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Angular distributions for the elastic scattering of 16o on 40 , 48ca, 

50Ti, 52Cr, 54Fe, 58,60,62,64Ni, 86,88Sr, 92,96zr, and 9~o at an incident 

energy of 60 MeV, 16o on 96zr at 49 MeV, and 12c on 96zr at 38 MeV have been 

16 48 measured using a 6E-E counter telescope. Inelastic scattering of 0 on Ca, 

54Fe, 58Ni, 88sr, 96Zr (60 MeV) and 12c on 96zr (38 MeV) populating low lying 

collective states of the target was also measured. 

The elastic scattering angular distributions are characteristic of 

those for strongly absorbed particles. The inelastic data show structure, 

however, which is found to be due to the destructive interference between 

Coulomb and nuclear excitation. The data are analyzed using the optical model 

with collective formfactors. Defonnation parameters in good agreement with 

those obtained by other means can be extracted provided corrections for the 

finite size of the projectile are made. 

*N. S. F. Fellow 1970/71 

**Permanent address: Kurchatov Institute, Moscow, U.S.S.R. 

***James A. Picker Fellow, 1969/71. Present address: University of Wisconsin, 
Madison, Wisconsin, U.S.A. 
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1. Introduction 

LBL-1258 

The usefulness of heavy ion projectiles in the study of inelastic 

scattering at sub-Coulomb incident energies has been demonstrated1 ). The 

mechanism at these energies is excitation due solely to Coulomb interactions, 

i.e., Coulomb excitation2). 

In this paper we report the study of elastic and inelastic scattering 

of oxygen and carbon ions from nuclei 40 ~A~ 96 at incident energies above 

the Coulomb barrier. The results are analyzed using the optical model and 

DWBA. It will be shown that the shape of the inelastic scattering angular 

distributions are mainly determined by interference between Coulomb and 

nuclear excitation and that heavy ions can be.used as a sensitive probe of 

the ion-ion potential. 

~I 
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2. Experimental Methods 

The experiments were performed at the Niels Bohr Institute tandem 

laboratory. The heavy ion beams were provided by an HVEC model FN tandem 

Van de Graaff accelerator. The measurements described here were obtained as 

part of a more extensive experimeBt designed to study particle transfer 

reactions with heavy ions3 ). The experimental techniques are described in 

more detail elsewhere3). 

The elastic and some of the inelastic scattering data were obtained 

with an array of 100 l.IJll Si surface barrier (SiSB) counters, while most of 

t'he inelastic measurements were made using a ~-E SiSB counter telescope 

(13 or 20 l.IJll ~and 100 ~ E counters, respectively). The mass resolution 

was between 6 and 10% for the telescope. The energy resolution (FWHM) was 

200-400 keV. 

An 
16o spectrum obtained from the bombardment of 96Zr with 60 MeV 

16o ions is shown in fig. 1. The group corresponding to 1.8 MeV excitation 

energy is an unresolved doublet due to excitation of the first 2+ and 3-

levels in 96Zr. With the exception of 96Zr the first collective levels of 

the other target nuclei studied could be resolved. 

The elastic data presented here include: 40 ' 48ca, 50Ti, 52cr, 54Fe, 

58,60,62,64Ni, 86,88Sr, 92,96Zr, 92Mo + 160(60 MeV); 96Zr + 160(49 MeV); 

96zr + 
12

C(38 MeV). The inelastic data include: 48ca, 54Fe, 58Ni, 88sr, 

96
zr(

16o,16o•), EL = 60 MeV and 96zr(12c,12c•), EL = 38 MeV. '· 
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3. Elastic Scattering 

3.1 DATA 

The elastic scattering data are shown in figs. 2, 3, 4 as ratio to 

Rutherford, cr(8)/crR(8). The angular distributions vary systematically with 

target or projectile Z and the beam energy. As shown in ref. 3, the elastic 

angular distributions can be approximated by a simple function of the apsidal 

distance4) 

D(e) = n/k (1 + esc ~) 
2 

3.1 

2 
where n/k = z1z2e /2Ec.m. z1 and z2 are the charges of the projectile and 

target, respectively, E is the c.m. energy, and 8 is the c.m. scattering c.m. 

angle. The decrease from Rutherford scattering begins at an angle such that 

D(8) ~ 1.7 (A1
113 + A2

1/ 3 ) ~where A
1 

and A
2 

are the projectile and target 

mass numbers, respectively. 

3.2 OPTICAL MODEL ANALYSIS 

The elastic scattering data have been analyzed using the optical model 

(OM) with a potential of the form: 

U(r) = (VR(r) + iWI(r)] + VC(r) 

where 

VR(r) = VR f(r) = ( r-~ )-1 
VR 1 + exp --;;- (3.2) 

and 

WI(r) = WI g{r) = ( r-R )-1 
WI 1 + exp ai I 

"' 
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The Coulomb potential VC(r) was taken to be that due to uniformly charged 

spheres with a separation Rc = 1.3 (~l/3' + A2
1/ 3 ) :f'm. 

The parameters VR, ~, ~' WI' RI' ai were obtained by griding on 

the parameters and comparing the calculations with the data. Calculations 

were performed with the programs~GAP56 ) and DWUCK7). Up to 140 partial 

waves were used. This corresponds to 3-6 times the !-values :for which T.!, 

the transmission coef:ficient5) for the !th partial wave is "'1/2. The 

differential equations were integrated out to 40 :f'm in 0.1 :f'm steps. The 

integration routines used in the programs were found to diverge :for steps 

much smaller or greater than this value. The value 0.1 :f'm is on the order 

o:f A/8, where A is the asymptotic wave length o:f the projectile. 

It was :found in :fitting the data that the calculations :for alaR> 0.1 

were most sensitive to the optical potentials in the region r ~9 fm, and 

:furthermore that in this region it was necessary that the potentials :fall 

o:f:f exponentially. 

One :family of pe,rameters.was obtained using the :following restrictions: 

BL = R = R = r (AL 1/3 + A 1/3) 
-~ I 0 0 -~ 2 

(3.3) 

The parameters VR, WI, r 0 , and a0 were adjusted to fit the data. It was :found 

that all the data could be reasonably well fitted with a standard set o:f 

parameters (set I), although improvements could be obtained in some cases by 

adjusting VR slightly (set II). The resulting parameter sets (OM sets I, II) 

are listed in table 1 and the OM :fits to the data are shown in figs. 2, 3, and 4. 

• 

··- i 
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we have also fitted 58Ni, 96Zr + 16o with a potential (set III) having a 

smaller radius than for sets I and II. The fits are shown in fig. 5. 

Finally, an optical potential, generated by folding a nucleon-projec-

d . t 'b . 'd d8'9) tile optical potential with the target nucleon 1s r1 ut1on, was cons1 ere • 

This was approximated with a Woo~s- Saxon form with R0 = r 0A2
1

/ 3 and diffuse­

ness a0 = 1 fm. The main differences between the "folded" type potential and 

that given by 3.3 are that for the former R0 a A2
1

/ 3 while for the latter 

R0 a(A1
1/ 3 + A2

1/ 3), and that the folded type potential has a much larger 

diffuseness9). The parame:ters obtained by fitting the 96Zr, 58Ni + 16o data 

with the folded type potential are given in table 1 (set IV). The fits to 

the data are shown in fig. 5· In obtaining the fits, we have constrained 

RR = R1 = r 0A2
113 

and ~ = a1 = 1 fm. Also, the exact folded potential is 

not•as simple as the Woods-Saxon form used here9). 

In figs. 6 and 7, we compare the OM potentials, which fit the 96Zr+16o 

elastic data. It can be seen in fig. 6 that the real part of potential sets 

I and III are very similiar for r > 9 fm, whereas. set IV, while having a much 

larger diffusivity, intersects the other potentials at r ~ 11 fm. The absorp­

tive potentials (fig. 7) show a similiar behavior although not so pronounced 

as that for the real potentials. 

In figs. 6 and 7, the calculated and experimental elastic angular 

distributions for 49 and 60 MeV 16o on 96Zr are shown versus the classical 

distance of closest approach (eq. 3.1). It is seen that the region r ~ 11 fm 

just corresponds to the region in which the data are fitted and for which the 

OM calculations are most alike. 

,,, 
I 
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We conclude that elastic scattering can be used to determine the 

ion-ion optical potentials in the surface region corresponding to grazing 

collisions and that W(r)/V(r) 'V 1:2.5 in this region. The precise shapes 

of the potentials are not well determined, however. Also, since our analy-

sis is sensitive to a region r >~9 fm, it is not possible to deduce infor-

10 
mation about interior features of the potentials, such as a repulsive core ). 

As we shall show in section 4.3, the study of inelastic scattering can help 

determine the shpaes of the potentials. 

3. 3 COMPARISON WITH OTHER ANALYSES 

We may compare our results with those of refs. 11 ,12 ,13 ) for 40ca+16o, 

E = 20 to 47 MeV. The optical potentials used in these references are listed 
L 

in table 2. If one compares the values of the real and imaginary potentials 

96 16 at r = 9.2 f'm, which corresponds to r = 11 fm in the Zr + 0 system, we 

find (table 2) that the values of V(r) are similiar, but that the slopes 

differ, whereas, the values of W(r) vary considerably. 

Some of the elastic data presented here have also been analyzed14 ) 

using the smooth cut-off model and a semi-classical model3), but these analy-

ses will not be discussed here. 

i 
i 

• I 
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4. Inelastic Scattering 

4.1 ANGULAR DISTRIBUTIONS 

. . . tt . f' 16o . h Angular distributions f'or the 1nelast1c sea er1ng o -1ons ave 

48 54 58 . 88 96 been obtained on the Ca, Fe, N1, Sr, and Zr target nuclei at 60 

MeV and 12c on 96zr at 38 MeV (f'-igs. 8~10). The most striking f'eature is an 

oscillation which appears to be correlated with the rise of the elastic data-

above Rutherford scattering. Similiar effects have been observed in the 

inelastic scattering of T and a-particlesl5,l6 ). 

The oscillation is most pronounced on the 96zr, 58Ni and, probably, 

48 Ca target nuclei, though f'or the latter the rise at forward angles was 

impossible to measure, due to a very strong background of the elastically 

scattered 16o ions on the 16o and 12c impurities in the target. Results 

of a study of this ef'f'ect in the excitiation f'unction of' 16o + 58Ni inelastic 

scattering have been published elsewhere17). 

4.2 SEMI-CLASSICAL MODEL 

The observed behaviour of the angular distributions can be explained 

qualitatively as an interference between Coulomb excitation and nuclear exci­

tation17). In the semi-classical description of the collision the particle is 

moving along a classical trajectory, and one may write the cross section f'or 

excitation of' a collective state, in f'irst order perturbation theory as: 

dcr . 1 < e ) = P ( e ) dcr 1 ( e ) 1ne e 
(4.1) 

where P(8) is the probability that the nucleus is excited in a collision in 

which the particle is scattered into an angle e and dcrel (8) is the elastic 

cross section. 

:/ 
i 
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The probability P(O) can be expressed in terms of the amplitude b(O) 

for a transition from the ground state to the excited state as: 

P(e) oc [b(e)J 2 (4.2) 

As the total interaction potential between the. colliding particles .is of the 

form (see section 3.2): 

with VR and WI negative (attractive and absorptive, respectively) and VC(r) 

positive (repulsive), one m~ write (neglecting the summation over the different 

m-states): 

(4.3) 

where be, bR, and bi (all real and positive) are the amplitudes due to the 

Coulomb field, the real nuclear field, and the absorptive field, respectively. 

Since 8 = O(D), D being the apsidal distance (eq. 3.1), one has that 

(4.4) 

At large distances that is at forward angles, the Coulomb amplitude is 

dominant, and the cross-section is pure Coulomb excitation. With decreasing 

distance, that is with increasing angle, th~ amplit:udes bR and bi will increase 

faster than the Coulomb amplitude be and destructive interference between the 

Coulomb amplitude be and the nuclear amplitude bR occurs, giving rise to an 

oscillation in the inelastic cross section. Finally, the rapid decrease of 

dcrel at large angles, which is due to the absorption, results in the fall off 

'I: 
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of the cross section. The probability P(O) continues to rise, however, 

approaching unity at large angles. For this situation perturbation theory 

may not be valid. 

We illustrate the features outlined above by plotting dcr. 1 (D)/dcr 1 (D) · ~ne e 

and the square of the .foimfactor~ (see section 4.3) for 12c, 16o on 96zr 

leading to the unresolved 2+ and 3- states in 96Zr at about 1.8 MeV excita-

tion energy versus D(S) and r, respectively. This is shown in fig. 11. 

N Optical potential set II has been used with the quantities ~(EL) and aL 

adjusted to fit the data. The for.mfactor shown in fig. 11 is for the L=3 

96Zr(16o,16o)96Zr(3-) transition, as it is found to be responsible for most 

of the cross section. It can be seen from fig. 11 that the shape of P(D) is 

strongly correlated with IFL(D)I 2 and in particular, the minimum correspond­

ing to the cancellation of the real parts of Fi(r) and ~(r) at D ~ r = 12 tm. 

One finds a behaviour similar to that shown in fig. 11, when D is changed 

by fixing a and varying the bombarding energy as in ref. 17. 

The interpretation of the observed oscillations as due to destruc-

tive interference is supported by the DWBA calculations shown in fig. 8. In 

this figure we show data for 96Zr(12c,12c•) to the states at 1.8 MeV (2+ and 

3-). Also shown are DWBA calculations using only the Coulomb part and only 

the nuclear part of the formfactor (top) and the total for.mfactor (bottom) 

with B(EL) and S~ adjusted to fit the data (see section 4.3). 

4.3 DWBA CALCULATIONS 

We have performed DWBA calculations using the program DWUCK7) and 

the for.mfactor given by 
18' 19) 
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FL(r) 
C N 

= FL(r) + U'L(r) 

where 

c ez1 4rrVB(EL) 1 (4.5) FL(r) = 2L+l L+l r 

and 

_N ( ) = 0 N (v R_ d:f ( r) + . W R dg ( r) ) YL r ~L R-~ dr 1 I I dr 

The quantity B(EL) is the e.m. transition probability :for a o+ ~ L 

electric excitation o:f the target and s~ is the multipole deformation o:f the 

nuclear optical potential. Up to 140 partial waves were used with the numeri-

cal integrations taken out to 40 fm in o.l fm steps. This is adequate (± 10%) 

in the region D ~ 15 fm, which included most o:f the data points. 

The values o:f B(EL) were taken :from the values compiled by Bernstein
20

) 

or :from other sources. Where direct measurements o:f the electric transition 

rates were not available we have deduced values :from the potential de:forma-

tion parameters determined :from inelastic scattering using light ions. The 

N 
values o:f SL are determined by :fitting the data. Unlike the situation :for 

N light ions where only the magnitude o:f the DWBA cross section depends on SL' 

:for heavy ions both the magnitude and shape o:f the angular distributions 

change, due to the interference terms. 

In figs. 8-10, we show the fits to the inelastic data using OM poten­

tial set II. The values of B~ obtained are listed in table 3, together with 

the B(EL) values. In fig. 12 and table 3, we also show the results of 

calculations for 96zr, 5~Ni + 16o using OM sets III and IV. It can be seen 

that OM sets II and III yield similar fits to the data, whereas, OM set IV 

.... 
• 
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gives a much worse fit. This is due to the large diffuseness (a0 = 1 f'm) 

for this potential which greatly affects the derivative term appearing in 

the formfactor. The fits to the inelastic data suggest that the appropriate 

OM potentials have a diffuseness parameter, a0 , ~ 0.5 f'm. 

Better agreement with the experimental angular distributions, particu-

larly at forward angles, can be obtained by adjusting B(EL). This is shown 

in fig. 8 for the 1. 8 MeV states observed in 96zr(
12c, 12c'). In some cases 

this may be justified, in that direct measurements of B(EL) are not available. 

4 4 THE PHASE OF THE NUCLEAR FORMFACTOR 

It has been suggested that interference effects can be used as a 

~lique probe in determining the proper phase of the nuclear part of the tran­

sition amplitude22 ). As can be seen from eqs. 4.3 and 4.5, the imaginary 

part of ~(r) results in an amplitude which adds incoherently to the inelas­

tic cross section. The simple collective form factor used in eq. 4.5 has 

1m ~(r)/Re ~(r) = WI/VR or about 1:2.5 for the potentials used. The con­

tribution of 1m ~(r) is most important at the minimum in the cross section 

corresponding to be( 8) = bR( 8). The analysis of the inelastic data is con­

sistent with the phase of the formfactor given by the collective model 

( eq. 4. 5). 

4.5 FINITE SIZE CORRECTIONS 

In electron or light-ion inelastic scattering, the deformation of the 

interaction potential can be expected to be nearly the same as the mass 

deformation of the target owing to the small projectile size. This is not 

expected to be the case when the projectile size is large, as it is for 

heavy ions. Averaging the interaction over the projectile nucleon distribution 
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will result in a projectile-nucleus potential de~ormation which will be 

smaller than that·o~ the target nuclear state involved. This effect has been 

observed for inelastic alpha scatterins20 ). It is found that one can deduce 

the target state mass deformation ~rom the OM potential ·de~ormation using the 

relation 

(4.6) 

where BM' B~ and ~' R0 are the deformations and radii of the target and 

optical model potentials, respectively. Eq. 4.6 has been used to deduce 

N 
target mass deformations from the observed OM potential deformations, 81 • 

The results are listed in table 3. 

Since the finite size corrections appear to be quite substantial, a 

more exact treatment than that given by (4.6) woUld be desirable. 

4. 6 COMPARISON WITH OTHER MEASUREMENTS 

In table 3, we compare the potential and mass. deformations obtained 

from the analysis of heavy ion inelastic scattering with deformation para­

meters obtained from other methods, such as (a,o.~·. The deformation para-

meters obtained in the latter measurements should be compared with the BM 

values deduced in this experiment. The agreement in most cases is good, the 

S values being within ± 10% of each other. 

5. CONCLUSIONS 

The present results indicate that the DWBA treatment may be applied to 

heavy ion reactions well above the Coulomb barrier and by utilizing the 

interference between Coulomb and nuclear forces, one may use heavy ions as 

a sensitive probe of these forces. 

. ' 

' •• 
• 
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Table 1. Optical Model Parametersa) 

Set EL' Projectile Target VR, WI, Ro, ao, Comments 

MeV MeV MeV fm fm 

I. 49,60 160 4oc 96z a- r -40 -15 1.30(All/3 + A21/3) 0.50 General set 

38 12c (see figs. 2-4) 

II. 60 160 52Cr -35 Same as Set I VR adjusted 

54F 58,60N. e, ~ -25 

92z 92M r, o -22 

160 58Ni l.lO(All/3 + A21/3) 
I 

III. 60 -320 -90 0.50 r 0= 1.10 fm 
,...... 
~ 
I 

96Zr -620 

IV. 60 160 58Ni -230 -120 1.15 A21/3 1.00 Folded-type 

96Zr -360 potential 

) r~R 
a U(r) = (VR + iWI) (1 + exp ___Q_)-l + V (r) where V (r) is the Coulomb potential due to uniformly 

ao c c 

charged spheres with Rc= 1.30(~1/3 + A2
1/ 3) fm. 

&; 
t"i 
I 
I-' 
!\) 
VI 
co 
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Table 2. . 16 40 Opt1cal Model Parameters for 0 + Ca 
;""·'9-.·-~·:.~~-

-

EL, VR, WI' Ro, . ro, 
a) 

ao, VR(9.2fm)b) 

MeV MeV MeV fin fm fm MeV 

38-42 - 35 - 2.0 1.20 1.19 0.60 -1.21 

- 30 - l. 5 1.20 1.19 0.10 -1.63 

20-40 -150 -10 7.40 1.23 0.467 -3.11 

40 -43.7 o.4o6 
I 

- 91.7 7.72 1.28 -2.33 

47 - 62.9 - 4.46 7.72 1.28 0·399 -1.50 

60 - 40 -15 7.85 1.30 0.50 -2.52 

a)r
0 
= R0/(~ l/3 + A

2
1/ 3). See also footnote a) table 1. 

b)The potentials at r = 9.2 fm, corresponding tor= 1.55(~1/3 + A
2
1/ 3 ) fm. 

• 
.. 

w
1

(9.2fm)b) Ref. 

MeV 

-0.069 ll 

-0.081 

-0.21 12 

-l.ll 13 

-0.11 
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study. 
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Table 3. Deformation Parameters 

-· ·- ==±== 

E a) 
a) 

B(EL)b) 
Nc) Bd) Other Meas.e) Nucleus x, JTI OM (3L Ref. 

MeV Set M s.p.u. 

60 MeV 16o 

48Ca 3.83 2+ I 1.7 o.o6 0.10 0.13 (a,tl) 24 

4.50 3- I 5.4 0.08 0.134 (0.18)g 

54 Fe 1.40 2+ II 8.7 0.088 0.147 Q.18 (d,d~ 25 

3.00 2+ II 3.0 0.08 0.134 0.14 (d,d~ 25 

58Ni 1.45 2+ II 9·9 0.092 0.152 0.188 (a,a~ 26 
I 

1-' 

III 9·9' 0.187 0.26 co 
I 

IV 9.9 0.086 0.075 

3.20f) 2+ II 1.2 (0.044/ (0. 074 )f 0.049 (a,i:x~ 26 

2+ 2.3 0.049 (a,a~ 26 

4.50 3- II 13.3 0.12 0.198 0.16 (a,a~ 26 

88Sr 1.84 2+ I 8.5 0.085 0.133 . (0.12)g 

96zr 1.8f) 2+ I (2)h 0.06 (t ,t~ 27 

3- (17)h 0.12 0.186 0.165 ( t 't'} 27 
t"' 

3- III 0.148 0.192 tD 
t"' 
I 

1-' 
. 3- IV 0.230 0.202 [\.) 

\.J1 
co 

(continued) 
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Table 3 (continued) 

E a) 
a) 

B(EL)b) 
Nc) 

sd) Other Meas.e) Nucleus x, J'IT OM SL Ref. 
MeV Set M s.p.u. 

38 MeV 
12c 

96Zr 1.8 2+ I (2)h o.o6 (t,t') 27 

3 - (17)h 0.122 0.189 0.165 (t,t'). 27 

2+ I. (5)i o.o6 (t,t') . 27 

3- (17)h 0.099 0.155 0.165 ( t 't~ ' 27 

a)The excitation energies are estimated to be accurate to ± 50 keY. The spins and parities assumed 

are shown and are taken from the references cited. 

b)The e. m. transition probability for the target state as determined from (e,e') or Coulomb exci-

tation. The values are taken from the compilation of ref. 20, unless otherwise noted, and are 

given in single particle units. 

c )The potential deformation s~ ( eq. 4. 5). 

d)The target mass deformation deduced from S using eq. 4.6 with Rm= 1.3 A2
113 

fm, 

e)Other measurements of potential or mass deformation. These should be compared to SM. 

f)Unresolved group of states. The J'IT of the state(s) most likely to be excited in heavy-ion 

inelastic scattering is given. 

(continued) 
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Table 3 (continued) 

g)From compilation of ref. 23. 

h)Deduced from (t,t') measurements of ref. 27. 

i) Adjusted to fit the data at forward angles (see fig. 8) • 
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Figure Captions 

Fig. 1. 
16 16 96 

An 0 spectrum from 0 + Zr. 

Fig. 2. Elastic scattering of. 
16o at 60 MeV (lab). Optical calculations are 

shown for sets I and II from table 1. 

Fig. 3. Same as fig. 2. 

Fig. 4. Elastic scattering of 16o + 96zr (49 MeV) and 
12c + 

96zr (38 MeV). 

Optical model calculations for set I, table 1 are shown. 

Fig. 5. Elastic scattering of 16o + 58Ni, 16o + 96Zr at 60 MeV (lab). Optical 

model calculations for sets III, IV, table 1 are shown. 

Fig. 6. Left: The real part of the optical potentials which fit 16o + 96zr 

elastic scattering (table 1, figs. 3-5). Note that the origin starts at 

r = 4 fm. VC(r) is the Coulomb potential. Right: The elastic data for 

16o + 96zr at 49(•) and 60(o) MeV as ratio to Rutherford scattering, 

versus D(8) (eq. 3.1). The curves are optical model calculations for 

the potentials indicated (E1 = 60 MeV). 

Fig. 7. Same as fig. 6 but for the absorptive part of the OM potential. 

Fig. 8. Top: The data for 12c + 96zr populating the unresolved 2+ and 3-

levels at 1.8 MeV excitation energy. The calculations shown are for the 

Coulomb and nuclear parts of the formfactor (eq. 4.5). Bottom: the 

solid line is the DWBA calculation using the sum of the Coulomb and 

. . N 
nuclear parts of the form factor with B(EL) and S

1 
adjusted (see table 3). 

The dashed line corresponds to values of B(EL) taken from other measure-

ments (see table 3). 

Fig. 9. The inelastic scattering of 16o ions at 60 MeV. DWBA calculations are 

shown with the formfactor parameters (eq. 4.5) listed in table 3. Optical 

model sets I and II were used. 
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Fig. 10. Same as fig. 9. Optical model sets I and II were used. 

Fig. 11. Top: The ratio of inelastic to.elastic scattering for 16o + 96zr 

and 12c + 96zr populating the 2+ and 3- states at 1.8 MeV excitation 

energy. The DWBA calculation is for the for.mfactor shown. D(6) is the 

apsidal distance for the angle e (eq. 3.1). Bottom: The for.mfactor for 

12c + 96zr (3-) as given by eq. 4.5 with B(EL) and SLN adjusted to fit 

the data. 

Fig. 12. Same as fig. 9 except optical model sets III and IV were used. The 

parameters are listed in table 3. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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