe
at small distances. From our experience, this effect mightlensity in arestrictedOM fit to the data points at forward
best be seen in the calculated cross sections at large anglesigles only(see Fig. 9. The data at forward anglém dif-
in the refractive region. fractive region are sensitive to the-nucleus potential at the

TABLE IV. Optical potential parameterfssee Eqs(22) and (23)] used in the folding analysis of the
elastica+ %0 data atE,,=54.1, 80.7, and 104 MeV. The folding potentials were obtained using different
choices for thex and %0 densitiegTables | and I} and the density dependent CDM3Y6 interaction. The
approximations for the nonlocal DM are denoted in the same way as in Tabj& Nalues are per datum,
and were obtained with uniform 10% errors.

Ew «dens. *Odens. DM N, (r3? Jy W Rv aw or X
(MeV) (fm)  (MevVim® (MeV) (fm) (fm) (mb)
54.1 Fermi | CB 1.140 3.576 368.3 1299 4.084 0.682 1004 6.8

Fermi Il CB 1.141 3.601 375.7 12.76 4.147 0.667 1010 6.4

har.osc. Exact 1.137 3.591 375.4 12.79 4.152 0.665 1011 6.4
har.osc. Exact 1.082 3.620 383.5 12.62 4.192 0.667 1025 6.1
har.osc. Exact 1.032 3.687 402.9 12.11 4.298 0.684 1069 7.1

80.7 Fermi | CB 1.131 3.582 346.0 16.09 4.219 0.604 949.6 1.0
Fermi Il CB 1.137 3.607 354.2 15.83 4.287 0.583 954.0 1.0
har.osc. Exact 1.085 3.626 363.4 1555 4356 0.572 966.5 1.7
har.osc. Exact 1.032 3.692 380.5 15.14 4.416 0.616 1019 4.4

104 Fermi | CB 1.095 3.587 319.3 19.52 4.054 0.687 965.3 1.8

Fermi Il CB 1.096 3.612 3254 19.71 4.072 0.682 971.8 1.6
har.osc. Exact 1.096 3.602 326.1 20.01 4.067 0.679 972.0 1.8
har.osc. Exact 1.038 3.631 331.2 20.35 4.050 0.691 9843 21

Cc
C
C
B
A
C
C
C har.osc. Exact 1.138 3.597 355.3 15,79 4309 0.574 9542 1.1
B
A
C
C
C
B
A har.osc. Exact 0.966 3.696 339.1 21.34 3962 0.742 1021 5.7
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a+ %0
Ep=54.1 MeV

V (MeV)

do/doy

R (fm)

FIG. 8. Radial shape of the folding potentials for the- %0
system atE,,=54.1 MeV obtained with the density dependent
CDMB3Y6 interaction and the h.o. model for theand °0 densi-
ties. The nonlocal one-body DM'’s of the two nuclei were treated
exactly in all cases. Different versions of thedensity are taken
from Table I.

© 80.7 MeV
© 104 MeV

0 20 40 60 80 100 120 140 160 180
surface, and thus are necessary for the determination of the Oc.m. (deg)
renormalization factoN,,. After factor Ny and WS param-
eters of the imaginary potential were fixed from such a re- FIG. 9. Elastica+ %0 scattering data &.,=54.1, 80.7, and
stricted OM fit, the measured elastic cross section at largé04 MeV in comparison withestrictedOM fits given by the fold-
angles(in refractive regioh is a subject to the predictive ing potentials ;)thalned Wlth three versions of thelensity and h.o.
power of the folding potential. One can see from Fig. 9 thafm0de! for the O density, using the density dependent CDM3Y6
the folding potential obtained with version C of taedensity ~ "craction: The OM fit was performed for data points iy,
is evidently the best choice for the real optical potential.\58'7 . 3487, and 29.6° foR,=54.1, 80.7, and 104 MeV,
Version A gives a folding potential somewhat deepsze respectively.
Fig. 8), which fails to describe the data at large angles. Ver-
sion B seems to give a better shape for the potential but st\ig

unable to describe the large angle data points at 80.7 MeV, - . .
where the rainbow maximum is most pronounced. These redmong the best experimental evidences for nuclear rainbow

. . 58 .
sults show again that the correct rms radius is very crucial irrc@ttering. For example, the elastie->"Ni data at 139 MeV

choosing the density distribution. They also indicate that the//€"€ the first that led one to the importance of density de-

rms radius deduced from the elastic electron scattering daf€ndence in the folding model analystee, e.g., Ref12]

for the « particle seems to be more accurate than that de2nd references therirThe data sets fd,,,=104, 139, and

duced from the Glauber model analysis of the interactiorf”z'5 MeV have beeﬂ analy;ed ear(i6] using the density
cross sections. y dependent CDM3Y6 interaction. However, the CB2 local ap-

From the results presented here for12C and a+ 60 proximation was used in Ref16] and it is necessary to have

systems we also conclude that the chosen h.o. form and vej€ folding analysis done using the more accurate CB1 local

sion Il of the Fermi model for thé?C and 10 densities, &PProximation. . o .
which have the rms values close to the empirical d4fd, Resu_lts of the folding ana_1Iy3|s using three_versmns of the
are quite appropriate for the folding model calculation. The® density are compared with the data in Fig. 10, and the

folding parameters obtained should be a helpful guide in th orr_esponding OM parameters are.giv.en in Table V. The
prediction of thea-nucleus optical potential for the elastic _oldlng potentials used in this analysis differ from each other

o 16
scattering of loosely bounp-shell nuclei ona target. in about the same way as ShOW.“ |n_F|g. 8 for e O
g y o o farg system. Judging by the? values given in Table V, one finds

that the cross section obtained with version A of theen-

sity gives a worse fit to the data. On the logarithmic plot the
For a completeness of the study, we present further resultsross-section difference between the three cases seems to be

of the folding analysis of elastie scattering data for heavier still within the uncertainty of the measured data, except for

targets. We have considered the elasti¢ *®Ni scattering the data at 104 MeV, where the potential based on version A

ata atE,,= 82 MeV[47], 104 MeV[48], 139 MeV|[6], and
72.5 MeV[49]. These elastiar+ *®Ni scattering data are

a+%Nj system
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FIG. 10. Elastica+ *Ni scattering data a,,,=82, 104, 139,
and 172.5 MeV in comparison with the OM fits given by the fold-
ing potentials obtained with three versions of thedensity and
Fermi form for the 8Ni density, using the density dependent
CDM3YE6 interaction. The nonlocal one-body DM of theparticle
was treated exactly and that of t1i€Ni target was treated in the
CB1 approximation. The corresponding OM parameters are give

in Table V.

PHYSICAL REVIEW C 63 034007

of the o density fails to describe the last data points and
generates a broad oscillation at large angles, where the rain-
bow tail of the elastic cross section should fall down
smoothly. Compared to the folding results obtained for these
cases using version C of the density and the CB2 local
approximatiori 16], the present folding resultsising version
C of the a density and the CB1 local approximatjogive
about the same fit to the data, but have a renormalization
factor Ny~1.06 which is by about 15% smaller than that
obtained in Ref[16] (see Table V of this work and Table Il
of Ref.[16]). We note that the optimurN,, values obtained
so far in the folding analyses of the elastienucleus scat-
tering (using both finite-range or zero-range exchange inter-
actiong are greater than unity and lie between 1.2 and 1.3
[12,14,16,50 and no satisfactory explanation could have
been given. By using the most accurate local approximation
for the nonlocal DM in the calculation of the exchange po-
tential, the best-filN,, values(see also results obtained for
the a+%%Zr system presented belopvbecome smaller by
about 15% and closer to unity.

To test thea density, we have also performedestricted
OM fit to the elastica+ %®Ni data at 139 and 172.5 MeV, in
the same manner as done above indhe'®0O case(see Fig.
11). With the renormalization factax,, and WS parameters
of the imaginary potential fixed by the restricted OM fit, all
three potentials describe very well the data points at forward
angles. However, the large-angle data can only be correctly
described with version C of the density, and this result
confirms that version C is the most realistic for thelensity.
Note that the difference in rms radius between versions B
and C is only about 0.1 fnGTable ), but it can show up in
the calculated cross section if the chosen incident energy is

igh enough for a clear observation of refractive features

(around 25 MeV/nucleon

It is also noteworthy that our folding analysis of the elas-
tic a+1%C, a+1%0, anda+°®Ni data gives the total reac-

TABLE V. Optical potential parametefsee Eqs(22) and(23)] used in the folding analysis of the elastic
o+ 58Ni data atE,,,= 82, 104, 139, and 172.5 MeV. The folding potentials were obtained with three versions
of the a density and Fermi form for thé®Ni density(Tables | and 1), using the density dependent CDM3Y6
interaction. The nonlocality of the DM was treated exactly doand in the CB1 local approximation for
%8Ni. x? values are per datum, and were obtained with experimental errors.

(= adens. Ny (r3)i2 Jy W Rw aw oR 2
(MeV) (fm) (MeV fm?®) (MeV) (fm) (fm) (mb)
82 A 0.948 4.646 320.8 17.57 6.223 0.650 1716 27.7
B 1.000 4.593 307.5 18.26 6.098 0.650 1669 21.2
C 1.053 4571 301.8 18.51 6.049 0.650 1650 18.8
104 A 0.913 4.646 295.2 21.32 6.218 0.561 1647 225
B 1.002 4.594 294.7 20.16 6.164 0.598 1648 10.8
C 1.073 4,572 294.2 20.10 6.117 0.619 1650 12.2
139 A 0.912 4.648 275.0 22.12 5,759 0.833 1784 185
B 0.989 4.597 271.2 21.59 5.832 0.754 1699 51
C 1.053 4.575 269.2 21.61 5.838 0.730 1670 2.4
172.5 A 0.892 4.650 251.8 31.17 5.265 0.815 1650 10.3
B 0.985 4.600 252.9 27.17 5.433 0.807 1655 4.3
C 1.056 4.579 252.9 25.98 5.513 0.789 1645 4.0
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FIG. 11. Elastica+%Ni scattering data a,,=139 and 172.5 3 S

MeV in comparison withrestricted OM fits given by the folding W\
potentials obtained with three versions of thedensity and Fermi ol P

form for the 58Ni density, using the density dependent CDM3Y6 0 20 40 60 80 100 120 140 160 180
interaction. The OM fit was performed for data points &t O, (deg)

=<36° and 29.5° folE,;,=139 and 172.5 MeV, respectively.

FIG. 12. Elastica + °Zr scattering data d@,,,=79.5, 99.5, 118,
and 141.7 MeV in comparison with the OM fits given by the fold-
ing potentials obtained with three versions of thedensity and
Fermi form for the °®Zr density, using the density dependent
CDM3Y6 interaction. The nonlocal one-body DM of theparticle
was treated exactly and that of t&zr target was treated in the
a+°Zr system e : €

Y CBL1 approximation. The corresponding OM parameters are given

Among medium-mass target¥Zr has been proven to be in Table VI.
strongly refractive for elastier scattering, and the available
elastic «+°%Zr data were used in the past to test the (see Table Il of Ref[16] and Table V). Thus the observed
+99Zr optical potentia[12,14,18. In this work we have se- 20-30 % deviation from unity of the optimuh, values in
lected the elastic «+%Zr scattering data atEp, the folding analyses of elastica-nucleus scattering
=79.5,99.5,118 Me\[52] and 141.7 MeV[7]. These data [12,14,16,5Qis reduced to about 10% by using a more ac-
present a unique picture of how the refractive pattern evolvesurate local approximation in the calculation of the exchange
with energy. While the far-side scattering begins to dominatgpotential.

tion cross sectiowrg in agreement with the latest experimen-
tal trend[51], althoughor was never used as a fit parameter
in the OM calculation.

the large-angle scattering already at thgarticle energy of Finally, we want to address the approximation used for
60 MeV, the most pronounced rainbow maxima are seen athe overlap density in the folding calculation. Let us recall
the energy reaches 80 MeV and high#&4,52,. that the folding model generates the first order term of the

Our folding test of thex density gave similar results as Feshbach optical potentif®] which is used to obtain solu-
found in thea+ %0 anda+ °®Ni cases. Version A of ther  tion for the relative-motion wave function of the two nuclei
density gives unrealistic oscillating pattern in the elasticbeing in their ground states. This may be only a small com-
cross section at large angles shown in Fig. 12, especially, ggonent of the total wave function, but it is the portion that
energies of around 100 MeV. The failure of version A is describes the elastic scattering. With the antisymmetrization
further confirmed by much larges® values of the OM fits to  of the dinuclear systeni3) properly taken into account, a
all data setgsee Table VI. Compared to the folding results reasonable approximation for the total dengitpf the two
obtained for these cases using the CDM3Y6 interaction andverlapping nuclei is the sum of the two densit{@6). This
CB2 local approximation16], the folding potentials ob- assumption, sometimes dubbed as frozen density approxima-
tained with the same interaction and densities, but using théon (FDA), is widely used in the folding calculations with
more correct CB1 local approximation, give about the samelensity dependeriN interaction[1,3,12,16,18 Any den-

OM fit to the data. However, the use of the CB1 approxima-sity rearrangement that might happen during the collision
tion reduces the best-fidy, values to around 1.08 compared would lead to the nuclear states different from the ground
to about 1.2 obtained earlier with the CB2 approximationstates, and thus contribute to higher order terms in the
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TABLE VI. Optical potential parametersee Eqs(22) and (23)] used in the folding analysis of the

elastica + °°Zr data atE,,= 79.5, 99.5, 118, and 141.7 MeV. The folding potentials were obtained with three

versions of thex density and Fermi form for thé°Zr density(Tables | and I}, using the density dependent
CDM3Y6 interaction. The nonlocality of the DM was treated exactly doand in the CB1 local approxi-
mation for %%Zr. x? values are per datum, and were obtained with experimental errors.

= @ dens. Ny (r3)l2 Jy W Rw aw oR Y
(MeV) (fm) (MeV fm?) (MeV) (fm) (fm) (mb)
79.5 A 0.958 5.130 323.6 18.48 7.175 0.531 1952 16.5
B 1.024 5.082 314.5 18.69 7.026 0.574 1936 5.0
C 1.083 5.062 310.2 18.98 6.943 0.601 1934 5.0
99.5 A 0.941 5.130 305.0 19.45 7.151 0.525 1963 36.3
B 1.024 5.082 302.1 19.22 7.043 0.574 1966 9.3
C 1.087 5.062 299.1 19.62 6.968 0.600 1968 6.3
118 A 0.930 5.131 290.6 19.02 7.024 0.650 2057 14.1
B 1.006 5.083 286.1 19.53 6.951 0.642 2017 3.7
C 1.069 5.063 283.6 19.99 6.897 0.649 2006 2.3
141.7 A 0.914 5.131 272.6 20.06 6.859 0.723 2088 35.3
B 0.994 5.083 269.8 20.83 6.778 0.706 2038 9.0
C 1.060 5.064 268.2 21.29 6.732 0.706 2022 4.1

Feshbach optical potentif2]. These higher order terms rep- +97r system a€,,,=99.5 MeV plotted in Fig. 13. Since the
resent the “dynamic polarization potentialDPP) which is  ADA gives a twice less overlap density compare to the FDA,
energy dependent, nonlocal, and complex. The imaginanhe folding potential calculated using the ADA is more at-
part of the DPP is the source of the imaginary part of the Hkractive and significantly deeper than that given by the FDA.
optical potential. The real part of the DPP is about an orderhis difference is much larger than that caused by using
of magnitude smaller than the folding potentidl] and that  different « densities. The results for the-+°%Zr system,
is the reason why a slightly renormalized folding potential isysing the folding potentials obtained with the ADA and
already a good approximation for the real part of the opticaFDA, are shown in Fig. 14. One can see that the excessive
potential. depth of the folding potential obtained with the ADA leads

In addition to the FDA, some other approaches like the
geometric or arithmetic averages of the two local densities
were used for the overlap density in the folding calculation
[53]. Since the effect caused by different treatments of the
overlap density in the folding model has never been studied
carefully, it is of interest to test different approaches in the
present folding analysis. The authors of &3] have used
the so-called JLM density dependent interactibd] which
was defined only for the NM density< p,, wherep, is the .
normal nuclear matter density. To prevent the overlap den- 3
sity of the two nuclei from becoming significantly larger than =2
po, SO that the use of JLM parameters is appropriate, one has =
assumed in Ref53] the following arithmetic average of the
two densities:

s

Equation(24) is denoted further in our discussion as average 250 L
density approximatiorfADA). It is easy to see from Egs. 0 1 2 3 4 5 6 7 8 9 10

(20) and (24) that the only difference between the two ap- R (fm)

proaches is the factor 1/2 in front of the summed density. We

show here that the ADA, which halves the overlap density at F|G. 13. Radial shape of the folding potentials for e °Zr
all radii, cannot account properly for the reduction in thesystem atE,,,=99.5 MeV obtained with the h.o. model for the
strength of the attractive interaction that occurs as the overdensity and Fermi form for thd%Zr density, using average density
lap density increases. This can be seen, for example, in thgpproximation (dotted curve and frozen density approximation
radial shape of thé CDM3Y6) folding potentials for thex (solid curve.

0 r

-100

o+ 2zZr
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T
~
N

-150

200 f

S
Fat =

Pa 5]t Pa (29

1
p=3
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10’ o+%Zr . ADA 50% reduction of the overlap density in the ADA leads
i ——FDA clearly to a wrong shape of the folding potential at small
iy o 79.5Mev distances.

V. SUMMARY

The double-folding model for the.-nucleus optical po-
tential is revised to study the exchange effects and density
dependence of the effectiéN interaction. For this purpose,
the refractive, elastic data of scattering on*?C, €0, 58N,
and °9Zr targets have been analyzed within the optical model
using the folding potential.

The local approximation for the nuclear density matrix in
the calculation of the exchange potential was tested in the
a+1C and e+ %0 cases by using the harmonic oscillator
representation of the nonlocal DM’s of the particle and
target. The most accurate versig@B1) of the Campi-
Bouyssy local approximation was shown to have the numeri-
cal accuracy around 1%. The use of the CB1 approximation
also reduces the best-fit renormalization fadwyy for the
a-nucleus folded potential by about 158éloser to unity
compared to that obtained earlier using the CB2 or ZE ap-
proximation.

The inclusion of a realistic density dependence into the

s s s s s s s - - M3Y interaction, necessary for the correct description of
0 20 40 60 8 100 120 140 160 180 nuclear matter saturation propertiglst], is also vital for a
O.m. (deg) correct description of the refractive-nucleus scattering
data. The effect due to the presence of the DD in the effec-
tive NN interaction is much stronger than that caused by
using different local approximations for the nuclear DM in
fhe calculation of the exchange potential.

A high sensitivity of the refractive, elastie-nucleus scat-
tering data to the real optical potential at small distances
enabled us to test various models for thend target densi-
ties in the folding analysis, as well as to choose the most

appropriate approximation for the overlap density in the

toa complgte failure_ in the description of data points at 'arg‘?:iouble-folding calculation using a density dependehtin-
angles. This effect is so strong that there was no need tQ5ction.

perf(_)rm a “re_zstricted” OM analysis to figur_e out which ap-  oyr results emphasize again the importance of the
proximation is better for the overlap density. We note that,_ncjeys scattering in the nuclear structure study. The fold-
the strongly refractiver+ °Zr data are the best among the ing parameters obtained here for targets in different mass
studied data to test the two approaches for the overlap denggions should also be a helpful guide in the prediction of the

do/dog

FIG. 14. Elastica + °Zr scattering data &,,,=79.5, 99.5, 118,
and 141.7 MeV in comparison with the OM fits given by the
(CDMB3Y6) folding potentials obtained with two different approxi-
mations for the overlap density: average density approximatio
(dotted curvep and frozen density approximatiofsolid curves.
Version C of thea density and Fermi form for th€Zr density
were used in the folding calculation.

sity. ) ) ) a-nucleus optical potential for a study of elastic scattering of
We also stress in this connection the usefulness of thg,osely hound nuclei o target using radioactive beams.
very high and compact density profile of theparticle. One Finally, the folding formalism presented here could also

; ; : 4
has a density as high gs=2p, in the center of the’'He  ,rqyide an accurate reference potential for the lagadore
nucleus, given by version Gee Fig. 7 or by the empirical  jyieraction in the description af-cluster structure in light
matter density(twice the experimental charge density for 5,4 medium-mass nuclgse].

*He [55] with the finite-sized charge distribution of the pro-
ton unfolded. This means that the total density for an
particle overlapping a target nucleus may reach as much as
3pg in the FDA. See, for example, Fig. 4 of R¢L6] where The author thanks Ray Satchler, Wolfram von Oertzen,
the overlap density in ther+“°Ca system begins to ap- Anders Ingemarsson, and Victor Soubbotin for their helpful
proach 3, already at a separation &8=4 fm. The real communications. The research was supported, in part, by the
optical potential can be very well determined at such a radiusExcellence” Program of Vietham Atomic Energy Commis-

if the bombarding energy is sufficiently high. An artificial sion (VAEC).
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