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ABSTRACT 

Angular distributions have been measured for the elastic, inelastic, 

one and two-neutron transfer reactions for the system 0 + 0 at 

center of mass energies ranging from 10,0 to 18.0 MeV, at cm. angles 

between 90° and 125°. The inelastic scattering data were analyzed 

assuming a collective excitation mechanism and with a coupled channels 

approach. In order to obtain a good fit it was necessary to include 

a hexadecapole deformation. The one and two neutron transfer reactions 

were analyzed in terms of a single step finite range plus recoil DIVBA 

theory. 
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1. 1 n.T redact UMI 

\'\w :'.::< 1 cus 0 is one of the most extensively studied nuclei, 

Vv;h thc-Tot icul ly and experimentally. Recent reorientation measure-

";e:i:s consistently report a large quadrupole moment for the first 

+ 1 7) 
excited 2 state '~J . This result cannot be accounted for by the 

accepted theoretical picture of the structure of 0 . 

Another relevant but less direct approach to the same problem is 

the observation of the interference between the nuclear and Coulomb 

excitation amplitudes in the inelastic scattering of 0 on various 

targets * . Such experiments report an anomalous interference pattern 

••\hich can be reproduced in some cases by using an abnormally large 

nuclear reorientation matrix element . 

In the present study we sought to obtain more information 

concerning the low lying states of 0 by measuring the various 

reactions between two 0 ions nt energies hhieh are near the Coulomb 

barrier. In measuring the elastic and inelastic scattering data the 

interference between the nuclear and Coulomb excitation processes can 

be restudied, while the transfer reactions supply information about 

the structure of 0 in relation to its neighboring Oxygen isotopes. 

The main drawback of such a system is that the symmetry in the 

entrance channel strongly affects the cross sections of the various 

exit channels. It introduces structures in the angular distribution 

iJiich originate from the symmetry of the problem, and obscures the 

r-1 :;ivturc duo to the interesting dynamical effects. For this reason, 

the experiment was carried out at several energies, from near the 

("onlo.i.li I'.NTier to about tivicc its value. In this way, sufficient 

i nfniTin; ion was accumulated to enable a meaningful discussion and 
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comparison to theoretical work. 

In the following sections the results of this study are presented. 

The elastic and inelastic channels are discussed in section III and 

the results of In and 2n transfer reactions are given in section IV. 

II. Experimental Method 

The kinematic-coincidence technique * was utilized to measure 

the angular distributions of the reaction cross-sections. The 

experimental set-up and the method used in the various steps of the 

data reduction process have been discussed in greater detail in 

ret*. (7), This method allows simultaneous measurement of various 

reaction channels so that the resulting cross-sections are derived 

with the correct relative normalizations. An independent measurement 

of the absolute cross-section for one channel then determines the 

absolute normalization for all channels. 

The 0 beam used in the present experiment was accelerated in 

the WIS EN Tandem Van-de-Graaff accelerator. Targets consisted of 

15-30 ug/cm SiO. The mass and Q-value resolution achieved are best 

demonstrated in the ml vs m2 and Q vs theta plots in fig. (1) and (2). 

The absolute normalization was provided by measuring the ratio 

... / —7cT~ at ^ ° c-m' T n i s h'as performed by using a SiO target 

of 15 ug/cm thickness hith a very thin layer of gold. Two particle 

detectors were set in the chamber so as to limit the coincidence events 

to be elastic events scattered at 90° deg cm. Coincidence events of 

0 + 0 and singles events of 0 on gold were measured simultaneously 
da , dc 

from which —,v•• / — j ? — was determined. At low energies, multiple 

scattering reduces the coincidence efficiency. This effect was 
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calculated and the corrections, which were never larger than 3%, were 

applied to the data. 

For both measurements, satistical uncertainties were treated in 

the standard way. For the angular distribution measurement, the errors 

were determined from the statistics of each angle bin, and these are 

the errors presented with the data. The statistical error for the 

absolute normalization is about 2% for energies less than 30 MeV and 

4* for higher energies. Other uncertainties such as finite size of 

the beam spot, multiple scattering effects, non linearities of the 

position sensitive detectors, or of the ADC units can contribute up 

to 15?6 systematic uncertainty which must be combined with the statistical 

error. 

III. Elastic and Inelastic Scattering 

Elastic and inelastic calculations were performed by using a 

coupled channels code in which the 0 ground state and 2 excited 

state were coupled by both the electromagnetic and the nuclear 

to be at least an order of magnitude lower than the cross-section for 

the first 1.98 MeV (2 ) state, even at the highest bombarding energies. 

18 

This fact justifies truncating the space of excited 0 states to the 

first two levels. 

The E2 matrix elements were measured by Kleinfeld et al. , and 

later confirmed by Void et al."'. They are: 

f 0.07106-1 
<I.|Im(E:)|il > = | ebarn, 

••0.07106 -0.21 •' 
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The nuclear coupling was derived by deforming the optical potential 

radius parameter using a rigid rotor model, and the 2 level is treated 

as a rotational state based on the ground state. 

In the present experiment the incoming channel consists of two 

identical bosn ions with zero spins. There is no change of parity 

during the reaction and the L-transfer is even. Therefore only even 

partial waves contribute to the elastic and inelastic scattering. 

Because of this, the structure of the angular distribution of the 

elastic and inelastic scattering is dominated by a typical interference 

pattern. Thus, the major difficulty in fitting the data was to 

reproduce the excitation function. Several families of potentials 

were found which fit the elastic cross-sections quite well in this 

energy region. (Potential ambiguities have not been studied). A 

typical potential is potential (a) in Table 1, and the resulting cross-

sections are diplayed with the experimental data-in figs. (3) and (4). 

9) 
The potentials used by Vandenbosch et al. J for the same reaction but 

at higher energies did not fit the data. The present calculation 

reproduces the rise in the cross-section at around 19 MeV (see fig. 

(3)), which is believed to be due to the rainbow effect. The calcul

ated effect is smaller than that seen in the data. 

In the first attempts to fit the inelastic data, the nuclear 

potential was allowed to take only quadrupole deformations. Under 

this assumption, (and for all the optical potentials which gave 

acceptable fits to the elastic data), the measured cross sections at 

all the energies could not be reproduced simultaneously. A hexa-

decupole deformation was included in an attempt to improve the fit. 

This was motivated by the observation that thr. nuclear coupling assumed 



in the coupled channels calculations may not apply to the 0 nucleus. 

The anomalous quadrupole moment observed for the 2 state hints that 

one should modify the nuclear coupling by allowing the diagonal nuclear 

matrix element to change its character relative to the transition 

element. This is done by introducing the hexadecapole deformation, 

which affects only the diagonal matrix element in a non trivial way. 

Potential (aj of table (1) which fits the elastic data quite well 

was used. The data could be reproduced reasonably well with 62=-
14 

£.=.14, as can be seen in fig. (5). 

It is perhaps significant that assuming a uniform density, the 

calculated quadropole moment is similar to that obtained by a pure 

3T=0.167 deformation, This value is close to the one usually used to 

. .. 1SA 4,9) describe 0 ' . 

Several studies of the inelastic scattering of 0 on heavier 

targets have shown anomalies which have been examined by similar 

methods. Videbaek et. al, J measured elastic and inelastic scattering 

of 0 and 0 on Nickel targets. They compared the nuclear-coulomb 

interference pattern in the inelastic reaction in which either the 

0 or the Nickel were excited, and observed qualitative differences 

between the two angular distributions. The interference minimum in 

the 0 excitation is very deep and is shifted towards smaller angles 

by about 5 degrees. There was no difficulty to fit the cross section 

18 
for exciting the Ni isotops. In order to fit the 0 data it was 

found necessary to increase the value of the diagonal nuclear matrix 

element by a factor of 2 or more. Rehm et. al. J also measured 

clastic and inelastic scattering of 0 and 0 on various targets 
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They performed first order DWBA calculations, and had to use modified 

form factors in their attempts to fit the data. 

IV. TransfeT Reactions 

In the present section the measured cross sections for one and 

two neutron transfer reactions will be discussed. The dominant 

features in the angular distributions of the cross sections are the 

strong oscillations which are due to the symmetry imposed because of 

the identical ions in the entrance channel. The only method by which 

one could investigate these reactions in more details WAS to measure 

the energy dependence of the cross sections. The experimental data 

and its theoretical interpretation are presented bellow. 

(a) One neutron transfer 180(18Q,170)190 

The reaction 0( 0, 0) 0 was measured in the energy interval 

15 <_ E_.< 18 MeV (fig. (6)). The experimental energy resolution was not 

+ I1) 
sufficient to resolve the first excited 3/2 state of "0 (at 0.096 MeV) 

from the 5/2 ground state. Various theoretical studies predict 

a vanishingly small transfer probability to the 5/2 state. It was 

assumed therefore, that the transfer reaction populates the 5/2 

ground state, exclusively. 

The 0 product is produced in its ground state. The cross 

excited state were not observable at the bombarding energies used in 

the present experiment. 

The theoretical analysis has been performed using the first 

order recoil approximation code of Balti and Kahana . Even though 
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the major contribution to the cross section is due to the L=4 transfer 

amplitude, all the five possible L transfers were included. In this 

particular reaction, the oscilatory behaviour of the cross sections 

(expected from the symmetric entrance channel) is washed out because 

of the high spins of the outgoing nuclei. 

The optical model potential assumed for the entrance and exit 

channels are pot (b) and pot (z) of table (I), respectively. The 

incoming channel potential is different from the potential (a) 

which was used in the couplet' channels calculation. The potential in 

121 
the outgoing channel is taken as the deep Siemsen potential J which 

was found apropriate to describe *he 0 + 0 elastic scattering. 

The bound state wavefunctions were calculated by using a Wood-

Saxon well which is characterized by the radius parameter r and the 

diffusivity a. Assuming the standard, value?, r = 1.25 fm and a - 0.6 fra, 
' o 

the best fit to the data could be obtained if the spectroscopic product 

s *S., was set equal to 0,44. This value is only about a half of the 

theoretical value calculated from the studies of McGrory + Wendental(lO) 

and Kuo + Brown {15). This discrepancy originates from the strong 

dependence of the theoretical cross section on the radius parameter 

r . It is sufficient to increase the radius parameter by about 10% 

in order to bring the experimental spectroscopic product into accord 

with the theoretical prediction. This phenomenon is due to the fact 

that transfer reactions sample the bound states at large distances. 

The absolute magnitude of the bound wave function is proportional to 

the spectroscopic factor and it depends almost exponentially on the 

r parameter. One can get the same fit to a given data by a slight 

change of the radius parameter, and a corresponding large change in 



the spectroscopic factor. At the energy range of the present 

experiment, the ambiguity described above sets ; severe limit on the 

applicability of the heavy-ions transfer reactions as a spectroscopic 

tool. 

(b) Two Neutrons Transfer Reactions 

The reactions 0( 0, 0) which populate the 0 ground state 

and the first 2 excited state of 0 were measured in the range 

12 < E <_ 18 MeV. The results are displayed in figs. (7) and (8). 

The transfer cross sect 

only for E _> 14 MeV. 

The two neutrons transfer data were analyzed in the framework of 

141 the DWBA formalism, using the code LOLA . The optical model potential 

assumed for the entrance and the exit channels are identical to those 

used for the one-neutron transfer reactions. 

The two-neutron wave functions were expressed as products of a 

center-of-mass part characterized by the quantum numbers (N,L), and 

the internal motion part, characterized by (n,fcfs), as suggested by 

Glendenning •*. The complete expansion of the 2n wave function was 

carried out after restricting the valence neutrons to occupy pure 

(d5,.J
n configurations. 

Assuming that the transfer interaction cannot affect the internal 

structure of the cluster, one obtains several transfer amplitudes 

which should be summed up coherently to yield the theoretical cross-

sections. The full but lengthy calculation was carried out for the 

two extreme bombarding energies. The results of these calculations 

fit the experimental data at the two energies when i factor of 0.1 
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is applied to the ground state cross-section, and of 0.2 for the 

transfer to the first 2 state in 0. These two overall factors 

do not chaiigf appreciably as a function of the bombarding energy. 

Comparing the partial amplitudes for the various processes which 

build up the transfer cross-section, one finds out that they have 

the same ungulr.r depcnderce. Thus, a more practical approach for 

the analysis of the present data would be to neglect all the terms in 

the 2n cluster configuration, except the most dominant s=n=Jt=0 

(hineutron) configuration. The curves presented in Figs. (7} and (8) 

are the results of such calculations. The fit was obtained by 

applying energy independent effective spectroscopic factors. Their 

1±0. 

leading to the ground and excited states in 0, respectively. The 

theoretical effective spectroscopic factors {based on the assumption 

that the transferred cluster is abineutron constructed from the valence 

neutrons occupying (d-<2) configurations), are /s.c_ = 0.18 and 

/s", s"~ - 0.057 for the ground and excited states of 0, respectively. 

In all the calculations described above, the bound state wave 

functions which describe the motion of the center of mass of the 

cluster, were calculated using a Woods-Saxon potential. The quantum 

numbers were restricted to satisfy the harmonic oscillator conservation 

rules. A radius parameter r » 1.25 fra fermi, and a diffusivity para

meter a = (1.6 fm were assumed. In the present case the radius of 

the S.i.xon-Koods potential is R « 1.25(2*' * A ' )fm. 

As was discussed in the case of the one neutron transfer reaction, 

the absolute values of the spectroscopic factors strongly depend on 

the radius parameter r . The ratio of the spectroscopic products, 

deduced for the reactions leading to the 0* and 2* sta »«. *s almost 
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independent of r . The discrepancy between the experimental and 

theoretical ratios of spectroscopic factor is probably due to the 

simple minded model assumed for the 2n transfer mechanism. 

V. CONCLUSION 

This study has attempted to examine the low-lying states of the 

various products from the 0 + 0 reactions. Particular emphasize 

was given to the first excited state of 0 fl .98 MeVJ for which 

1 2 4) 
anomalous behavior has been reported in heavy ion experiments ' ' . 

Since the interference patterns of the angular distributions caused 

by the symmetry of the incoming channel obscure the access to nuclear 

structure information, it was found necessary to measure cross sections 

at a wide range of bombarding energies. 

Attempts to fit the inelastic scattering excitation function in 

a coupled channels framework showed that a simple quadrupole deforma

tion was insufficient. A non-trivial change of the nuclear coupling 

matrix elements comes about from the addition of a hexadecupole 

deformation, and indeed with such-an addition reasonable inelastic fits 

can be produced, This is in no sense a claim that there exist in the 

first excited state of 0 a hexadecupole deformation, but only a 

demonstration that one more degree of freedom is needed to describe 

the excitation. 

Transfer reactions have been treated by first-order DiVBA calcula

tions which succeed in reproducing all of the qualitative features 

of the cross-sections. For each reaction, one spectroscopic factor 

was sufficient to fit the data at all energies. However, there 

remain difficulties in relating the extracted spectroscopic factors 
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to nuclear structure information. 

For all transfer reactions, there is a sharp dependence of the 

normalization of the cross-section on the shape of the bound state 

well. In particular, for a typical Woods-Saxon well, a change of 

ten percent in the radius causes a change of a factor of two in the 

cross-section. But in spite of this, the ratio of spectroscopic 

factors of two transfer reactions to different states of the same 

nuclei, appears to remain constant. 

In the present two-neutron transfer reactions to both the ground 

state and first excited state of 0, there is an additional difficulty. 

l-ach component of the bound state wave function yields a very similar 

shape of the cross-section. It is therefore very difficult to extract 

details of the structure of the bound state wave functions. 
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Table Caption 

Table (1} Optical potential parameters used in the theoretical 

study of the various nuclear reactions. 



Table 1 

P o t e n t i a l 

a 

b 

z 

V(MeV) 

100. 

100. 

100. 

r o v ' f , n ) 

1.2 

1.3 

1.2 

a v ( f i l ) 

.51 

.344 

.49 

W(MeV) 

30. 

50.57 

40. 

r
0W

ffra) 

1.3 

1.36 

1.2 

a (fm) 

.30 

.174 

.32 



Figure Captions 

Fig. 1. Contour plot of mass in detector 1 for the scattering of 0 

on an 0 target contaminated by 0. Each contour line is at 

the level of twice the intensity of counts of the contour 

below it. 

Fig. 2. Contour display of Q-value versus lab. scattering angle for 

outgoing masses identified as 16 and 20. 

Fig. 3. Elastic excitation function (normalized to mott) for 0 on 

0 at 6=90°. The solid 1 ine results from a coupled channels 

calculation. 

Fig. 4. Differential cross sections for the elastic scattering of 

18 18 
0 on 0. The solid lines result from coupled channels 

calculations. 

Fig. 5. Differential cross sections for the"inealstic scattering of 

18 18 
0 on 0. The solid lines result from coupled channels 

calculation. 

Fig. 6. Differential cross section for the one neutron transfer 

reaction 0( 0, 0)190. The solid lines are the results 

of DWBA calculations. 

Fig. 7. Differential cross sections for the two-neutrons transfer 

reaction 18O(18O,l6O)20O (g.s.). The solid lines are the 

results of DWBA calculations. 

Fig. 8. Differential cross sections for the two neutrons transfer 

reaction 0( 0, 0}" 0(2*). The solid lines are the results 

of DKBA calculations. 
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