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Abstract: The paper contains a numerical evaluation of the expressions for the absorptive potential in 
heavy ion reactions given earlier. With a standard folding expression for the real part of the ion- 
ion potential general good agreement is found with experimental data for the angular distributions 
of elastic and inelastic scattering. Special interest is attached to the case of 160+ ‘*Si where the 
calculated imaginary potential is very small at low bombarding energies. 

1. Introduction 

In the present paper we evaluate the imaginary part of the optical potential for a 

number of collisions between heavy ions. The calculations are made on the basis of 

the expressions derived in ref. ‘). The long-range part of this potential takes into 

account the depopulation of the entrance channel due to single-particle transfer. 

Multiparticle transfer as well as fusion are included to the extent that these 

processes go through successive steps of single-particle transfer. 

Inelastic scattering due to processes where a particle goes back and forth 

between the two nuclei are thus also included. The major depopulation to inelastic 

channels take place, however, to collective states excited by the average field. This 

depopulation can be included as a separate contribution to the imaginary potential 

having a shorter range than the one due to particle transfer. The expression given 

in ref. ‘) for this potential is applicable only if the collective states are of vibrational 

type and are excited by the nuclear field only. 

The calculation of the imaginary potential due to particle transfer and vibrations 

can be generalized to deformed nuclei by evaluating the associated quantities in the 

intrinsic system. They would then depend on the orientation of the system and 

have non-vanishing matrix elements connecting the rotational states. In this case 

Coulomb excitation often plays a dominant role. This excitation mechanism and its 

+ On leave from Istituto di Fisica Teorica dell’Universit8 di Torino and INFN Sez. di Torino, Torino, 
Italy. 
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interference with nuclear inelastic scattering should be treated exphcitly either 
classicalIy or in the coupled-channel Born approximation. 

In the present paper we calculate the imaginary potential for a number of 
reactions, where Coulomb excitation can be neglected. The results are applied to 
the analysis of elastic and inelastic differential cross sections at a variety of 
energies 2-5). For the real part of the optical pote~ltial we have used the folded 
potential of ref. “). 

In sect. 2 we give a resume of the expression for the real and imaginary 
potentials. The calculation of W(r) for the different reactions and energies as well 
as the ~o~p~~is~~ to the exper~ment~~l data is presented in sect. 3. In sect. 4 the 
conclusions are presented. 

2. Theoretical basis for the calculations 

The basic assumption for the use of the imaginary potential as derived in ref. ‘) 
is that the depopulation of the elastic channel is due to a large number of 
independent transfer reactions and to nuclear inelastic scattering to a few collective 
vibrations. The imaginary potentiai can be written as 

The first component arises from the de~opuiatio~ of the entrance channel due to 
single-particle transfer. It reads 

The single-particle levels connected in the transition are labeled by a, = fn,lrjr ), 11~ 
indicating the number of nodes, while It and j, are the orbital and total angular 
rno~le~ta. The quantity o,,(G, u’, ) is the diffuseness of the form factor associated with 
the single-particle states a, and a;, connected by the reaction. This quantity is, on 
average, of the order of 1.2 fm. The first term in (2) is connected with stripping 
reactions while the second term corresponds to pick-up. 

The acceleration L’, at the distance of closest approach for the grazing trajectory 
can be estimated through the expression 
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valid for the Coulomb trajectory. The quantities E, and rB are the height and the 
radius of the Coulomb barrier [cf. ref. 7), subsect. 111.23, while E is the bombarding 
energy in the center-of-mass system. 

The parameters U2 and V2 are the spectroscopic factors, thus, 

(4) 

is the probability that the single-particle orbital is occupied in nucleus a while the 
quantity U2 = 1 - r/’ is the corresponding probability that the orbital a, is empty 
in the target A. 

The function ,qi,(Q) which depends parametricaliy on the Q-value and on the 
angular momentum A transferred in the reaction determines the adiabatic cut-off. 
That is, it weighs the probability with which the different transfer channels 
contribute to M/;_(Y). 

The component of the imaginary potential arising from the nuclear inelastic 
scattering to vibrationa states is 

where IJ,“A is the nuclear part of the ion-ion potential, while a( z 0.6 fm) is its 
diffuseness. In the quantity r3iJ/?r we recognize the collective form factor for 
inelastic excitations. while 

(6) 

is the square of the zero-point fluctuation of the surfaces of the two nuclei, weighed 
by the adiabatic cut-off. 

The first term in (1) leads to a long-range component of the absorption with a 
diffuseness of the order of 0.6 fm. The second, to a short-range part with a, x 0.3 fm. 

The imaginary potential depends on the energy mainly through the function ~~((2). 
As the bombarding energy increases, the collision time decreases leading to an 
increase of sl(Q) and thus of W. 

At higher bombarding energies (E > 10 MeV per nucleon) one should 
include the momentum dependence of the form factor as described in ref. ‘). The 
associated reduction of the contribution from each of the single-particle levels in 
part compensates for the increase due to the opening of the Q-window. These recoil 
effects are not included in the present paper. 
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3. Examples 

In this section we present the results of the calculations for W(r) associated with 

the scattering of 160 on 20*Ph 88Sr 40Ca and 28Si. 

In fig. 1 we show the mass’ partilions which are populated in these collisions 

through single-particle transfer. The single-particle levels involved in the transfer 

processes can be read from the diagrams of fig. 2. They were calculated making use 

of the standard potential 

where 
(7) 

Jla,r,,r) = (1 +exp((r-R,)/a))-‘, (8) 

R, = r,A’. (9) 

The corresponding parameters are collected in table 1. 

The resulting levels agree well with the observed experimental values for single- 

particle energies around the Fermi surface and for A 2 100. Deviation of the order 

of 0.5-l MeV are observed for individual levels in lighter nuclei. In all the cases 

however, the correct sequence of levels is predicted. 

The single-particle form factors for stripping reactions, defined as [cf. ref. ‘), 

r--- I+ 
---- 

27Al 

‘50 ‘6~ I?() 

- 

2% 2% “‘Sl 

‘sN 

i___ 29P --- 1 

Fig. 1. Channels populated through single-particle transfer reactions from the collisions studied in this 
paper. The entrance channel partition is contained in the central block. 
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Fig. 2. Neutron and proton single-particle levels obtained from the single-particle potential (7) with the 
parameters of table I. The hatched areas contain the levels below the Fermi surface. Note that the 

energy scale for *‘*Pb is different from the others. 



The parameters for the sh~il-model potential (7) used to evaluate the form factors far the singly-particle 
transfer reactions 

For each of the nuclei considered the parameters are given for neutrons (n) and protons (p) 
separately (in MeV and fm). 

were calculated using for ti IA the potential (7) associated with the target nucleus 
and setting & = 0. With the same potential the singIe-pa~t~ci~ wave functions R(u) 
were calculated. The quantity (W,,) is written as 

<~~,A) = ~~~(~~~)- t”;A(%,)-+ Qz&L.&- ~~~(r~~), (11) 

and was calculated faking use of the Saxon-Wands ~a~a~etr~~ti~~ to the ion-ion 
potential [cf. eq. (~1~.1.44) of ref. “)I, i.e. 

where 

a = Q.855[1 e0*53(A,“i-A,9]- t fm, 

R, = R,i-R,, (13) 
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and 

Ri = 1 .ZOA,j -0.09 fm. (14) 

The quantity 7 = 1 MeV. fmm2 is the surface tension parameter. 

The form factors associated with pick-up processes appearing in (2) were 

calculated making use of a similar expression to (10) [cf. ref. ‘)I. 

The resulting form factors were parametrized according to 

Jio(O, r) = Foe-(r-R)/% 
3 (15) 

where the corresponding parameters are collected in table 2. In all cases 

spectroscopic factors equal to 1 have been assumed, i.e. r/“(cr’,r,) = U2(a,I,) = 1 

for stripping and U’(a;I,) = Vz(a,l,) = 1 for pick-up reactions (cf. eq. (2)). 

In order to calculate the absorptive potential associated with inelastic scattering 

we need the energy and the zero-point amplitudes of the different modes. The 

values for 160 as well as for the different targets are given in table 3. To calculate 

the two components of the absorptive potential (2) and (5) one needs, aside from 

form factors, the adiabatic cut-off function .qI(Q). It depends parametrically on the 

Q-value of the reaction and on the transferred angular momentum through 

with 

Q = aofQ-Qo,,) 

and 

b = b,k, 

with 

The optimum Q-value is given by 

+-- 
mdyo (R 

ma+mA 
Amb - Ram,), 

(17) 

(18) 

where 2, is the charge and md the mass of the transferred particle. The quantities 

are defined to be positive for stripping reactions and negative for pick-up reactions. 

They are zero for inelastic scattering. The height of the Coulomb barrier is denoted 
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TABLE 2 

Form factors for single-particle transfer reactions considered in the evaluation of the absorptive potential 

I70 + 207Pb Id 512 

1 SN + 209Bi 

2s l/Z 

IPI,, 

lP3i2 

%9:2 
ii 3 112 
l.h5!2 
3d 5/z 
2g 712 
4s 112 
3d 512 
2&w 

3d,,, 

-%,2 

%2 

3d 512 

3P I!2 
3PAi2 

li 13/z 

2fT,, 

lb,, 

3P,,2 
3PM 
2fw2 
Ii t 312 
%,2 
ih 912 

lh 912 

%2 

li ,312 
2f,,2 
3P,,z 
lb,,, 

5 6.6 1.23 - 7.68 
5 1.0 1.22 -8.37 
8 4.3 1.09 -9.25 
3 4.8 1.45 - 9.63 
3 1.8 1.40 - 10.15 
1 2.2 1.62 - 10.22 
3 4.2 1.54 - 10.52 
3 2.0 1.17 - 12.81 
5 3.3 1.13 - 12.81 
5 0.5 1.10 - 13.50 
7 3.3 I .05 - 13.50 
6 0.9 1.07 - 14.3s 
8 2.2 1.01 - 14.38 
1 1.S 1.39 - 14.76 
3 2.4 1.36 - 14.76 
3 0.7 1.30 - 15.28 
5 3.6 1.25 - 15.28 
i 1.7 1.54 - 15.35 
I 1.6 1.49 - 15.65 
3 2.1 1.46 - 15.65 

3 
1 
3 
1 
3 
5 
4 
6 
8 
1 
3 
5 
3 
5 
7 
1 

1 
3 
6 
3 
5 

4 
4 
7 
2 

0 
4 
6 

5.2 1.31 -4.17 

2.2 1.38 -5.52 

3.3 1.33 - 5.52 

0.2 1.35 - 5.84 

0.8 1.31 -5.84 
5.2 1.23 - 5.84 
0.2 1.25 - 4.47 
0.4 1.16 - 6.47 
1.9 I .07 - 6.47 

0.8 1.24 - 8.02 
1.2 1.21 - 8.02 
2.8 1.15 - 8.02 

0.1 1.19 - 8.33 

0.5 1.13 -8.33 
3.7 1.06 -8.33 
4.0 1.45 - 5.65 
4.0 1.41 - 6.40 
2.8 1.33 - 6.72 

1.1 1.17 - 7.35 
2.1 1.24 - 8.90 
1.4 1.15 -9.21 

1.4 1.18 - 2.84 
7.6 1.17 -4.50 
5.3 1.06 -4.51 
2.9 1.18 - 6.64 
3.1 1.18 - 7.69 

0.8 0.97 - 7.83 
4.8 0.93 - 7.83 
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TABLE 2 (continued) 

1Pw 

“0 + B9Sr 

‘70+s’Sr 

‘P*tz 

IPA,, 

1% 

2s 112 
l&:2 
2s 112 
Id s/z 

2s 112 
Id 5/z 

2s 1.0 
Id 512 

2%:* 

2f70 

li 1312 

2f,,, 

3PI,, 

3s,,, 
2d,,, 

lh II!2 

2d,,, 

l&,* 

2dw 
2s,,, 
I&,, 
2dw 
lb,,, 
2dw 

3s l,Z 
I&,, 

2d,,, 

lh I I/Z 

~!&2 

2Plj2 

lf,,, 

2P3,2 

%;2 

2 3.3 0.97 - 9.49 
4 4.9 0.95 - 9.49 
5 1.5 0.93 -9.50 
7 3.4 0.89 -9.50 
2 1.6 0.92 - 11.63 
4 7.8 0.90 - 11.63 
2 7.4 0.85 - 12.68 

2 0.8 1.17 - 8.07 
2 0.3 1.05 -8.91 
4 0.6 1.23 -8.91 
3 2.9 0.62 - 10.15 
5 1.5 0.69 - 10.15 
7 0.4 0.95 - 10.15 
0 0.3 1.06 - 10.43 
2 0.3 1.16 - 10.43 
4 0.2 1.36 - 10.43 
2 0.2 0.82 - 12.64 
4 0.2 0.96 - 12.64 
6 0.1 1.41 - 12.64 

3 7.7 1.20 -5.61 
1 3.9 1.29 -. 7.04 
3 1.7 1.21 -- 7.5 1 
1 2.9 1.29 - 7.63 
6 5.8 1.10 - IO.22 
1 3.1 1.10 - 10.74 
3 4.4 1.06 - 10.74 
1 3.5 1.15 - 12.17 
3 0.8 1.07 - 12.64 
5 4.5 1.02 - 12.64 
1 0.9 1.14 - 12.76 
3 4.7 1.11 - 12.76 
4 1.4 1.07 - 15.35 
6 3.1 1.01 - 15.35 

2 0.4 1.24 - 7.66 
4 0.8 1.16 - 7.66 
6 2.9 1.06 - 7.66 
4 1.9 1.17 - 8.55 
3 6.3 1.09 - 10.78 
1 3.9 1.18 -11.66 
1 0.2 1.10 - 11.59 
3 0.8 1.07 - 11.59 
5 5.0 1.01 -11.59 
3 2.2 1.10 - 12.47 
1 2.7 1.09 - 12.26 
3 3.9 1.06 - 12.26 
1 3.8 1.14 - 13.1s 
1 0.8 0.98 - 16.56 
3 1.2 0.96 - 16.56 
5 2.5 0.92 - 16.56 
3 2.1 1.00 - 17.44 

Q WV) 



lSN fX9Y fP,!Z 

1 P3!2 

L70+39Ca 

“N I-~“% 

“F+=K % 

0 
5 
3 
2 

3 
5 
1 
3 

I 
3 
I 
3 
5 
I 
3 
5 
2 
2 
4 

4 
2 
0 
2 

2 
4 
0 

2 
2 
2 
4 

2 
4 
2 

2 
0 
0 
2 
4 

2 

4 
2 
4 

2 
4 
2 

0 
2 
4 

3.1 1.28 0.69 
6.8 1.11 -1.61 
9.0 1.11 .- 7.26 
4.6 0.90 -8.30 
2.4 0.87 - 10.60 
4.3 0.84 - 10.60 

44.0 0.54 - 16.25 
34.7 0.58 - 16.25 

Ii.8 O.b8 - IO.03 

21.5 0.64 - 10.03 
0.3 0.88 - IO.04 
1.6 0.80 - 10.04 

18.7 0.65 .- IO.04 
4.4 0.62 - 15.08 
3.7 0.66 - 15.08 

3.8 0.69 -’ 15.08 

1.3 0.96 -.- 18.96 

0.2 0.95 - 19.95 

0.5 1.05 - 19.95 

&I 1.10 - 3.30 
7.2 1.21 - 6.47 
2.9 1.28 -8.00 
f.9 1.26 - 10.3b 

2.6 1.02 - 8.43 
4.6 0.97 - 8.43 
1.5 1.12 -11.60 
2.2 1.09 -11.60 
4.0 i.11 -13.13 
0.7 1.14 - 15.49 
4.3 I .O8 - 15.49 

I.0 
6.3 
3.0 
6.4 

4s 
1.1 
1.7 
3.3 
2.6 

-11.20 
- 11.20 
- 12.08 
- 12.65 
- 13.53 
- 16.6% 
- 16.68 
I- 16.68 
- 17.56 

7.9 
3.4 

6.2 

-6.47 
- 11.4b 
- 11.46 

1.1 
7.4 
8.1 
2.8 
3.4 
6.3 

1.10 
1.04 
1.15 
1.07 
1.16 
1.m 
0.98 
0.95 
1.05 

1.09 
0.90 
0.87 

1 .O7 
1.01 

1.00 
0.77 
0.79 
0.78 

-6.91 
-6.91 
- 8.24 

- 12.32 
- 12.32 
- 12.32 
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TABLE 2 (continued) 

379 

n’,V, j; n,l,j, /I F, 4, Q WeV) 

’ so t “Si IPI, 

1 P3!2 

“0 +“Si 

‘SN+29P 

2% ‘2 

1d5.2 
2s,,, 

iPI, 

1 P312 

‘7Fi-27AI Id,,, ld,/, 

lf,!, 

2PW 

2P,,* 

Id 512 

IP li?. 

2s,,, 
Id 3:2 
2s,,, 
ld,:, 

1 P3!Z 

1 
I 
4 
2 
0 
I 
1 
3 
2 
4 
0 
2 
2 

0 
2 
4 
2 
3 
1 

1 
1 
t 
1 
3 

0 
2 
4 
3 

5.9 
2.9 
7.1 
4.9 
1.5 
5.4 
0.9 
5.4 
21 
3.8 
1.9 
1.1 
1.8 

1.1 
1.8 
4.2 
3.4 
5.0 
2.5 

5.4 
2.7 
6.0 
1.6 
9.2 

1.2 
2.1 
5.5 
5.4 

1.18 - 1.59 
1.19 -4.33 
1.16 - 10.65 
I.36 -11.11 
f.S9 - 12.06 
1.02 - 6.72 
1.03 -9.46 
1.00 - 9.46 
I.11 - 15.78 
I .06 - $5.78 
1.30 - 16.24 
1.37 - 16.24 
1.48 -17.19 

1.15 - 10.38 
1.12 - 10.38 
1.06 - 10.38 
1.16 - il.27 
0.96 -- i 8.40 
1.08 - 19.29 

I.24 - 3.29 
1.18 - 5.94 
0.98 - 8.28 
0.86 - IO.92 
0.85 - 10.92 

I LB - 7.97 
1.04 - 7.97 
0.99 - 7.97 
0.87 - 15.40 

For each channel the quantum numbers for the state in the projectile and in the target are given in 
columns 2 and 3, respectively, while column 4 indicates the total angular momentum transfer J.. 
Coiumns 5 and 6 contain the strength (in MeV) and the decay length (in fm) of the corresponding form 
factor (cf. eq, (15)) with R = 1.20 (AJf3+Ak3) fm. They were calculated from wave functions in the 
standard shell model (7) with the parameters given in table 1. The last column is the Q-value for the 
single-particle transfer in this shell model. 

by E,. The quantity I, is the grazing angular momentum, while maA denotes the 
reduced mass and r0 the distance of closest approach [cf. eqs. (111.3.28) and 
(111.2.6), ref. ‘,I. 

In table 4 are given the coefficients a,, b, for atr = 1 fm and Q,,, for the different 
reactions analyzed below. An illustration of the function .ql(Q) is shown in fig. 3. 

‘%i 208k%. In the calculation of the absorptive potential for the scattering of 
160 on “‘Pb we have included the single-particle transfer processes given in table 
2. We have also included the inelastic transitions to the levels of ‘“0 and of “‘Pb 
shown in table 3. 



TABLE 3 

The collective states included in the e~luation of the imaginary potential due to inelastic scattering 

n E, B %.F “.(W WI 

‘“‘Pb 2+ 4.10 IO.8 0.06 I 
3- 2.6 32.0 0.12 
4+ 4.3 15.0 0.07 
5- 3.3 17.0 0.067 

8% 2” 1.84 4.5 0.12 
3- 2.73 i 3.6 0.206 

‘Yki 2+ 3.9 2.0 0.112 
3- 3.7 12.0 0.27 
4” 7.9 2.8 0.127 
5- 4.5 9.0 0.22 

ZXSi 2’ 1.78 12.6 0.38 

3- 6.88 25.0 0.56 
160 2+ 6.92 3.4 0.36 

3- 6.13 5.6 0.46 

For each state of spin 1, the excitation energy (in MeV). the B(EL) value in single-particle units and the 

deformation parameter is given. 

From the Q-values and excitation energies one evaluates the function gn(Q). The 
results associated with the transfer reaction for four bombarding energies are 
shown in fig. 3. Each transition is indicated by a point. The figure illustrates how 
at the higher bombarding energies more transitions contribute. 

The resulting imaginary potential (W(r)),,,,,, can be fitted by 

(19) 

with R, given by (13) since the internal part of the potential is irrelevant. The 
resulting parameters W,(E) and a, are given in table 5. 

The imaginary part of the potential arising from inelastic processes is given by 

The values of K for the different bombarding energies are also collected in table 5. 
The real part of the ion-ion potential U,,(r) is given in eq. (12). 

With these ingredients the differential cross sections for elastic scattering were 
evaluated with the optical model code GENOA 9). The results are compared to the 
experimental data in fig. 4. While the agreement is good at higher bombarding 
energies, one notices an important discrepancy at the lower bombarding energies. 
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TABLE 4 

Parameters for the determination of the adiabatic cut-off 

IhO+ z”6pb 88 0.78 

96 -0.52 

102 -0.32 

104 -0.25 

129.5 0.60 

138.5 0.90 

192 2.68 
‘Y&-=?Sr 48 .- 0.5 I 

52 - 0.40 

56 -0.30 

59 -0.23 

‘hO+YJa 40 - 0.14 
50 0.01 

74 0.37 
104 0.82 

140 I .56 

‘hO+LXSi 36 - 0.06 

55 0.12 
81 0.36 

141 0.9i 

-l-Q.18 - 10.70 8.30 0.213 0.152 

0.57 - 10.4s 8.10 0.203 0.2 1 1 
0.40 - IO.25 7.93 0.193 0.238 
0.35 - 10. I8 7.87 0.190 0.245 

- 0.34 - 9.35 7.18 0.160 0.299 

-0.58 - 9.03 6.94 0.152 0.309 

- 2.02 - 7.25 5.50 Ct.122 0.340 
0.46 - 5.21 3.88 0.285 0.062 

0.38 - 5.11 3.80 0.264 0.198 
0.30 - 5.00 3.72 0.247 0.254 
0.23 - 4.93 3.66 0.236 0.282 
0.10 - 2.33 1.54 0.273 0.3 19 

- 0.29 - 2.18 1.4 1 0.229 0.407 

-0.34 - 1.82 1.11 0.174 0.466 
-0.12 - 1.38 0.72 0.141 0.484 

-l.i8 - 0.83 0.26 0.119 0.488 
0.01 - 1.29 0.69 0.273 0.393 

-0.15 - 1.11 0.53 0.200 0.480 
-0.38 - 0.87 0.3 1 0.157 0.515 
-0.89 - 0.32 -- 0.20 0.114 0.519 

For each reaction and at each bombarding energy are given the optimum Q-values for neutron 
stripping (ns.) and pick-up (n.p.) and for proton stripping (p.s.) and pick-up (p.p.). The quantities a, 
and h, (cf. eqs. (16) and (17)) are given in the last two columns for the case of’u,, = I fm. 

We have also calculated differential cross sections for inelastic scattering for the 
2+, 3- and 5- states in ‘**Pb at a bombarding energy of 104 MeV. The results are 
given in fig. 5 together with the experimental data. 

For the highest bombarding energy of 192 MeV some states not included in the 
single-particle spectrum might contribute leading to an underestimate of the 
potential. On the other hand, at this bombarding energy one should include recoil 
effects which would diminish the form factors and thus the absorption. 

‘60+88S~. With the single-particle form factors of table 2 and the inelastic 
channels given in table 3 we obtain the parameters for the imaginary potential 
given in table 6. The resulting elastic scattering angular distributions are compared 
with the experimental data in fig. 6. 

‘60+40Ca. Similar calculations for the scattering of ‘“0-k 40Ca leads to the 
imaginary potential given in table 7. The associated elastic angular distributions 
are given in fig. 7. 

160 + 28Si. The imaginary potential for the scattering of I60 -t ‘%i as calculated 
with the single-particle transitions shown in table 2 is given in table 8. Elastic 
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a iQ-Qopt) 

Fig. 3. The adiabatic cut-off function g;,(Q) for the reaction ‘60fZcSPb. To display the energy 
dependence of the Ii&,, we have shown how the different single-particle transfer channels move in the 
(a, b) plane defining the adiabatic cut-off. The values of the function qi(Q) are represented by contour 
lines. The different channels given in table 2 are represented by dots according to the legend in the 

left upper corner. 

TABLE 5 

The absorptive potential for the scattering of **O on ‘“‘Pb (the parameters of eqs. (19) and (20) are 
given at various bombarding energies) 

EL L.~b3 

88 1.07 
96 1.17 

102 1.25 
104 12-l 
129.5 1.58 
138.5 1.69 
192 2.34 

Mdw 
(MeV) 

- 27.40 
-28.16 
- 28.04 
- 27.90 
- 24.68 
- 23.60 
- 10.10 

0.54 
0.56 
0.57 
0.58 
0.60 
0.60 
0.61 

K(E) 
(fm” MeV-‘) 

- 0.043 
- 0.045 
- 0.046 
- 0.046 
- 0.046 
- 0.045 
-0.042 
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TABLE 6 

The absorptive potential for the scattering of IhO on ‘%r (the parameters of eqs. (19) and (20) are 
given at various bombarding energies) 

W,(E) 
(MeW (Z, K(E) 

(fm’.MeV-‘) 

48 1.01 -21.30 0.53 ~ 0.026 
52 I .09 - 23.31 0.53 -0.031 
56 1.17 - 28.80 0.52 - 0.034 
59 I .24 - 34.70 0.52 - 0.036 

’ I---- 
l 

b” 
’ 0, I * 52 Me’ 

;; ‘y---l T3 . 

Id' 
'56MN 
. 

'59M& 

IO2 
0 30 60 90 120 150 

em 

!” 

1 

i 

_1 

I8 ;0 

Fig. 6. The ratio of elastic to Rutherford angular distribution for the “O+“%r reaction at different 
bombarding energies. The curves are calculated with the real potential (12) and with the imaginary 

potential of table 6. The data points are from ref. 3). 

TABLE 7 

The absorptive potential for the scattering of “‘0 on 4”Ca (the parameters of eqs. (19) and (20) are 
given at various bombarding energies) 

W,(E) 
(MeV) 

K(E) 
(fm’. MeV- r) 
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‘C 

0 

140 MeV AIlL -I.-- 
20 40 60 

9 cm 

Fig. 7. The ratio of elastic to Rutherford angular distribution for the “0 + 4”Ca reaction at different 

bombarding energies. The curves are calculated with the real potential (12) and with the imaginary 
potential of table 7. The data points are from ref. “). 

scattering angular distributions are compared with the data in fig. 8. The 

theoretical prediction miss the backward rise shown by the data at the lowest 

bombarding energies. 

For these bombarding energies the absorptive potential is, however, very 

sensitive to the Q-value of the single-particle transfer reactions. The results above 

are based on Q-values calculated with the average single-particle potential (7). We 

have recalculated W taking into account the experimental single-particle spectrum 

for both target and projectile (cf. fig. 9). The resulting potential for different 

bombarding energies is shown in fig. 10 and table 9. One observes that Wtrans(r) 

TABLE 8 

The absorptive potential for the scattering of I60 on ‘*Si (the parameters of eqs. (19) and (20) are given 
at various bombarding energies) 

km lJ% W,(E) 
WV) 

K(E) 
(fm’. MeV-‘) 

36 1.33 - 9.65 0.57 - 0.098 

55 2.03 - 17.16 0.54 -0.100 
81 3.00 - 17.55 0.54 - 0.085 

141 5.25 - 14.98 0.55 - 0.065 



386 

0 60 120 

Fig. 8. The ratio of elastic to Rutherford angular distrtbution for the I60 + ‘*Si reaction at different 
bombarding energies. The curves are calculated with the real potential (13) and with the imaginary 

potential of table 8. The data points are from ref. 5), 

depends strongly on the energy and becomes very small at bombarding energies 

close to the Coulomb barrier. In fig. 10 we have indicated by a dotted curve the 

potential wne, at 33 MeV. As is seen from fig. 11 the absorption is dominated by 

inelastic scattering almost exclusively to the lowest 2+ state in “Si (cf. table 3). 

TABLE 9 

The absorptive potential due to single-particle transfer for the scattering of rhO on “Si (the parameters 

of eq. (19) were calculated on the basis of the experimental smgle-particle energies, cf. fig. 9) 

E, (MeV) W,(E) R, 
(MeV) (fm) (Z, 

I60 + 18Si 33 - 0.50 6.00 0.55 

36 - I.60 6.00 0.525 

55 ~ 5.0 6.50 0.50 
81 ~ 6.0 6.50 0.53 

141 - 7.5 6.50 0.53 
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Fig. 9. The “experimental” single-particle spectrum for the single-particle motion of neutrons and 

protons in “0 and ‘“Si. (cf. fig. 2). 

I *\ , 

8 IO 

r (fm) 

Fig. 10. The absorptive potential I+&, as calculated from the single-particle spectrum of fig. 9 for 
different bombarding energies. The full drawn curves indicate the Saxon-Woods lit to the calculations, 
the parameters of which are given in table 9. The dotted curve indicates the absorptive potential at 33 

MeV due to inelastic scattering treating the 2+ state of *‘Si as a vibrational state. 
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‘60 + 28si 
E ,ob = 33 MeV i 

Fig. 11. The ratio of elastic to Rutherford angular distribution for ‘Y?t *“Si at 33 MeY bombarding 

energy. The data points are from ref. 5). The full drawn curve (T,) is obtained in an optical model 
calculation where the real potential is given by (13) while the imaginary potential is given by Wtritn\(r) of 

fig. IO. The dashed curve (T2) is obtained by treating the collective state in ‘“Si as a harmonic vibration. 

This is however not a vibrational state was as assumed. It is well established that 
28Si is deformed, and as was mentioned earlier [cf. also ref. ‘)I the inelastic 

scattering must in this case be treated by coupled channels with deformed 
potentials. Such calculations which are in progress show that the anguiar 
distributions are then much in agreement with the experimental results lo). 

4. Conclusions 

AIthough some discrepancies remain, the overall agreement between the data 
and the theoretical calculations, based soIely on nuclear structure information, 
gives us con~de~~e that a detailed understanding of the grazing collisions can be 
obtained. The calculation of W(r) should be improved to incorporate besides the 
experimental single-particle energies also the spectroscopic factors as obtained from 
the measured single-particle transfer cross sections. Since the latter not only 
enters through a multiplicative factor but also through the derived absorptive 
potential, this improvement must be done self-consistently. 
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