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Abstract 

Analyzing powers and cross . sections have been measured for elas tic 

and inelastic scattering of 24.5":MeV protons from 20Ne and 2;e, ,and for 
, , .-

160 , 28Si , and 32S at 30.3 MeV. The experimental results were analyzed 

in tenns of the coupled-channels formalism using the rotational model 

32· · 16' 20 and (for S and 0) the vibrational model. The results for Ne, 

2~e, and 28Si show a systematic trend of the hexadecapole deformation. 

Prolate shapes for 20Ne and 22Ne and an oblate shape for 28Si are con

firmed.The results for 32S are almost equally well-reproduced by the 

vibrational or rotational model, and there is' a slight pr~ference for 
- . . . 

the'prolate shape for this nucleus. The best fits for the analyzing 

power for all the nuclei were obtained by using the full Thomas form 

for the spin-orbit potential. 
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1. Introduction 

In the past several years, a large amount of proton elastic and 

inelastic analyzing power datal - 4
) has become available, arising from 

the increase in number and improvement in quality of polarized beam 

faci'lities. Analysis of the analyzing power data with distorted-wave 

Born approximation (DWBA) codes or with coupled-channels (CC) methods 

have, been reasonably successful for collective 2+ or 3- levels for 

several nuclei in the f7/2 shell, g9/2 shell, and s-d shell l). In order 

to obtain good fits in the macroscopic treatment, it was found necessary 

to defonn the real, imaginary, and spin-orbit tenns in the fonn factor. 

Different ways of defonning the spin-orbit potential have been usedl) , 

but have led to almost equivalent results. These models were unable, 

however, to reproduce the large asymmetries observed for the transi

tions to the first 2+ states in 54Fe and 52Crl ). The deformed spin

orbit potential which has been previously used in the framework of the 

macroscopic collective model was essentially phenomenological,. having 

afonn proportional to the radial derivative of the spin-orbit tenn 

of the optical potential l). Problems have also appeared in the attempt 

to describe the data with microscopic models. Applications of the 

microscopic model to these states have usually produced poor agreement 

with experiment l - 3,5,6). 

More recently, Sherif and Blair introduced the concept of the 

"full Thomas Fonn" of the spin-orbit potential in the ThlBA collective 

model formalism 7) • Considerable improvements to the fits, especially 
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at forward ~gles, were immediately observed7
). Such a deformed spin

orbit term has now been included by Raynal in a coupled-channels (CC) pro

gram8
). Calculations will be presented here (some of them have already 

been partly published elsewhere9 ) for the analyzing powers obtained by 

inelastic scattering of 24.S-MeV polarized protons from the strongly 

excited 

-protons 

lOW-lying states-in 20Ne and 2~e, and of 30.3-MeV polarized 

£ h 11' - . 160 28S' d 32S P f h Lor t e co ect1ve states 1n , 1, an . art 0 t e 

purpose of this work was to test the possible improvements in the CC 

analysis produced by the use of the Sherif-Blair form of the spin-orbit 

interaction. 

A second goal of the experiments was to investigate the nuclear 

structure of the target nuclei. Recent coupled-channels calculations 1 0) 

have shown the existence of a large Y 4 deformation in the K = 0+ band in 

20Ne , and suggest the possible existence of such hexadecapole deforma

tion in other s-d shell nuclei. Moreover, because recent (a,a,)ll) or 

(1He, 3He ')12) experiments have yielded large differences in"the evalua-

tion of the Y4 deformation of s-d shell nuclei, polarization experiments 

can provide additional information for a more precise determination of 

the deformations. The rotational model provides a reasonably accurate 

description of the low-lying levels in some s-d shell nuclei, for 

. t 20N - d 28S' b th . . . 1 1 f 32S 1ns ance ean 1, ut e sltuat10n 1S ess c ear or . We 

had originally hoped that analyzing power measurements would allow a 

clear distinction between rotational and vibrational models for the low

lying states of 32S, but this was found not to be so. 
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, Since cross-section data for inelastic proton scattering on 20Ne 

at 24.5 MeV13 ) and on 28Si14) and 16015) at 30.3 MeV were already avail

able, emphasis was concentrated on the measurement of the analyzing power. 

Cross sections for 2~e(p,p') and 32S(p,p') were obtained simultaneously 

with the polarization data and are therefore somewhat less precise. 

After a brief description of the experimental method in sec. 2, 

. 16 20 22 28. 32 the ana1yzmg power data for . 0, Ne, Ne, S1, and S are presented 

in sec. 3. The discussion of the optical model analysis for the different 

nuclei is made in sec. 4, while sec. 5 discusses the coupled-channels 

calculations using various spin-orbit distortions and deformations. A 

short summary of the, conclusions is given in sec. 6. 
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2. Experimental Method 

The experiments were perfonned using the Berkeley 88" cyclotron 

and polarized ion source 16). The source is of the atomrrc beam type and 

uses an adiabatic rf transition and strong field ionizer. The polarized

ion beam is injected axiallyl~) into the center of the cyclotron and 

deflected into a proper orbit by a gridded electrostatic mirror. During 

these experiments, up to 60 ~ of beam were delivered onto the target 

with an average polarization of about 75%. The beam polarization was 

monitored continuously with a standard 12C polarimeter 1 8) , which was 

subsequently calibrated by accurate p-'11e polarization measurements at 

the same energy 1 9) • The beam intensity was continuously monitored with 

a pair of Si(Li) detectors placed symmetrically at 45 degrees with respect 

to the beam direction and was checked periodically with a Faraday cup. 

The thick polarimeter target precluded the continuous use of a Faraday 

cup. 

The data were taken with eight 5-mm-thick Si(Li) detectors cooled 

by thennoelectric devices to about -25°C. In order to measure asym-

metries, the counters were arranged in symmetric pairs to the left and 

right of the beam direction. In addition, the beam polarization was 

manually reversed at the source by inverting the magnetic'field of the 

ionizer halfway through each data-taking run. This redundancy of asym

metry measurements allowed us to eliminate many, sources of systematic 

error, such as those due to uncertainties in cOlU1ter aper tures, slight 

misalignments of the beam, and differential counting-rate effects in the 

detectors and in the polarimeter20). 

~ 

" 

i 
i' 
I 
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The analyzing powers , A, were obtained with the use of the 

fonnula 

I 
where 

1 r - 1 
A = P r + 1 ' 

where P is the measured average beam polarization, L and R designate 

the number of paired counts accumulated in the left and right counters 
, 

with respect to the beam direction, and the superscripts + and - refer 

to data accumulated with the incident beam polarized in the spin up and 

spin down directions, respectively. 

The 28Si target was a slightly enriched (~ 95%), self-supporting 

foil of -- 400 jJg/cm2 thickness. Data for 32S and 160 were taken simul

taneously using a S02 gas target. The neon gas targets were filled with 

isotopes enriched to > 99.9% for 20Ne and ~ 95% for 22Ne . All gas targets 

were operated at about 20 em Hg pressure, which was measured, along 

with the temperature, before and after each run .. The overall energy 

resolution was about 180 keV for the gas-target data and about 150 keV 

for the 28Si data, the latter being mostly due to the energy spread of 

the incident beam. Except for the 3-, 1- doublet in 20Ne at·s.7 MeV, 

+ + . 32 and the 2 ,4 doublet 1n S at 4.4 MeV, all low':"lying strongly excited 

states of the s-d shell nuclei were clearly separated. 
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3. Experimental Results 

The measured analyzing powers for the low-lying excited states 

in 20Ne and .2~e are shown in figs. 1 and 2; the data were taken with 

an incident beam energy of 24.5 MeV. These two figures exhibit the 

similarities that exist for the lowest 0+ and 2 
+ 

in 20Ne and states 

2~e. Moreover, cross sections to the 0+ and 2+ states in 20Ne and 

22N 
\ 

e, to be seen in later figures, are also very similar at our energy 
+ and at higher energy2l). This is not the case for the 4 states in 

20Ne and 22Ne , where large differences exist between the two analyzing 

powers as well as between the two cross sections. It is also worth-

while to point out the large difference between the analyzing power 

for the first and second 2+ states in 22Ne (fig. 2). Such a large 

difference has already been observed in the f7/2 shell l), and its 

presence suggests the need for a microscopic interpretation. Figure 3 

shows the analyzing power for the K = 0+ rotational band in 28Si , to-
+ + - 32 gether with the strongly excited 0 , 2 , and 3 states in S, while 

fig. 4 presents the analyzing power for several states in 160. The 

data presented in figs. 3 and 4 were taken at an energy of 30.3 MeV. 

Here also a striking difference can be seen between the 2+ curves in 
F 

fig. 3. The first bump on the 32S curve at 50° is much lower than in 

the corresponding curve of 28Si and resembles the shape of the analyzing 

power taken at 20.3 MeV for 24Mgl ). The analyzing powers for 

the O+(g.s.) and 2+ state in 28Si and for the O+(g.s.) in 160 are 

in good agreement with other recent datal). 
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The error bars shown on the figures reflect only statistical errors 

unless the levels were difficult to resolve, in which case the errors 

were increased appropriately. Most of the integrated COtmts were ob

tained from the spectra with a peak-fitting program and were checked 

for internal consistency. 
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4. Optical Model Analysis 

. 20 22 SLnce Ne and Ne are strongly deformed, only preliminary optical 

model parameters needed for the CC calculation can be obtained from an 

optical model search. In their analysis of a-scattering in the rare 

earth region, Hendrie et al. 22
) obtained good fits for the rotational 

band cross sections by first deriving optical model parameters from a 

nearly spherical nucleus and then using these parameters in a coupled-

channels calculation for the deformed nuclei. Such an attempt has been 

made by trying to use the optical model parameters obtained from an 

analysis of the elastic cross section and polarization data of 160 

taken from the li terature2. 3), but this has failed completely to describe 

the excited states of 20Ne . Instead we obtained a starting set of opti

cal model parameters from a multi -parameter search using the elastic 

scattering data, and then adjusted the parameters so as to preserve the 

fits to the elastic scattering in the coupled-channels calculations. 

For 20Ne and 22Ne , it was found that only slight adjustments of W
D

, 

aI' Vo and ao were needed; no changes were required for the other 

nuclei. 

Table 1 lists the best-fit parameters obtained frorna search on 

all parameters. The corresponding fits to the elastic cross sections 

and polarizations are shown in fig. 5. Most of the optical model cal

culations were carried out with the code MAGALI 21f
). The searches in

ciuded an adjustment for the absolute normalization of the cross sections; 

the weights given each data point included only statistical errors for 

\ 
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cross sections and polarizations. The calculated cross sections and 

analyzing powers were averaged over the finite angular acceptance of 

the detectors during the search. The curves shown in the figs, however, 

do not include this averaging. 

The data for 160, 28Si , and 32S were taken at an energy of 30.3 MeV 

wi th the same experimental equipment described in sec. 2. Because for 

160 d 28S' 1 l' b . d du . h . an 1 on y ana yzmg powers were 0 talne rIng t ese experlffients, 
• 

calculations were carried out using the elastic cross sections of ref. 23) 

for 160 and of ref. 14) for 28Si ; cross sections for the 0+, 2+, and 

3- states in 32S were obtained simultaneously with the analyzing powers. 

Very good fits were obtained for these three nuclei as shown in figs. 6 

and 7. The corresponding parameters are presented in Table 1. A fit 

to the 32S elastic-analyzLng power couid be obtained only with a very 

small spin-orbit radius and ~ comparably large spin-orbit diffuseness . ...• ~ . 

Several general conclusions can be drawn from the optical model 
,,..-' 

analysis for the s-d shell nuclei. We find a smaller radius (average 

around 1. 07 fin) and a larger diffuseness (average value around 0.73 fin) 

than have previously been ascribed to the real potential. The imaginary 

radius ieIilains constarit around 1. 33 fin, about 20% larger than the real 

radius. The spin-orbit potential is both smaller by 20% and less dif-
32 . . 

fuse· (except for S) than those of the real central well. These trends 

have already been noted in a review paper on this subject 25
) for 

heavier nuclei, but it is interesting that they are also valid for light 

nuclei. Searches including vollDTle absorption tenus made no significant 

effect. 
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5. Coupled Channels Calculations 

The spectrum of excited states in most nuclei in the 2s-ld shell 

exhibits a rotational character26
) indicative of a permanent .deforma

tion. The large static quadrupole moments for the first excited states27
) 

and the results of Hartree-Fock and Hartree-Fock-Bogoliubov type cal

cUlations 28
) also characterize the s-d shell as a region of permanent 

ground-state deformation. Some of these calculations suggest that some 

nuclei in this region should also have a ground-state hexadecapole de-

formation, which changes both size and sign through the shell, together 

with the quadrupole defonnation29 - 3l ). Data from the inelastic scattering 
( 

of protons 1 0) and alpha particles l 1) on 20Ne , analyzed in the coup led-

channels formalism, have shown that a large hexadecapole deformation 

(84) was needed to reproduce both the shape and the magnitude of the 
+ + + . 20 cross sections lead~g to the lowest 2 , 4 , and 6 states In Ne. 

Similar analyses10 , 11) of other inelastic scattering data in the 

s-d shell has shown that the Y 2 and Y 4 moments vary considerably through

out this region. Nevertheless, considerable differences in the value 

of the hexadecapole defonnation 84, especially in the case of 20Ne, 

were obtained, depending upon the type of particles used in the scat

tering experiments 10 - 12 ,32,33). The additional information provided 

by analyzing power measurements has been shown to be helpful in resolving 

such ambiguities 9,34). 

The strong couplings between states of the ground-state rotational 

band required the use of the coupled-channels (CC) reaction formalism 
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in order to treat adequately the multiple paths of excitation to the 

excited states 35
): In this formalism, the intrinsic deformation of, 

the members of the K = a rotational band is parametrized according to 

the following definition of the nuclear radius: 

The interaction potential arises from the deformation of the real and 

imaginary central potentials, the spin-orbit potential, and the Coulomb 

potential. The various multiple-excitation paths between the coupled 

states are explicitly included, assuming pure rotational matrix elements 

between them. Coulomb excitation was alwaysintluded but never showed 

significant effects. All expansions are carried to convergence, so 

that the only approximations are in the nuclear model and those inherent 

in'the CC formalism 35
). 

5.1 COUPLED-CHANNELS CALCULATIONS: ZONe AND ZZNe 

Previously reported CC calculations 9 ,lO) on ZONe, which used a 

simplified symmetrized form (phenomenological) of the deformed spin

orbit potential 1
), failed to r~produce even the shape of the observed 

1 . f th 2+ and 4+ states In' ZONe. ana yZlng powers or e Recent calculations 

have shown that the fits to analyzing power data for less strongly coupled 

nuclei can be significantly improved when the full Thomas form of Sherif 

and Blair for the deformed spin-orbit potential is used 7). This full 

Thomas form has been introduced by J. Raynal in a coupled-channels 

program using a sequential iteration technique to handle the additional 
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comp1exi ty of this potentia1 8
) (Program EelS 71). The results of such 

calculations for ZONe are shown in fig. 8. The ee calculations reproduce 

well the measured analyzing power when the full Thomas tenn is used. 

The curve with 134 = 0.0 shows the pronOlIDced sensi ti vi ty of the analyzing 
+ + 

power of the Z and 4 states to the Y 4 defonnation. The third curve 

shows that ee calculations using the simplified symmetrized form of the 

deformed spin-orbit potential result in a poor fit. The corresponding 

ee cross-sections calculations, also presented in fig. 8, show the 

sensitivity to the 134 deformation even for the O+(g.s.) .. on the other 

hand, cross sections are insensitive to the detailed form of the spin-

orbit potential and therefore only calculations using the full Thomas 

form are presented. While the value obtained for Sz for ZONe is in 

relatively good agreement with results from alpha scattering 1 1 ,12) , 

out value for 134 appears to be a factor of Z larger, well outside quoted 

errors, even when the deformation values are linearly scaled to account 

for the different radii 36
). Our results are in better agreement with 

electron scattering results 33
). 

Recently J. Raynal has performed a coupled-channels calculation 

(using a new program that includes a search routine) on the ZONe data 37). 

By letting all parameters vary, including the Sz and 134 deformations, 

and doing a search on all cross sections and analyzing powers for the 

+ + d 4+· ZON .. f de o , Z , an ln e, the calculatlons Yleld inal Sz and 134 forma-

tions equal to 0.4Z and 0.Z7 respectively. The optical model parameters 

were almost unchanged except for the spin-orbit diffuseness, which 

reduced to - 0.10 fm. 
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+ ++ 22 The CC results for the lowest 0 , 2 , and 4 states in Ne are 

given in fig. 9. We see that the cross sections as well as the analy-

zing powers favor a rather small value for the Y4 deformation (S4 = 0.05) 

of 22Ne , while the value found for S2 is similar to that for 20Ne . 

Similar conclusions have also been obtained from 40-MeV proton scattering 

work on 20Ne and 22Ne2 1), as well as from alpha scattering experiments 1 1) • 

Figure 9 shows again that the calculations strongly support the 

full Thomas form and that the analyzing powers for the 0+, 2+; and 4+ 

states are very well reproduced. It has been suggested on a theoretical 

basis7) that the spin-orbit deformation is greater than that of the 

central potential. Following this suggestion in the case of 20Ne and 

22Ne , we find the best fits for the analyzing power were obtained when 

the ratio of the two deformations was taken to be 2. Comparison between 

microscopic and macroscopic treatments by Raynal B) indicates that this 

, ratio is directly related to the nuclear structure of the excited states 

and hence some variations may be expected throughout the s-d shell. 

However, no calculations have yet been performed to predict the size 

of the effect for 20Ne and 22Ne . As will be seen later, good fits for 

32S d 28S' b b . 'd . h h' . th def . an 1 can e 0 tame WIt out avmg tomcrease- e ormatIon 

of the spin-orbit potential with respect to the central potential. 

5.2 COUPLED-CHANNELS CALCULATIONS: 160 , 28si , AND 32S 

Previous CC calculations done on the 17.5-MeV proton inelastic 

scattering data of Crawley 1 0) have used oblate shapes with large hexa

decapole moments (S4 = 0.25) for 28Si and 32S. Even if the rotational 
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28 . + + + character of the S1 lowest 0 , 2 ,4 states is well established 3B ,39) 

and the oblate shape confirmed19 ,41), the situation for 32S is much more 

complicated39
). Recent measurements of the quadrupole moments of the 

first excited states of even-even nuclei in the 2s-ld shel1 27
) brought 

additional evidence for the oblate shape for 28Si (QO < 0). The sur

prising change in sign of Qo between 28Si and 32S appears to indicate 

a serious difficulty in predicting deformations of nuclei in this mass 

region: Several recent experiments have suggested that the levels of 

32S up to an excitation of 5 MeV are well explained on the assumption 

that 32$ is an almost spherical vibrational nucleus 33 - 41 ). Since a 

recent a-y angular correlation experiment42
) on 28Si and a (a,a') 

experiment43
) ?n 32s yields very surprising prolate (S2 > 0) quadrupole 

deformation for these nuclei, it appears necessary to analyze these data 

both with the vibrational model and with the rotational model with 

oblate and prolate deformations. 
+ + + 

The CC calculations for the K = 0 ground state band (2 and 4 

states) of 28Si using both the vibrational model and the rotational 

model (prolate shape) are presented in fig. 10. Although the full 

Thomas form was used, the agreement with the data is poor. The CC-cal

culations results using the full Thomas term and rotational (oblate 

deformation) are presented in fig. 11. Very good fits to cross sections 

and polarizations are obtained with a negative quadrupole deformation 

S2 = -0.40 and a positive hexadecapole S4 deformation equal to +0.10. 

The values of these deformations are quite different from those pre

viously determined 10) using only the Crawley cross sections , but are 
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in very good agreement with, the (a,a ') 11) and (e,e') 33) results and 

with microscopic a-cluster model calculations 31) , as well as with some 

recent polarization data at 25.25 MeV44). Fig. 11 also shows the sen

sivity of the theory to the 84 deformation parameter. If 84 is in

creased beyond 0.1, the fit deterior~tes quite rapidly. Since no cross 

sections for the 4+ state in 28Si were available, the value detennined 

for the 84 ,deformation is less precise; an error of ±0.04 is assigned 

to the 84 detennined in 28Si. In addition, fig. 11 shows the results 

when 8 /8 t 1 was equal to unity, compared to the case where the so cen ra 

deformation lengths (8LS rLS/8central ro) were equal to unity. In the 

latter case, 8LS/8central is equal to 1.29. Even better fits could be 

obtained by increasing the ratio up to 1.544 ), or to 2.0 as for 20Ne , 

but the optimum value of 84 did not change significantly. 

Coupled-channels calculations for 32S are presented using either 

the rotational model (fig. 12) or the vibrational model (fig. 13). As 

seen in fig. 12, it is quite difficult to distinguish between oblate 

and prolate defonnation. The overall x2 slightly favors a prolate shape 

for 32S (82 ) 0), but when only polarization data are taken into account, 

the oblate solution is slightly better (8 2 = -0.30). Therefore, an 

. assign.llent of the sign of the deformation for 32S is not possible on 

the basis of our data. Addition of a hexadecapole deformation 64 to 

the quadrupole defonnation 82 has little effect if 84 is small (up to 

around 0.1), but it quickly destroys the fits to the data when it is 
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increased above this value. Therefore-we conclude that the hexadecapole 

deformation is absent or very small in the ground state band of 32S. 

Fig. 13 presents CC results using a vibrational model with either 

0+, 2+ co~ling and a defonnation parameter of +0.3 for the 2+, or a 

0+,2+, and 3- coupling with a deformation 'for the 3- equal to +0.41. 

The fits to the data are quite good, especially in the case of the 

(0+,2+) coupling; they are essentially equivalent to those of the 

rotational-model. > It has been suggested 

from recent experiments such as (p,p')41), (d,d,)33) or by lifetime 

measurements 4S ) that the upper half of the s-d shell nuclei may have a 

spherical structure, although this behavior is not reproduced by Hartree

Fock calculations 30 ). The energy level spacings of 32S indeed show 

considerable deviation from the rotational model pattern and more re~ 

semble a vibrational spectrum. From our data and analysis, it is impos-

sible to choose between rotational or vibrational structure. MOre 
. + . 

precise data, especially for the 4 states at 4.47 MeV or for the next 

0+, 2+, 4+ states which may be the two phonon states in the vibrational 

model, are needed. 

Finally, the results of CC calculations for the 2+ states at 6.92 MeV 

and the 3 state at 6.13 MeV for 160 arepresent~d in fig. 14. Very 

good fits for 3 state and an acceptable fit for the 2+ state for this 

nucleus are obtained in the framework of the collective vibrational 

model with the full Thomas form and a deformation parameter of +0.50 

for the 3- . and 0.2 for the 2+. 
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6. Conclusions 

In stmnnary, coupled-channels calculations using pennanently de-

formed nuclear wave functions reproduce well our cross section and 

analyzing power data on the elastic and inelastic scattering of polarized 

protons exciting the ground state rotational bands of 20Ne , 22Ne , and 

'28Si . Table 3 stmnnarizes the nuclear defonnation detennined from the 

CC calculations. Prolate shapes of 20Ne and 22Ne and an oblate shape 

of 28Si are strongly preferred. The situation for 32S is not clear, 

since the calculations could not distinguish between oblate-prolate de

formation or for a spherical vibrational structure, although the overall 

best x2 slightly favors a prolate defonnation. 

Hexadecapole defonnations found for 22Ne and 28Si are in good agree

ment with recent (a,a')ll), (e,e,)33) experiments and with theoretical 

calculations 31 J. Large differences for the Y 4 moment of 20Ne appear 

in the 1i terature, especially in scattering experiments using a or ~e 

. particles as probes 1 1 , 12) . 

FinallY,we have shown over a wide range of nuclei that the use of 

the Blair-Sherif fonn for the defonned spin-orbit interaction, in con-

junction with a coupled-channels reaction calculation, is necessary to 

explain our cross-section and analyzing power results. However, we are 

gratified that calculations of the deformation parameters using simple 

fonns of the interaction do not greatly change the results. 

We would like to thank Dr. A.V. Luccio for assistance in the opera

tion of the polarized source and Drs. J. Shennan and G.R. Plattner for 

their help during the course of this experiment. We are especially 

grateful to Dr. H.E.Conzett and Dr. B.G. Harvey for their assistance 

and support. 
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Nucleus Search 

20Ne a + p 

22Ne a + p 

28S1 a + p 

325 c: + P 

160 c: + p 

v 
o 

(XeV) 

59.10 
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50~ 72 

53.87 

43.25 

r 
o 

(fro) 

1.01 

1.05 

1.11 

1.09 

1.14 

~ 

Table 1 

Optical parameters obtained in optical model search. 

a o 
(fm) 

0.77 

0.78 

0.68 

0.73 

0.69 

Wv 
(MeV) 

0.0 

0.0 

0.0 

.0.0 
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WD 
(MeV) 

7.54 

7.73 

6.10 

6.3 

2.78 

. r I 
(fm) 

1.26 

1.33 

1.34 

1.34 

1.36 

8
1 

(fni) 

0.62 

0.57 

0.54 

0.63 

0.84 

VLS 
(MeV) 

3.57 

3.95 

6.43 

7.30 

4.31 

r LS 
(fm) 

0.86 

0.88 

0.86 

0.74 

1.11· 

aLS 
(fro) 

0.33 

0.31 

0.55 

0.91 
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.~ 

217 

31 

261 

84 

ass 

2 
Xp 
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Table 2 

Optical parameters used in coupled-channels calculations. 

Nucleus V r a Wv WD rr a r VLS 0 0 0 

(MeV) (frn) (frn) (MeV) (MeV) (frn) (frn) (MeV) 

20
Ne 59.0 1.01 0.75 0.0 6.5 1-;26 0.55 3.57 

22Ne 57.0 1.05 0.75 0.0 6.3 1.33 0.55 3.95 

28Si 50.72 1.11 0.68 0.0 6.10 1. 34 0.54 6.43 

32s 53.87 1.09 0.73 0.0 6.3 1.34 0.63 7.30 

16
0 43.25 1.14 0.69 0.0 2.78 1. 36 0.84 4.31 

r LS 
aLS 

(frn) (frn) 

0.90 0.33 

0.88 0.31 

0.86 0.55 

0.74 0.91 

1.11 0.45 

I 
N 
~ 
I 

fu 
t-< 
I 

I\) 

W 
1\). 
I\) 
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Table 3 

Values of deformation parameters and multipole 

moments from scattering of polarized protons 

+0.47 

+0.28 

+0.47 

+0.05 

-0.40 

+0.10 

(+)0.30 

LBL-2322 
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Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

.Figure 7 

Figure 8 
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Figure Captions 

Measured analyzing powers (A) for low-lying excited states 
in 20Ne obtained by scattering of 24.S-MeV protons. 

Measured analyzing powers (A) for the strongly excited 

·states in 22Ne obtained by scattering of 24.S-MeV protons. 

Measured analyzing powers (A) for low-lying collective 
states in 28Si and 32S obtained by scattering of 30.3-~~V 
protons. 

Measured analyzing powers (A) for several states in 160 

obtained by scattering of 30.3-MeV protons. 

Optical model predictions for the elastic cross sections 
20 22 and analyzing powers for Ne and Ne. The parameters 

are those of Table 1. 

Optical model predictions for the elastic cross sections 
and analyzing powers for 28Si and 32S. Parameters of 

Table 1 are used. 

Optical model prediction for the elastic cross section and 
analyzing power for 160. The parameters of Table 1 are used. 

Coupled-channels calculations (rotational model) for the 

measured analyzing powers and cross sections for the first 
0+, 2+, and 4+ states in 20Ne with and without the full 

Thomas form. Optical model parameters of Table 2 are used. 

CC calculations with full Thomas form: -- S2 = 0.47, 

S4 = 0.28; -- . -- S2 = 0.47, S4 = 0.0; ---CC calcula

tions with limited spin-orbit form where S2 = 0.47, S4 = 0.28. 



Figure 9 

Figure 10 

Figure 11 

Figure 12 
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Measured analyzing powers and cross sections for the first 
+ + . + . 22 . h· " o , 2 , and 4 states ln Ne Wlt some coupled-channels 

calculations (rotational model) with and without the full 

Thomas form. Optical model parameters of Table 2 were 

used. CC calculations with full Thomas form: - 13 2 = 0.47, 

13 4 = 0.05; --- 132 =-0.47,13
4 

= 0.00; --" . -- CC calcula

tions with limited spin-o!bit where 132 = 0.47, 134 = 0.05. 

Coupled-channels calculations for the cross sections and 

analyzing power for the 2+ and 4+ states in 28Si with full 

Thomas form. Optical "model parameters of Table 2 were 

used. For the rotational model: - 13 2 = +0.40, 134 = -0.10; 

-,- - 13 2 = +0.40, 13 4 = 0.00; for the vibrational model: 

-- x --. x. The cross section data are from ref. 14. 

Coupled-channels calculations for the analyzing powers and 

cross sections (rotational model) for the ground state 

K= 0+ band in 28Si with the full Thomas form. Optical 

model parameters of Table 2 were used. Where 13LSrLS = 

6 tIrO' - 13 2 = -0.40, 13 4 = 0.10. Where 6LS = 6 t l' cen ra cen ra 
-- x -- x 13 2 = -0.40, 64 = 0.10; and --" . -- 62 = -0.40, 

6
4 

= 0.00. The cross section data are from ref. 14. 

Coupled-channels calculations for the first 0+, 2+, states 

in 32S using the full Thomas form with 6LS = t3central and 

arotational model with 132 = +0.30 (-- . --) or -0.30 (-) 

and optical parameters of Table 2. 



Figure 13 

Figure 14 
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Coupled-channels calculations for the analyzing powers and 

CFOSS sections for the strongly low-lying excited states 

in 32S using a vibrational model, the full Thomas fonn 

with SLS = S t 1 and optical model parameters of Table 2. 
. cen ra + + 

Calculations were done by coupling either the 0 ,2 (-) 

or the 0+, 2+, 3 (- .. -) states. Defpnnation parameters 
+ -of 0.30 for the 2 , and 0.41 for the 3 were used. 

Coupled-channels calculations for the cross sections and 

analyzing power for the 2+ and 3- states in 160 using ·the 

full Thomas form and the vibrational model. We used the 

optical model parameters of Table 2 with 13 2 = +0.20 and 

13 3 = +0.50. -" BLS = Scentral ,--- SLS = twice Scentral· 
, The analyzing power data are from the present 

work at 30.3 MeV, while the cross-section data are from 

ref. 23) at 29.81 MeV. 
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