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“Angular distribution of the analysing power and cross sections
have been measured for the elastic and inelastic scattering of

25.25 MeV protons exciting the K =‘0+ ground state band in 2851.

Good agreement with experiment is obtained in the coupled-channzls

formalism on the basis of the rotational model with a quadrupole

~ deformation 8, = -0.40 (oblate) and a hexadecapole deformation

gu ='+0.15} The calculations show the'g:eat sensitivity of the
experimental results to both the magnitude and sign of the quadrupole
and hexadecaéole deformations. EquiValent fits of the data were
obtained eithgz by keeping the deformation length of the various
deforméd terms of ﬁhe optical‘pOCential constant (6O=BORO=BIRI:SLSRLS)

or by in;reasingﬂthe deformation of the spin-orbit optical potential

'relative to the central potential by a factor of 1.5 (BLS =1.58 ).

cent

RESUME

On a mesuré les sections efficaces et les pouvoirs d'analyse par
diffusion élastique et inélastique de protons de 25.25 MeV excitant la

2851, De bons accords avec 1l'expérience

bande fondamentale K = o du
(sections efficaces et polarizations) ont &té obtenus dans le formalisme
des &quations couplées sur la base du modéle rotationnel en utilisant
une déformation statique quadrupolaire B, = -0.40 (oblate) et une

déformation hexadecapoléire B, = t0.15. - Les calculs montrent la grande

sensibilité des données expérimentales aussi bien 3 la grandeur qu'au



-~ slgre des déformations quadrupolaires et hexadecapolaires. Cn a pu
obtenir des accords 3quivalents avec les donniZes expdrimentales soit

en gardant la longueur de déformation des différents termes du

potentiel optique déformé constant.(Go- BqRo = B4R, = BLSRLS) soit

en accroissant la déformation du potentiel spin-orbit d3formé par

rapport i celle du potentiel central d'un facteur 1.5 (BLS=1.5 Bcenh)-



I) TINTRODUCTION -

'With the availébility §f'polériied—ion sourcés.at:accclerator
facilities in recent ye&rs, extensiva polarizatioq data have becone
évaiiaﬁle. “MéésurementS'of the'analysing_powe: in inelastic préton
séattering have beén made at different energies and for many nuclei
for which Cross-sectiﬁn data had been previously available. Analyses
of the data (crosé—sections and analysing»powers)‘have been reésonably
sucégssful'for‘collective”2+ or 3 states for several nuclei in ﬁhe
f7/2,-thé g9/2, and the s-d shells (Glashausser et al. 1967, 1968;
Baugh et al. 1967; Fricke et al. 1967; Lewis et al. 1967. These
distqrted;dave‘Born approximation (DWBA).analySes-with collective-

‘mode;-fbrm factors provided reasonabievagreement_with.the analysiﬁg
powers only whe; the fqrm factor included terms resuiting from
deforming the.compleée optical pgtenfial, i,e. the complex central and
épin-qrbit parts;_;The cross-sections had seemed well described by a

deformation of the-cenﬁral pafc alone, but the analysing-power data
proved the necessity of inéluding the gpin-orbit deformation as well.

.For siméliéity, fhe/spinférbit form factor used was essenfially pheno-
menological (Fricke.et al. 1967; Blair et al. 1970). Later, Shgrif
and Blair introduced the‘"full Thomas' form of the spin-orbit potential
in the DWBA collective-médel formalism (Sherif and Blair 1968).
Considerable improvement of the fits to the polarization data, parti-
cularlf agiforward angles, wasrimmediﬁtely obéerved (Sherif 1968, 1969;

GlaShausse: et al. 1969).

——




it is generally accepted that nuclei in the first half of the
2s-1d shell exhibit a rotational character (Gove 1960, 1968). Fur-
_thermore, the large static quédrﬁpole moments for the first excited
states (Nakai et al. 19705 and the results of Hartree-Fock type
calculations (Das Gupta aﬂd 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_shouid have a grouﬁd state hexadecapole (Brihaye and Reide-
‘meister 1967; Goodman et al. 1970) as well as a quadrupole deformation.
Recent analyses of cross—sectidn data for the inelastic scattering of
protons (De Swiniarski et al. 1969) and alpha partieles (Rebel et al.
1972) from several s-d shell nuclei have definitely shown that subs-
tantial hexadacapole (Yg) deformaﬁions were needed to fit the data for,
the low-lying excited states of the K = 0" band. The coupied-cﬁannels
(ce) method‘of analysis was used becausé of the strong coupling among
the states of the rotational band. The analyses of the proton data
for 2°Ne,I 283 and 325 uysed the simplified form of tﬁe deformed spin-
orbit potential, and good fits to these data required substantial
values of both deformation parameters 8, and 8, . Also, the fit to fhe
4" data was much more sensitive to variations of.Bu than were the fits
to the C+ and 2° angular'distributions. Subsequently, measurements
were.made of both cross-sections and anal&sing powers in the scattering
of 24.5 MeV polarized protons leading to the 0+, 2+, and 4+ states in

20Ne and 22Ne (De Swiniarski et al. 1972). CC calculations, using the

simplified form of the deformed spin-orbit potential as before,'failed



to reproduce even the shapes of the ana1y51n°—power angular distri-
butions for the_Z 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 (EClS l97l), the_resdlting calculations
were in eonsiderably improved agreement with the 20Ne anal}sing—power
data for the same B, and B, values deduced from the cross sections
alone. Thus, as had been found in the DWBA analyses, the need for

the full Thomas form was established by the polarization measuremants.

Althodgh inelusion of the fulllThomas form in the calculation.

| did not cnange the.previously determined values‘offe2 and E’:‘+ for.zoNe,

it does not follow that would be the case for 2851 or 323, The By

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 B,= —0.25, By= +0.05 as compared

with the "experimental values B8, = -0.34, B8, = +0.25 (De Swiniarski

2 Py
et al. 1969) and Bzvz'-0.32t0.01 By = +0.08£0.01 (Rebel et al. 1972).
Also, a recent a—y angular correlatlon experiment yields a very surprising
prolate (82 > 0) quadrupole deformation for 28g5 (Ahlfeld et al. 1972),
so it is clear that a redetermination of the deformation parameters. for
28541 from ooth proton cross-section and analysiné—power data is desirable.
"We“report here on our measurements of.the cross-sections and analysing
powers for.tne 0+, 2+, and 4+ states of 28Si and on the 82 and B,+ values

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

deformed spin-orbit potential.
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IT) EXPERIMEMTAL METHOD

The experiment was performed with a beam of 25.25 MeV protons
using thé polarized ion source (Clark et al. 19715 of the Berkeley
88-inch cyclotron. The experimental equipment has been described
previously (Bacher et al. 1972). Scattered particles were detacted
by four pairs of cooled (-30°C), 5mm thick, Li-drifted silicon detectors.
The two deteccérs in each pair vere placed ag equal angles on opposite
‘ sideé of the beam. Up to 50nA of polarized protons were delivered on
target with a ﬁolarization of about 78%7. The beam polarization Qas
monitored coﬁtinuously during éhe experiment with a YHe polarimeter which
“has been accﬁratelyvcalibrated (Bacher et al.1972). Two monitor detectors
piaced left and right of the beam axis at a fixed scattering angle,

served to monitor the incident particle flux for relative differential

cross section measurements.

For each angle, alternate runs of equal lergth 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 Plattneriet
al. (1968). Thé experimental cross sections and analysing power of the
states belonging to the 28Si K=0+ grouhd state‘band are shown in
figﬁres 1, 2; 3 and 4 together with calculations which will be described
below. Errors shown on the figures are due to countiﬁg statisties and
background subtraction. The absolute normalization of the cross-sections
was deduced from comparison with results taken from the literature.at

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



Further check of this normalization was made by deducing a
normalization factor from the optical model search. = Good agresement.

betwéen the two methods was obtained.

III) OPTICAL MODEL ANALYSIS

Optical model pafameters were obtained By simultaneously
fitting both the elastic cross sections and bolérizations using the
search code MAGALI.(1969). The definition of the optical.potential
anq-search-procedures employed are conveﬁtional (Glashausser et al.
1967). The absolute normalization ofvthe data was included in the

| searcﬁ. Cbrreccions arising‘from the finite angular acceptance of
the detectors were also included. Verybgood fits for both the
elastic cross section and polarizations were obtained with a purely
surface absorption Wy by searching on all niﬁe parameters. .Several
sets 6f pa;ame:ers usually used in this mass region (Blair et al.
1970; FulLing and Satchler 1968) were used ag starting parameters
and gave very similar tgsults. It ﬁas also péssible to get.very
good fits to the data with both voiume absorption Wy and surfaég
' abso?ption Wp» witﬁ only minor chaﬁges in the other parameters. The
results of the best optical model calculations are presented in
Table 1 while figure 1 shows the corresponding fits to the elastic
data. When the opfical model parameters of set.B were used as
starting parameters, a éééfch on the étrengthvVA; Wgs Wp, Vpg and on ao,

ay, the real and imaginary diffuseness, led to a small value of the
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volume absorption Wy with an increase of Wp,while the diffuseness

remained practically unchanged. It is interestiag to point out that

T remains smaller by about 207 than the real radius rp while the

SO

comes out larger (~207%) than L In heavier

imaginary radius rr

nuclei these differences are much émaller.(Glashausser et alg 1967,
1968, 1969; Baugh et al. 1967; Fricke et al. 1967; Lewis et al. 1987).
Finally, Table 1 shows also that better agreement with the elastic
polarizatibn is obtained using set A parametérs with surface absorption
alone while for the cross sections, a combination of WV and’WD (set B)
ié preferable. However, the overall fits, as indicated by the total xz,

are equivalent.

’

IV) COUPLED-CAHNNELS ANALYSIS

In the coupled-chaanels formalism the nuclear radius is defined

R = Ri,(l + BZYZO + 84Y40......)

where the B's are the deformations parameters determined by the

experiment, the Y's are spherical harmonics and R, corresponds to the

i
various optical potential radii. The interaction potential arises,
therefore, from ghe deformation of the Coqlomb-potential, the complex
central poteqtial, and the spin—orbit potential, There are indications
that the spin-orbit part should have a gfeater deformation than the

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

the present calculations contains the '"full Thomas form" of the deformed
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spin-orbit term, and allows one to kesp the deformation length

8 the defor-

constant (§

real = “real Rreal = 6Imag - LS)’ -

=B

)
BLS)’ or to make the

mation parameter constant
) . a (Breal

Imag N
deformation parameter Bso of the spin-orbit deformed potential

larger than that of  the central potential Bcent’ Reéeﬁt

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

the fitting of inelastic proton scattering data for the first

excited 2+.state of 2351 requires a spin-orbit deformation some-v
what larger than that of the central deformation. Coupled-channels
calculations are shown on figures 2, 3 and 4, together with the
experimental data for the Zf 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. Figure 2
‘presents the CC.calculations using a rotational model or a vibratiomnal
model with set A paréme;ers of Table 1. This figure shows clearly the
poor fit obtained when a positive quadrupole deformation (62 = + 0.40)
is uséd togethef.yith«é negative hexadecapole deformation, and the
‘agreement.with the data is eveﬁ worse when Ba'is set equal Fo zéro.

On. the other_haﬂd the vibrational model gives a good account of the 2+
" data, but here, also, the agreemeat with the 4+ data is rather poor.
These caiculations were done‘using the same defbrmation length for the
various defo?med terms of the optical potential (6058R0=BIMRI=BLSRLS ).
On the other hand, figure 3 shows the very good fits to the cross
sections and polariéations obtained using set A parameters with a

negative quadrupole deformation 82 = -0.40 (oblate) and a positive

hexadecapole deformation B4 = +0.15 (curve 1). Curve 2 shows the
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extreme sensitivity of the calculations to the 84 deformation.
Although the'magnitude of the analysing power for the 4t is not
reproduced, the calculation give;'the right phase while the |
overall agreenmeat f;r all the data is very good. An imp:ovemenf
in ;he fit to the 4" state could pbssibly be obtained if the 6'
state is included in the calculation, in the same manner as the
inclusion of the 4+ state resﬁlts in a significant improvement of

the coupled channel fits for the 2+ state.

Equivalent fits can also be obtained when the spin-orbit
deformation is made greater than that of the central deformation.
Figure 4 presents the CC calculations wusing set A parameters,

B, = -0.40, B, = +0.15 and various values of the ratio SLS/B

2 4

. ’ '
of the spin-orbit deformation to the central deformation. Best

cent

'agreemént with the data is obtained whan this ratio is equal to 1.5
‘(curvé 1, fig. 4). This figure shows also that a‘good fit to the
4+ analysing power can be obtained by increasing this ratio to 2.0
and decreasing slightly 84 from 0.15 to 0.10. FEowever, this makes
the agreement with the 2+ data rather poor, and the calculafion then

underestimates the 4% cross section.

Finally the use of set B optical model parameters gives
equiﬁaleﬁt.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 recently reported values.



V) CONCLUSION

~ In summary, Eoupled-ﬁhannels calculations are in reasonably
good agreement with our measuremenﬁs of inelastic scattering of
polariﬁed“protons exciting the K = O+ ground stata rotational band
"in 28Si. The best agreament is obtained using négative'quadrupole
deformation 82 = -0.40 (oblate) and a positive hexadecapole deform-
ation, 84 z +0.15. Therefore the oblate shape of this nucleus is
confirmgd,,and it is found that the 34 deformation is considerably
smaller thén previously determined from inelastic proton scattering
cross-sections alone (De Swinia;ski 1969). Also it is in better
;greement.with the 84 value deduced from the very-impressive fifs to
the alpha-particle scattering data (Rebel et al. 1972). Although
the inelastié scat;griﬁg data night be equally well described by a
vibrétional,mpdgl Qith différent values of 82 and-BA, the measured
static quadrupqle mément of the 2+ state (Nakai et al. 1970) rules

out this interpretation.
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TABLE 1

' ‘ 2 2 theor.
Yo o 5 Wy ) 1 3y Vs Tis  fs Xo Xy %
(MeV)  (fm)  (fm) (MeV) (MeV)  (fm) (fm) (MeV) (fm) (fm)
Set A 48,20 1.15 0.65 0.00 5.14 1.33 0.67 6.55 0.92 0.52 138 = 87 823
Set B 48,95 1.15 0.65 2.01 4.33 1,33 0.60 6.97 0.9 0.57 88 134 757

L1
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Goodman,A.L. et al. 1970

. TABLE 2
Deformation paramefers of 28si
'Experimental and Theoretical Results

82 .84 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 G.p")ce
.10.36 Craig,R.M. et al. 1966 (;,p')CC
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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 ware

used.

Figure 2 Coupled-channels calculations for the experimental cross
section and analysing power of the 2<IT and 4+'states in 28s1,
(1) CC rotational model prediction with 82 = +0.40 84 = =0.15;

(2) CC rotational model with 82 = +0.40 B8, = 0.00 ;

4
(3) CC vibrational model 8(27) = 0.40 B8¢4™) = 0.15. Set A

optical model parameters were used.

Figﬁre 3 CC rotational model prédictions for the 0+, 2+-and 4+ cross
sections éndvaﬁglysing power; (1) 82 = -0.40 34 = +0.15 ;
(2)v82 = -0.40 84 = 0.00. Calculations were done using set A
.(tablé 1) optical model paraﬁeters 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
28g4 using parameters set A (table 1) and increasing the spin-—
orbit deformation parameter relative to the central deformation

from 1.0 to 2.0.

(1) B, = = 0.40 8, = + 0.15 _ BLS = 1.5 Bcent
(2) B, = - 0.40 By = + 0.15 Brg = By = B;
(3) By = - 0.40 | By = + 0.15 B.. =28
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LEGAL NOTICE

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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