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(i) 

Abstract 

Intermediate energy inelastic proton scattering 

differential cross section and polarization data from the 2 1 

states in 2l*Mg and 2 8Si and from the 4. states in 2 8Si have been 

analysed using the Discorted Wave Approximation with large basis 

models of nuclear structure. These structure models were tested 

by use in analyses of the longitudinal form factors obtained 

from inelastic electron scattering, so that analyses of the 

intermediate energy (p,p') data from the same transitions 

are then sensitive tests of the two-nucleon t-matrix. Data 

from these and other 2. transitions in 1 2 C and 2 0Ne at 49 MeV 

(24 MeV in the case of 2 0 N e ) , were also analysed to compare 

models of t-matrices at lower energies. An ancilliary study of 

the momentum transfer dependence of effective charges has been 

made as both s-d shell and large basis structure models have 

been used to compare with form factor data up to momentum transfers 

of 2.5 fin"1. The deduced momentum dependence of the effective 

charges is significant. 
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1. Introduction 

Recent studies have developed energy and density 

dependent, model, two-nucleon t-matrices in the nuclear medium 

based upon free two-nucleon interactions. Specifically such 
2} model t-matrices have been obtained from the Hamada-Johnston 

31 (HJ) and from the Paris ' potentials. The results for these 

have been tabulated in a form convenient for use in reaction 
4 51 calculations ' J , and both of these t-matrices have been used 

6 71 in Distorted Wave Approximation (DWA) analyses ' } of the 

differential cross sections fTom the inelastic scattering of 

intermediate energy (135 MeV) protons from 1 2 C and 1 6 0 . For 

those transinions for which there was reliable, detailed nuclear 

structure information, excellent fits to the data were obtained. 

The HJ t-matrix, likewise, has been used in analyses of 

intermediate energy data J and also of lower energy data ' with 

comparable success. The significant roles of the density 

dependence and cf the various components of the t-matrices have 

been established to the extent that such DWA calculations are 

credible tests of nuclear structure. Such tests are of 

particular value when made in conjunction with analyses of form 

factors from electron ' and/or pion ' scattering. But as yet, 

for such combinations to be a test of spectroscopy it is 

crucial that good nuclear structure models be available to 

provide the relevant transition densities. Such models exist 

for the N«Z, s-d shell nuclei 2 0Ne, 2 1 ,Mg and 2 8Si and in 

particular for the low excitation, isoscalar 2 and 4 states. 
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Electron and proton scattering data, including polarization and 

analyzing power data, from transitions to these states are 

analysed herein. Intermediate energy (155 MeV) as well as 

lower energy (24 MeV and 49 MeV) proton scattering have been 

studied. The intermediate energy data analyses, especially of 

the polarizations, provide a most stringent test of details of 

the two-nucleon t-matrix and of its spin-orbit character in 

particular. The t-matrices based upon the Paris and Hamada-Johnston 

(HJ) potentials are compared. Similar data at 49 MeV (24 MeV in 

the case of 2 0Ne) is then used to investigate and compare the HJ 

t-matrix with the Paris G-matrix as reasonable candidates 

for the relevant t-matrix at 'low* energies. The low energy 

t-matrix is of interest not only because of the wealth of data 

that exists in the literature but also to permit more precise 

investigations of competing reaction mechanisms, such as two 
12) step processes mediated by giant resonances ' or channel 

coupling . 

The transition densities for the 2. and 4 1 excitations 

in 2 0Ne, 2l*Mg and 2 8Si have been obtained from a variety of 

nuclear structure models. The conventional j-j coupling shell 

model, group theoretic SU(3), and projected Hartree-Fock 
14) methods have all been used ' to determine transition 

spectroscopic amplitudes within the s-d shell basis. In 
14") addition, the projected Hartree-Fock method J as well as a 

particle-hole model ' have been used to obtain the spectroscopic 

amplitudes for the same transitions but in a much larger basis 
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space. Thus, and by using these spectroscopic amplitudes in 

calculations of electron scattering form factors, we can study 

the momentum dependence and microscopies of effective charges. 

Relevant details of the nuclear structure models and of 

the associated ground state B(EL) values are discussed next. The 

results obtained by using those models of nuclear structure in 

analyses 'of electron scattering form factors and of inelastic 

proton scattering are then discussed in Chapters 3 and 4 

respectively. 

2. Nuclear Structure Models 

There have been many microscopic calculations of the ground 

state band spectra and transition densities of the N=Z, 's-d shell' 

nuclei 2 0Ne, 21*Mg and 2 8Si. They range from the conventional, 

j-j coupled, s-d shell model (SM) studies ' ' through projected 

Hartree-Fock (PHF) calculations ' ' to the recent, large 

basis space, particle-hole model (PHM) investigations. ' 

Spectroscopic amplitudes for the excitation of the 2 and 4 

states in all three nuclei have been tabled previously for both 

s-d basis space model calculations of SM and PHF type as well as 

for an SU(3), group theoretic structure model and large basis 

(Os-Og) PHF ' and PHM ' studies. Hence those tables are not 

repeated herein. Tabulations of the 4. spectroscopic amplitudes 

are not as complete in the literature so that the values from a 

big basis PHF calculation of 2"*Mg are given in table 1 and the 
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s-d basis SM and PHF calculation results for 2 8Si are given in 

table 2. 

Electromagnetic transition rates (B(EL)) and longitudinal 

form factors |F- (q)| 2 are then specified, under the usual 

approximations, once the single particle basis state properties 

are defined. It is customary to use harmonic oscillator wave 

function for these and so completely determine results by the 

oscillator energy (flu) and a polarization charge. The calculations 

of B(EL) values and of longitudinal form factors then involve the 

spectroscopic amplitudes, S. . . , via 
J 1 J 2 L 

B(EL) . ( 2 L + 1 ) - U J i J 2 e e f f S . ^ < ^ | | r \ | \^>}* , (1) 

and 

lFlong.^l2 * f2 (2L+1^"1 \ i 2

 eeff \tf\UhWtt\*'' ( 2 ) 

in which 

^•"V'^'Vi'iv*- (3) 

Results of calculations of y-ray transition rates with 

various structure models are given in table 3. The numbers in 

brackets are the polarization charges (6e) required to enhance 

the calculated value to match the experimental value in each 

case. For these isoscalar transitions in N=Z nuclei, the 

result is simply 

B e x p(EL) « (l +2Se)'B c a l c(EL). (4) 

file:///tf/UhWtt/*''
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The results for 2 0Ne and 2"*Mg transitions were obtained using 

15u) = 11.0 MeV while those in 2 8Si were obtained using 1iu = 11.6 MeV. 

These oscillator energies are considerably less than the canonical 
1/3 values of 41/A , namely 15.1, 14.2 and 13.5 MeV, respectively. 

Our values were chosen from fits to the 2. longitudinal form 

factors (to be discussed in the next section), and we note that 

the calculated B(EL) values vary as (fta)- . For the PHM big 

basis calculations therefore the overestimation of the 2 8Si 

values can be simply offset by an increase in the value of IIOJ. 

In general, the s-d shell model spectroscopies all 

require substantial core polarization corrections, while the big 

basis models do not. Of all, 2 0Ne is best described by the large 

basis models with the PHM giving essentially the measured B(EL) 

values. For ^Mg and 2 8Si, the calculated results are far more 

varied, none giving the measured 2I*Mg B(EL) values without core 

polarization enhancement, while the PHM valuos overestimate the 
2 8Si values. The large basis PHF calculation for 2 8Si used 

Nilsson model orbits to define the (single) axial, ground state 

determinant. 

The ground state band of 2 0Ne is known to be well 

approximated by a prolate axially symmetric structure, whence 

the consistent and progressively better results for B(E2) and 

B(E<0 us the models of structure increase in basis space size 

and complexity. To a less pronounced extent 2 8Si has an oblate 

axial symmetry, but, as displayed by the B(EL) evaluations, s-d 

model spectroscopies vary markedly. For 2 ,Si therefore a big 
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basis space calculation is essential even if the PHM (with an 

oscillator energy of 11.6 MeV) predicts too large decay rates. 

The experimental B(E2) is matched if an energy of 13.5 MeV is 

used but then the electron scattering form factor is not well 

reproduced as will be evident later. The B(E4) would be matched 

by using an oscillator energy of 12.5 MeV, but again the 

electron scattering form factor would be affected detrimentally. 

The 2l*Mg transitions are like those of 2 0Ne with 

consistency between various s-d model calculations and marked 

improvement when a big basis PHF model is used. In this case 

the low lying 2_ state provides evidence for possible triaxiality. 

However, the SU(3) model identifies the 4.23 MeV state as a pure 

K=2 state, and the PHF result that is based upon an axially 

symmetric HF calculation require the same effective charge for 

excitation of both the 2. and 4. states, thereby supporting the 

pure K=0 nature of the 4. state. 

3. Electron Scattering Form Factors 

Inelastic electron scattering from 2 0Ne, 2 l fMg and 2 8Si 
18-211 have been measured by a number of groups , and longitudinal 

form factors for excitation of the 2. and 4. states extracted up 

to momentum transfers of 2.8 fm"1 and 2.0 fm"1 respectively. 

The data are shown in fig.l together with the results of our 

calculations, which were made using the PHF spectroscopy for both 2 0Ne and 2l*Mg 

with an oscillator energy of 11 MeV and the PHM spectroscopy for 
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2 8Si with an oscillator energy of 11.6 MeV. These oscillator 

energies were chosen to optimise the location of the minimum in 

each 2 state form factor. With canonical values (41/A ), 

these minima all occur at momentum transfer values in excess of 

2 fm l and the peaks are noticeably in bad agreement with the 

data. The same oscillator energies were then used in calculation 

of the 4. form factors. 

The PHF result for 2 0Ne is consistent with the B(EL) 
+ + values in that both 2. and 4.. form factors need to be scaled 

upwards by . factor of 1.44 which is consistent with a polarisation 

charge of 0.1 e. The PHM results are almost identical to those 

displayed but require no polarization charge. Clearly, a slight 

shift (of 0.1 fm" 1) in the 4. form factor would improve the fit 

to the data. The results for 2 8Si are even better with the 2. 

form factor data fit well over three orders of magnitude and up 

to a momentum transfer value of 2.5 fm"1. To do so, however, it 

was necessary to scale the calculated result by 0.7; the same 

reduction required to fit the B(E2) value. The PHF result is as 

good a fit to the data and requires no scaling. The 4.. form 

factor of 2 9Si is well reproduced by the PHM calculation without 

any scaling although the q > 1.6 fm"1 result is too large. The 

PHM spectroscopy therefore is consistently large (by 30%) so far 

as the B(E2) and longitudinal form factor for the 2. state in 
2 8Si are concerned, but the B(E4) and 4. form factor results 

are not consistent. We shall see that the (p,p') analyses 

which are sensitive to finite momentum transfer favour the form 
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factor result over the B(E4) result which depends only on the 

zero momentum transfer limit. 

The PHF spectroscopy of 2<*Mg is the only large basis 

study available for use in analyses of form factors and the 

results for both 2 and 4.. state excitations are compared with 

data in fig.l. The 2. form factor is well reproduced up to 2 fm"1 

by using a polarization charge of 0.15 e but the calculations 

are a factor of 2 too large at the second maximum. The 4.. data 

are not as well fit and an overall inwards shift of 0.2 fm"1 is 

needed to match the data. Further the enhancement of 1.1 required 

in the form factor calculation is not in agreement with the 

polarization charge required to match the B(E4). We note, 

however, that of the 4. excitations in the three nuclei, this 
21*Mg one alone has an apparent minimum in the form factor. The 

PHF spectroscopy does quite well therefore to achieve that 

minimum, albeit at slightly too large a momentum transfer, as 

well as in predicting the unusually weak transition strength. 

Data up to 2 fm"1 has also been taken for the longitudinal 

form factor of the 2 2 state excitation in 2l*Mg. This data is 

compared in fig.2 with the results of our calculations made 

using both the SM and SU(3) nuclear structure models. The 

calculated results were obtained with a polarization charge of 

0.13 e for the SM model but with no polarization charge with the 

SU(3) model. However,the SM result is clearly a better fit to 

the data than that from the SU(3) model, noticeably at 



9. 

larger momentum transfer values. But the enhancement required 

with the SM calculation is inconsistent with that required to 

match the B(E2) value. With the basis space restricted to the 

s-d shell, the collective enhancement that is stressed by the 

SU(3) scheme has been achieved by emphasising recoupling within 

the Od levels at the expense of excitations involving the Is 

level. It is the latter which are most strongly reflected in the 

second maximum of the form factor because of the node that 

occurs in the Is radial wave functions. A similar q dependence 

was noted for the 2 8Si 4.. form factor wherein the s-d SM 

results, with the same oscillator energy, were much broader 

than the PHM result that is shown in fig.l. Thus core polarization 

effects whether they be inside or outside of the model basis 

space are q dependent and, possibly, quite significantly so. 

To investigate such q dependence we made calculations 

of the Z 8Si 2. excitation form factor separating the PHM 

spectroscopic amplitudes in various ways. Such subdivisions 

are shown in table 4 which is simply a regrouping of the 

previously published values. ' The s-d shell entries are 

those spectroscopic amplitudes involving particle excitations 

with the ls-Od shell. They may be directly compared with 

those of the SM, SU(3) and PHF calculations within the s-d 

shell, as reported previously. ^ These PHM values lie 

midway between the SU(3) and PHF estimates. The (unrenormalised) 

form factor obtained with this subset is compared with the 

complete result in fig.3(a). The other two groupings are 
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designated by the parity of the orbitals involved in the 

excitations. The significant amplitudes in these groups involve 

2nuj excitations; the negative parity group involving the Op and 

(Of-lp) shells while the positive parity group links the 0s, 

(Od-ls) and (0g-ld-2s) shells. The effects of including the 

separate parity core polarization amplitudes in addition to the 

s-d shell terms on the longitudinal form factor are shown in 

fig.3(b). Finally we considered core polarization effects due 

simply from excitations out of the Op shell and then from 

excitations out of the Op-ls-Od shells. The resulting 

longitudinal form factors are compared with the complete PHM 

result in fig.3(c). 

As is evident from fig.3, the core polarization 

corrections to the basic s-d shell components of the PHM 

spectroscopy enhance the magnitude of the form factors in 

general. But the corrections are momentum transfer dependent. 

Not only is the position of the minimum slightly varied (by 0.1 fm"1) 

but also the large q enhancement is much less than that at low q. 

It is evident that both the negative and positive parity groups 

of core polarization amplitudes give important corrections to the 

low q form factors while the former is of greatest significance 

in the large q region with excitations out of the Op shell 

accounting for much of the observed effect. 

Clearly, while the charge scaling required to match 

experimental B(EL) values should also suffice to reproduce 

the low q form factors, it is inappropriate to use that scaling 
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at the higher momentum values. Thus before high momentum 

transfer electron (or proton) inelastic scattering data can be 

used to assess more exotic effects such as non-nucleonic 

degrees of freedom in the nucleus, large basis models of 'normal' 

nuclear structure must be used. Though discussion here dealt 

only with isoscalar non spin-flip states, similar results can be 

expected in spin flip and isovectrr excitations. 

4. Inelastic Proton Scattering 

In the Distorted Wave Approximation (DWA) to direct 

reaction inelastic scattering of protons from nuclei, the 
22) scattering amplitudes are given ' in terms of the spectroscopic 

amplitudes, S. . T , by 
J132

i 

fi 3 l j 2 l 3 l ] 2 l 2 l j 2 l 

<xl" )(D *, (2)|t(12)| XJ + )(D *. (2) - <fr (l)x{+)(2)> 

in which C. . , collects algebraic coefficients, t(12) is the 
^1^2 

two-nucleon t-matrix promoting the reaction and x are the 

projectile-nucleus relative motion (optical model) wave functions. 

The optical model potential is both incident energy and 

target mass dependent and usually is taken to have the Woods-

Saxon form parametrized to fit elastic scattering data. At 

intermediate energies, not only should relativistic kinematics 

be used but also the Woods-Saxon forms are not the most 
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231 appropriate. The latter deficiency, however, is not too 

serious for the wave functions in the nuclear surface region 

where the inelastic scattering transition takes place. In any 

event scattering amplitudes involve bound state weighted integrals 

of these wave functions; such integration minimising the effects 

of differences in spatial form factors for the reactions. Thus 

in all calculations we have made, relativistic kinematics and 

standard Woods-Saxon forms for the potentials have been used. 

The potential parameters were taken from the literature as is 
. „ 24-29) appropriate. 

The nuclear structure, spectroscopic amplitudes and 

single nucleon wave functions were those used in our calculations 

of electromagnetic properties of the transitions whence only the 

two-nucleon t-matrix remains to be defined. At intermediate 

energies, this t-matrix has been calculated starting with either 

the HJ interaction or the Paris force by solving the Bethe-

Goldstone equation in a nuclear matter approach ' . The resulting 

complex t-matrices are both (projectile) energy and (nuclear) 
4 5*) density dependent as is evident from their tabulations. ' J 

Besides the differences between the underlying two-nucleon 

interaction there are others that reflect the more accurate 

computational work performed to obtain the Paris t-matrix, which 

varies more smoothly with energy and density than the HJ t-matrix. 

On the other hand, only for the HJ case has the self-consistency 

of the single particle potential been taken into account fully, 

whence only with the HJ t-matrix can one reliably extend 
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calculations of the inelastic scattering to lower energies. The 

successful use of the HJ t-matrix to analyse 30 MeV data J 

attests to this. Consequently,useful Paris t-matrices have only 

been generated for energies above 100 MeV. At low energies, 

(real) interactions calculated from the G-matrix have been used 

extensively in (p,p')data analyses. Recently the G-matrix for 

the Paris potential has been specified in a form convenient 

for use in DWA calculations of inelastic scattering. Thus we 

have used both the Paris and HJ t-matrices in analyses of data 

taken from 2l*Mg and 2 8Si at an energy of 155 MeV, while we have 

used the Paris G-matrix and HJ t-matrices in analyses of data 

taken at 24 MeV from 2 0Ne and at 49 MeV from 1 2C, 2"Mg and 2 8Si. 

The 1 2 C data is included since previous analyses ' of (p,p*) from 
1 2 C have shown a slight preference for the HJ over the Paris 

t-matrices. However extensive analyses ' ' of 135 MeV data from 

both 1 2 C and 1 6 0 have established the reliability of the Paris 

t-matrix and especially its central and tensor components. The 

spin-orbit force component is not so well established, although 

analyses of spin dependent data (e.g. analyzing powers) should 

be good tests of it. Thus the data to be analysed herein were 

selected to include analyzing power data, if available. The 

excitations of isoscalar 2. and 4. states has the additional 

attraction that the tensor force has little effect on calculated 

results. In any event, the tensor force has not been generated 

in the HJ t-matrices and we neglect it in the Paris t-matrix 

for consistency. 
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Analyses of the 155 MeV data"" from 2 8Si has been made 

and the results are shown in fig.4. The PHM structure was used 

with an oscillator energy of 11.6 MeV. The calculated 2.. 

differential cross-sections have been scaled by 0.7; the 

reduction factor required by the spectroscopy to fit the 

longitudinal form factor. Clearly the Paris t-matrix results 

for the differential cross sections are in excellent agreement 

with the data particularly if the 2 transition strength is 

reduced a little more. The 4, result with the Paris t-matrix 

is particularly good. No reduction on the PHM model strength is 

required in complete agreement with the electron scattering data 

analysis. It is evident that enhancement factors for analyses 

of (p,p') data taken at intermediate energies should be taken 

from form factor calculations rather than to use the polarization 

charge as extracted from B(EL) values. 

There is a clear preference for the Paris t-matrix over 

the HJ one on the basis of the differential cross section results 

with the HJ results being too structured and overemphasising the 

higher momentum transfer values. The HJ t-matrix, which has a 

much stronger odd state force, seems to be overall too short 

ranged. It is surprising therefore that a better result is 

found with the HJ calculation for the polarization in the 2. 

transition than with the Paris calculations. Neither calculation 

gives the sharp structure observed in the data although the 

correct trends are quite evident. But it is known ' that the 

polarization from inelastic scattering to the 2. state in 1 2 C 

is sensitive to the form of the optical potential with best 
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results being obtained with non Woods-Saxon shapes. 

No higher order process (2 step or coupled channels) 

seem required in the analyses of these 'collective' excitations 

at this energy in contrast to the 1 2C results for the 4 4 state. ' 

But the details of the 4. transition densities in 1 2 C and 2 8Si 

are very different. In particular a 4 excitation cannot be 

made by a simple particle-hole excitation within the Op shell 

( 1 2C) but such is feasible within the Od-ls shell ( 2 8Si). Thus 

the dominant 0 1uo transitions are largely responsible for the 4 

excitation in 2 8Si but are absent in the 1 2 C reaction. 

Support for the above contentions is given by the 
2&-V 

comparisons of our calculations with the 155 MeV data from 

the excitation of the 2 (1.37 MeV) state in 2l*Mg. Again it is 

evident that the Paris t-matrix result for the differential cross-

section is preferable to that found with the HJ t-matrix. 

Indeed the fit to the data is excellent. But it must be noted 

that the data have been multiplied by a factor of 2.3 from that 
271 published to be consistent with data taken at 185 MeV. •* The 

comparison of our calculations with data at 49 MeV, as well as 

with the electromagnetic properties supports this scaling. In 

this particular case, the B(E2), electron scattering form factor 

(at least for q < 2 fm" 1) and the (p,p')cross section are all 

consistent requiring a polarization charge of 0.15 e or 

equivalently a scaling of the bare cross section by 1.69. 
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As with the 2 8 S i resul t , the calculations give the 

correct trend of the polarization data but lack the sharp 

structure required. Again the HJ prediction i s be t t e r than the 

Paris r e su l t . 

The spin-orbit component of th«» t-matrix plays a 

significant role in both the different ial cross section ..id, more 

par t icu lar ly , the polarization calcula t ions . One hes i ta tes to 

blame the inadequacy of the polarization f i t upon de ta i l s of t h i s 

t-matrix term, however, since i t i s known that the non Woods-Saxon 

forms of the optical potentials at intermediate energies do in 

fact give enhanced features in the ine las t ic scat ter ing analyzing 

power predict ions. 

Despite the preference for the Paris t-matrix over the 

HJ form, the predictions obtained using the HJ t-matrix are 

most reasonable and so may be used as a basis against which to 

t es t other effective forces. In par t i cu la r , we wish to consider 

data taken at lower energies ( less than 65 MeV in fact) for 

which considerable data are available in the l i t e r a tu re and 
121 which can also reveal a l ternate reaction mechanism d e t a i l s . J 

As discussed above, the Paris t-matrix has not been developed 

at th i s energy range but the HJ form has. Recently, the Paris 

G-matrix was established for nuclear s t ruc ture studies and 
30") there i s evidence ' that the G-matrix may be a sufficient 

representation of the t-matrix at energies below 100 MeV. 
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As a first investigation we have analyzed the 

differential cross section and analyzing power data from the 

excitation of the 2* (4.44 MeV) state in 1 2 C by 49 MeV protons. 

This projectile energy is low enough for the G-matrix concept 

but high enough to ensure little competitive reaction mechanism 

effects. The 2.. transition in C has also been well defined by 

a large basis PHF study which was used successfully in an analysis 

of 135 MeV (p,p')data. ' The results of our DWA calculations and 
281 the 49 MeV data ' are given in fig.6. We have used the PHFBA 

9) spectroscopy in previous studies of this reaction (at 65 MeV). 

Therein an old, phenonienological, form for the reaction t-matrix, 

which did not include a spin-orbit component, was used, and the 

calculated analyzing power bore little resemblance to the data. 

By comparison the HJ results shown in fig.6 are remarkably good 

fits to the data. The Paris G-matrix calculation clearly is 

not. As at 155 MeV, the HJ cross section has more structure than 

the Paris result but now in good agreement with the shape of the 

data, but the HJ result again overestimates (underestimates)the 

cross section at high (low) momentum transfer values. The HJ 

result for tht analyzing power is very good. In particular 

the very sharp rise in the analyzing power around 65° is closely 

matched. Very similar results occur at 65 MeV although the HJ 

prediction of analyzing power is a noticeably poorer representation 

of the data; a discrepancy which may be due to the quite 

different optical model potentials at 49 MeV •* and at 65 MeV. ' 

Data from 21*Mg and 2 8Si have also been taken at 49 MeV 

and the latter, ' differential cross section and analyzing 
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power for the 2.. (1.78 MeV) transition, is compared with our 

DWA calculations in fig.7. Again the Paris G-matrix and HJ 

t-matrix were used in the calculations, both *ith the PHM 

spectroscopic amplitudes. The computed differential cross 

section values were then scaled by 0.7 in accord with the electron 

scattering and 155 MeV data analyses. In this instance, the 

Paris G-matrix result for the differential cross section 

is in good agreement with the data. The HJ result is 

more structured, but now in disagreement with 

data in contrast to the 1 2 C results. But the HJ analyzing 

power is in very good agreement with the data; far better in 

fact than the Paris result. It appears that the spin-orbit force 

in the G-matrix is quite different to that in the t-matrix 

relevant for this energy. 

To complete our study of the t-matrix at 49 MeV, the 

data ' from 21*Mg has been analysed and it is compared with our 

calculated results in fig.8. Calculated differential cross-

sections ha/e been enhanced by 1.69 for the 2. state and by 1.1 

for the 4. state excitations in accord with the effective 

charges required by the large basis PHF model structure. The 

2- transition cross sections were evaluated using the shell 

model spectroscopy for the excitation and have been enhanced 

by a factor of 1.6 as required by the form factor. 

The HJ result seems marginally better than that 

obtained using the Paris G-matrix in the fit to the 2. 
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transition cross-section while the reverse is the case for the 

2_ state. Again the HJ t-matrix gives too much structure in 

the calculated differential cross sections. The comparison with 

data of the 2. analyzing power emphasises the preference for the 

HJ t-matrix; but there is still considerable room for improvement. 

The 4. data, however, is quite distinctively different 

to either calculated result and, given how weak this transition 

is in comparison to ••hose of either of the 2 states, it would 

seem that,at this projectile energy,multistep processes cannot 

be ignored. Coupled channels calculations based upon an 

asymmetric rotation model ' reproduce the observed 4j data and 

confirm the importance of multistep processes. At higher 

energies, ' unfortunately, the data to this 4. state has not 

been resolved from that to the 2_ state. We are unable, therefore 

to assess the value of the PHF model for this state from 

inelastic proton scattering. 

Data from 2 0Ne has not been measured with energies 
241 greater than 24 MeV. ' At this incident energy, competing 
12") reaction mechanisms J can be important, most notably for 

small cross-section values and spin dependent data. Such is 

quite evident in the compar.sons between the data and our DWA 

calculations made in fig.9. The 2. and 4. cross section 

includes an enhancement of 1.15 concommitant with the effective 

charge required by the PHF structure to fit the electromagnetic 

properties of this reaction. The 6. cross section was also 
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enhanced by this factor for consistency as no electromagnetic 

data exist with which to check. Clearly the calculated 4, and 

6 differential cross-sections do not fit the observed values 

adequately, but the 2. comparison is excellent. Nevertheless, 

the discrepancy between data and calculated results for the 4, 

transition in 2 0Ne is not as bad as in the 2l>Mg case at the 

higher (49 MeV) energy. This is due to the stronger direct 

contributions to the 2 0Ne excitation, as was evident from tne 

study of the longitudinal form factors. The 6 state in 2 0Ne, 

as with the 4. excitation in 1 2 C , cannot be formed by single 

particle-hole excitations within the valence shell, and 2 fiu> 

excitations are required. 

The fits to the 2* and 4t data obtained with the PHF 
1 1 > 311 model, are better than those found when the PHM spectroscopy •* 

was used although no scaling factors are required- for the latter. 

Likewise, save for a scaling, the calculated results using the 

Paris G-matrix and HJ t-matrix are quite similar. There are 

more distinctive differences between the results for analy zing 

powers. It would seem, again, that the Paris G-matrix, and 

its spin-orbit part especially, is inadequate for use even at 

24 MeV. 

5. Conclusions 

Transition density matrix elements and thus spectroscopic 

amplitudes for excitation of low lying, isoscalar, 2 and 4 
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states in 2 0Ne, 2 1 fMg and 2 8Si as obtained from ?.arge basis 

(PHF and PHM) models of nuclear structure have been used in 

analyses of electromagnetic data (B(E2) and the longitudinal 

form factors from inelastic electron scattering) as well as of 

cross sections, polarizations and analyzing power data from 

inelastic proton scattering experiments. The analyses of the 

electromagnetic properties of the transitions have defined the 

effective charges appropriate for each model of spectroscopy 

and have revealed a significant momentum transfer dependence of 

those effective charges. For the nuclei studied, the 2 fiw 

excitations out of the Op and the (Od-ls) shells are the 

dominant core polarization corrections to the primary s-d 

shell properties, having the largest effect in the first maximum 

of the form factors. 

The effective charges so defined relate to scalings of 

differential cross section calculations of inelastic proton 

scattering. In the DWA, with these spectroscopic models, 

excellent fits to the intermediate energy (p,p')differential 

cross sections for all existing data (2. states in 21*Mg and 2 8Si 

and the 4.. state in 2 8Si) resulted. From the study of cross 

sections a preference was seen for the Paris t-matrix over the 

HJ t-matrix. These results were obtained with exactly the same 

(small) scalings as were required by the spectroscopy to fit the 

electron scattering form factors. The polarization data from 

the 2 transitions are not fitted as well. In contrast to the 

cross section results, the HJ t-matrix is preferred from better 
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fits to data. The correct trends are seen but the sharp 

structure observed is not reproduced. However, before one may 

ascribe this to problems in the detailed specification of the 

t-matrix, and most likely of the spin-orbit force, it is 

necessary to investigate the influence of optical model potentials 

of non Woods-Saxon shape. 

Despite the preference for the Paris t-matrix form, use 

of the HJ t-matrix in DWA calculations gave quite good results. 

At lower incident energies (where the Paris t-matrix is yet to be 

calculated reliably) the IU t-matrix can therefore be used as 

the standard against which other effective forces may be compared. 

In particular, the G-matrix based upon the Paris potential has 

been defined and we used it as a model t-matrix as well in 

analysis of 49 MeV data from the same and other reactions in s-d 

shell nuclei (24 MeV in the case of 2 0 N e ) . At this incident 

energy, competing reaction mechanisms (to the two-nucleon 

t-matrix) should not be serious while the energy is sufficiently 

low that an equivalence of 6- and t-matrices should be feasible. 

Our results, however, show that the use of the G-matrix is not 

appropriate. The HJ t-matrix calculations are distinctively 

different and usually in much better agreement with data than 

those made using the Paris G-matrix. This is especially the case 

for the analyzing powers and is attributed to the spin-orbit 

part of the forces. Further studies are needed to clarify the 

precise form of the spin-orbit force at low energies. 
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Table 1: Spectroscopic amplitudes for the excitation of the 4, (4.12 MeV) 
state in 21fMg from the big basis PHF calculation. Only 
amplitudes larger than 0.01 are listed. 

Group jl j2 s. . „ jl h s. . . 

sd-shell 
0 d 5 
0 d 5 

od 5 

od 3 

-0.785 

-0.347 
M 3 od5 0.118 

°P3 

°P 3 

0 £ 7 
0 f 5 

-0.050 

-0.030 
o P l 0 f7 0.014 

(-) (-) 

^3 0 f5 -0.015 0 f5 ^ 0.010 

0 f7 0 f7 0.010 0 f5 0 f5 0.012 

l sl 
l sl 

og 9 

og 7 

-0.099 

.0.051 

od5 l d5 -0.118 od3 l d5 0.025 

od5 l d3 -0.041 

od5 og9 -0.081 od3 % -0.100 

od5 og7 0.130 od3 og7 0.024 

l d5 od5 -0.124 l d3 od5 0.015 

l d5 0 d3 -0.062 

(•) og9 1 S1 -0.084 og7 1 S1 -0.035 

og9 od5 -0.057 og7 od5 -0.088 

og9 0 d3 0.061 og7 0 d3 0.012 

OSj og9 0.022 og9 °S1 0.022 

OSj og7 -0.013 og7 0s. -0.010 

2 sl % -0.022 

2 sl 
l d5 

og 7 

l d5 

0.011 

-0.018 
og7 * i -0.019 

l d5 og9 -0.014 og9 w s -0.014 

l d5 og7 0.022 og7 Id5 -0.010 
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Table 2: Spectroscopic amplitudes for the excitation of the 4j 
(4.61 MeV) state in 2 8Si as given by (s-d) basis models 
cf nuclear structure. 

S. . . 
J 1 J 2 4 

h -* h SM PHF 

od 5 - od 5 

od 5 - od 3 

0d_ -• Od. 

0.119 

-1.569 

0.485 

-0.059 

-0.754 

0.458 



Table 3: B(EL) values in units of e fm VlO and effective charges (in brackets) for 
excitation of states L from the ground states. 
The experimental alues are taken from ref.32. 

s-d basis Big basis 

L* Ex[MeV] B (EL) exp*- •* SM SU(3) PHF PHF PHM 

2 0Ne 2 + 1.63 2.90±0.32 1.06(0.33) - 1.18(0.28) 1.96(0.11) 2.92(-) 

4 + 4.25 3.83+0.83 - - - 2.99(0.07) 3.32(0.04) 

2"Mg 2 + 1.37 4.3210.21 1.56(0.33) 1.87(0.26) 1.53(0.33) 2.60(0.14) -

4 + 4.12 0.3310.05 - - - 0.20(0.14) -
2+ 4.23 0.2110.02 0.17(0.06) 0.26(-) - - -

2 8Si 2+ 1.78 3.2810.25 0.91(0.45) 2.29(0.10) 1.70(0.20) 3.36(-) 4.60(-0.08) 

\ * 
4.61 1.8010.20 1.10(0.17) - 0.51(0.44) - 2.42(-0.07) 
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Table 4: Spectroscopic amplitudes for excitation of the 2. (l."8 MeV) 

state in 2 8Si as defined by the PHM calculations. 

Group jl j2 S. . _ 
h>22 

jl h S. . -
3 l J 2 2 

s-d shell od 5 od 5 

0d5 0d3 

od5 i S l 

od3 i S l 

0.779 

-0.643 

0.636 

0.207 

0d3 0d3 

0d3 0d5 

1 S1 0 d 5 
l sl 0 d 3 

0.567 

0.612 

0.734 

-0.370 

(-) 

O P 3 op 3 

0p 3 Opj 

op 3 ip 3 

0p3 l P l 

0p3 Of, 

op 3 of 5 

0.009 

-0.008 

-0.065 

0.074 

-0.299 

0.144 

OPi 0p 3 

°Pl X P 3 

°Pl 0 £ 5 

0.009 

-0.054 

-0.257 
(-) 

Of, 0p 3 

of 7 I P 3 

Of, Of, 

Of, 0f 5 

of 5 op 3 

of 5 o P l 

of 5 ip 3 

of 5 i P l 

of 5 of, 
0 f 5 's 

-0.281 

-0.022 

-0.027 

0.011 

-0.138 

-0.242 

-0.011 

-0.014 

-0.011 

-0.030 

I P 3 op 3 

I P 3 o P l 

X P 3 ^ 3 
lp3 lPx 

1P3 Of, 
1P3 0f5 

i P l op 3 

^l ^ 3 
i P l of5 

-0.063 

0.054 

0.011 

-0.011 

-0.024 

0.010 

-0.067 

-0.010 

-0.014 

(•) 

0d g Os. 

od 5 og 9 

-0.135 

-0.191 

od 3 o S l -0.117 

(•) 

0 S1 0 d 5 
0 sl 0 d 3 

-0.134 

0.122 

og 9 od 5 

og 9 og 9 

-0.14 

-0.018 
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Figure Captions 

Fig.l: The longitudinal form factors from inelastic electron 

scattering to the isoscalar 2.. and 4. states in 2 0Ne, 2"*Mg 

and 2 8Si. The data are from Li et al. ' (solid circles), 
191 201 

Johnson and Drake ' (open circles), Horikawa et al. J 

211 (solid triangles) and Zarek et al. ' (open triangles). 

Data and calculated results for the 4.. state in 2"*Mg have 

been raised by an order of magnitude to facilitate 

presentation. 

Fig.2: The longitudinal form factor from inelastic electron 

scattering to the 2« state in 2"*Mg at 4.23 MeV excitation. 

The s-d shell model calculation is depicted by the 

solid line and the SU(3) model result is shown by the 
21) dashed curve. The data are from Zarek et al. ' (solid 

19) circles) and Johnston and Drake ' (open triangles). 

Fig.3: The calculated longitudinal form factors for the 2. 

state excitation in 2 8Si. The various curves are 

described in the text. 

Fig.4: The differential cross sections for the excitation of 

the 2. and 4. states in Si (top) and the polarization 

in the 2. transition (bottom) initiated by 155 MeV 

protons. The PHM spectroscopy with the Paris t-matrix 

(solid line) and with the HJ t-matrix (dashed line) 

were used in the DWA calculations. 

Fig.5: DWA calculations compared with data from the 

excitation of the 2^ (1.37 MeV) state in 2 1 tMg. The 

large basis PHF structure was used with the Paris (solid curve) 

and HJ (dashed curve) t-matrices to obtain the results shown. 

The differential cross section data has been scaled upwards to 
27) be consistent with the 185 MeV results. ' 
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Fig.6: A comparison of DWA calculated results obtained using the 

Paris G-matrix (solid line) and with the HJ t-matrix 

(dashed line) with the 12C(p,p')2* (4.44 MeV) data taken 

at 49 MeV. 

Fig.7: The differential cross section (top) and analyzing 

power (bottom) from the inelastic scattering of 49 MeV 

protons to the 2* (1.78 MeV) state in 2 8Si. The 

notation is identical to that given in figure 6. 

Fig.8: The results of analysis of the 49 MeV data from the 

excitation of the 2., 4 and 2_ states in 2 1 fMg. The 

notation is identical to that given in figure 6. 

Fig.9: The differential cross sections (top) and analyzing 

powers (bottom) from the inelastic scattering of 24 MeV 

protons from 2 0Ne to the 2., 4l and 6. states. DWA 

calculations using the large basis PHF model of nuclear 

structure and the Paris G-matrix (solid line) and the 

HJ t-matrix (dashed line) are depicted. 
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