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Abstract: A folding model with a density-dependent form of the semi-realistic M3Y effective interaction 
is applied to a-particle scattering. A previous analysis of elastic scattering at 140 and 172 MeV is 

now applied to data at other energies from 25 to 120 MeV. The model is also extended to inelastic 

scattering, using both the collective model and a valence-plus-core-polarization model for the 

transition densities. The proton transition densities were normalized to measured &EL) values. 

When necessary, the neutron transition densities were resealed to fit the (a, a’) data, providing a 

source of information on the neutron contributions. The neutron transition multipole moments 

thus obtained are compared to those derived from (p, p’) data at 800 MeV, as well as from other 

sources. 

1. Introduction 

In recent years, the so-called M3Y effective nucleon-nucleon interaction ‘) has 

proved to be quite successful, when used in a double-folding model, in describing 

the elastic and inelastic scattering of heavy ions 2). This interaction is based upon 

a realistic G-matrix. However, since the G-matrix was constructed in an oscillator 

representation, it is effectively an average over a range of nuclear densities. It is, 

perhaps, typical of an average density of about one-third of the density of normal 

nuclear matter. For the same reason there is an average over energy, so the M3Y 
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interaction has no explicit energy dependence. The only energy-dependent effect 

that arises from its use is a rather weak one contained in an approximate treatment 

of single-nucleon “knock-on” exchange. 

The apparent success of the extensive analyses of ref. *) indicates that these two 

averages are adequate for the real part of the optical potential for heavy ions at 

energies per nucleon of ~20 MeV. However, it is important to consider the density 

and energy dependence explicitly when nucleon scattering is studied 3-5). In this 

and the preceding work “) concerning the scattering of a-particles, we focus attention 

on the density dependence. This results in a considerable reduction in the depth of 

the real potential in the nuclear interior compared to the use of the unmodified 

M3Y interaction. This reduction is essential ‘) for a-particle scattering at the higher 

energies (- 100 MeV) where the effects of a “nuclear rainbow” are seen and hence 

the scattering is sensitive to the potential at small radii *). Such cases were studied 

in the previous paper 6), where it was shown that introducing a suitable and “semi- 

realistic” explicit density dependence ‘) into the M3Y interaction (which is then 

called DDM3Y) was very successful for interpreting consistently the elastic alpha 

scattering at 140 and 172 MeV from a variety of nuclei. 

The purpose of the present paper is twofold. First, we now apply the model to 

some elastic scattering data (listed in table 1) at other energies, from 25 to 118 MeV, 

including 40Ca(a, (u) at 29 MeV which exhibits the so-called anomalous large-angle 

scattering lo). The analysis of this selection of data has the effect of studying the 

potential in different radial regions and provides a more detailed test of the model. 

TABLE 1 

Experimental data sets used in present analysis for cY-particle elastic scattering at 

bombarding energy E 

Target 40Ca 

E WeV) 29 
ref. 18 ) 

?a 

100 
19 ) 

wZr 

40 
20 ) 

90Zr “‘Pb 

59.1,79.5,99.5, 118.0 25 
21 1 22 

1 

Second, we extend the model to inelastic scattering, which serves to test other 

multipole components of the DDM3Y interaction, as well as the models used to 

construct the transition densities lo). [Recently, the introduction of density depen- 

dence into a single-folding model was shown ‘I) to improve the fit to inelastic data.] 

At first, a simple collective model ‘“,‘2), based on the realistic ground-state densities, 

was used for the transition densities for the strong octupole excitations in 40Ca and 

*‘*Pb. The strengths of these transition densities were adjusted so that the proton 

parts gave the observed B(E3) values (table 2). Good agreement with the observed 

cross sections in these cases was taken as evidence for the validity of the DDM3Y 

interaction. Then adjustments were made in the neutron parts of the transition 

densities in order to fit data for the other inelastic transitions listed in table 2: this 
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TABLET 

Sources and input data used in present analyses of a-particle inelastic scattering at energies E, exciting 

states with spin-parity L” and excitation energy E, 

Target L” EX B(EL) “) (r’)db’ Y 
P:‘) 

E 

(MW (e’. fmzL) (fm) (MeV) ““) 

‘Ya 

46Ti 2+ 0.89 930 ‘) 3.609 ‘) 0.267 

48Ti 2+ 0.98 751’) 3.596 ‘) 0.242 

“Ti 2+ 1.55 266 “I) 3.574 ‘) 0.146 

‘sNi 2+ 1.45 713”) 3.777 “) 0.168 

58Ni 3- 4.49 18600p) 3.777 “) 0.176 

“Zr 2+ 2.18 661’) 4.263 ‘) 0.089 

“Zr 3- 2.75 80 100 ‘) 4.263 ‘) 0.178 

““Pb 3- 2.61 61 200’) 5.503 “) 0.111 

3- 3.74 173003) 3.481 ‘) 0.305 29 g, 0.246 

100 h) 0.218 

140’) 0.188 

140’) 0.168 

140’) 0.101 

139k) 0.120 

139 ‘) 0.126 

99.5 ‘) 0.063 

99.5 ‘) 0.125 

25 ‘) 0.112 

139L) 0.084 

“) Adopted values. Values in the literature typically vary by 5-10%. 

b, Experimental rms radius of ground-state charge distribution. 
‘) Charge deformation parameter; see text. 

d, Deformation parameter for imaginary part of optical potential; see text. 

‘) Ref. 34). r) Ref. 35). g, Ref. ‘s). “) Ref. 19). ‘) Ref. 36). ‘) Ref. *3). 

k, Ref. 24). ‘) Ref. 37). “) Ref. 38). “) Ref. 39). “) Ref. 40). q, Ref. 14). 

‘) Ref. 4’). ‘) Ref. ‘I). ‘) Ref. 42). “) Ref. 43). ‘) Ref. ‘*). 

enabled us to say something about the strengths of these neutron parts. In particular, 

we deduce values of the ratio M,,/M, of the multipole moments of the two parts 

of the transition densities 13) and compare them with the values obtained 14) from 

proton inelastic scattering at 800 MeV. For the excitation of the 2+states in 90Zr and 

the Ti isotopes we use transition densities constructed from shell-model valence 

parts plus core-polarization contributions 15*16). 

The high-energy cases of inelastic scattering exhibit the same kind of rainbow 

phenomena as the corresponding elastic scattering, while the 40Ca(q (Y’) reaction 

at 29 MeV shows a large-angle “anomaly” or enhanced cross section. This indicates 

a sensitivity to contributions from the nuclear interior in both cases. On the other 

hand, the strong Coulomb-nuclear interference seen in 208Pb(q (Y’) at 25 MeV is 

very sensitive to the transition potential in the nuclear surface 17). 

2. The model 

2.1. DOUBLE-FOLDING 

A double-folded potential for the system (Y +T may be written 

dr2 PdrdPa(r2)t(& PT, pn, s = R + r2 - J?), (1) 
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where R is the separation of the centers of mass of the two colliding nuclei, and t 

is the effective nucleon-nucleon interaction which may depend upon the local 

densities and the bombarding energy E. For elastic scattering, p,(r,) is the distribution 

of the nucleon centers of mass in the ground state of the jth nucleus (j = T, a), 

otherwise called “the density distribution”. For the a-particle density pa we used 

the point proton distribution obtained from a model-independent analysis of electron 

scattering “) and assumed the point neutron distribution to be the same. The proton 

and neutron distributions for the target nuclei were obtained from a shell model, 

as described previously 6,26,27). Harmonic-oscillator radial functions were used for 

the ATi isotopes (oscillator lengths b = 1.996, 1.990 and 1.980 fm for A = 46, 48 and 

50, respectively were chosen to reproduce measured charge radii). Shell-model 

potentials of Woods-Saxon form 27*28) were used for the other targets except that 

in the case of 4oCa, the density obtained from a Hartree-Fock calculation *‘) (with 

the Skyrme III interaction) was also used. These densities have been adjusted *‘) to 

give the observed mean square charge radii, as listed in table 2. 

2.2. THE DDM3Y INTERACTION 

The effective interaction t is taken to be the usual is2) M3Y interaction g(E, s) 

modulated by a density-dependent factor f( E, p), 

where (in MeV) 

t(E, P, s> = g(E, slf(E, PI, (2) 

exp (-4s) _ 2134 exp (-2.5s) 
4s 

2.5s 1 +~ooWW . 

The zero-range term is a pseudo-potential that represents the effects of single-nucleon 

knock-on exchange, 

j,,(E) = -276(1 -O.OOSE/A,) (MeV - fm3), (4) 

where here the projectile nucleon number is A, = 4. The density dependence is 

taken to be of exponential form for computational convenience 2), 

f(E, p)= C(E)[l +a(E) e--P(E)p], (5) 

where p = pT(r,) +pol(r2). The parameters C, (Y and /3 were determined 9, by fitting 

the volume integral of t(E p, s) to the strength of the real part of a G-matrix effective 

interaction obtained from Brueckner-Hartree-Fock calculations “) for nuclear matter 

of various densities p and at various nucleon energies E/A,. The parameter values 

for energies of concern here are given in table 3. (We note that the form (2) implies 

that the knock-on exchange term is also density dependent ‘). For simplicity, we 

have assumed the same density dependence for both direct and exchange terms.) 
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TABLET 

Parameters of the DDM3Y effective interaction “) 

El.% WV) I IO 15 20 25 29.5 35 

-.?, (MeV . fm’) 265.6 262.2 255.3 248.4 241.5 234.6 227.7 

c 0.444 0.420 0.405 0.380 0.354 0.336 0.279 

i (fm? 10.67 4.10 10.15 4.24 4.2 9.66 1 4.25 9.12 4.37 8.54 4.39 8.05 7.20 5.14 

“) The fits to elastic scattering reported here and in ref.6) indicate that this interaction should be 
renormalized by an overall factor of A = 1.3. 

2.3. OPTICAL POTENTIAL FOR ELASTIC SCATTERING 

The real part of the optical potential is taken to be A Ur(r), where the real parameter 

A is adjusted to optimize the fit to the observed scattering. Departures of A from 

unity indicate a deficiency in the normalization of our model interaction as defined 

by eqs. (2)-(5) and by the fit to the results of ref. “). The 11 cases studied previously 6, 

at energies of 140 and 172.5 MeV yielded A = 1.32 f 0.02. Similar results are reported 

here. The consistency of these results gives us some confidence in the DDM3Y 

interaction, when renormalized by a factor A = 1.3. 

Since the interaction t is real, we supplement the real folded potential with an 

imaginary potential iW(r) consisting of two terms, one of “volume” type and one 

of “surface” type, based upon the square of the Woods-Saxon form 

W(r) = Wdr) + W,(r) 

=-Wvf$(r)+4a,W,,d&,(r)/dr, (6) 
where 

J(r)= El +exp ((r- R)/a,)l-’ (7) 

with Ri = riAi” and i = V or D. The six parameters of this potential, together with 

A, are adjusted to best fit the data. In the previous analyses 6), use of the square of 

the Woods-Saxon form factor was found to be superior to using the first power. 

Further, the addition of a surface term often reduced the x2 by a factor of two. 

2.4. TRANSITION DENSITIES AND POTENTIALS FOR INELASTIC SCAlTERING 

In the folding model the transition, or coupling, potential for exciting the target 

nucleus is obtained “*I”) by using the appropriate transition density for pT(r,) in eq. 

(1). [However, we still use the ground-state density for pT(r,) when it appears in the 

effective interaction t(E, p, s), as in eq. (5).] The transition potential so obtained is 

renormalized by the same empirical factor A = 1.3 that was obtained by fitting the 

corresponding elastic scattering data; that is, we regard the effective interaction to 

be A times the t(E, p, s) defined by eqs. (2)-(5). 
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The radial part of the isoscalar transition density for a 2L-pole excitation A + A' 
of a target nucleus may be defined by 2~‘o~28) 

PL(~) = (Al C YL(~)~;IIA) (8) 
, 

for L> 0, or (4~)“~ times this for L = 0. Clearly we must have only L = Ia when 

IA = 0, as it is for the cases studied here, where IA and 1; are the spins of the nuclear 

states. In eq. (8) we use the same convention+ for reduced matrix elements as ref. I’). 

This pL(r) may be expressed as a sum of contributions from proton excitations and 

neutron excitations, 

pL(r) = p&r) +P”.L(r) , (9) 

where each term is defined by an equation like (8) but with the sum on j running 

over protons only or neutrons only, respectively. One frequently introduces ‘3V28) 

multipole matrix elements 

M, = 
I 

dr rL+‘pi,L(r) , (10) 

where i = n or p. Coulomb excitation samples only the proton part, i = p, and the 

usual 12) reduced transition probability is given by 

B(EL, 1, + La) = e2Mg/(21A + 1). (11) 

TABLE 4 

Parameters of the optical potential for elastic a-particle scattering at bombarding energy E 

Target ‘%a +) 40Ca b, Wa *Zr 90Zr WZr 90Zr 90Zr *“Pb 

E (MM 29 29 100 40 59.1 79.5 99.5 118 25 

A 1.030’ 1.294 1.383 1.278 1.284 1.332 1.328 1.269 1.225 

-hU,(MeV)‘) 247.7 177.5 163.0 182.9 178.5 176.7 168.7 156.0 177.9 

W (MeV) 26.75 26.74 21.56 6.33 19.02 18.36 19.58 25.64 63.56 

rv (fm) 1.056 1.024 1.778 1.837 1.674 1.628 1.700 1.521 1.187 

av (fm) 0.25 1 0.398 0.915 0.683 0.897 0.584 0.820 1.041 0.214 

WD (MeV) 0.95 1.94 1.38 29.9 0.0 2.45 0.25 2.46 1.16 

rD (fm) 2.174 1.965 1.823 1.308 1.726 2.196 1.756 1.704 

a, (fm) 0.538 0.494 0.616 0.384 0.79 1 1.794 0.882 0.285 
J, (MeV . fm’) 423.4 359.5 334.8 333.0 325.3 322.7 309.1 285.7 342.2 

(r*):/‘(fm) 4.019 4.249 4.270 5.044 5.047 5.052 5.058 5.060 6.254 

Jw (MeV . fm3) 35.3 35.0 102.3 82.2 71.4 81.2 82.9 84.9 104.1 

(r2)$‘(fm) 4.108 4.320 4.877 5.856 5.730 5.840 6.062 5.808 5.442 

“) Results when the unmodified (density-independent) M3Y interaction I,‘) was used. 

b, Hartree-Fock (Skyrme-III) density 29) used. 

‘) Values at r = 0. 

’ Note that, because of this convention, the transition densities pr(r) defined here are (21a + 1)“’ 

times larger than those discussed in refs. ‘*“). 
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We use this relation and the measured &EL) values (table 2) to normalize the 

proton parts of our model transition densities. In some cases, electron inelastic 

scattering provides an additional check on the proton transition densities. The first 

zero (for q > 0) in the Fourier transform of pP,L occurs at the momentum transfer 

q = qmin which is listed in table 5. Also listed are the values of the effective (Coulomb- 

corrected) momentum transfer at the first minimum (for q> 0) in the measured 

electron scattering form factor. This value qmin is closely related 28) to the transition 

radius R,,, defined by the ratio of the (L+2) and L radial moments of the charge 

transition density, 

The agreement between the model values and the available experimental values is 

quite good. 

TABLES 

Calculated and derived parameters for inelastic transitions 

Target L” 
qrnln (fm-‘) ‘Y M,, ‘) Mnd’ MJ M, 

Model “) - - 

expt. model (fm‘) (fm’) model ‘) (a, a’) ? (P, P’) g, 

?a 

46Ti 2+ 

48Ti 2+ 

soTi 2+ 

s*Ni 2+ 

58Ni 3- 
90Zr 2+ 

90Zr 

rOsPb 

3- 

3- 

3- 

CT “) 

CB ‘) 

CB ‘) 
MT 

MT 

MT 

CB 

CB 

MT 

CT 

CB 

CT 
CB 

- 1.7 132 117 0.87 

1.9 132 125 0.95 0.95 0.99 (8) 

1.8 132 128 0.97 0.97 

- 1.4 30.5 32.8 1.08 0.65 

- 1.4 27.4 27.4 1 .oo 0.60 

1.4 1.5 16.3 5.4 0.33 0.87 

1.3 1.3 26.7 28.2 1.06 0.84 1.29 (5) 

- 1.6 136 144 1.06 0.85 0.95 (12) 

1.2 1.2 25.7 18.7 0.72 0.63 

1.2 1.1 25.7 34.2 1.33 0.63 1.12(4) 

1.3 1.4 283 372 1.31 0.79 1.06 (5) 

1.3 1.3 283 383 1.35 0.79 

1.1 1.0 782 1290 1.65 1.65 1.72 (4) 

“) MT refers to the microscopic valence plus Tassie core-polarization model of subsect 2.4.2; CB and 

CT refer to the collective model of subsect 2.4.1 with K = 0 (B) or K = L- 1 (T) in eq. (12). 

‘) The smallest value (>O) of the effective momentum transfer qeff at which the model form factor 

F(q) for the proton transition density has a zero, or the experimental one has a minimum. 

‘) Proton transition multipole moments, obtained using the experimental B(EL) of table 2 in eq. (11). 

‘) Model neutron transition multipole moments, before renormalization to fit the scattering data: see 
text. The collective model (C) values correspond to Nn,L = Np,‘ in eq. (12). The microscopic model (M) 
is described in subsect. 2.4.2. 

‘) Ratio of values in two preceding columns. 

‘) After adjustment of neutron transition density to fit (a, a’) data in present analysis. Estimated 

uncertainties are lO-15%, comprised of uncertainties in the neutron resealing factor and in the values 
of M, 

*) Results of analyses of 800 MeV (p, p’) data from refs. ‘4,44). 

h, Ground-state density constructed from Woods-Saxon eigenfunctions **). 

‘) Hartree-Fock (Skyrme-III) ground-state density 29) used. 
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2.4.1. Collective model. Within the collective model, the transition density for 

excitation of a single phonon of a 2L-pole shape vibration is given by ‘0912) 

~t,r(r)= N,L~~ dp,,o(r)ldr, (12) 

where K = 0 for the Bohr-Mottelson prescription 12) and K = L - 1 for the Tassie 

model 30). Also, ~,~(r) is the distribution in the ground state of the centers of mass 

of nucleons of type i. We note that, with eqs. (10) and (12), 

M,,= N,,,(K +L+2)Z(rK’L-‘),/4r, (13) 

where (r’& is the qth radial moment of the ground-state proton distribution pP,o(r). 

The analogous expression (p+ n) for the neutron moments has Z replaced by N. 

The normalization Np,L has to be chosen so that eq. (11) gives the appropriate 

&EL) value for the transition. The neutron normalization factor Nn,L remains to 

be determined. Initially it was set equal to the proton factor Np,L. (This does not 

make M,/MP exactly equal to N/Z because P”,~ and P,,~ have slightly different 

shapes.) The corresponding M, and MJM, values are included in table 5, where 

this model is denoted CB (for K = 0) or CT (for K = L- 1). This normalization 

prescription for the neutrons was found to be adequate to describe the octupole 

excitations of 40Ca and 208Pb. However, in applications to other transitions, it was 

found necessary to readjust the neutron strengths Nn,L so as to fit the (cy, cy’) cross 

sections. The resulting MJM, values are listed under (cy, a’) in table 5. 

2.4.2. Valence-plus-core-polarization model. A more microscopic approach was 

taken for the 2+ excitations in 90Zr and in the ATi isotopes. First, the transition 

densities pIL(r) due to the valence nucleons were constructed within a limited 

shell-model basis. Wave functions of the (f,,2)n configuration, with n = A-40, were 

used for the Ti isotopes 3’), while the valence protons in 90Zr were confined to the 

(~,,~,g~,~)~ subspace32). The radial wave-functions were taken to be the same as 

those used to construct the ground-state densities, and c.m. recoil corrections 16) 

were included. 

It is well known 28) that these valence transition densities by themselves are 

insufficient to explain observed EL transition rates or inelastic scattering cross 

sections. They need to be supplemented by core-polarisation contributions pfL(r), 

so that 

&r) = pIL(r) +&(I). (14) 

The simplest way to do this would be to renormalize the valence part without any 

change of radial shape. In our somewhat more realistic approach, we use a macro- 

scopic treatment 15,16) of the “core”; namely we assume that the core terms have 

the collective model form (12). (Such an approach has been used before ‘“,33) for 

inelastic scattering, but applied to the optical potential rather than the density.) This 

is equivalent to a “doorway dominance” hypothesis in which the core polarization 

is represented approximately by a small admixture of the corresponding 2L-pole 
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giant resonance. Consistent with this interpretation, we use the Tassie form (K = L - 

I) of eq. (12) for the core terms. 

In the chosen mode1 spaces, both “Ti and 90Zr have two-proton valence configur- 

ations and no valence neutrons. The normalization constants NP,* for the proton 

core terms were chosen so that the total (core plus valence) proton transition densities 

reproduced the observed B(E2) values. In the language of effective charges, these 

values were equivalent to the use of polarization charges of Se, = 0.5 (Ti), 2.6 (Zr) 

for the valence protons within the assumed mode1 spaces. (The value se, = 0.5 also 

accounts for other E2 transition rates in N = 28 nuclei when (f,J proton configur- 

ations are used. On the other hand, the unusually large effective charge required 

for 90Zr implies the (P,,~, g9,J2 model space is very inadequate for describing this 

transition.) The core normalizations Nn,* were then fixed so that the neutron and 

proton core terms had the same quadrupole transition moment, M% = ME (column 

7 of table 5). 

The (f,,*)” mode1 space provides both neutron and proton valence contributions 

to the transitions in 46V48 Ti. The corresponding neutron and proton core polarization 

terms were again chosen to have equal transition moments, ME = MEp, and initially 

were given strengths equivalent to the valence nucleons carrying polarization charges 

of 6e, = se,, = 0.5. This procedure resulted in too small values for the B(E2). Con- 

sequently the total (valence plus core) proton transition densities were multiplied 

by 1.63 (46Ti) and 1.59 (48Ti) in order to reproduce the observed B(E2). Initially, 

the same renormalization was applied to the neutron transition densities; the 

corresponding moments MP and M, are included in table 5. 

In each case, when subsequently applied to the (a, a’) excitations, the neutron 

parts (valence plus core) of these transition densities were resealed to match the 

measured cross sections. The resulting M,/ MP values are given in column 9 of table 5. 

2.4.3. Imaginary transition potential. The transition potential has to be supple- 

mented by a phenomenological imaginary term, just like the optical potential. We 

chose to use the collective mode1 in which we deform lo) the imaginary part (6) of 

the optical potential that was determined by fitting the elastic scattering. Thus, the 

imaginary transition potential has the radial shape 

W,(r)=/3~{R,dW,(r)/dr+R,dW,,(r)/dr}. (15) 

The deformation parameters were assumed to be determined by the relation 

(16) 

where (r2)w is the mean square radius of the imaginary potential, listed in table 4 

here and tables 6 and 7 of ref. “). The values of the RMS charge radii are given in 

table 2, together with the deformation parameters. The charge deformations were 

obtained from the &EL), using 

pz = (47r/3ZR6)[B(EL)/e2]“*, Rc = (s)“2( r’).!h’ . (17) 
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We note that eqs. (10)-(13) lead to the identity NP,L = /32 in eq. (12) for L = 2 if the 

proton transition density has the Tassie (K = L - 1) form, or for L = 3 if it has the 

Bohr-Mottelson (K = 0) form. 

The prescription (15)-(17) for the imaginary part of the transition potential was 

left unaltered even when the real part was readjusted to ftt the (a, LY’) cross sections. 

However, the imaginary coupling is not too important at the higher energies; its 

inclusion increases the inelastic cross sections, mostly at forward angles, by amounts 

of 10% or less. 

2.4.4. Coulomb excitation. The contributions from Coulomb excitation were 

included in the usual way lo) by adding an interaction term whose radial shape was 

where the strengths C were obtained from the corresponding B(E L) values (table 2), 

C = 8ve2[B(EL)/e2]“‘/(2L+ 1) (19) 

and the charge radius was obtained from Rf = $(r2>ch. Coulomb excitation was not 

an important effect except at the two lowest energies. 

3. Results for elastic scattering 

The renormalization factor A of the real folded potential (I), and the six parameters 

of the absorptive potential (6), were adjusted to optimize the agreement with the 

eight sets of experimental data listed in table 1 using an optical model program 

with the search package MINUIT 45). Very good fits were obtained, some of which 

are shown in figs. l-3; the agreement for the cases not shown is of similar quality. 

The corresponding parameter values are given in table 4. The renormalizing factors 

required correspond to h = 1.30* 0.05, very close to the values obtained for the 

eleven data sets studied in the previous analyses 6), A = 1.3 1 f 0.02 (E = 140 MeV), 

1.33 f 0.005 (E = 172 MeV). Further, just as previously 6), the inclusion of the surface 

absorption term W,(r) in eq. (6) resulted in considerable improvement in the fits. 

3.1. THE TARGET 40Ca AT 29MeV 

The elastic scattering of a-particles from 40Ca at energies of about 20-60 MeV 

shows enhanced cross sections at backward angles 46). This phenomenon has been 

explained in terms of potential scattering. A certain balance is required between 

attractive and absorptive potentials to ensure the correct degree of transparency, 

and the real potential has to be deep enough to give a pocket in the total real 

potential for I-values near the grazing value. The observed scattering is reproduced 

when these conditions lead to the right relative phases and ratio of amplitudes for 

the internally reflected waves and the waves reflected from the outer potential 
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Q°CM 

Fig. I. Comparison of the experimental data ‘*) for @Ca+a elastic scattering at 29 MeV with optical- 
model calculations using the density-dependent DDMJY real potential (solid line) or the density- 

independent M3Y real potential (dashed line). 

barrier 47). Consequently the present case provides a stringent test of the potential. 

It is then significant that the DDM3Y real potential, renormalized by a typical 

h = 1.3, can describe the data as well as is shown by the solid curve in fig. 1. 

The derivative term in the imaginary potential was found to be essential for 

obtaining a good fit. The best fit with a purely volume absorption was five times 

worse in terms of the usual x2. The scattering at intermediate angles, where the 

phase relation between internal and barrier waves is most important, is particularly 

sensitive to this term. 

The transparency of the potential is indicated by the ratio of imaginary to real 

parts being 0.23 at the strong absorption radius of 7.45 fm, defined as in ref. 6), and 

0.15 in the deep interior near r = 0. The magnitudes IS,] of the S-matrix elements 

for the penetrating partial waves, 1 < 10 say, exhibit the regular even-odd staggering 

expected 47) from the internal/barrier interferences. 

As found earlier 48), use of the original M3Y interaction ‘), without density depen- 

dence [C = 1, (Y = 0 in eq. (5)], also reproduces the main features of these data, 

although with a x2 three times that obtained with the DDM3Y. This is shown as 

the dashed curve in fig. 1, with the parameters given in the first column of table 4. 

This potential differs mostly in the depth of the real potential at small radii. Its 

deficiencies show most strongly in the intermediate range of scattering angles where 

the internal/barrier interference is most important 47). The deeper potential does 

not lead to the opimum interference between these two component waves. 
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Similar results were obtained with a slightly different representation of the interac- 

tion, called M245, that was introduced earlier 48). This also required a renormaliz- 

ation A = 1.3 when density dependence was introduced. 

3.2. THE TARGET 40Ca AT 100 MeV 

The elastic fit at this energy, as shown in fig. 2, is good up to about 100”. Beyond 

this angle, the theoretical cross section decreases smoothly, without the unusual 
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Fig. 2. Comparison of the experimental data “) for 4”Ca +cu elastic and inelastic scattering at 100 MeV 

with the optical-model calculation using the DDM3Y real potential, and with the distorted-waves 

calculation using the Bohr-Mottelson (CB) transition density. 
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structure seen in the data 19). However we note that no other potential used in the 

original analysis 19) was able to reproduce this feature of the measurements. The 

optimum renormalization constant, h = 1.38, was also a little larger than found for 

the other data sets. 

3.3. THE TARGET “-‘Zr 

The previous study 6, yielded a good fit to data for this target at 140 MeV; the 

present results shown in fig. 3 extend this to the range 40-l 18 MeV. The renormaliz- 

ation factors A do not show any significant variation with energy, being encompassed 

by A = 1.30* 0.024. The volume integrals Jo o f the real potentials (per pair of 

interacting nucleons) show a steady decrease in magnitude with increasing energy. 

When scaled to A = 1.3, this is given by 

JU = -363 +0.6 E(MeV) MeV - fm3. (20) 

(Results at two energies are also available for 40Ca, 58Ni and *“Pb; these show a 

similar behavior.) The original M3Y interaction of eqs. (3) and (4) yields 

JU = -422 +0.345 E MeV . fm3. (21) 

The increased energy dependence of the DDM3Y interaction is due to changes in 

the density dependence (5) as the energy changes, and seems to be required by the 

data. The RMS radius of the real potential increases only by 1% from E = 40 to 

140 MeV, being given by (r’) t/’ = 5.06 f 0.01 fm. 

It is hard to discern any systematic change of the imaginary potential as the 

energy is varied. Its volume integral per pair of nucleons and RMS radius both 

remain essentially constant at Jw = 8 1 f 4 MeV . fm3, (r’)‘$* = 5.86 f 0.10 fm. 

The scattering from 90Zr (fig. 3) shows the evolution of a “nuclear rainbow” 

pattern 49). This has been recognized for a long time at the highest energies 50). In 

the present case, at 118 MeV, the “hump” in the angular distribution near 60” is 

interpreted as the primary maximum in an Airy rainbow pattern. When the energy 

is reduced to 79.5 MeV, this primary maximum has moved back to about 110” and 

a secondary maximum has emerged near 60”. This requires some transparency in 

the potential, for the pattern corresponds to interference beats between peripheral 

partial waves and partial waves that correspond to quite deep penetration of the 

nuclear interior 49). Consequently, observation of such effects implies sensitivity to 

the real nuclear potential in the nuclear interior 49*50) and provides a stringent test 

in just the region where the effects of density dependence are most pronounced. It 

is this sensitivity which shows the unadorned M3Y interaction to be unacceptable “). 

These rainbow phenomena are associated with scattering from the far side of the 

target nucleus (scattering to negative angles, classically). To illustrate, fig. 4 shows 

the nearside/farside decomposition 5’) of the scattering, using the DDM3Y poten- 

tials. The near and far amplitudes become equal at quite forward angles; at larger 
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Fig. 3. Comparison of the experimental data 2oS2’) for “Zr + (Y elastic scattering at several energies with 

the optical-model calculations using the DDM3Y real potential. 

angles the scattering is farside dominated 49). Interference between them in the 

crossover region is responsible for the sharp oscillations in the angular distribution. 

(Further interference oscillations occur near 180”, where the two amplitudes are 

again equal, though small, but the measurements do not extend to this region.) 
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Fig. 4. Decomposition of the 9cZr+cz differential cross sections at 79.5 MeV and 99.5 MeV into the 

nearside (dashed curves) and farside (dotted curves) contributions, as well as their coherent sum (solid 
curves). 

Absorption by the imaginary potential dampens the contribution from the nuclear 
interior, but enough survives for a residual rainbow pattern, characteristic of the 
real potential, to be seen in the farside amplitude. In the present case, the S-matrix 
elements for small I-values, at 79.5 MeV for example, have magnitudes IS,1 = 0.01. 

3.4. THE TARGET “‘Pb AT 25 MeV 

The data *‘) in this case are very precise, and we obtained an extremely good fit 
(x2 = I. 1 per datum) with the DDM3Y potential. An interesting feature is that, 
despite the relatively low energy close to the Coulomb barrier, it was essential to 
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include the surface absorption term in order to obtain the best fit. The minimum 
x2 was an order of magnitude larger without it. The result (table 4) is a strong 
imaginary potential confined to the interior with a weak surface component added. 
An analogous surface transparency has been noted before 52) from analysis of less 
complete data at several energies from E = 19 to 23.5 MeV. It is tempting to identify 
the interior absorption with compound nucleus formation and to associate the small 
surface absorption component with direct inelastic excitation of the 3- state of 
“‘Pb; we intend to study this possibility by the use of coupled-channels calculations. 
The imaginary potential W(r) obtained here drops rapidly from - -63 MeV for 
rS6fm until it is only -1OkeV at r- 8 fm. It then rises again to a peak value of 
- 1.4 MeV at r = 9.9 fm. The real potential at these radii has values of - - L 18 MeV, 
-40 MeV and -5.9 MeV, respectively. 

The scattering at this energy is said 52) to determine the real potential primarily 
at a radius Y = 11 fm, where our mode1 gives U = -1.33 MeV and an absorptive 
potential of only -15 keV. Nowever, this apparent localization is known to be a 
consequence of assuming a particular functional form, and the resulting “sensitive 
radius” is somewhat dependent upon the form chosen 53). The wavelength in the 

present case is 2.9 fin; this alone implies that we can only learn about the potential 
averaged over several fm. 

4. Results for inelastic scattering 

The inelastic scattering cross sections were calculated in the distorted-waves 
approximation lo), which should be adequate for the cases studied here. Exploratory 
coupled-channels calculations were made to check this. A slight adjustment of the 
imaginary optical potential was made to account for the reduced absorption needed 
when the coupling to one excited state was included explicitly. This procedure gave 
fits to the elastic and inelastic data that were very similar to the one-channel and 
distorted-waves results, respectively, shown here. Thus the changes required in the 
neutron normalization factors Nn,L are not artifacts of neglecting strong-coupling 

effects. 
The optical potentials used were those (table 4) that fit the elastic data. In addition, 

the same value of A was used to renormalize the folded real transition potentials. 

4.1. RESULTS FOR THE COLLECTIVE MODEL 

The collective mode1 (C in table 5 and the figures) uses eq. (12) for the transition 
densities. The proton part is normalized to yield the measured @EL) value, while 
the neutron normalization is taken to be the same, Nn,L = Np+ (The corresponding 
M,, M, moments are given in table 5.) The strength of the imaginary transition 
potential was also determined from the E(EL) via eqs. (15)-( 17). Consequently, the 
model has no free parameters. This approach successfully reproduces the data for 
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Fig. 5. Comparison of the experimental data Is) for 40Ca + (Y inelastic scattering at 29 MeV with distorted- 

waves calculations using the Bohr-Mottelson (CB) transition density and the DDM3Y effective interaction 

(solid curve), or the M3Y interaction (dotted curve). The dashed curve shows the result of using the 
DDM3Y effective interaction, but with the Tassie (CT) transition density. The ground-state densities 

were constructed from wave functions in a Woods-Saxon (WS) potential. 

exciting the 3- level of 40Ca, as well as that for 208Pb at 139 MeV (see figs. 2, 5 and 

7). The corresponding M,/ Mp values are given in table 5 ; they are also in agreement 

with the ratios deduced 14) from 800 MeV (p, p’) measurements. 

41.1. The target 4oCa. The 40Ca data for both energies were fitted better using 

the Bohr-Mottelson prescription [K = 0 in eq. (12) and CB in table 5 and in the 

figures] than the Tassie form (K = 2 and CT). The solid and dashed curves in fig. 

5 compare the predictions at 29 MeV for these two models. We see that the difference 

between them is not simply one of overall magnitude, but involves a change in 

angular distribution. The CT mode1 gives more cross section at forward angles and 

less at backward angles. This can be correlated with differences in the transition 

densities shown in fig. 6; the CT density is larger at the large radii which are most 

important for small-angle scattering, but smaller in the interior region which is the 

source of the dominant amplitude at large angles 47). This explanation was confirmed 

by calculations which used hybrid densities consisting of the CT form for r < 4.8 fm 

and the CB form at larger radii, and vice versa. (The two are equal at rz4.8 fm.) 

Thus a situation like this where there is some transparency, and where data are 

available over the whole angular range, allows one to explore the effect of varying 

the shape of the transition density and eventually to distinguish between different 

models for it. 
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Fig. 6. Different models for the transition density for the octupole excitation of 40Ca. The Bohr-Mottelson 

version of eq. (12) is denoted CB, while the Tassie version is labeled CT. The associated ground-state 

densities were either constructed from single-particle wave functions in a Woods-Saxon potential 6, (WS) 

or obtained from Hartree-Fock (HF) calculations “). 

Both CB and CT transition densities were also calculated using the ground-state 

density obtained from Hat-tree-Fock theory 29); the CB version is included in fig. 

6. The results are very similar to the corresponding ones based upon a ground-state 

density constructed from wave functions for nucleons in a Woods-Saxon potential. 

The associated inelastic cross sections are also very similar. 

Calculations were also made at 29 MeV omitting the imaginary part of the 

transition potential. There was only poor agreement with the data, particularly at 

large scattering angles. We found that it was the long-range derivatve term in the 

imaginary potential that was of particular importance in this case. 

The dotted curve in fig. 5 shows the prediction at 29 MeV using the CB model 

but with the original, density-independent M3Y interaction (3). There is less agree- 

ment with the data, particularly at the larger angles. Again this is a consequence of 

the sensitivity to the interaction at small radii; the effect. of omitting the density- 

dependence is to enhance the transition potential in the inner region compared to 

that at larger radii. 

The results obtained at 100 MeV using the Bohr-Mottelson prescription are in 

good agreement with the measurements up to about 65” (see fig. 2). The structure 
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observed at larger angles is only reproduced on average, just as it was for the elastic 

scattering. Use of the Tassie transition density gives a poorer fit at the smaller angles 

and an equivalent fit at the larger angles. 

4.1.2. The target “*Pb. Only the CB model was used for the octupole excitation 

of “*Pb. It gives very satisfactory agreement with the measurements at 139 MeV 

(fig. 7), again with no adjustable parameters. In particular, there was no need for 

any renormalization of the neutron transition density. The corresponding value of 

M,/M, = 1.65 is in good agreement with that extracted “,44) from 800 MeV proton 

scattering data (table 5). It is also very close to the value 1.67 that can be deduced 

from the results of an analysis s4), using “model-independent” transition densities, 

of data for 208Pb( (Y, (Y’) at 104 MeV. 

We note that the value of A4,/Mp is greater than N/Z = 1.537, even though 

Nn,3 = Np,3 was used in eq. (12). This is because the neutron distribution in the 
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Fig. 7. Comparison of experimental data 22.24) for “s Pb + n inelastic scattering at 25 MeV and 139 MeV 
with distorted-waves calculations using the Bohr-Mottelson (CB) model transition density and the 

DDM3Y effective interaction. 
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ground state of “‘Pb has a radial extent that is a few percent larger than that for 

the protons “). The agreement with elastic scattering data obtained earlier “) lends 

support for the validity of this neutron distribution. Thus the present agreement 

with the inelastic data tends to verify the model of this octupole excitation as a 

collective shape oscillation with equal amplitudes for the neutron and proton 

components. 

Although the overall features are reproduced by the present prescription, the 

agreement between theory and experiment for “‘Pb at 25 MeV (fig. 7) is not as good 

as one would like. It is known 52*55 ) that interference between Coulomb and nuclear 

excitation is very important at energies like this which are close to the Coulomb 

barrier, and that care must be taken to calculate it accurately. (The present calculation 

was made by simply integrating out to 80 fm, using 175 partial waves.) Among the 

uncertainties in the calculation is the validity of the deformation prescription 

(15)-(17) for the imaginary part of the transition potential. The interference minimum 

is particularly sensitive to the details of this potential ‘“,52). Related to this is the 

known strong dependence of the absorptive potential on bombarding energy in this 

energy region 52); the calculation reported here assumed the same optical potential 

in both entrance and exit channels. Another uncertainty is the importance of 

higher-order coupled-channels effects ignored here, such as reorientation due to the 

quadrupole moment of the 3- excited state; these are believed 22,52) to be important 

at the largest scattering angles. We intend to pursue these points further, especially 

since the use of a folding model provides a way to predetermine the real parts of 

the potentials and thus constrain the calculations. 

4.1.3. The target 9oZr. Although the collective model (12) is successful for 40Ca 

and *“Pb, the same model overpredicts the cross sections for the equally strong 

octupole excitation in 90Zr at 99.5 MeV. This failure cannot be ascribed to uncertaint- 

ies in the imaginary part of the transition potential because neglecting it altogether 

only changes the cross sections by less than lo%, mainly at the forward angles. 

Further, no small adjustments of the optical potential parameters produced any 

improvement. Then, since the proton transition density had been determined by the 

B(E3) value, we took the failure to mean that the assumed normalization for the 

neutron transition density was incorrect. The neutron part needed to be resealed by 

0.6*0.05 in order to fit the data (see fig. 8). This is a surprisingly large reduction. 

An even larger reduction of the neutron component (X 0.5) was required to fit the 

data when the same model was applied to the 2+ excitation of 90Zr (fig. 8). However, 

a reduction in this case was not so surprising because the transition to the 2+ state 

is relatively weak and, in the simplest shell model, only involves a valence proton 

excitation. (The application of the valence plus core model to this transition is 

discussed later.) The collective model fits to “Zr(cy, cy’) then result in ratios MJ Mp = 

0.6(2+), 0.8(3-), appreciably smaller than the values 1.12 i 0.04(2+), 1.06 * 0.05(3-) 

obtained 14) from 800 MeV proton data, or the values 0.95 f 0.25 deduced 13) for the 

2+ from other measurements. 
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Fig. 8. Comparison of experimental data 2’) for ‘?Zr + ar inelastic scattering at 99.5 MeV with distorted- 

waves calculations using the collective model and the Bohr-Mottelson transition densities (CB). The 

dashed line for the 3- transition shows the result of using the Tassie (CT) version of the transition 

density. The neutron parts of the transition densities were renormalized by 0.6 (3-), or 0.5 (2+). 

The inelastic angular distributions show the same kind of nearside/farside cross- 

over interference pattern and rainbow features as do the elastic ones (fig. 3), thus 

indicating some sensitivity to the interior region. However, while fig. 8 shows that 

use of the CB or CT transition densities does lead to differences qualitatively similar 

to those found for 40Ca at 29 MeV (fig. S), these differences are not large. The 

forward-angle data are in somewhat better agreement with the CB version, but the 

distinction is not conclusive, 
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Fig. 9. Comparison of experimental data “) for 58Ni +(Y inelastic scattering at 139 MeV with distorted- 
waves calculations using the collective model and the Bohr-Mottelson transition density (CB). The 

neutron parts of the transition densities were renormalized by 0.8 in both cases. 

4.1.4. The target “Ni. The other octupole excitation studied, in 58Ni, is also quite 

strong. Here the CB model was used and it was necessary to reduce the neutron 

contribution by 20% ; that is, to use N,,, = 0.8 Np,3 in eq. (12), to produce agreement 

with the measurements (fig. 9). The same resealing gave agreement for the 2+ 

excitation also, although in this case the cross sections in the rainbow region (~9 3 40”) 

are too large. This may indicate that the CB model transition density is too large 

in the nuclear interior. 

Although the changes in neutron transition densities required for 58Ni are not 

large (they correspond to reductions in cross section of about 20%), it is somewhat 

surprising that a reduction is needed rather than an enhancement because of the 

proton shell closure at 2 = 28. Indeed, analysis 14) of 800 MeV (p, p’) results led to 

M,/ M, = 1.29 f 0.05 for the 2+ excitation, while a study 13) of other data for this 

transition concluded that M,/ MP = 1.2 * 0.2. The (p, p’) analysis 14) yielded M,/ MP = 

0.95 f 0.12 for the 3- excitation in 58Ni, compatible (within the uncertainties) with 

both the theoretical expectation of approximately N/Z and the resealed value 

demanded by the ((Y, a’) fit. 

4.1.5. Comparison with results at 152 MeV. It is also interesting to compare these 

results with those from an earlier analysis 56) of 152 MeV (a, a’) data which employed 

Tassie model transition densities, but used single-folding without density depen- 

dence. As here, agreement was found for 208Pb but the cross sections for excitation 
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of the 2+ in 58Ni and the 3- in 90Zr were underpredicted by significant amounts 
(about 30%) in comparison with the 152 MeV data, while the 3- cross section for 
‘*Ni was found to be in agreement with expectations based on the B(E3) value. 
This is contrary to the overpredictions found in the present analysis. However, closer 
inspection of the data themselves indicates that the cross sections for these transitions 
in 58Ni and “Zr reported for 152 MeV are substantially larger than those for the 
lower energies studied here. This appears to be the origin of the discrepancy between 
the results of the two analyses. 

4.2. RESULTS FOR THE VALENCE-PLUS-CORE MODEL 

This more microscopic model (M in table 5 and the figures) uses eq. (14) for the 
transition densities, with the core-polarization term given by the Tassie (T), or 
K = t - 1, version of eq. (12) and the valence term constructed from shell-model 
wave-functions, as described in subsect. 2.4.2. It was applied to the 2+ excitations 
in 90Zr and the Ti isotopes. 

4.2.1. The 2+ excitation in ‘“Zr. This transition has long been known 33) to be 
dominated by core polarization if the explicit valence part is restricted to a (pri2, g&* 
proton configuration. Initially, the neutron and proton parts of the core pola~zation 
were assumed to have the same quadrupole transition moment, whose value was 
fixed so the valence-plus-core proton densities gave the observed B(E2). Because 
of the additional valence proton contribution, this prescription results in a neutron 
moment M, not much more than one-half that obtained from the purely collective 
model prescription (table 5). It still yields cross sections that are somewhat too big, 
but reducing the neutron density by about lO-15% results in a good fit (fig. 8) which 
is virtually indistinguishable from that given by the collective model. Both models 
then result in the same value of M, (whose uncertainty we estimate to be about 
10%) being deduced from the ((Y, CX’) data. Thus the discrepancy between this value 
and that deduced ‘3 from (p, p’) at 800 MeV is not resolved by using the valence-plus- 
core model. 

4.2.2. The Ti isotopes. The model chosen for “Ti (see subsect. 2.4.2) consisted of 
(f7,J2 valence protons, plus core polarization whose proton part was adjusted to 
give the observed B(E2) (table 2). Initially, the neutron core term was chosen to 
have the same quadrupole transition moment as the proton core term. This resulted 
in M,/ Il/lP = 0.33 (table 5), but gave (cu, a’) cross sections too small by a factor of 
about two. In order to fit the inelastic data (see fig. IO), it was necessary to increase 
the neutron transition density by the large factor of 2.6. We then find (column 9 
of table 5) nearly equal neutron and proton transition moments, MJ IV&= 0.9. 
Analysis ‘3) of other inelastic scattering data for this excitation has led to values 
around unity or greater for ~“/~~, while a study 57) of ‘@Ti(tu, a’) at 104 MeV 
implied a ratio of about 1.4, which is even larger than the ratio N/Z = 1.27 for 
this nucleus. 
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Fig. 10. Comparison of experimental data z3) for 46,48*50Ti + (Y inelastic scattering at 140 MeV with 

distorted-waves calculations. The valence-plus-core-polarization model (MT) was used for the transition 

densities (see text). 

The increase needed in the neutron contribution, compared to the expectation 

for the model where neutron and proton core-polarization moments are assumed 

equal, M”, = MCp, is not unexpected 28*58). In part, at least, it may be regarded as due 

to there being coupling to the isovector quad~pole giant resonance, as well as the 

isoscalar one. This coupling results in MQ Mz > 1. Indeed, analysis “) of E2 transi- 

tion rates for nuclei in the 4oCa region indicates that the neutron polarization charge 

is considerably larger than the proton one. In addition, a more complete analysis 

of “Ti should include other f, p-shell configurations. 
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As described in subsect. 2.4.2, the total proton transition densities obtained from 

the model used for 46,48Ti were renormalized to give the correct B(E2) values. 

Initially, the total neutron transition densities were renormed by the same factors, 

but this was found in both cases to give inelastic scattering cross sections that were 

about 60% larger than the measured ones. Resealing the neutron transition densities 

by 0.6 then gave good agreement with the experimental cross sections (see fig. IO), 

and reduced M,/M,, to about 0.6 (column 9 of table 5). 

A similar result for 46Ti is implied by the analysis 56) of (Iy, cy’) data for this nucleus 

at 152 MeV. A single-folding model was used there, and predictions based on the 

B(E2) value also resulted in cross sections about 60% too large, implying, as here, 

that the neutron contribution needed to be reduced by about 0.6. 

It is interesting that the value of Mn/Mp is smaller for 46,48Ti than it is for the 

N = 28 closed-shell isotope 50Ti. Apparently the open-shell valence neutrons are 

able to polarize the protons more strongly; the B(E2) for 46Ti is nearly four times 

as large as that for 50Ti, while that for 48Ti is three times as large. In contrast, the 

(a, cy’) cross section for 46Ti has only doubled, and that for 48Ti increased by about 

60%) indicating directly that the strength of the neutron contribution to the transition 

is roughly the same for all three isotopes. A more detailed interpretation of the 

MJ M, values is complicated by the severe truncation of the valence-nucleon model 

space to (f7,Jn. At least other f, p-shell configurations should be included explicitly 

in a more complete analysis. 

5. Summary 

A density- and energy-dependent extension of the M3Y effective nucleon-nucleon 

interaction ‘), called DDM3Y, was found previously “) to give a good account of 

alpha elastic scattering at energies of 140 and 172 MeV. One purpose of the present 

study was to extend this analysis to data for some other energies and some other 

targets. The density dependence of the DDM3Y effective interaction was chosen to 

match that calculated “) for the Brueckner reaction matrix in nuclear matter of 

various densities; the strength was also chosen from those calculations, but it was 

found necessary to renormalize the strength by a factor A in order to fit the elastic 

data. The value of A appears to be independent of the target or bombarding energy. 

The eleven cases considered previously “) gave A = 1.32 f 0.02; the eight additional 

cases studied here resulted in A = 1.30* 0.05. Possible reasons for A > 1 were dis- 

cussed earlier “). 

The second purpose here was to extend the application to inelastic scattering, 

where other multipoles of the interaction can be studied. The well-known collective 

octupole excitations in 40Ca and 208Pb were treated as simple oscillations in shape 

of the ground state density distributions, with equal amplitudes for the neutron and 

proton parts. The proton amplitudes were determined from the observed B(E3) 

values, thus leaving no free parameters. Then the good agreement with the measured 
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inelastic scattering that was found for these transitions was taken to be evidence 

that it is valid to use the DDM3Y interaction for this purpose (with the same value 

A = 1.3 as that required by the elastic fits). Our study also indicated that it is better 

to use the Bohr-Mottelson version of the transition density (12). [The latter result 

is also in agreement with the finding 59) that the Bohr-Mottelson form is superior 

to the Tassie one in describing the form factors for inelastic electron scattering from 

I60 and 4oCa.] 

Some other representative cases of inelastic scattering were also studied in an 

exploratory attempt to use the interaction as a spectroscopic tool. In particular, 

information about the neutron contributions to the excitations was deduced. This 

information was expressed in terms of the transition multipole moments M, and 

Mp. The isoscalar combination MO = M, + Mp was deduced from the ((Y, a’) fits, 

while the proton moments Mp were obtained from measured &EL) transition rates. 

For some targets the results could be compared with values obtained from (p, p’) 

scattering at 800 MeV. Although there is good agreement for 40Ca and 208Pb, in each 

other case the M,/ Mp ratios deduced here are noticeably smaller than those obtained 

from the (p, p’) analysis. 
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