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'BY INELASTIC SCATTERING OF POLARIZED PROTONS t 

R d S " k' tt F GR' . '*' '* • e w~n~ars ~ , • . esm~n~, D. L. Hendrie and A. D. Bacher 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California, 94720 

October 1973 

Abstract 

'Analyzing powers and cross sections have been measured for elastic and 

20 22 16 28. inelastic scattering of 24.5 MeV protons from Ne and Ne and for 0, S~, 

and 32S at 30.3 MeV. The experimental results were analyzed in terms of the 

coupied-channels formalism using the rotational model and (for 32S 'and 160 ) 

20 22_ 28 
the vibrational model. The results for Ne, ~e and Si show a systematic 

trend of the hexadecapole deformation. 20 22 Prolate shapes for Ne and Ne and an 

oblate shape for ~8Si are confirmed. The results for 32S are almost equally 

well +eproduced by the vibrational or rotational model. There is a slight 

"preference 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. 

t ; 
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1. Introduction 

In the past several year,s, ~ large amount of proton elastic and in-

. 1-10) , elastic analyzing power data have become available, arising from the 

increase in number and improvement in quality of polarized berum facilities. 

Analysis of the analyzing power data with distorted-wave Born approximation 

(DWl?A) codes or with coupled-channels(CC) methods have been reasonably succes

+ ' 
ful for collective 2 or 3- levels for several nuclei in the f7/2 shell, g9/2 

1-8) shell and s-d shell • .In order to obtain good fits in the macroscopic 

treatment, ~t was found necessary to deform the real, imaginary and spin-

orbit terms in the forIll factor. Different ways of deforming the spin-orbit 

potential have been used3~ which have led to almost equivalent results. These 

mo~els were unable, however, to reproduce the large asymmmetries observed for 

the transitions to the first 2+ state in 54
Fe and 52Crl ). The deformed spin-

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

scopic collective model was essentially phenomenological, having a form 

proportional to the radial derivative of the spin-orbitt·erm of the optical 

potential3 ,7). 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 3,6,9,11,12,13). 

More recently, H. Sherif and J. S. Blair introduced the concept of 

the "Full Thomas Term" in the spin-orbit potential' in the DWBA collective 

model formalism14 ). Considerable improvements to the fits, especially at 

forward angles, were immediately observedl5 ). Such a deformed spin-orbit term 

16 has now been included by J. Raynal in a coupled-channels program ). Calcu-

lations will be presented here {some of them have already been partly published 
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~ 17 
elsewhere ) for the analyzing powers obtained by inelast~c scattering of 

24.5 MeVpola:rized protons from the strongly excited low-lying states in 

2~e and-of 30..3 MeV polarized protons for the collective states in 160, 

20 . 
Ne, 

28Si 

and 32S. Part of the purpose of this work was to test the possible improve-

ments 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
18

) have 

shown the existence of a large Y4 deformation in the K = ° band in 20Ne and 

suggest the possible existence of such hexadecapole deformation in other s-d ~ 

shell nuclei. Moreover since recent (a.,a.,)19) or (3He , 3He ,)20) experiments 

have yielded large differences in the evaluation 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 instanc'e' 20Ne and 28si , but the situation is less clear for 328. 

We had originally hoped that analyzing 'power measurements. would allow a clear 

distinction between rotational and vibrational models for the low-lying states 

32 of' . S , but this was not found to be so. 

Since cross-section data' for inelastic proton scattering on 20Ne at 

24.5 
21 28 .22 16 ~3 . . 

MeV ) and on S1 ) and ° ) at 30.3 MeV were already ava11able, 

emphasis was concentrated on the measurement of the analyzing power. Cross 
( 

sections for 22Ne (p,p') and 32S(p,p') were ~btained simultaneously with the 

polarization data and are therefore somewhat less precise. 
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After a brief description of the experimental method in section 2, 

. 16 20 22 '28. 32.·. . 
the analyzing power data for 0, Ne, Ne, 81 and 8 are presented 1n 

section 3. The discussion of the optical model analysis for the different 

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

calculations using various spin-orbit distortions and deforma.tions. A short . 

summary of the conclusions is given in section 6. 
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2. Experimental Method 

The experiments were performed using the Berkeley 88" cyclotron and 

1 . d· 24) po ar~ze ~on. source • The s9urce is of the atomic beam type and uses an 

adiabatic RF transition and strong field ionizer. - The polarized ion beam is 

injected axially25) into the center of the cyclotron and deflected into 'a 

proper orbit by a gridded electrostatic mirror. During these experiments, up 

to 60 nA of beam were delivered onto the target with an average polarization 

of about 75%. The beam polarization was monitored continuously with a standard 

12C polarimeter26 ), 'which was subsequently calibrated by accuratep_4He polari

zation measurements at the same energy27). 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 c'ontinuous use of a Faraday cup. 

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

thermoelectric devices to about -25°C. In order to measure asymmetries,. 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 half way through each data taking run. 

This redundancy of asymmetry measurements allowed us to eliminate many sources 

of systematic error, such as those due to uncertainties in counter apertures, 

slight misalignments of the beam, and differential. counting rate effects in 

the detectors and in the polarimeter. 

The 285i target was a slightly enriched (~95%) self-supporting foil of 

2 
- 400 ~g/cm thickness. 32S d 160 't' -. ul 1· an da a were taken s~ taneous y us~ng a 
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S02 gas target. The neon gas targets were filled with isotopes enriched to 

> 99.9% for 20Ne and ~ 95% for 2~e. All gas targets were operated at about 

20 cm .. Hg pressure, which was measured together with the temperature before 

and after each run. The overall energy resolution w~s about 180 keV f9r- the 

gas target data and 
, 28 

about 150 keV for the Si data, the latter being mostly 

due to the energy spread of the incident beam. Except for the 3-, 1- doublet ~ 

in 20Ne at 5.7 MeV and. the 2+, 4+ doublet' in 32S at 4.4 MeV, all s,trongly low-

lying 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 22Ne are shown in figs. 1 artd 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+ states in 20Ne and 2~e. Moreover, cross 

sections to the 0+ and 2+ states in 20Ne ,and 22Ne , to be seen in later figures, 

28 are also very similar; this being true also at higher energy). This is not 

the case for the 4+ . "20 22 
states ~n Ne and Ne, where large differences exist 

between the two analyz~ng powers as well as between the two cross sections. 

It is also worthwhile to point out the large difference between the analyzing 

power for the first and second 2+ states in 22Ne (fig. 2) . ~uch a large difference 

9 ' has already been observed in the f7/2 shell) and suggests the need for a 

. microscopic interpretation. Figure 3 shows the analyzing-power for the K = 0 

rotational band. in 28Si together with the strongly excited 0+,2+ and 3-

states in 32S 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 fig. 3. 
The first 32 . 0 

bump op the S curve at 50 is much lower than in the corresponding 

curve for 28Si and resembles the shape of the analyzing power taken at 20.3 ( 

The analyzing power presented in figs. 1 to 4 are normalized to 100% 

beam polarization and are defined as follows (in first approximation) 
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with 

r - 1 
r+l 

( 

where N+L, N_L and N+~ and N_R are the number of counts in a given peak to the 

left or to the right of the beam direction (for the same angle) with spin-up 

and spin-down respectively~ while PB is the polarization of the beam. 

The analyzing powers for the O+(g:s) and 2+ state in 28siand for the 

O+(g.s) in 160 are in good agreement with other-recent data4,6). 

The error bars shown on the figures ~eflect only statistical errors 

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

increased appropriately. Most of the 1ntegrated counts we're obtained ,from 

- 29 
the spectra with a peak fitting program ) and were checked for internal 

consistency. 
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4. Analysis 

4.1. OPTICAL MODEL' PARAMETERS FOR 20Ne AND 22Ne 

LBL-2322 

. 20 22 S1nce Ne and Ne are strongly deformed, only preliminary optical model 

parameters needed for the CC calculation, can be obtained from a optical model 

search. In their analysi~ of a-scattering in the rare earth region, Hendrie 

et al.
30

) 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 . 

16 ' 
from an analysis of the elastic cross section and polarization data of 0 taken \ 

from the literature
31

) but this has failed c,?mpletely to describe the excited 

f 
20 

states 0 Ne. 
20 . 22 

The method which was finally chosen, at least for Ne and Ne, . . 

was to get a starting set of optical model parameters from a multi-parameter 

search using'the elastic scattering data and then to.adjust the parameters so as 

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

In the case of 2 ONe and 22Ne , it was found that only slight adjustments of W
D

, a r 

and V , a were needed. 
o 0 

Table 1 lists the best-fit parameters obtained from a search on all para-

meters. The corresponding fits to the elastic cross sections and polarizatioris are 

shown in fig. 5. Most of the optical model calculations were carried out with, 

the code MAGALI
32

). The absolute normalization of the data was includ~d in the 

search and only statistical errors for cross sections and polarizations were 

taken into account. Corrections arising from the finite angular acceptance 
I 

of the detectors were included in the search. It is interesting. to point out 

the common result that r LS ' the radius· of the spin-orbit potential, is smaller 

than the "real central radius by about 20%, while the imaginary radius r I comes 
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out larger (~20%) than this central radius. Moreover, parameter sets for 

20Ne and 22Ne are q':1ite similar, both sets having a very small spin-orbit 

diffuseness. 

4.2. OPTICAL MODEL PARAMETERS FOR 160 , 28Si ANI)." 32S 

The data for these nuclei have been taken at an energy of 30.3 MeV 

with the same experimental equipment described. in Section 2. I Since only 

analyzing powers for 160 and 28Si were obtained during these experiments, 

calculations were carried out using the elastic cross sections of :ref. 31· 

,for 160 and of ref. 22 for 28Si • On the other hand, cross sections for the 

0+,' 2+ and 3- states l.°n 32S were ob·tal.°n·ed ° ult 1 0 th th al . ° S1m . aneous y Wl.. , e an yZl.ng 

power data. Very good fits were obtained for these three nuclei as shown in 

figs. 6 and 7. The corresponding parameters are presented in Table 1. The 

fit to. the 32S elastic analyzing power could be obtained only by reducing, ,by 

a large amount, the spin-orbit radius r . All searches done on the ~2s . - so 

elastic data favor thi's small spin-orbit radius and a comparably large spin-

orbit diffuseness. 

Probably because 28Si and 32S are less deformed 'nuclei than 20Ne , 

the parameters obtained by the optical model search gave quite go~d fits 

in the coupled-channels calculations without having to be 

modified. 

It is possible to deduce from Table 1 some systematic trends for the 

optical model par~eters in going from 20Ne to 32s. We find a smaller radius 

(average around 1.07 rm) and a larger diffuseness (average value around 0.73 fm) 
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than have previously been ascribed to the real potential. If the imaginary 

radius remains constant around 1.33 fm, the tendency of the spin-orbit 
( 

potential is to have both its radius and diffuseness smaller than those of 

• , 32 the real central well (except for the special case of S). These conclusions 

have already, been given in a recent review paper on this subject33 ) for heavier 

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

searches were also made including volume absorption terms, but no significant-

improvement was seen. 
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5. Coupled Channels,Calculations 

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

. exhibits a rotational chara~ter34) indicative 91' a permanent deformation. 

The large static quadrupole moments for the first excited states35 )and the 

. 36' 
results of Hartree-Fock and Hartree-Fock-Bogoliubov type calculations ) also - . , 

characterize the s-d shell as a region of permanent ground state deformation. 

Some of these calcul'ations suggest that some nuclei in this region should 

also have a ground state hexadecapole deformation, which changes both size 

and sign through the shell, together with the quadrupole deformation37- 39 ). 

Data from ~he inela~tic scatte~ing of protons l8 ) and alpha particlesl9 ) on 

20Ne , analyzed izy'the coupled-channels formalism, have shown that a large 

hexadecapole deformation ,(64 ) was needed to reporduce both the shape and the 

. t d .. th t' 1 d' t th 1 t 2+ 4+ 6+ .' magn~ u e o~ e cross sec ~ons ea ~ng 0 e owes , and states 1n 

Similar analyses
18

,19) of other inelastic scattering data in the s-d 

shell has shown that the Y2 and Y4 moments vary considerably throughout this 

region. Nevertheless, considerable differences in the value of the hexa

decapole deformation 64 , especially in the case of 20Ne , were obtained 

d d · th t .. t· 1 d' th tt' . t 18-20,40,41) epen ~ng upon e ype o~ par ~c es use 1n e sca er~ng exper~men s . • 

The additional information provided by analyzing power measurements has been 

shown to be helpful inresolvi~g such ambiguities17 ,42). 

The strong couplings between states of the ground state rotational 
, 

bandxequires the use of the coupled-channels (CC) reaction formalism in order 
, ' 

to treat adequaterly, the multiple paths of excitation to the excited states43 ). 

In this formalism, the'intrins,ic, deformation of the members of the 
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K = ° rotational band is parametrized according to the following definition 

of the nuclear radius 

The interaction potential arises from the deformation of the real and imagi-

nary central potentials, the spin-orbit potential, and the Coulomb potential. 

The various multiple-excitation paths between the coupled 'states are expli-

citly 'included, assuming pure rotational matrix elements between them. All 

expansions are carried to convergence, so that the only approximations are 

. 43) in the nuclear model and those inherent in the CC formalism . 

Oxford 

COUPLED-CHANNELS CALCULATIONS: 20Ne AND 22Ne 

Previously ~eported CC calcUlations17 ,18) on. 20Ne were made with the 

44 
coupled-channel code ). This program uses a simplified symmetrized 

form (phenomenological) of the deformed spin-orbit potential3 ), in which the 

deformation appears only in the radial term of the spin-orbit form factor. 

Thes.e CC calculations essentially fail to reproduce even the shape of the 

observed analyzing powers for the 2+ and 4+ states in 20Ne • Since the cross-

18 sections leading to these states are so well reproduced ), it is reasonable 

,to suspect the . difficulty arises from the form of the deformed spin-orbit 

potential ~hich this program uses. Recent calculations have shoWn that the 

fits to ,analyzing power data for less strongly coupled nuclei can be signif-

icantly improved when the full Thomas term of Sherif and Blair for the deformed 

spin-orbit potential ,is used14 ,15). This full Thomas term has been introduced 
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by J. RSlfOal in a coupled-channels program using a sequential iteration 

technique to handle the additional complexity of,this potential
16) (Program 

ECIS 71). 
, . 20 

The results of such calculations for' Ne are also shown in fig. 8. 

ABcan be seen from this figure, the cc calculatic;ms reproduce well, the 

measured analyzing power when the full Thomas term is used (~urve 1, fig. 8). 

Curve 2 with /34 = 0.0 shows the pronounced ,sensitivity of the analyzing power 

+ + ( of the 2 and 4 states to the Y4 deformation. The last curve curve 3) on 

this figure presents the results of CC calculations using the simplified 

symmetrized form of the deformed spin-orbit potential, clearly showing the 

poor quality of the resulting fit. The corresponding CC calculations for the 

+ '+ + ' 20 o , 2 and 4 cross sections in Ne are presented in fig. 9 where the 

+ sensitivity to the /34 deform~tion can be seen even for the 0 (g.B.). On the 

other hand, cross sections are rather insensitive to the detailed form of the 

spin-orbit potential and therefore only calculations us~ng the full Thomas term 

are presented in fig. 9. While the value obtained for /32 for 20Ne is in 

relative good agreement with results from inelastic helium scattering19 ,20), 

our value for /34 appears to be a factor of 2 larger, well outside quoted 

errors, even when the deformat~on values are linearly scaled to account for the 

different radii45). Our results are in better agreement with electron scattering 

41 /results ). 

Recently J. RSlfOal has performed a coupled-channels calculation (using 

. 20 46 anew program which includes a search rout1n~)on the Ne data ). By letting 

all parameters vary including the /32 and /34 deformations,· and doing a search on 

all cross sections and analyzing powers for the 0+, 2+ and 4+ in 20Ne , the 

calculations .yield final /32 and 84 deformations equal to 0.42 and 0.27 respectively. 
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Th t · al d 1 parameters were almost unchanged with the exceptio,n of the e op, 1C ,mo e 

spin-orbit diffuseness, which reduced to - 0.10 fm. 
I 

+ + + 22 The CC results for the lowest 0 , 2 and 4 states in Ne are given 

in figs. 10 and 11. ·As can be seen from these figures, the cross sections 

as well as the analyzing powers favor a r,ather small value for the Y4 deform-

, '22 . 
ation (B4 = 0.05) of Ne, while the value found for B2 i's similar to that 

for 20Ne . Similar conclusions have also been obtained from'40 MeV proton 

20 22 28 " . 
scattering work on Ne and Ne ), as well as from alpha scatter1ng 

. 19 
experiments ). 

Figure 10 shows again that the calculations strongly support the full 

+ + + Thomas form and the analyzing powers for the 0 , 2 and 4 states are very well 

reproduced using this type of defomed spin-orbit term together with the optical 

model parameters of Table 2. It has been suggested on a theoretical basis14) 

that the best agreement with the data is reached when the spin-orbit deformation 

is taken to be greater then that of the central potential. We have found this 

to be a necessity in the case of 20Ne and 22Ne , where 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 Raynal16 ) 

indicates that this ratio is directly related to the nuclear structure of the 

excited states and hence some variations m~ be expected throughout the's~d 

shell. However, no' calculations have yet been performed to predict the size of 

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

and 28Si can be obtained without having to increase the deformation of the 

spin-orbit potential with respect to the central potential. 
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5.2.' COUPLED-CHANNELS CALCULATIONS: 160 , 28Si AND 32
S 

Previous CC calculations done on the 17.5 MeV proton inelastic 

scattering data of Crawley47) have used oblate shapes for 28Si and 32S and 
, - i8 

large hexadecapole mome~ts (S4 = 0.25) ). Even if the ,rotational character 

28 + + + . . 48 49 ' . 
of the Si lowest 0 , 2 , 4 states is well established ' ) and the oblate 

shape confirmed19 ,41), the situation for 32S is much more comPlicated49 ). 

Recent measurements of the quadrupole moments of the first excited states of 
- ' 

even-even nuclei in the 2s-ld shel135 ) brought additional evidence for the 

oblate shape for 28Si (QO < 0) '. The surpr:[sing change in sign of Q
O 

between 

28Si and 32S appea!s 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 as-

sumption that 32S is an almost 
I 

recent a-y angular correlation 

spherical vibrational nucfeus49- 51 ). Since a 

'. t 52 ) 28S" d (') . t 53 ) ~xper~en on ~ ana a,a exper~men 

on 32s yields very surprising -prolat,e (S2 > 0) quadrupole 'deformation for these 

nuclei, it appears necessary to analyse these data both with the vibrational 
~ - . 

(collective model) and 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. 12. Although the full Thomas term was used, the agree-

ment to the data is poor. The CC calculations results using the full Thomas 

term and rotational (oblate deformation) are presented in figs. 13 and 14. 

Very good fits to cross sections and polarizations are obtained with a negative 

quadrupole deformation S2 = -0.40 and a posi,tiv'e hexadecapole S4 deformation 

equal to +0.10. The values of these deformations are quite different from 



\ 
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those previously determined18 ) using only the Crawley cross sections, but are 

in very good agreement with the (a,a,)19) and (e,e,)41) results and with 

microscopic a-cluster model CalCulations39 ), as well as with some recent 

polarization data at' 25.25 Mev54). The comparison of curves 1 and 3 of figs. 13 

and 14 shows the sensitivity of the theory to the. S4 deformation parameter. 

If S4 is increased, the fits deteriorates quite rapidly. Since no cross 

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

S4 deformation is less precise; and error of ± 0.04 is assigned to the S4 

determined in 28Si • All calcuiations presented in the figures, if not otherwise 

specified, used the full Thomas term for the deformed spin-orbit term. Coulomb 

excitation was also generally included although it has a small effect. Curve 2 

shows the results when S Is t al were equal to unity; curve 1 shows the so cen r . 
, c 

results when the deformation lengths (SLS rLS/B t'al r ) were equal to unity. cen r· 0 

In the latter case, BLS/B t al is equal to 1.29. Even better fits could be cen r 

obtained by increasing the ratio up to 1. 554 ); or :to 2.0 as for 20Ne , but the 

optimum value of S4 did not change significantly. 

Coupled-channels calculations for 32S are presented in figs. 15, 16 

and 17 using either-the rotational model (fig. 15) or the vibrational model 

(figs. 16 and 17). As seen in -fig. 15, it is quite difficult to distinguish 

between oblate and prolate deformation. The overa.+l X2 slightly favors a 

prolate ~hape for 32S (B2 > 0), but when only polarization data are taken 

into account, the oblate solution is the best (S2 = -0.30). Since the overall 

X2 is 1946 in the case of S2 = +0.30 and only 2126 when B2 = -0.30, a definite 

assignment of the signs of the deformation for 32S is not possible on the basis 

of our data. Addition o~ a hexadecapole deformation S4 to the quadrupole 
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_deformation 8
2 

has littre effect if 84 is small (up to around 0.1), but it 

quickly destroys the fits to the data when it is increased ,above this value .. 

Therefore we conclude that 'the hexadecapole deformation is absent or very small 

32 in the ground state band of S., . 

Figures 16 and 17 present CC results using a vibrational model with 

either 0+, 2+ coupling and a deformation 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 since the 

2 overall X is 2155. It has been suggested from recent experiments such as 

(p,p,)51 ), (d,d,)49 ) or by lifetime measurements 55 ) that the upper half of the 

s-d shell nuclei'may have a spherical structure, although this behavior is not 

38 ' 32 reproduced by Hartree-Fock calculations ). The energy level spacings of S 

indeed show considerable deviation from the rotational model pattern and more 

resemble a vibrational spectrum. From our data and analysis, it is impossible 

to choose between rotational or vibrational structure~ More precise data, 

especially for the 4+ state at 4.47 MeV or for the next 0+, 2+, 4+ stat~s 

which may be the two phono~ states in the vibrational model, are needed. 

Finally, the results of CC 
' + 

calculations for the 2 states at 6.92 

and the 3 - state at 6.13 MeV 16 for· 0 are presented in fig. 17. Very good 

for 3 - state and. acceptable fit for t~e2+ state for this nucleus are an 

MeV 

ffts 

obtained in the framework of the collective model (vibrational) with the full 

Thomas term and a deformation parameter of +0.50 for the 3- and 0.2 for the 2+. 
,,' 
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6. Conclusions 

In summary, coupled-channels calculations using permanently deformed 

nuclear wave functions reproduce well our 'cross section and analyzing power , 

data on the elastic and inelastic scattering of polarized protons exciting the 

. 20 22.-_ 28 
ground state rotational bands of Ne, j[e and Si. Table 3 summarizes the 

, 
nuclear deformations determined from the CC calculations. Prolate shapes 

of 20Ne and 2~e and an oblate shape of 28Si are strongly preferred. The 

situation· for J2S is not so clear , since the calculations could not decide 

between oblate-prolate deformation or for a spherical vibrational structure, 

although the overall best X2 slightly favors a prolate deformation. 

Hexadecapole deforma~ions found for 22Ne and 28Si are in good agreement with 

recent (a,a' )19), (e,e' )41) experiments and with theoretical calculations39). 

20 Large differences for the Y4 moment of Ne appear in the literature, especially 

in scattering experiments using a or 3He particles as probes19 ,20). 

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

Blair-Sherif form for the deformed spin-o-rbi t interaction, in conjunction with 

a coupled-9hannels reaction calculation, is necessary to explain our cross-

section and asymmetry results. However, we are gratified that calculations of 

the deformation parameters using simple forms of the interaction do not greatly 

change the results. 
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Table 2 

Nucleus V r a Wv WD 0 0 0 

(MeV) (F) (F) (MeV) (MeV) 

20Ne 59.0 1.01 0.75 0.0 6.5 

22 
1 Ne 57.0 1.05 0.75 0.0 6.3 

, 

28
Si 50.72 1.11 0.68 0.0 6.10 

32s 53.87 1.09 0.73 0.0 6.3 

16
0 43.25 1.14 0.69 0.0 2:78 

'-. 

rr a r VLS 
(F) (F) (MeV) 

1.26 0.55 3.57 

1.33 0.55 . 3.95 , 

1.34 0.54 6.43 
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1.36 0.84 4.31 

r LS aLS 
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Table 3 
": 

V9J.ues of deformation parameters and multipole 

moment from scattering of polarized protons 

20Ne 22Ne 28
Si 32s 

f3 2 +0.47 +0.47 -0.40 <+).0.30 

f3 4 
+0.28 +0.05 +0.10 



Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 . 
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Figure Captions 

t-feasured analyzing power for the low-lying excited states in . 

20 Ne obtained by scattering of 24. 5 ~feV protons. 

Measured analyzing power for the strongly excited states in 

22 Ne. obtained by scattering of 24.5 MeV protons. 

Measured analyzing for the low-lying collective states in 28Si 

32 and S obtained by scattering of 30.3 MeV protons. 

Measured analyzing power for several states in 160 by scatterf.ng 

of 30.3 MeV protons. 

Optical model predictions for the elastic cross sections and 

polarization for 20Ne and 22 Ne • The parameters are those of 

Table 1. 

Optical mode I pr~edictions 

polarization for 28Si and 

for the elastic cross s~ctions and 

32 S. Parameters of Table I were used. 

Op~ical model prediction for the elastic cross section and po~a-

. ]6 
rization for o. The parameters of Table I were ~sed. 

Coupled-channels calculat·ions (rotational model) for /the measure,d 
\ 

+ + + 20 analyzing power for the first 0 J 2 and 4 states in Ne with 

and without the full Thomas termc Optical model parameters of 

Table II were used. 

Experimental cross sections for the 0+, 2+ and 4+ states in 20Ne 

with couplcd-cha!\nels calculations (rotational model) and the 

full Thomns tern,. Optical mode! parameters of Table II wert:' used.' 



Figure 10 

Figure 11 

Fi~ure 12 

Figure 13 

Figure 14 

Figure 15 

Figure 16 
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Heasured analyzing power for the first 0+, 2+ and 4+ states ill 

22Ne with some coupled-channels calculations (rotational model) 

with and without the full Thomas term. Optical model parameters 

of Table II were used. 

E . I i f 'h 0+ 2+ d 4+ " .22 N xper1menta cross sect ons or t e , an ~tates 1n c 

with coupled-channels calculations (rotational model) and the 

full Thomas term. Optical model parameters of Table II we~e used. 

Coupled-channels calcu~ations for the cross sections and analyzin!; 

pOWel" for the 2+ and 4+ st~tes in 2851 (rotational and vibration;, J 

model) with the full Thomas term. Optical model parameters of 

Table II were used. 

Coupled-channels calculations for the experimental cross sections 

(rotational model) for the ground $tates K = 0+ band in 2851 

with the full Thomas term. Optical model parameters of Table II 

were used. 

Coupled-channels calculations with the full Thomas term and the 

rotational model for the measured analyzing power for. the K = 0+ 

-band in 285i • Optical model parameters of Table II ~.,ere used 

Coupled-channels calculations for the first O+~ 2+ states in 32S' 

using the full Thomas with PL5 = P 1 and a rotational model , centra 

with P2 =:1: 0.30 and, optical model para'!lctcrs of Table II. 

Coupled-channcils calculations for the cross sectJ6ns for the 

strongly low-lying excited states 1n 325 using a vibrational 

model, the full Thomas term with f-'L' S = P . 1 and optiC;} I moclC' 1 centra . 

parameters of Table II. Calculations were done by cOlJpling cithl'r 

the 0+, i~" or the 0+, 2+, 3- states. Deformations pnrwllctct"S o[ 



Figure 17 

Figure 18 

. " 
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Coupled-channels-calculatlons for the measured analyzing power 

32 - for the low-lying excited states in S using a vibrational model, 

the full Thomas te.rm with f3LS = Pcentral J and optical model 

parameters of Table II. Calc~lations.were done by coupling eithei 

-+ + + + -.the 0 J 2 or the 0 ,2 and 3 states. Defonnations parameters of 
r + 

0.30 for the 2 and 0.41 for the 3- were used. 

Coupled-channels calculations for the cross sections and analyzin~ 

. + -power for the 2 state at 6.92 MeV ~nd the 3 state at 6.13 MeV 

16 . 
in 0 • Full Thomas term, optical model parameters vibrational 

model and deformation parameters of + 0.50 for the )- and 0.2 for 

the 2+ were used • 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractor;, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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