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Original scientific paper

Using high-energy double-folding formulae, the optical potentials and intrinsic
form factors for alpha particles and '2C ions scattered from !2C nucleus at 1370
and 1016 MeV, respectively, are derived. The resulting potentials and form factors
are compared with phenomenological and deformed Woods-Saxon potentials, res-
pectively. The need to calculate cross sections using the piesent procedure is
stressed.

1. Introduction

The first order optical potential obtained by folding the free nucleon-nucleon
t-matrix with the uncorrelated one-body density is successfully used in the analyses
of ~1 GeV proton scattering from spherical nuclzi?’. Recently, high-energy double-
folding potentials were obtained by folding the energy dependent free nucleon-
nucleon interaction with the densities of the projectile and target nuclei?. These
double-folding potentials were used to calculate the eikonal phase shifts® and
elastic differential, reaction and total cross sections for !2C-!2C scattering at
204.2, 242.7 and 288.6 MeV?¥. The high-energy double-folding potentials were
also used to describe the abrasion cross section for relativistic 2°Ne at 2.1 GeV/
nucleon®. The results indicate that the high-energy double-folding potentials des-
cribe well the experimental data without consideration of neither the renormalization
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of the potentials nor the projectile break up effect. It is worth mentioning here
that the double-folding potentials at low energies require either renormalization
of the potentials® or break up consideration of the projectile” in order to describe
adequately the experimental heavy ion data.

In the present work, the high-energy double-folding potential formula is used
to calculate the optical potentials for alpha-particles and !2C ions scattered from
12C nucleus at 1370 and 1016 MeV, respectively. The transition form factors
for the inelastic scattering of a-particles and *2C ions to the (2+, 4.44 MeV) state
in 12C are also calculated to test the applicability of the high-energy double folding
model to the transition form factor in this range of energy and mass numbers.
The Tassie hydrodynamic model is used to derive the transition density for *2C
nucleus. The resulting potentials and form factors are compared with phenomeno-
logical and deformed Woods-Saxon potentials, respectively.

2. Theory

The central optical potential for nucleus-nucleus scattering is formulated as
a high energy double folding result as follows2~5:

U()=Apdr [dFer(2) [dY 0p (F + 5 + 2) £ (E, ) (1)

where 4, and ¢, are the mass numbers and the ground state single-particle nuclear
densities for the colliding nuclei, respectively, ¢ (E, y) is the constituent-averaged
two body amplitude, and E is the nucleon energy in the two-body CM frame.
t (E,y) has been derived from the Fourier transform of the two-body scattering
amplitudes®. The two-body scattering amplitudes of the following form?;

Ay (@) =" (a,, + i) exp (~1/2. By, ¢?) @
(G=(@orn)
yield:
IE\ M2 . oz
t(Byy) = —h (7) E’szB‘;stZ (3% 3)

where ¢ is the momentum transfer, m is the nucleon mass, o is the average NN
total cross section, a is the average of the ratio of the real to imaginary parts of
the NN forward scattering amplitude and B is the average slope parameter. The
parameters g, a and B are defined as follows!®:

o =1/2(cp + Opn)
a = (ayp0pp + Ap0pn)[(0pp + ;)
B=1/2 (BM + Bpn)-

“
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The ground state single particle densities for !2C and e-particles are chosen in
the following forms*:11):

1 4

e = 00 (1+ 272 exp (—rifa®) ©

with

a = 1.692 fmand v = 1.082
and
4 \¥? 4

0= () | e (-~ 5ac?) (

with

ao = 0.415fm-2,

The constant g, is determined by the normalization condition:
Ielzc (r)d‘;= 1. ™

For the inelastic transition of multipolarity L, the form factor for a nucleus-
-nucleus inclastic scattering may be written as!?:

Ap(r) = BLRF.(7) (8)

where B.R is the deformation length and F, (v) is the intrinsic form factor. The
approach of deforming the target density directly in a folding model has been
employed to obtain the inelastic form factor with considerable success at low ener-
gies. This approach is an extersion of the double-folding model of the optical
potential for clastic scattering!?. In the present work, the high energy double-
folding model has been extended to obtain the intrinsic form factor for a nucleus-
-nucleus inelastic scattering of the form:

FL()=ApA; [ 50, () [ dF 0o (F + 5 + B) 2 (E, ) ©)

where g,, (2) is the transition single-particle density fo1 the rarget nucleus. Here,
the radial dependence of the transition density p,,(2) for the 2+ excitation of
12C is chosen in the Tassie form, i. e.

o () = Gt 222 (10)

where g1 (2) is the ground state single-particle density for the target nucleus. The
normalizing constant C, is determined by assuming that the proton transition
density is (Z;/A7) times the mass transition deusity and then choosing C, to
give the measured value of B (E2) for !2C nucleus!?® i. e.
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| Az 0 (2) 2t 2 d2 =.§le(3 (EL))L12 (11)
0 T

where Zp is the charge number of the target nucleus.

3. Results and discussion

a. The optical potentials

Using the high energy double folding formula given by expression (1), the
central real and imaginary parts of the potenrials for 1370 MeV alpha-particles
and 1016 MeV !2C ions scattered from !2C nucleus are calculated. The single-
particle nuclear densities for !2C ions and «-particle are given by expressions (5)
_and (6), respectively. The averaged two-body amplitude ¢ (E, y) given by expres-

sion (3) has been derived from the Fourier transform of the two-body scattering
amplitudes given by expression (2). The parameters o, ¢ and B are derived from
Egs. (4) with the parameters given in Table 1. The 100 MeV and 325 MeV proton-
nucleon amplitudes given in Table 1 are used in the present work for the 1016
MeV 12C ions (~85 MeV/nucleon) and 1370 MeV alpha-particles (342.5 MeV/
nucleon), respectively.
TABLE 1.

Energy Opy B,
MeV) (m2) W@ (fm?)

p+p 100 3.32 1.87 0.66
p+n 100 7.27 1.00  0.36
p+p 325 2.45 0.45 0.26
p+n 325 3.61 0.16 0.36

Parameters of the proton-nucleon amplitudes (see Eq. (2)) taken from Ref. 16.

Figs. 1 and 2 display the real and imaginary parts of the resulting optical po-
tentials for alpha particles and !2C ions, respectively, in comparison with the real
and imaginary parts of the phenomenological potentials given in Table 2. Correc-
tions due to relativistic kinematics are taken into account by multiplying the po-
tential strengths V', and W; of the phenomenological potentials given in Table 2,
by ¥ra defined by!'®:

k2 E,
Vet = _E_;—:;t—iﬁ (12)
where & is the wave number in the relativistic CM momeantum, E, is the total
energy in the CM system, m, is the mass of the incident particle and M is the re-
duced mass. Here, y,.; equals 1.202 and 1.0 for the a-particles and !2C projectiles,
respectively.
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TABLE 2.

. Energy Vo Ro ae '4 R a
Reaction M) (MeV)  (Fm)  (Fm) (MeV)  (fm)  (fm) References

a+12C 1370 65.58 0.733 0.638 229.8 0.733  0.683 14
12C 4+ 12C  1.16 80 0.8 0.74 42.0 0.9 0.73 17

The phenomenological optical potential parameters shown in Figs. 1—4. They are parametrized
in the form:

Uy -7 [1 + exp( oRo)] —iw; [1 + exP( ’R')]

where
R, =n [A¥:+ AIII:] for 12C + 12C reaction
and

13
Ry = r, At for a + !2Creaction.
b. The intrinsic form factors

The high-energy double-folding formula given by expression (9) has been
used to calculate the real and imaginary parts of the transition form factors for the
inelastic scattering of a-particles and '2C ions at 1370 and 1016 MeV, respectively,
to the 2+ 4.44 MeV state in *2C. The transition density has been deduced from
the ground state density for !2C nucleus given by expression (5) using the Tassie
hydrodynamic model. Expression (11) has been used to determine the constant
C. (see expression (10)) where the proton part of the transition density would
yield the measured value of B (E2). The choice of B (E2) = 42 ¢* fm* for 12C-
nucleus 319 yields C, = 0.44757 fm~1!. The averaged two-body amplitude ¢ (E, y)
and parameters o, a and B are the same as in the elastic scattering case.

Figs. 3 and 4 display the resultmg intrinsic form factors F, (r) compared

()

optical pontentials given in Table 2. The depths V, and W; of the phenomenologi-
cal potentials of Table 2 are multiplied by the relativistic correction factors y,e;
defined by Eq. (12).

Figs. 1 and 2 show good agreement between the high-energy double-folding
optical potentials predicted by expression (1) and the phenomenological potentials
for 1370 MeV alpha particles and 1016 MeV !2C ions scattered from the 12C
nucleus. Figs. 3 and 4 show also that the inuinsic form factors for the inelastic
scattering of 1370 MeV alpha particles and 1016 MeV !2C ions scattered from
the !'2C vucleus calculated by expression (9) are in good agreement with the de-
formed optical potentials. These fits obtained without renormalizetion of the
high-enerpy double-folding potentials are in the important surface region. In the
interio1 regior the differences are quite large. It may be useful to mention here
that it was early!? shown that the elastic and inelastic heavy ion reactions at lo-
wer energies are sensitive to the radial region around the strong absorption radius
and that the interior regions of the potentials and form factors where the largest
differences occur are not significant to the calculations of the cross sections.

with the deformed optical poter. t1als & where U (r) are the phenomenological
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Finally. it seems that the high energy double folding procedure presented
here is applicable for the transition form factors of 1370 MeV alpha paziticles and
1016 MeV !2C ions inelastically scattered to the fiist excited state (2+, 4.44 MeV)
in 12C. The need to calculate the cross sections using the present procedure is
stressed.
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Fig. 1. The real and imaginary parts of the optical potentials for the elastic scattering of a-particles

from !2C at 1370 MeV. The solid curves represent the phenomenological potentials given in

Table 2 and the dashed curves represent the predictions of the high-energy double-folding model
given by Eq (1).
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Fig. 2. The same as Fig. 1, but for 12C 4 12Creaction at 1016 MeV.
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Fig. 3. The real and imaginary parts of the transition intrinsic form factors for the inelastically
scattered a-particles to the 2+, 4.44 MeV state in !2C at 1370 MeV. The solid curves represent

E%_g)_) with the parameters given in Table 2. The dashed cur-
ves represent the high-energy double-folding calculations using expression (9).

the deformed optical potentials (
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Fig. 4. The same as Fig. 3, but for *2C + !2C reaction at 1016 MeV.
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OPTICKI POTENCIJALI I FAKTORI FORME ZA RASPi?;SEN]E
a-CESTICA i !2C.IONA SREDN]JIH ENERGIJA NA !2C
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Originalni znanstveni rad

Upotrebom visokoenergetskog izraza dvostruke konvolucije izvedeni su opti¢ki
potencijali i faktori forme za rasprSenje 1370 MeV alfa &estica i 1016 MeV !2C
iona na 12C, Dobiveni potencijali i form-faktori uspoiedeni su s fenomenoloskim
i deformiranim Woods-Saxon potencijalima. Istaknuta je potreba rat¢unanja udar-
nih presjeka upotrebom prikazane procedure.
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