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Abstract 

The excitation of the 0_ (7.65 MeV) state in 1 2C by inelastic 

alpha scattering is investigated using microscopic resonating-

group wave-functions in a coupled channel folding model. The 

importance of coupling to other states and the influence of 

varying the optical potential in the excited states is studied. 

Both effects must be taken into account for a quantitative 

description. 
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The description of the excitation of low-lying 0 states in 

light nuclei like 1 2C, 1 6 0 , 2"*Mg and 2 8Si usually meets large 

uncertainties and difficulcies in the structure models used for 

these states. In a collective model approach, the use of a breathing 

mode form-factor is probably inadequate since these low-lying 0 

states are not part of the giant monopole resonance which is expected 

at much higher excitation energies. Likewise, a vibrational model of 

either first [1] or second [2j order with excitations via the lowest 

2 state is also hard to justify since no obvious two phonon triplet 

occurs in the spectra. But microscopic descriptions in terms of 

particle-hole excitations are no more successful. Shell model 

calculations are usually restricted in their basis space to a single 

major shell and thus predict vanishing <r2> matrix elements between 

the ground and excited 0 states. This is in sharp contrast to the 

observed, rather large, values [3]. Extensions to include several 

major shells are not feasible because of computational complexity. 

Attempts have been made [4] to parametrize the form-factor in an ad hoc 

manner with transitions among several major shells, but this gives no 

information on possible higher order processes. Therefore one has to 

look for other nuclear structure models in order to describe these 

states microscopically. In the special case of 1 2C, such a 

calculation has been performed using the resonating-group method [5]. 

In a microscopic manner, all multipole transition amplitudes among 

the set of low-lying isoscalar states (0., 2., 4., 0-, 2 2, 37, l") 

have been calculated. A comparison to electron scattering 

form-factors has shewn good agreement for the 0_ (7.65 MeV) 

state up to momentum transfers of 2.5 fin"1. The <r2> matrix 

elements is also reproduced. It is therefore of considerable 

interest to employ these wave-functions in the description 

of hadron scattering to this state. Contrary to 
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electron scattering which is essentially a first order process, 

channel coupling effects are expected to be important for 

strongly interacting particles. Of special interest is the 

contribution from the two-step process via the 2 1 state which is 

thought to be important in a two phonon model [1]. Furthermore, 

the density of the well-clustered 0- state is predicted to be 

very different from the ground state density. This difference 

between the densities will manifest itself as a difference 

between the corresponding optical potentials. A ccupled-channel 

study may then yield information about the optical potential in 

the excited state. 

A study of proton scattering at 65 MeV, using this 

particular model, has already been reported [6J. A quantitative 

description of proton scattering requires, however, the proper 

treatment of exchange terms and of spin-dependent effects which 

was not included in this study. A phenomenological optical 

potential was used, paying no attention to the influence of 

different optical potentials in different states. A process 

better suited as a study of the wave-functions is that of 

alpha scattering for which spin-dependent effects are absent 

and exchange effects are more easily absorbed in a renormalization 

of the effective force than for proton scattering. It is the 

purpose of this letter to report on such a study. 

The diagonal and transition potentials have been 

calculated in a unified way by using the well-known folding 

model in which the potentials are obtained by folding an effective 
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force with the corresponding diagonal and transi t ion densities; viz. 

r 
F(r) = v (|? - r ' | ) p(r») d 3r» 

effv 

As in many other investigations of alpha scattering [7] the 

effective force is taken as a Gaussian, 

v cc (r) = - (v + 1 w J e eff ' o oJ 

with a range y = 2 fm. In order to minimize the number of free 

parameter, the imaginary part of the potential is taken to be 

proportional to the real part. Better fits can be obtained by 

using an imaginary part of Woods-Saxon type in the optical 

potential, but this would introduce uncertainties in the imaginary 

parts of transition form-factors. Coulomb contributions are 

also taken into account by folding the Coulomb force with the 

diagonal and transition densities. The only free parameters 

then are the real and imaginary strength of the force, v and w . 

They are determined by fitting the elastic scattering data. 

Because the calculated ground state density fits the elastic 

electron scattering form-factor only for small momentum 

transfers, the fit for elastic alpha scattering has to be 

restricted to forward angles. Because the feedback to the 

elastic channel was found to be important, especially from the 

2, state, v and w were determined in a full coupled channel 1 ' o o r 

calculation. 

Alnha scattering data for the excitation of the 

0* (7.65 MeV) state exist at 104 MeV [3], 139 i<,eV [9], 

166 MeV [10] and 1370 MeV [11], For the highest energy, it was 
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found impossible to obtain a fit to the elastic scattering 

data within the folding model. The representation of the 

effective force by a single Gaussian is obviously not realistic 

at this energy. Therefore, analysis for the inelastic 

scattering has to be confined to the lower energies. Among 

them, the 104 MeV data for the 0. state are the most complete 

covering the largest angular range and thus are considered 

specifically herein with some comments on the results obtained 

at the other energies. 

Among the seven states calculated in ref.3, 57 transition 

densities of various multipolarities have been specified. In 

order to reduce this set to a more manageable number, two 

approximations have been made. First, all couplings to the 

4. and 1. states have been ignored. These states are only 

weakly excited and so should have no large influence on the CL state 

in coupled channel calculations. The 2. state was, however, 

retained because its strong coupling to the 0- state even though 

its large width has made impossible a direct observation in 

alpha scattering. Second, among the remaining five states only 

couplings with multipolarities up to £=3 were included.Transition 

densities for higher multipolarities are much smaller and can be 

neglected. These two approximations reduce the number of 

transition densities to 21. Using this limited set of channel 

couplings, real and imaginary strength of the effective force 

have been determined by a fit to the elastic data [12], 
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The calculations were performed using the external form-factor 

option of the coupled channel code EC1S [13|. For the 104 MeV 

case,values v = 29 MeV and w = 11 MeV were found. If o o 
instead of the full channel coupling, only the elastic channel 

is used, the imaginary part is found to be 2 MeV deeper. These 

depths are in good agreement with the values reported for other 

nuclei at similar energies [10]. 

Using these values for the effective force, predictions 

for all inelastic channels were obtained. The results for the 

0- state are shown in fig.l for the case that the full channel 

coupling has been taken into account. The results of 

calculations of the 0_ excitation when only the direct 

coupling between it and the ground state is allowed are compared 

to the data in fig.2. In both cases, two calculations have 

been made. In the first calculation, the optical potential 

for each state has been obtained separately by the folding 

process and then used in the coupled channel calculations. Results 

obtained thereby are shown as solid lines. The second 

calculation (shown as dashed lines) uses the ground state 

optical potential for all channels. The difference in the 

optical potentials is rather large. If they are characterized 

by central depth, half value radius and skin thickness 

(difference between 90% and 10% radius), the ground state 

optical potential has values of 113 MeV, 2.45 fm and 0.77 fm 

whereas the corresponding values for the 0- state are 63 MeV, 

2.95 fm and 0.98 fm. It is thus much shallower, has a larger 

radius and a much larger diffuseness, as to be expected for a 
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well-clustered state. 

The effects of varying the optical potential are much 

more pronounced if only the direct coupling 0 - 0 is taken 

into account. For angles larger than 25°, the results are 

drastically influenced by changing the optical potential in 

the excited state. Such a strong dependence upon distortion 

effects has been noted previously in a phenomenological study [2], 

but it was then attributed to changes of the optical potential 

in the elastic channel. In the complete channel coupling 

calculation, the effects of changing the optical potential are 

less dramatic but they are still significant. The large angle 

data (beyond 45°) indicate a preference for the different 

optical potentials. But at these angles the elastic cross-

section itself is no longer adequately reproduced, and, 

consequently, statements about the influence of distortion 

effects on inelastic scattering are rather ambiguous. 

Turning now to the importance of channel coupling 

effects, two observations can be made. The direct transition 

0, - 0_ is obviously the major process that determines the 

cross-section. This is in agreement with a phenomenological 

study made at lower energies [14]. For a detailed fit, however, 

effects of channel coupling cannot be neglected. At small angles 

they reduce the cross-section whereas they enhance the calculated 

result at large angles. In both angular regions, the agreement with 

the data is thereby drastically improved. The influence of the 

various states (2,, 3" and 2_) on the 0- cross-section has 
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been investigated in detail. The effects of the 2 1 and 3~ states 

have been found to be rather small. Thus there seems to be no 

microscopic basis for a two phonon description [1] of the 0. 

state. Instead, the largest influence on the 0. state was 

found to come from the 2. state which is a member of the rotational 

band based on the 0- state. In turn, the cross-section for the 2-

state is strongly influenced by including the coupling to the 0-

state, being reduced by almost a factor of two. No experimental 

data exist for the 2 ? state to check this prediction. 

At 139 MeV, a fit to data of comparable quality to that 

at 104 MeV was obtained but only when the calculated results 

were divided by two. The magnitude of the data, however, seems 

to be questionable as a phenomenological study [2] required a 

much smaller deformation length in the analysis of these 139 MeV 

data than either for 104 MeV or 166 MeV. Also, a plot of the data 

for all energies versus momentum transfer reveals a discrepancy 

of the 139 MeV data. At 166 MeV, a good fit to data was 

obtained for angles larger than about 15°. The forward angle data 

at 166 MeV seem to have a problem for all states which is 

evident especially for the 2 1 state. 

Though the main interest of this work was in the 

description )f the 0 2 state, it is relevant to make a few 

comments on the other states that were included in the channel 

coupling scheme. For the 2. state, the peak cross-section is 

reproduced well both in magnitude and shape-
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The fall-off at larger angles is, however, too steep. For the 

3~ state, the calculated peak magnitude is too large as was 

found also for the electron form-factor. The influence of this 

state on the 0_ state has therefore been overestimated. 

Summarizing, a quantitative description of the excitation 

of the 0 2 state by alpha scattering has been obtained in a folding 

model by using microscopic resonating-group wave-functions. 

The direct transition 0- - 0_ reproduces the gross features 

of the data. For a detailed fit, however, it is necessary 

to include channel coupling effects with different optical 

potentials in the various channels. If these optical potentials 

are calculated consistently within the microscopic model, a 

better fit for alpha scattering results than for proton 

scattering, probably because of the absence of spin dependence 

and of the minimization of exchange effects in alpha induced 

reactions. 

Acknowledgement 

I am indebted to Dr. M. Kamimura for sending me the 

complete list of transition densities. Thanks are due to 

Dr. K.A. Amos for a careful reading of the manuscript. This 

work has been supported by the Australian Research Grant 

Scheme. 



10. 

References 

[I] G.R. Satchler, Nucl.Phys. A100 (1968) 497. 

[2] A. Ingermarsson and 0. Jonsson, Nucl.Phys. A388 (1982) 644. 

[3] P.M. Endt, Atomic Data and Nucl.Data Tables ̂ 3 (1979) 3. 

[4] A. Ingemarsson, Physica Scripta 2Q (1979) 180. 

[5] M. Kamimura, Nucl.Phys. A551 (1981) 456. 

[6] J. Nojiri, M. Kamimura, M. Sano, M. Wakai AND K. Yoro, 

Prog.Theor.Phys. 66 (1981) 1906. 

[7] A.M. Bernstein, Adv.Nucl.Phys. ̂  (1970) 325. 

[8] J. Specht, H. Rebel, G. Schatz, G.W. Schweimer, 

G. Hauser and R. Lohken, Nucl.Phys. A143 (1970) 373. 

[9] S.M. Smith, G. Tibell, A.A. Cowley, D.A. Goldberg, 

H.G. Pugh, W. Reichardt and N.S. Wall, Nucl.Phys. A207 (1973) 273. 

[10] B. Tatiichefr and I. Brissaud, Nucl.Phys. A155 (1970) 83. 

[II] A. Chaumeaux, G. Bruge, T. Bauer, R. Bertini, A. Boudard, 

H. Catz, P. Couvert, H.H. Duhm, J.M. Fontaine, D. Garreta, 

J.C. Lugol, V. Layly and R. Schaeffer, Nucl.Phys. A267 

(1976) 413. 

[12] G. Hauser, R. Lohken, H. Rebel, G. Schatz, G.W. Schweimer 

and J. Specht, Nucl.Phys. A128 (1969) 81. 

[13] J. Raynal, unpublished. 

[14] P. Decowski and H.P. Morsch, Phys.Lett. 82B (1979) 1. 



11. 

Figure Captions 

Fig.l: Cross-section for the 0_ state obtained with the full 

channel coupling scheme. The solid line has been 

obtained with different optical potentials for the 

various states, whereas the same optical potential for 

all states has been used for the dashed line. 

Fig.2: Cross-section for the 0_ state taking into account 

only the direct coupling to the ground state. Solid 

and dashed lines have the same meaning as in fig.l. 
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