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Us in g  high-en ergy doub le-fo ldin g  formu lae, t he optic al potentia ls an d intr ins ic
fo rm fa ctors for alpha part icles and 1 2C ioJ:1..s sca ttered fr om 12C n ucl eus a t  137 0
and 1016 M eV,  respec tively , are derived. The resu lting poten tia ls and form fa ctors
ar e  compared w ith phenomen ologica l and defo rmed Woods-Sax on potentia ls ,  res ­
pectively. The need to ca lcula te cr oss s ections us in g t he p1 es ent proced ure is 
s tressed . 

I. Introduction
The fi rs t  order optica l potential ob ta ined b y  fo ldin g the free n ucleon-nucleon 

t -ma trix with the un correla ted one-body dens ity is s uccessfully used in the a nalys es 
of r--..11  G eV proton s catterin g  fr om s pher ica l  n ucl� i  1>. R ecent ly , high- energy doub le­
fold ing  potentials were ob tain ed b y  fo ldin g t he energy dependen t fr ee n ucleon­
n ucleon interaction w ith the dens ities of the proj ectile and target n uclei 2>. Thes e
doubl e-fo ldin g poten tials were us ed to ca lcula te the eikonal phas e shifts 3> and 
elas tic different ial, rea ction and total cross s ections fo r  12C- 12C s catterin g a t  
204 . 2, 242 .7 and 288. 6 M eV4> . The high- energ y  doub le-foldin g potentia ls w ere 
a ls o  us ed to des crib e th e  abras ion cross se cti on fo r  relativ is tic 2 0N e  a t  2. 1 G eV/
n ucleon 5> . The res ults indicate that the high- energy doub le-foldin g  potentia ls des ­
crib e  we ll the experiment al data w ithout cons ideration of neither the renormaliza tion 
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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 potentials6> or break up consideration of the projectile 7> 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 1 2C ions scattered from 
1 2C nucleus at 1370 and 1016 MeV., respectively. The transition form factorsfor the inelastic scattering of a-particles and 1 2C ions to the (2+., 4.44 MeV) statein 1 2C are also calculated to test the applicability of the high-energy double folding mod�l 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 1 2Cnucleus. The resulting potentials and form factors are compared with phenomeno­logical 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 (r) = ApAT f dz f!T  (z) f dy (lp (r + y + z) t (E, y) (1) 

where A, and Q, are the mass numbers and the ground state single-particle nucleardensities for the colliding nuclei., respectively., t (E., y) is the constituent-averagedtwo 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 scatteringamplitudes8>. The two-body scattering amplitudes of the following form9> :

yield: 
A,,J (q) = k�:,,J (a,,J + i) exp (- 1/2 B,,J q2)

(j = (p or n) 

. (E) 1.1 2 <J (a + i) (-yz ) 
t (E., y) = -Ii m (2n B)312 exp 2B 

(2) 

(3) 

where q is the momentum transfer, m is the nucleon mass, <1 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 <1, a and B are defined as follows 1 0> : 

112 

<J = l/2 (<11111 + <111n) 

} a = (a,,,,<1,,,, + a11n<111n)/(<11111 + cr,,n)
B = 1/2 (B,,,, + B,,n). 

(4) 
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The ground state single particle densities for 1 2C and a-particles are chosen in the following forms4• 1 1 > :

with 
and 

with 

e12c (r) = eo ( 1 + :2 r2) exp (-r2/a2)
a = 1.692 fm and v = 1.082 

( 4 ) 3/2 ( 4 ) e« (r) = 3n ao exp - 3 aor2 

a0 = 0.415 fm- 2 • 

The constant e O is determined by the normalization condition : 
f (! 1 2c (r) dr = 1.

(5) 

(6) 

(7} 

For the inelastic transition of multipolarity L, the form factor for a nucleus­-nucleus inelastic scattering may be written as 1 2> : 
(8) 

where {hR is the deformation length and F L (r) 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 ener­gies. This approach is an exter:.sion of the double-folding model of the optical potential for elastic scattering1 2>. In the present work, the high energy double­folding model has been extended to obtain the intrinsic form factor for a nucleus­-nucleus inelastic scattering of the form: 

where (!,r (z) is the transition single-particle density fo1 the target nucleus. Here, the radial dependence of the transition density (!,r (z) for the 2 + excitation of 
1 2C is chosen in the Tassie form, i. e. 

I} (z) = C zL- 1 der (z)
t::fr L CU" (10) 

where er (z) is the ground state single-particle density for the target nucleus. The normalizing constant CL is determined by assuming that the proton transition density is (Zr/A r) times the mass transition density and then choosing CL to give the measured value of B (E2) for 1 2C nucleus 1 3> i. e. 
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r AT !?tr_ (z) zL +  2 dz = ;;e (B (El.)) 1.'2
where Z r is the charge number of the target nucleus.

3. Results and discussi,on 

a. The optical potentials

( 1 1) 

Using th� high energy double folding formula given by expression (1), thecentral real and imaginary parts of the potentials for 1370 MeV alpha-particles and 1016 MeV 1 2C ions scattered from 1 2C nucleus are calculated. The single­particle nuclear densities for 1 2C ions and a-particle are given by expressions (5) and ( 6), respectively. The averaged two-body amplitude t (E, y) given by expres-. sion (3) has been derived from the Fourier transform of the two-body scatteringamplitudes given by expression (2). The parameters <1, a and B are derived fromEqs. (4) with the parameters given in Table 1 .  The 100 MeV and 325 MeV proton­nucleon amplitudes given in Table I are used in the present work for the I O 16 MeV 1 2C ions ('""'85 MeV/nucleon) and 1370 MeV alpha-particles (342.5 MeV/ nucleon), respectively. 
TABLE 1.  

Energy <1pJ apJ BpJ 
(MeV) (fm2) (fm2) 

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 dis.play the real and imaginary parts of the reJulting optical po­tentials for alpha particles and 1 2C ions, respectively, in comparison with the real and imaginary parts of the phenomenological potentials given in Table 2. Correc­tions due to relativistic kinematics are taken into account by multiplying the po­tential strengths VO and U'l'1 of the phenomenological potentials given in Table 2,by 'Yrel defined by 1 4> : 
k2 Bo

Yret = E2 _ m2 M 
0 

( 12) 

where k is the wave number in the relativistic CM momentum, B0 is the totalenergy in the CM system, m1 is the mass of the incident particle and M is the re­duced mass. Here, 'Y,ci equals 1.202 and 1.0 for the a-particles and 1 2C projectiles, respectively. 
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TABLE 2.

Reaction Energy Vo Ro ao W1 R, a, References (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) 

a +  1 2C 1 370 65.58 0.733 0.638 229.8 0.733 0.683 14 
1 2c + 1 2c 1 . 16 80 0.8 0.74 42.0 0.9 0.73 1 7

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

where 

and

[ 
(r - Ro)] - 1 

[ 

(r - R1)] - 1 
U (r) = - V0 1 + exp ---;;- - iW1 1 + exp ---;;-

R1 = r1 [ tf3 113] for 1 2C + 1 2C reaction 
AT + AP 

1/3
R, = r, AT for a + 1 2C reaction.

b. The intrinsic form factorsThe high-energy double-folding formula given by expression (9) has beenused to calculate the real and imaginary parts of the transition form factors for theinelastic scattering of a-particles and 1 2C ions at 1370 and 1016 MeV, respectively,to the 2 + 4.44 MeV state in 1 2C. The transition density has been deduced fromthe ground state density for 1 2C nucleus given by expression (5) using the Tassiehydrodynamic model. Expression (11) has been used to determine the constant CL (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 e2 fm4 for 1 2C­nucleus 1 3 , 1 5 > yields C2 = 0.44757 rm- 1• The averaged two-body amplitude t (E,y)and parameters <1, a and B are the same as in the elastic scattering case. Figs. 3 and 4 display the resulting intrinsic form factors F2 (r) compared 
with the deformed optical poter.;.tials d�r(r) where U (r) are the phenomenological
optical pontentials given in Table 2. The depths VO and W1 of the phenomenologi­cal potentials of Table 2 are multiplied by the relativistic correction factors 'Y,ei 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 1 2C ior.s scattered from the 12Cnucleus. Figs. 3 and 4 show also that the inu insic form factors for the inelasticscattering of 1370 MeV alpha particles and 1016 MeV 12C ions scattered fromthe 1 2C riucleus calculated by expression (9) are in good agreement with the de­formed optical potential�. These fits obtained without renormalizetion of the higb-enerpy double-folding potentials are in the important surface region. In the inte1i01 regior the differences are quite large. It may be useful to mention herethat it was early 12> shown that the elastic and inelastic heavy ion reactions at lo­wer 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. 
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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 paiticles and10 16 MeV 12C ions inelastically �cattered to the fitst excited state (2+, 4.44 MeV)in 1 2C. The need to calculate the cross sections using the present procedure isstressed. 
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Fig. J. The real and imaginary parts of the optical potentials for the elastic scatteting of a-particles 
from 12C 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 1 2C + 1 2C reaction at 1016 MeV. 
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Fig. 3. The real and imaginary parts of the transition inttinsic form factors for the inelastically
scattered a-particles to the 2+, 4.44 MeV state in 1 2C at 1370 MeV. The solid curves represent
the deformed optical potentials { 

d�?)
) with the parameters given in Table 2. The dashed cur-

ves represent the high-energy double-folding calculations using expression (9).
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Fig. 4 .  The same as  Fig. 3, but for 1 2C + 1 2C reaction at 1016 MeV. 
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OPTICKI POTENCIJALI I FAKTORI FORME ZA RASPkSENJE 
a-CESTICA i 1 2C.I0NA SREDNJIH ENERGIJA NA 1 2C 
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Upotrebom '?,Sokoenergetskog izraza dvostruke konvolucije izvedeni su opti&ipotencijali i faktori forme za rasprsenje 1370 MeV alfa cestica i 1016 MeV 1 2C 
iona na 1 2C. Dobiveni potencijali i form-faktori uspo1edeni ,SU S fenomenoloskim i deformiranim Woods-Saxon potencijalima. Istaknuta je potreba racunanja udar­nih presjeka upotrebom prikazane procedure. 
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