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Angular distribution of the analysing power and cross sections 

have been mensured for the elastic and inelastic scattering of 

25.25 MeV protons exciting the K = 0+ ground state band in 28si. 

Good agreement with experiment is obtained in the coupled-chann~ls 

formalism on the basis of the rotational model with a quadrupole 

deformation s2 = -0.40 (oblate) and a hexadecapole deformation 

!\. = +0 .15~ The calculations show the great sensitivity of the 

experimental results to both t~e magnitude and sign of the quadrupole 

and hexadecapole deformations. Equivalent fits of the data were 

obtained eithe1: by keeping the .defor::1ation length of the various 

deformed terms of the optical potential constant (o 0=o0R0=B 1 R1 =SLS~S) 

or by increasing' the deformation of the spin-orbit optical potential 

relative to the centr.al potential by a factor of 1.5 (BLS = 1. 5 B ) • . cent 

RESUME 

On a mesure les sections efficaces et les pouvoirs d'analyse par 

diffusion elastique et inelastique de protons de 25.25 MeV excitant la 

bande fondamentale K = 0+ du 
28

si. De bons accords avec !'experience 

(sections efficaces et polarizations) ont ete obtenus da~s le formali~me 

des equations couplees sur la base du modele rotationnel en utilisant 

une deformation statique quadrupolaire 82 = -0.40 (oblate) et une 

deformation hexadecapolaire 84 = +0.15. · Les calculs montrent la grande 

sensibilite des donnees experimentales aussi bien a la grandeur qu'au 
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signe des d~for~ations quadrupolaires et hexadecapolaires. On a pu 

obtenir de~ accords 2~uivalents avec les do~nees exp~rimentales soit 

en gardant la lon6'Jeur de deformation ·des diffPrents ternes du 

en accroissant la deformation du potentiel spin-orbit deforme par 

rapport a cellc du potentiel central d'un facteur 1.5 (6Ls=l.S B ~>· 
cen~ 
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I) I:·!TRODUCT10N 

hith the availability of polarized-ion sources at accelerator 

fac·ilities in recent years, extensive polarizatio:1 data h:.:~·.re beco;:te 

available. Heasuremants of the analysing pmver in inelastic proton 

scattering have been ~ade at different energies and for many nuclei 

for which cross-section data had been previously available. Analyses 

of the data (cross-sections and analysing por.vers) have been reasonably 

successful for collective 2+ or 3 states for several nuclei in the 

£
712

, the g 912 , and the s-d shells (Glashausser et al. 1967, 1968; 

Baugh et al. 1967; Fricke et al. 1967; Lewis et al.· 1967. These 

distorted~wave Born approxication (DWBA) analyses with collective-

model form factors provided reasonable agreement with the analysing 

powers only when the fo~ factor included terms resulting from 

deforming the complete optical poter..tial, i.e. the complex central and 

spin-orbit parts. The cross-sections had seemed well described by a 

deformation of the central part alone, but the analysing-power data 

proved the necessity of including the spin-orbit deformation as lvell. 

For simplicity, the spin-orbit fort:\ factor used was essentially pheno-

menological (Fricke et al. 1967; Blair et al. 1970). Later, Sherif 

and Blair introduced the "full Thomas" form of the spin-orbit potential 

in the mmA collective-model fornalism (Sherif and Blair 1968). 

Considerable improvecent of the fits to the polarization data, parti-

cularly at fortvard angles, was im."!ladiately observed (Sherif 1968, 1969; 

Glashausser et al. 1969). 

I 
! 
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It is generally accepted that nuclei in the first half of the 

2s-ld shell exhibit a rotational character (Cove 1960, 1968). Fur-

thermore, the large static quadrupole moments for the first excited 

states (Nakai et al. 1970) and the results of Hartree-Fock type 

calculations (Das Gupta and Harvey 1967; Ripka 1968) characterize 

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

Some of these calculations suggest also that several nuclei in this 

region should have a ground state hexadecapo!e (Brihaye and Reide-

meister 1967; Goodman et al. 1970) as well as a quadrupole deformation. 

Recent analyses of cross-section data for the inelastic scattering of 

protons (De s~~iniarski et al. 1969) and alpha particles (Rebel et al. 

1972) from several s-d shell nuclei have definitely shown that subs-

tantial hexadeca,Pole. (Y4 ) deformations 't-7ere needed to fit the data for 

the low-lying excited states of the K = 0+ band. The coupled-channels 

(CC) method of analysis was used because of the strong coupling among 

the states of the rotational band. The analyses of the proton data 

for 20Ne, 28si and 32s used the simplified form of the deformed spin-

.orbit potential,_ and good fits to these data required substantial 

values of both deformation parameters 8
2 

and 8
4 

• Also, the fit to the 

4+ data was much more sensitive to variations of 84 than were the fits 

+ + to the 0 and 2 angular distributions. Subsequently, measurements 

were made of both cross-sections and analysing powers in the scattering 

+ + + of 24.5 MeV polarized protons leading to the 0 , 2 , and 4 states in 

2°Ne and 22Ne (De Swiniarski et al. 1972). CC calculations, using the 

simplified form of the deformed spin-orbit potential as before, failed 
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to reproduce even the shapes of the analysing-power angular distri-, 

butions for the 2+ and 4+ states of 20Ne. When 'the full Thomas form 

of the deformed spin-orbit potential, as introduced by Raynal .(1969), 

was used in the CC program (ECIS 1971), the resulting cal€ulations 

were in considerably improved agreement with the 20Ne analysing-power 

data for the same S2 and S4 values deduced from the cross sections 

alone. Thus, as had been found in the DWBA analyses, the need for 

the full Thomas form \.:as established by the polarization measurements. 

. Although inclusion of the full Thomas foi"!il in the calculation 

did not change the previously determined values of ·s2 and 8
4 

for 20Ne, 

it does not follow that would be the case for 28si or 32s. The 84 

values were determined less accurately for those two nuclei because of 

the lower quality cross-section data. A theoretical calculation 

(Goodman et al. 1970) for 28si gives 8i= -0.25, 84= +0.05 as compared 

with the "experimental" values B
2 

= -0.34, 8
4 

= +0.25 (De s~.riniarski 

et al. 1969) and 82 =·-0.32±0.01, B+ = +0.08±0.01 (Rebel et al. 1972). 

Also, a recent a-y angular correlation experiment yields a very surprising 

prolate (82 > 0). quadrupole deformation for 28si (Ahlfeld et al. 1972), 

so it is clear that a redetermination of the deformation parameters for 

28si from both proton cross-section and analysing-po~.rer data is desirable. 

We·report here on our measurements of the cross-sections and analysing 

powers for the 0+, 2+, and 4+ states of 28si and on the 8
2 

and s4 values 

resulting from a CC analysis which includes the full Thomas form of the 

deformed spin-orbit potential. 

• 

\ 

. ! 



7 

II) EXPERH!E~!TAL HETHOD 

The experiment t.ras perfomed with a beam of 25.25 MeV protons 

using the polarized ion source (Clark et al. 1971) of the Berkeley 

88-inch cyclotron. The experioental equipment has been described 

previously (Eacher et al. 1972). Scattered particles were detacted 

by four pairs of cooled (-30°C), Smm thick, Li-drifted silicon detectors. 

The ~.ro detectors in each pair '"ere placed at equal angles on opposite 

sides of the beam. Up to SOnA of polarized protons were delivered on 

target with a polarization of about 78%. The beam polarization was 

monitored continuously during the experiment with a 4He polarimeter which 

has been accurately calibrated (Bacher et al.l972). Two monitor detectors 

placed left and right of the beam axis at a fixed scattering angle, 

served to monitor the incident particle flux for relative differential 

cross section measuremants. 

For each angle, alternate runs of equal length were taken with 

the spin vector of the incident beam oriented up and down with respect 

to the scattering plane. The polarization was calculated from the 

ratios of left and right detectors yields as described by Plattner et 

al. "(1968). The experimental cross sections and analysing, power of the 

states belonging to the 28Si K=O+ ground state band are shown in 

figures 1, 2, 3 and 4 to~ether with calculations which tvill be described 

below. Errors shown on the figures are due to counting statistics and 

background subtraction. The absolute normalization of the cross-sections 

was deduced from co~parison with results taken from the literature at 

about the same energy (Sandhu et al. 1971); Locard et al. 1968). 



8 

Further check of this normalization was made by deducing a 

normalization factor from the optical model search. Good agreement. 

between the two methods was obtained. 

III) OPTICAL 'HODEL ANALYSIS 

Optical model parameters were o_btained by simultaneously 

fitting both the elastic cross sections and polarizations using the 

search code MAGALI (1969). The definition of the optical potential 

and search procedures employed are conventional (Glashausser et al. 

1967). The absolute normalization of the data was included in the 

search. Corrections arising'fro~ the finite angular acceptance of 

the detectors were also included. Very good fits for both the 

elastic cross section and polarizations were obtained with a purely 

surface absorption t-10 by searching on all nine parameters. Several 

sets of parameters usually used in this mass region (Blair et al. 

1970; Fulling and Satchler 1968) were used as starting parameters 

and gave very similar results. It was also possible to get very 

good fits to the data with both volume absorption Wv and surface 

~bsorption w0 , with only minor changes in the other parameters. The 

results of the best optical model calculations are presented in 

Table 1 while figure 1 shows the correspon'ding fits to the elastic 

data. When the optical model parameters of set B were used as 

starting parar.:~.eters, a si'earch on the strength V0 ~ Ws, w0 , VLs and on a
0

, 

a1 , the real and imaginary ditfuseness,led to~ small value of the 

: y 
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volut:1e absorption ~.J'V ~lith an increase of t.;0 ,,.;hile the diffu~eness 
--, 

remained practically unchanged.- It is interesting to point out that 

rso remains smaller by about 207. than the real radius r~while the 

imaginary radius r 1 comes out larger (-20%) than r
0

• In heavier 

nuclei these differences are much smaller (Glashausser et al. 1967, 

1968, 1969; Baugh et al. 1967; Fricke et al. 1967; Lewis et al. 1967). 

Finally, Table 1 shows also that better agreement with the e'rastic 

polarization is obtained using set A parameters with surface absorption 

alone while for the cross sections, a combination of tvv and w0 (set B) 

is preferable. However, the overall fits, as indicated by the total x2, 

are equivalent. 

IV) COUPLED-C~ELS A~ALYSIS 

In the coupled-channels formalism the nuclear radius is defined 

by 

where the B's are the defor::Jations paral!leters determined by the 

experiment, the Y's a~e spherical harmonics and Ri corresponds to the 

various optical potential radii. The interaction potential arises, 

therefore, from the deformation of the Coulomb-potential, the complex 

central potential, and the spin-orbit potentiaL There are indications 

that the spin-orbit part should have a greater deformation than the 

central part (Satchler 1971). The coupled-channels program used for 

the present calculations contains the "full Thomas form" of the deformed 



spin-orbit term, _and allotv's one to keep the deformation length 

constant (c 1 = S 
1 rea rea R = o = o ) real !mag LS ' the defor-

mation parameter constant (8 = 8 - a ) or to make the real !mag - LS ' 

deformation parameter aso of the spin-orbit deformed pote~tial 

larger than that of the central potential 8 • cent Recent 

analyses by Sherif and Blair (1971, 1968, 1969) have shown that 

the fitting of inelastic proton scattering data for the first 

excited 2+ state of 29si requires a spin-orbit deformation some-

10 

what larger than that of the central deformation. Coupled:-channels 

calculations are sho~v'O on figures 2, 3 and 4, together with the 

+ + experimental data for the 2 · and 4 states. The elastic scattering 

data are rather insensitive to the various calculations shown in 

these figures and are included only with the final results. Figu~e 2 

·presents the CC calculations using a rotational model or a vibrational 

model with set A par&ueters of Table 1.· This figure shows clearly the 

poor fit obtained when a positive quadrupole deformation (8
2 

= + 0.40) 

is used together with a negative hexadecapole deformation, and the 

agreement with the data is even tv'orse when s4 is set equal to zero. 

On the other hand the vibrational model gives a good account of the 2+ 

data, but here, also, the agreement with the 4+ data is rather poor. 

These calculations were done using the same deformation length for the 

various deformed terms of the optical potential (o 
0

=BR
0 
=Bn1R1=e15~8 ) • 

On the other hand, figure 3 shows the very goo.d fits to the cross 

sections and polarizations obtained using set A parameters with a 

negative quadrupole deformation 8
2 

= -0.40 (oblate) and a positive 

hexadecapole defamation 8
4 

= +0.15 (curve 1). Curve 2 shows the 
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extreme sensitivity of the calculations to the s4 deformation. · 

Although the magnitude of the analysing pot.rer for the 4 + is not 

reproduced, the calculation gives the right phase while the 

overall agreement for all the data is very good. An improvement· 

in the fit to the 4+ state could possibly be obtained if the 6+ 

state is included in the calculation, in the same manner as the 

inclusion of the 4+ state results in a significant improvement of 

+ the coupled channel fits for the 2 state. 

Equivalent fits can als9 be obtained when the spin-orbit 

deformation is made greater than that of the central deformation. 

Figure 4 presents the CC calculations asing set A parameters, 

B2 = -0.40, B4 = +0.15 and various values of the ratio SL8/Bcent 

• of the spin-orbit deformation to the central deformation. Best 

11 

·agreement t7ith the data is obtained t•han this ratio is equal to 1. 5 

(curve 1, fig. 4). This figure shows also that a good fit to the 

4+ analysing power can be obtained by increasin3 this ratio to 2.0 

and decreasing slightly B
4 

from 0.15 to 0.10. Hm•ever, this makes 

+ the agreement with the 2 data rather poor, and the calculation then 
. + 

underestimates the 4 cross section. 

Finally the use of set B optical model parameters gives 

equivalent fits to those reported here, and,therefore, they are not 

presented. Table 2 gives the final deformation parameters obtained 

from this study in comparison with some r,ecently reported values. 
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V) CONCLUSIO:·t 

In sumraary, coupled-channels calculations are in reasonably 

·~ good agreement with our measurements of inelastic scattering of 

+ polarized protons exciting the K = 0 ground state rotational band 

·in 28si. The best agreement is obtained using negative quadrupole 

deformation 82 = -0.40 (oblate) and a positive hexadecapole deform­

ation, s4 = +0.15. Therefore the oblate shape of this nucleus is 

confirmed, and it is found that the 84 deformation is considerably 

smaller than previously determined from inelastic proton scattering 

cross-sections alone (De Swiniarski 1969). Also it is in better 

agreement with the s4 value deduced from the very impressive fits to 

the alpha-particle scattering data (Rebel et al. 1972). Although 

the inelastic scattering data eight be equally well described by a 

vibrational.model with different values of s
2 

and s
4

, the measured 

+ static quadrupole mo~ent of the 2 state (Nakai at al. 1970) rules 

out this interpretation. 
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TABLE 2 

Deformation par~eters of 28si 

Experimental and Theoretical Results 

Ref. Method 

-0.40 +0.15 This work + (p,p ')CC 

-0.32±0.01 +0.08±0.01 Rebel,H. et al. 1972 (a,a'·)cc 

-0.34 +0.25 De Swiniarski et al. 1969 (p ,p ')CC 

-0.39 +0.10 Horikawa,Y. et al. 1971 . (e,e ')CC 

-0.55 +0.33 Blair,A.G. et al. 1970 (p,p')CC 

1966 + 0.36 Craig,R.H. et al. (p,p ') cc 

-0.25 +0.05 Goodman,A.L. et a1. 1970 RFB 

.. 
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FIGURE CAPTIONS 

Figure 1 Optical model prediction for the elastic cross section and 

polarization. The two sets of parameters of Table 1 ~Tare 

used. 

Figure 2 Coupled-channels calculations for the experimental cross 

i d 1 i f h 2+. and 4+ i 2 Bsi .sect on an ana ys ng power o t e states n • 

(1) CC rotational model prediction with a2 = +0.40 a4 = -0.15; 

(2) CC rotational model with 82 = +0.40 a4 = 0.00 

+ + (3) CC vibrational model 8(2 ) = 0.40 8(4 ) = 0.15. Set A 

optical model parameters were used. 

Figure 3 CC rotational mod~l predictions for the 0+, 2+ and 4+ cross 

sections and analysing power; (1) s
2 

= -0.40 8
4 

= +0.15 

(2) 82 = -0.40 84 = 0.00. Calculations were done using set A 

(table 1) optical model para~eters and keeping the same defor-

mation length for the different terms of the deformed optical 

potential (BR = cte). 

Figure 4 CC rotational model predictions for the 2+ and 4+ states in 

28Si using parameters set A (table 1) and increasing the spin-

orbit deformation parameter relative to the central defo~ation 
.. -

from 1.0 to 2.0. 

(1) 82 = 0.40 Br.. = + 0.15 8Ls = 1.5 a t cen 

(2) 82 = - 0.40 8'+ = + 0.15 8Ls = B = B o I 

(3) 82 = - 0.40 8'+ = + 0.15 8Ls = 2 8cent 
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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, subcontractors, 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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