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Extensive systematizations of theoretical and experimental nuclear densities and of optical potential strengths
extracted from heavy-ion elastic scattering data analyses at low and intermediate energies are presented. The
energy-dependence of the nuclear potential is accounted for within a model based on the nonlocal nature of
the interaction. The systematics indicates that the heavy-ion nuclear potential can be described in a simple
global way through a double-folding shape, which basically depends only on the density of nucleons of the
partners in the collision. The possibility of extracting information about the nucleon-nucleon interaction from
the heavy-ion potential is investigated.

| Introduction tial strengths at the sensitivity radii has provided an uni
sal exponential shape for the heavy-ion nuclear potenti

The optical potential plays a central role in the description of the surface region.
heavy-ion collisions, since it is widely used in studies of the N @ recent review article [2] the phenomenon of rz
elastic scattering process as well as in more complicated re0W scattering was discussed, and it was emphasizec
actions through the DWBA or coupled-channel formalisms. the real part of the optical potential can be unambiguol
This complex and energy-dependent potential is Composeoextracted also at very short distances from heavy-ion el
of the bare and polarization potentials, the latter containing Scattering data at intermediate energies. However, di
the contribution arising from nonelastic couplings. In prin- €ntly from the case for the surface region (low energy
ciple, the bare (or nuclear) potential between two heavy ionsSystematization of potential strengths at the inner dista
can be associated with the fundamental nucleon-nucleon inf1as not been performed up to now, probably becauss
teraction folded into a product of the densities of the nuclei 'esulting phenomenological interactions have presentec
[1]. Apart from some structure effects, the shape of the nu- hificant dependence on the bombarding energies. Se
clear density along the table of stable nuclides is nearly atheoretical models have been developed to account for
Fermi distribution, with diffuseness approximately constant €nergy-dependence through realistic mean field poten
and radius given roughly b = r, A/3, whereA is the A recent model [5, 6, 7, 8] associates the energy-depenc
number of nucleons of the nucleus. Therefore, one could ex-Of the heavy-ion bare potential with nonlocal quantum
pect a simple dependence of the heavy-ion nuclear potentiafects related to the exchange of nucleons between targe
on the number of nucleons of the partners in the collision. Projectile. Using this model, we have realized [8] a syst
The elastic scattering is the simplest process that occursf‘t'?atlon of potential streng_ths _extractefj from elastic s
in a heavy-ion collision because it involves very little re- ering data analyses, considering both: low (near-bar

arrangement of matter and energy. Therefore, this proces hndk:nterm.edlate Fnergles. TTe sysgergatlcgbcodnflrmg
has been studied in a large number of experimental inves- 1€ heavy-ion nuclear potential can be described in a

tigations, and a huge body of elastic cross section data iSS|mpIe global way.
currently available. The angular distribution for elastic scat-

tering provides unambiguous determination of the real part .
of the optical potential only in a region around a particular 11 The nuclear densities

distance [2] hereafter referred as the sensitivity radits) (

At energies close to the Coulomb barrier the sensitivity ra- According to the double-folding model, the heavy-ion 1
dius is situated in the surface region. In this energy region, clear potential depends on the nuclear densities of the
the systematization [3, 4] of experimental results for poten- clei in collision. Thus, a systematization of the poten
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requires a previous systematization of the nuclear densitiesradii should be equal to those of the theoretical (DHB) den-
We adopt the two-parameter Fermi (2pF) distribution (Eg. sities. The nucleon and matter densities give very similal
1) to describe the nuclear densities. radii, which are well described by the following linear fit:

_ £o
p(r) = T+ eap (=52) 1) Ro =1.31 A3 —0.84 fm. (3)

In our theoretical calculations, the charge distribution of the Due to effects of the structure of the nuclei, tRg values

nucleus p.;) has been obtained by folding the proton distri- spread around this linear fit with dispersion0dd7 fm.

bution of the nucleusy,) with the intrinsic charge distribu-

tion of the proton in free spaced,,)

. o [l The double-folding potential
pon(r) = [ ) pengl = @

The double-folding potential has the form [1]
where p.s, is an exponential with diffuseness.,, =
0.235 fm. In an analogous way, we have defined the mat- S o o\ g o
ter density of the nucleus by folding the nucleon distribu- Vr(R) = /01(7"1) p2(r2) v (R — 11 +73) dri dr3
tion of the nucleus with the intrinsic matter distribution of 4
the nucleon, which is assumed to have the same shape ofvhereR is the distance between the centers of the nuglei,
the intrinsic charge distribution of the proton. For conve- are the respective nucleon distributions, andy (7) is the
nience, the charge and matter distributions are normalizedeffective nucleon-nucleon interaction. The success of th
to the number of protons and nucleons, respectively. folding model can only be judged meaningfully if the effec-

In order to systematize the heavy-ion nuclear densi- tive nucleon-nucleon interaction employed is truly realistic.
ties [8], we have calculated theoretical distributions for a The most widely used realistic interaction is known as M3Y
large number of nuclei using the Dirac-Hartree-Bogoliubov [1, 2], which can usually assume two versions: Reid anc
(DHB) model [9]. We have also used the results of previous Paris.
systematics for charge distributions [10, 11], extracted from  The six-dimensional integral (Eq. 4) can easily be solvec
electron scattering experiments, as a check of our DHB re-by reducing it to a product of three one-dimensional Fourier
sults. Along the table of stable nuclides, the diffuseness fortransforms [1], but the results may only be obtained througt
the nucleon and matter densities spread around the averageumerical calculations. In order to provide analytical ex-
valuesa,, = 0.50 fm anda,, = 0.56 fm, respectively. pressions for the folding potential, we consider, as an ap
A small dispersion of aboui.025 fm around these aver- proximation, that the range of the effective nucleon-nucleor
age values is expected due to effects of the structure of thenteraction is negligible in comparison with the diffuseness

nuclei. We have determined the radij for the 2pF distri- of the nuclear densities. In this zero-range approach, th
butions assuming that the corresponding root-mean-squarelouble-folding potential can be obtained from:
]
27_1_% e’} R+7q
onN(F) & Vo 6(F) = Vr(R) = i 1 p1(r1) T2 p2(r2) dra| dry. (5)
JO ‘R*T‘l‘

The Fermi distribution may be represented, with precision This approximation is particularly useful in obtaining ana-

better than 3% for any value, by: Iytical expressions for integrals that involve the 2pF distribu-
tion. If both nuclei have the same diffusenasshe double-

% ~ po C (7‘ - Ro) ’ (6) integral (Eq. 5) can be solved analytically using the approx-

1+exp (TO) a imation represented by Eq. 6, and the result expressed as

sum of a large number of terms, most of them negligible for

Clx<0)=1- Ze”” + ée” , 7 a < Ry. Rather simple expressions can be found after ar
8 8 elaborate algebraic manipulation:
Clzx>0)=e"(1- zefm + §€72m . (8)
8 8
]

VF(R<RrR1+a)~Vp1p2§7rR3 1497 — g 0.875 R—%fl + 2 24+R—§ e~ (Bz—FRi)/a
= 0 Fo 0 3 1 - Rl . Ri; Rl . R% 5
©)
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Ve(Ry — R1+a <R <Ry + Ry) =V po1 poz
4 3 1 2 3 T 7'2 2 5 2 5 1 c 5 —(e+2R1/a)
37772 <1+CT) {T [8 + 1 +<16} +24n° |1 U ¢t + 5 + {1+ g)e , (10)

Vi(R > Ry + Ry) & Vo por poz ma® R g() (1+s/a) e */ (11)
|

wheres = R — (R1 + R2), R = 2R1Ry/(R1 + Ra2), using an Yukawa function for the effective nucleon-nucle
(=R/(Ri+Rs), 7 =8/R,n=a/R,e = s/a, Ry interaction. The finite range is not truly significant at sn
and R, are the radii of the nuclei (hereafter we consider distances, and can be accurately simulated at the sul
Ry > Ry). The functiong is given by: within the zero-range approach, just by slightly increas

the diffuseness of the nuclear densities.
()= LT3 (4 1/2) e
9= 14+ ¢r ‘
We define the reduced folding potential at the surface
region by:

(12)

Ve

Viea(s > 0) = .
al ) po1 po2 Ta*R g(T)

(13)

Taking into account Egs. 11 and 13, the reduced potential
can be represented by the following system-independent ex-
pression:

-V, (MeV)

Viea(s > 0) &~ Vo (14 s/a) e/ . (14)

However, it is not clear that one can find a simple form for FR vves 0=0.50fm,a=050fm
such a system-independent quantity at inner distances from 10% . . . . L
Egs. 9 and 10. In Section V, the reduced potential is useful 0 2 4 6 8 012
for addressing the potential strength systematization. Thus R (fm)
we defineV,..q for s < 0 through the following trivial form:  Figure 1. Double-folding potentials for 2pF distributions with
ferent diffuseness values)(that may represent th€O + 58Ni
Viea(s <0) =V . (15) system. The potentials have been calculated in the zero-ran

) o proach (ZR) or with a finite-range (FR) Yukawa function for
The end of this section is devoted to the study of the effective nucleon-nucleon interaction.

effect on the folding potential of a finite range for the ef-
fective nucleon-nucleon interaction. The tri-dimensional
delta function}; (), can be represented through the limit
o — 0 applied to the finite-range Yukawa function

IV Nonlocal description of the
(16) nucleus-nucleus interaction

e—r/o

Y. = .
o(r) O drro?
Fig. 1 shows a comparison of folding potentials in the zero- \when dealing with nonlocal interactions, one is require
range approach (Eq. 5) with the result obtained (from Eq. 4) gove the following integro-differential equation

]
_%vw(ﬁ) + [V (R) + Vot (R, E) + tWpoi (R, E)] ¥(R) +/U(§7 R) W(R) dR = EV(R) . 17)

Ve is the Coulomb interaction assumed to be lo&3),; and and the nonlocality here, the Pauli nonlocality, is solely
Wpo are the real and imaginary parts of the polarization po- to the Pauli exclusion principle and involves the exchang
tential and contain the contribution arising from nonelastic nucleons between target and projectile.

channel couplings. The corresponding nonlocality, called
the Feshbach nonlocality, is implicit through the energy-
dependence of these ternig( %, ') is the bare interaction

Guided by the microscopic treatment of the nucle
nucleus scattering [12, 13, 14, 15, 16], the following an
is assumed for the heavy-ion bare interaction [6]



L.C. Chamoret al.

R+ R
2

1

e (A
T

UR,R) = Vyp (

)

whereb is the range of the Pauli nonlocality. Introduced
in this way, the nonlocality is a correction to the local
model, and in thé — 0 limit Eq. 17 reduces to the usual

Schiedinger differential equation. The range of the non-
locality can be found through =~ bymg/p [17], where

bo = 0.85 fm is the nucleon-nucleus nonlocality param-

|

Fﬁ d2w (R)
2u  dR?

+ |E = Ve(R) = Vpoi(R,E) — Wy (R, E) —

When confronting theory and experiment, one usually relies

241

eter [12],my is the nucleon mass, anpds the reduced mass
of the nucleus-nucleus system.

The relation between the nonlocal interaction and the
folding potential is obtained from [6]

VNL(R) = Vr(R) . (19)

Due to the central nature of the interaction, it is convenien
to write down the usual expansion in partial waves, and the
integro-differential equation can be recast into the following
form [8]:

00 + 1)
2uR?

}ug(R) /OOOW(R,R’)W(R’)dR’. (20)

on the optical model with a local potential. This brings into

the issue of extracting from Eq. 20 a local-equivalent (LE) potential

VLE(R7 E) + ZI/VLE(R7 E) =
(R

The presence of the wave-function in Eq. 21 indicates
that the LE potential is complex and alge and energy-

dependent. For neutron-nucleus systems, the LE potential
is only weakly/-dependent, and an approximate relation to

/ T ViR, R we(R') dR' 21)
0

)
|

(see examples in Refs. [5, 6]).

In a classical physics framework, the exponent in Eq. 22
is related to the kinetic energyf,) and to the local relative
speed between the nuclei) by

describe its energy-dependence has been obtained [12]. A

generalization of this relation for the ion-ion case is given
by [5, 6]:

Vin(R,E) ~ Vi(R) e NE=Ve(R)=Vip(R,B)] . (22)
with v = ub?/2h2%. The local-equivalent potential is quite
well described by Eq. 22 for arfyvalue [8], except at very
small distancesR ~ 0) that are not probed by heavy-ion
experiments. At near-barrier energids, ~ Vo (Rp) +
ViLe(Rp), the effect of the Pauli nonlocality is negligible
andV.g(R, E) = Vr(R), but the higher the energy is, the
greater is the effect. At energies ab@0t MeV/nucleon
the local-equivalent potential is about one order of magni-
tude less intense than the corresponding folding potential

|
Vip(RE) = Vi = / pr() pa(r2)

unwn (v, T) = vf(T) e~ 4/

V  Systematization of the nuclear po-
tential

As already mentioned, the angular distribution for elastic
scattering provides an unambiguous determination of the
real part of the optical potential in a region around the sen-

2
v? = ZE(R)
n

=2 (23)

LB - Vo(R) = Vig(R, E)] ;
and Eq. 22 may be rewritten in the following form

VLE(R7 E) ~ VF(R) 6—[m0b0v/(2h,)]2 ~ VF(R) e—4v2/cz 7
(24)
wherec is the speed of light. Therefore, in this context the
effect of the Pauli nonlocality is equivalent to a velocity-
dependent nuclear interaction (Eq. 24). Another possible
interpretation is that the local-equivalent potential may be
associated directly with the folding potential (Eq. 25), with
an effective nucleon-nucleon interaction (Eq. 26) depender
on the relative speed) between the nucleons

UNN(’U,E — 711 +73) dri drs, (25)

(26)

sitivity radius (Rs). For bombarding energies above (and
near) the barrier, the sensitivity radius is rather energy
independent and close to the barrier radiizs;), while at
intermediate energies much inner distances are probed. /
sub-barrier energies, thRs is strongly energy-dependent,
with its variation connected to the classical turning point;
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this fact has allowed the determination of the potential in a from two sources: uncertainties of the experimentally
wide range of near-barrier distancdsz < Rg¢ < Rp + tracted potential strengths and the contribution of the pc
2 fm. With the aim of avoiding ambiguities in the potential ization potential that we have neglected in our analysis.
systematization, we have selected “experimental” (extractedpoint out that the best fit diffuseness value= 0.56 fm,
from elastic scattering data analyses) potential strengths ats equal to the average diffuseness found (Section II)
the corresponding sensitivity radii, from works in which the the matter distributions and greater than the average \
Rg has been determined or at least estimated. In several arfa = 0.50 fm) of the nucleon distributions. This is a co
ticles, the authors claim that their data analyses at interme-sistent result because we have calculated the reduce
diate energies have unambiguously determined the nucleatential strengths based on the zero-range approach (th
potential in a quite extensive region of interaction distances. Eqgs. 5, 13 and 27). As discussed in Section Ill, the ef
In such cases, we have considered potential strength “data’df a finite-range for the effective nucleon-nucleon inter
in steps ofl fm over the whole probed region. tion can be simulated, within the zero-range approach

The experimental potential strengths represent the realincreasing the diffuseness of the (nucleon) densities o
part of the optical potential, which corresponds to the addi- nuclei.
tion of the bare and polarization potentials. The contribution
of the polarization to the optical potential depends on the
particular features of the reaction channels involved in the
collision, and is therefore quite system-dependent. If this 10° ¢
contribution were very significant, it would be too difficult g
for one to set a global description of the heavy-ion nuclear __
interaction. In the present work, we neglect the real part of M§
the polarization potential and associate the experimental po- >
tential strengthsW(z.,») with the bare interactiori{;, ). The =3 10"
success of our findings seems to support such a hypothesis. i

In analysing experimental potential results for such >
a wide energy range and large number of different sys-
tems, we consider quite appropriate the use of system-
and energy-independent quantities. We have removed
the energy-dependence from the experimental potential
strengths through the calculation of the corresponding fold-
ing potential strengthsVz_g,,, based on Eq. 22. The £
system-dependence of the potential data set has then been?
removed with the use of the experimental reduced potential, =
Vred—Ezp- FOrs > 0 this quantity was calculated from Eq. r ) )
13, and for inners values we have adopted the following > 10°% ©  Sub-barrier energies

! ' E Above- and near-barrier

2

red

0

105

simple definition e Intermediate energies
Ve .. 10'1 P R R R R R .
V’red—EIp = VO - Bp 5 (27) -8 -6 -4 -2 0 2 4 6
VF—TUU
s (fm)

with Vg_r., calculated through Eq. 5. The other useful
guantity is the distance between surfaces: Rg — (R; +
R,), whereRg is associated to the sensitivity radius, and Figure 2. Comparison between experimental and theoretice
the radii of the nuclei have been obtained from Eq. 4. duced potentials in the context of the zero-range (bottom) or fi
. ) ., range (top) approachs.

In Fig. 2 (bottom), the experimental reduced potential
strengths are confronted with the theoretical prediction (Egs. ) .
14 and 15). The fit to the data in the inner regieng 0) In °f9'er to characterize th‘? importance of the P
results unambiguously in the valig = —456 MeV fm?, nonlocality, we have also obtained the reduced pote
and is quite insensitive to the diffuseness parameter. TheStrengths through calculations performed without the
fit for s > 0 is sensitive to both:V, anda, and the cor- rection (Eq. 22) due to the energy-dependence of the LE
responding best fit values ate= 0.56 fm and the same tential, i.e. associating the experimental potential stren
V, found for the inner region. The standard deviation of directly with the folding potential. The quality of the cc
the data set around the best fit (solid line in Fig. 2 - bot- responding fit is similar to that obtained with the non
tom) is 25%, a value somewhat greater than the dispersioncality, but thel, anda parameters are significantly diffe
(20%) expected to arise from effects of the structure of the ent. In the next Section, we show that the values fo
nuclei [8]. We believe that the remaining difference comes without considering the nonlocalityy = 0.61 fm and
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Vo = —274 MeV fm3, seem to result in an unrealistic ter being associated to the volume integral of the effective
nucleon-nucleon interaction. nucleon-nucleon interaction (actually, this same procedur
has also been adopted in the zero-range case)

VI The effective nucleon-nucleon in-
teraction Vo = dm / onn(r) r? dr. (29)

After removing the energy-dependence of the experimental

) ) . The effective nucleon-nucleon interaction should be
potential strengths, the corresponding results are compatibl

. . s $ased upon a realistic nucleon-nucleon force, since our go:
with the double-folding potential in the zero-range approach . . o o
is to obtain a unified description of the nucleon-nucleon,

(Eq. 5), provided that the matter densities of the nuclei be . L
nucleon-nucleus and nucleus-nucleus scattering. A realisti

adopted in the folding procedure instead of the nucleon den-. . o
. . . . interaction should match the empirical values for the volume
sities. In this section, we study the consistency of our results.

L _ "integral and root-mean-square radius of the nucleon-nuclec
for the nuclear potential in the case that the double-folding g q

. ) ) i interaction,Vy ~ —430 MeV fm? andr,,, =~ 1.5 fm,
model is treated in the more common interpretation: the nu- ) .

o . . that were extrapolated from the main features of the optica
cleon distributions and a finite-range nucleon-nucleon inter-

" din Eqa. 4. With th ¢ keeoi potential for the nucleon-nucleus scatteringfat,cicon =
action are assumeain £q. =. Wi € PUTPOSE OTKEEPING () /ey [1, 18, 19, 20]. The M3Y interaction has been de-
the comparison between experimental and theoretical results. . . .

) o rived [1] with basis on th&-matrix for two nucleons bound
through the use of system-independent quantities, it is nec-

N . OInear the Fermi surface, and certainly is representative c
essary to change the definition of the experimental reduce s .
realistic interactions. In table 1 are presented the volume

potential . .
integral and root-mean-square radius for several nucleor
VF—EI . . . . . .
Vied—Bap = Vied—Teo - P (28) nucleon interactions used in this work, including the M3Y
F-Teo at10 MeV/nucleon.

whereVe_ 1., is now calculated through Eq. 4/.cq—7eo
is still obtained from Egs. 14 and 15, with thg parame-

Table 1: The width, volume integral and root-mean-square radius for several effective nucleon-nucleon interactions consi
in this work.

Interaction | o ora,, (fm) | Vi (MeV fm3) | .. (fm)
M3Y-Reid - - 408 1.62
M3Y-Paris - - 447 1.60
Yukawa 0.58 -439 1.42
Gaussian 0.90 - 448 1.56
Exponential 0.43 - 443 1.49
Folding-type 0.30 - 456 1.47

The M3Y interaction is not truly appropriate for use Thus, we believe that an appropriate nucleon-nucleon inter
in the context of the nonlocal model, because it already action for the nonlocal model could be the M3Y “frozen”
contains a simulation of the exchange effects included inat 10 MeV/nucleon [6], i.e. considering the parameters
its knock-on term. Furthermore, according to the nonlocal of the Reid and Paris versions as energy-independent va
model the energy-dependence of the local-equivalent potenues. Fig. 2 (top) shows a comparison between experiment:
tial should be related only to the finite range of the Pauli and theoretical heavy-ion reduced potentials, in which the
nonlocality, but the knock-on exchange term in the M3Y in- “frozen” M3Y-Reid was considered for the nucleon-nucleon
teraction is also energy-dependent. Therefore, the use of thénteraction. We emphasize that no adjustable parameter h:
M3Y in the nonlocal model would imply a double counting been used in these calculations, but even so a good agre
of the energy-dependence that arises from exchange effectanent between data and theoretical prediction has been ol
In Section 1V, we have demonstrated that the LE potential is tained. The “frozen” M3Y-Paris provides similar results.
identical with the double-folding potential for energies near
the barrier, which are in a region around MV /nucleon. . . .
In this same energy range, the folding potential with the about the effective nucleon-nucleon interaction can be ex

M3Y interaction have provided a very good description of racted from our heavy-ion potential systematics, we have
elastic scattering data for several heavy-ion systems [1]_con5|dered other possible functional forms for this effective
interaction. Besides the Yukawa function (Eg. 16), we have

With the aim of investigating how much information
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also used the Gaussian (Eq. 30) and the exponential (Eqwould ask whether the finite-range shape of the effec

31), which reduce to the tri-dimensional delta function in nucleon-nucleon interaction can be derived in a similar v

the limito — 0, Thus, we have considered a folding-type effective nucle
nucleon interaction built from:

ef'r”2/20'2
Galr) =Vo (o7 s (30)
e—r/o . .

E,(r) =V, Srod (31) ]
The fits to the heavy-ion potentials obtained with all these
functions are of similar quality and comparable with that for ]
the M3Y interaction. The resulting best fit widths)( vol- ~
ume integrals and corresponding root-mean-square radii are £ N
foundin table 1. All thd} andr,.,,s values, including those "% 10°F —— M3Y - Reid ) ‘f.‘f E
of the M3Y, are quite similar. Also the “experimentally” ex- TP M3Y - Paris )
tracted intensity of the nucleon-nucleon interaction in the O éitivsvzn S,
regionl < r < 3 fm seems to be rather independent of the e o Exponential 3
model assumed for this interaction (see Fig. 3). *  Folding-type AN

In Section V, we have demonstrated that the major part 10? L L L -

of the “finite-range” of the heavy-ion nuclear potential is re- 0 ! 2 8 4
lated only to the spatial extent of the nuclei. In fact, even r (fm)

considering a Zero-range for the ?nteraCtmN in EQ. 5’_ Figure 3. The complete set of effective nucleon-nucleon inte
the shape of the heavy-ion potential could be well describediigns considered in this work.
just by folding the matter densities of the two nuclei. One

]

5o ooy g g 2mVo [ T

on7) % 0(r) = [ pnlra) pra) Vo 8 =i 4 73) dri i = 270 [ p(i) [ [ vz omtra) dra
0 [r—r1]

(32)

whereV, = —456 MeV fm? as determined by the heavy- folding-type nucleon-nucleon interaction results in real
ion potential analysis, and,, is the matter density of the volume integral and root-mean-square radius (see tab
nucleon. Based on the intrinsic charge distribution of the and it is also quite similar to both versions of the M3Y
proton in free space, which has been determined by elec-teraction in the surface region (see Fig. 3).

tron scattering experiments, we have assumed an exponen-

tial shape for the matter density of the nucleon The folding-type interaction in the context of the nor
_ —r/am cal model provides a very interesting unification betweel
Pm(T) = po € . (33) d P

escriptions of the nucleus-nucleus, nucleon-nucleus al
Of course,pp anda,, are connected by the normalization fective nucleon-nucleon interactions. This can be app
condition of the density. The integration of Eq. 32 results in ated through the comparison between Egs. 24 and 26
Vo r 2 the subtle detail thaVr (in Eq. 24) andvy (in Eq. 26)
vp(r) = ——— e "/am (1 +—+ —2) . (34) can both be calculated by folding the matter densities il
64 m ay, am - 3a, zero-range approach, and with the saWevalue. There
The folding-type and the M3Y interactions provide very fore, the interaction between two nuclei (or nucleons)

similar fits of the reduced heavy-ion potential strengths. The be obtained from

J

VLE(R) = /pl (7’1) ,02(7”2) Vo (5(1% -7+ 7?) 674"2/62 dri drs (35)

wherely = —456 MeV fm?2, p; are the matter densities, of the matter density of the nucleon inside the nuclet
andv is the relative speed between the nuclei (or nucleons).considerable greater than that,, = 0.235 fm) found for
All these findings seems to be quite consistent. However, thethe charge distribution of the proton in free space. This
best fit value obtained for the diffuseness,(= 0.30 fm) ing is consistent with the swelling of the nucleon obse
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in the EMC effect [21], but should be contrasted with the

opposite picture of a smaller nucleon inside the nucleus as

advanced within the concept of color transparency [22].

VIl  Conclusion

The experimental potential strengths considered in the

(5]

6]

present systematics have been obtained at the correspond{7]

ing sensitivity radii, a region where the nuclear potential

is determined from the data analyses with the smallest de- (8]

gree of ambiguity. The Fermi distribution was assumed to

represent the nuclear densities, with parameters consistent

with an extensive amount of theoretical (DHB calculations)
and experimental (electron scattering experiments) results.
The potential data set is well described in the context of the

E)

nonlocal model, by the double-folding potential in the zero- [10]
range as well as in the finite-range approaches. The disper-
sion of the potential data around the theoretical prediction [11]

is 25%, which is compatible with the expected effects aris-
ing from the variation of the densities due to the structure
If the nonlocal interaction is assumed, the

of the nuclei.

(12]

heavy-ion potential data set seems to determine a few charil3l
acteristics of the effective nucleon-nucleon interaction, such[14]
as volume integral and root-mean-square radius, in a model-[15]

independent way.

The description of the bare potential presented in this
work is based only on two fundamental ideas: the folding [
model and the Pauli nonlocality. We have avoided as much

16]

as possible the use of adjustable parameters, and in the cadé7]

of the “frozen” M3Y interaction no adjustable parameters g

were necessary to fit the experimental potential strengths.

Nowadays, the other important part of the heavy-ion interac-
tion, the polarization potential, is commonly treated within

(19]

a phenomenological approach, with several adjustable pa-
rameters which usually are energy-dependent and vary sig{20]

nificantly from system to system. The association of the

nonlocal bare potential presented in this work with a more [21]

fundamental treatment of the polarization should be the next
step toward a global description of the nucleus-nucleus in-

teraction.

This work was partially supported by Fundacde Am-
paroa Pesquisa do Estado dadsPaulo (FAPESP).

References

[1] G. R. Satchler and W. G. Love, Phys. R&, 183 (1979).

[2] M.E.Brandanand G. R. Satchler, Phys. R25 143 (1997)
, and references therein.

[3] P.R. Christensen and A. Winther, Phys. Let63319 (1976).

[4] C.P. Silva, M. A. G. Alvarez, L. C. Chamon, D. Pereira, M.
N. Rao, E. S. Rossi Jr., L. R. Gasques, M. A. E. Santo, R. M.

(22]

245

Anjos, J. Lubian, P. R. S. Gomes, C. Muri, B. V. Carlson, S.
Kailas, A. Chatterjee, P. Singh, A. Shivastava, K. Mahata and
S. Santra, Nucl. Phys.8Y9 287 (2001).

M. A. C. Ribeiro, L. C. Chamon, D. Pereira, M. S. Hussein
and D. Galetti, Phys. Rev. Left8, 3270 (1997).

L. C. Chamon, D. Pereira, M. S. Hussein M. A. C. Ribeiro
and D. Galetti, Phys. Rev. Left9, 5218 (1997).

L. C. Chamon, D. Pereiraand M. S. Hussein, Phys. Ré&, C
576 (1998).

L. C. Chamon, B. V. Carlson, L. R. Gasques, D. Pereira, C.
De Conti, M. A. G. Alvarez, M. S. Hussein, M. A. Candido
Ribeiro, E. S. Rossi Jr., C. P. Silva, Phys. Re860014610
(2002).

B. V. Carlson and D. Hirata, Phys. Rev6g, 054310 (2000).

H. De Vries, C. W. De Jager and C. De Vries, Atomic Data
and Nucl. Data Table36, 495 (1987).

E. G. Nadjakov, K. P. Marinova and Y. P. Gangrsky, Atomic
Data and Nucl. Data Tablés5, 133 (1994).

F. Perey and B. Buck, Nucl. Phy32, 253 (1962).
T. H. R. Skyrme, Philos. MadL., 1043 (1956).
G. Ripka, Nucl. Phys42, 75 (1963).

W. Bauhoff, H. V. von Geramb and G. Palla, Phys. Re27C
2466 (1983).

W. E. Frahn and R. H. Lemmer, Nuovo Cimerfip 1564
(1957).

D. F, Jackson and R. C. Johnson, Phys. Let9,R49 (1974).

] F. D. Bechetti and G. W. Greenlees, Phys. RE82, 1190

(1969).

G. W. Greenlees, G. J. Pyle and Y. C. Yang, Phys. R@&¢,
1115 (1968).

G. W. Greenlees, W. Makofske and G. J. Pyle, Phys. Rev C
1145 (1970).

J.J. Aubert, G. Bassompierre, K. H. Becks, C. Best,&hii,

X. de Bouard, F. W. Brasse, C. Broll, S. Brown, J. Carr, R.
W. Clifft, J. H. Cobb, G. Coignet, F. Combley, G. R. Court,
G. D'Agostini, W. D. Dau, J. K. Davies, Y. €clais, R. W.
Dobinson, U. Dosselli, J. Drees, A. W. Edwards, M. Edwards,
J. Favier, M. |. Ferrero, W. Flauger, E. Gabathuler, R. Gamet,
J. Gayler, V. Gerhardt, C. &sling, J. Haas, K. Hamacher, P.
Hayman, M. Henckes, V. Korbel, U. Landgraf, M. Leenen,
M. Maire, H. Minssieux, W. Mohr, H. E. Montgomery, K.
Moser, R. P. Mount, P. R. Norton, J. McNicholas, A. M. Os-
borne, P. Payre, C. Peroni, H. Pessard, U. Pietrzyk, M. Rith,
M. Schneegans, T. Sloan, H. E. Stier, W. Stockhausen, J. M
Thénard, J. C. Thampson, L. Urban, M. Villers, H. Wahlen,
M. Whalley, D. Williams, W. S. C. Williams, J. Williamson,
and S. J. Wimpenny, Phys. Lett1B3 275 (1983).

See, e.g., L. L. Frankfurt and M. I. Strikman, Phys. R&§.
214 (1981);160, 235 (1988).



