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ABSTRACT: Analyses of the inelastic C12+α scattering at medium energies have 

indicated that the strength of the Hoyle state (the isoscalar +
20 excitation at 7.65 MeV in 

12C) seems to exhaust only 7 to 9% of the monopole energy weighted sum rule (EWSR), 
compared to about 15% of the EWSR extracted from inelastic electron scattering data. 
The full monopole transition strength predicted by realistic microscopic α -cluster 
models of the Hoyle state can be shown to exhaust up to 22% of the EWSR. To explore 

the missing monopole strength in the inelastic C12+α  scattering, we have performed a 

fully microscopic folding model analysis of the inelastic C12+α scattering at Elab=104 
to 240 MeV using the 3-α  resonating group wave function of the Hoyle state obtained 
by Kamimura, and a complex density-dependent M3Y interaction newly parametrized 
based on the Brueckner Hartree Fock results for nuclear matter. Our folding model 
analysis has shown consistently that the missing monopole strength of the Hoyle state is 

not associated with the uncertainties in the analysis of the C12+α  scattering, but is 
most likely due to the short lifetime and weakly bound structure of this state which 

significantly enhances absorption in the exit ( )++ 2
*12 0Cα  channel. 

Given a vital role in the stellar synthesis of Carbon, the isoscalar 0+
2 state at 7.65 

MeV in 12C (known as the Hoyle state) has been studied over the years in numerous 
experiments. Although this state was clearly identified long ago on the inelastic C12+α  
scattering at medium energies [1-4] and inelastic electron scattering [5] as an isoscalar 
E0, our knowledge about its unique structure is still far from complete [6]. To 
investigate the missing monopole strength of the Hoyle state, we have performed a 
consistent folding model analysis of the inelastic C12+α  scattering at E lab=104 to 240 
MeV using microscopic nuclear densities obtained from the 3-α  RGM wave functions 
by Kamimura [7], and a new complex density-dependent M3Y interaction. Excepting 
the early work by Bauhoff [8] where a density independent Gaussian has been used as 

Nα  interaction in the single-folding calculation, other studies mentioned here have used 
the well-known DDM3Y [9]  interaction in the double-folding calculation of the C12+α  
potentials. Since the DDM3Y interaction is real, the imaginary parts of both the optical 
potential (OP) and inelastic FF were chosen phenomenologically in these studies. For 
example, in the CC analysis of the C12+α  scattering by Ohkubo and Hirabayashi 
[10,11] the imaginary inelastic FF was neglected and parameters of the Woods-Saxon 
imaginary OP were adjusted separately for each exit channel to obtain a good CC fit to 
the measured cross sections. Although one could achieve a reasonable description of the 
inelastic C12+α  scattering data in such a CC analysis, an arbitrary choice of the 
imaginary potentials makes it difficult to estimate accurately the absolute E0 transition 
strength. Up to now, the E0 strength of the Hoyle state has been deduced from the 
DWBA or CC analyses of the inelastic 3,4He,6Li + 12C scattering [12-13] using the 
breathing mode (BM) model [16] for the nuclear transition density. 
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where ( )r0ρ is the ground-state (g.s.) density of 12C. In this case, [ ]2max0 ββ=S , where 

maxβ  is the deformation parameter required for a monopole excitation to exhaust 100% 
of the EWSR (see Eq. (3.5) in Ref.[14]). The inelastic scattering FF is then obtained by 
(double) folding the transition density (1) with the effective nucleon-nucleon (NN) 
interaction and projectile g.s. density [15,16]. The CDJLM interaction was used to 
calculate the complex OP and inelastic FF for the microscopic DWBA and CC analyses 
of the elastic and inelastic C12+α  scattering data at Elab=104 [1,2], 139 [3], 172.5 [4] , 
and 240 MeV [13]. The generalized double-folding method [16] was used to calculate 
the complex nucleus−α  potential as the following HF-type matrix element of the 
CDJLM interaction. 
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∑
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where A and A* are states of the target in the entrance- and exit channel of the 
nucleus−α  scattering, respectively. Thus, Eq.(2) gives the elastic (diagonal) OP if 

A*=A and inelastic (transition) FF if otherwise. 

The OM and CC descriptions of the elastic C12+α  scattering at the considered 
energies are shown in Fig.1. The DWBA results obtained with the complex folded OP 
and inelastic folded FF are compared with the measured cross section for inelastic 

C12+α scattering to the Hoyle state in Figs. 2. We found that the calculated DWBA 
cross sections systematically overestimate data at all energies if the inelastic folded FF 
is obtained with  

 

Fig. 1: Elastic C12+α scattering data measured at Elab=104[1,2], 139[3], 172.5 
[4] and 240 MeV [13] in comparison with the OM and CC results given by the complex 
folded OP. The elastic α  scattering on the Hoyle state is predicted by the OM 
calculation using the diagonal. 

The unrenormalized RGM transition density [7]. Given the accurate choice of 
the density dependent NN interaction and nuclear densities, this discrepancy is clearly 
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not associated with usual uncertainties of the folding model analysis of nucleus−α  
scattering [17]. Since the RGM transition density has been proven to reproduce nicely 
the (e,e') data [7,18], the folding + DWBA results shown in Figs.2 might indicate a 
``suppression" of the monopole E0 strength occurred in the inelastic C12+α scattering. 
To further probe this effect, we have used a realistic Fermi distribution for the g.s. 
density of 12C [19] to generate the BM transition density (1) for the DWBA analysis of 
inelastic scattering to the Hoyle state. We have fixed the monopole deformation 
parameter β  so that (1) gives exactly the same E0 transition strength as that given by 
the RGM transition density and, hence, exhausts 22.8% of the isoscalar monopole 
EWSR as discussed above. As can be seen from Figs.2, the DWBA cross sections given 
by the inelastic FF folded with the BM transition density for the Hoyle state are very 
close to those given by the RGM transition density.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Inelastic C12+α scattering data at Elab=104 [1,2], 139 [3], 172.5 [4], and 
240 [13] MeV for the 02

+ state of 12C in comparison with the DWBA and CC results 
given by the complex folded OP and inelastic FF obtained with two choices of the 
transition density for the 02

+ state. A good DWBA description of the data is reached 
only if the the transition densities are scaled by a factor of 0.55 which reduces E0 sum 
rule strength to S0=6.9% of the monopole EWSR. 

To match the calculated DWBA cross section to the data points, we need to scale 
both transition densities by a factor of 0.55 which reduces the sum rule strength of the 
Hoyle state to S0= 6.9% of the EWSR. Such a small sum rule strength is significantly 
below the empirical range of 15 - 20% of the EWSR discussed above. Given an accurate 
energy dependence of the CDJLM interaction, with its density dependence carefully 
calibrated against the BHF results at each energy, the RGM and BM transition densities 
scaled by the same factor of 0.55 give reasonable DWBA descriptions of the data at four 
considered energies. The sum rule strength of the Hoyle state found in our DWBA 
analysis is comparable to that (7.6± 0.9%) found in the folding + DWBA analysis of the 
inelastic C12+α  scattering at 240 MeV [15], where a Gaussian has been used for the αN 
interaction in the folding calculation of the OP and inelastic FF.  
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In conclusion, a realistic (complex) density dependence was introduced into the 
M3Y-Paris interaction, based on the Brueckner Hartree Fock calculation of nuclear 
matter, for the folding model study of the α+12C scattering at Elab=104 to 240 MeV. 
Given an accurate estimation of the bare α+12C optical potential, our folding model 
analysis has shown consistently that there should be an enhancement of absorption in 
the exit α+12C* (0+

2) channel due to the short lifetime and weakly bound structure of the 
Hoyle state, which accounts for the ``missing" monopole strength of the Hoyle state 
observed earlier in the DWBA analysis of inelastic α+12C scattering. 
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