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The sign and magnitude of the hexadecapole deformation in 

20
Ne is determined from measurements of the inelastic scattering of 

24.5-MeV protons. A coupled-channels analysis yields a value for 

S4 of +0.28. A similar analysis of other available data in the 

s-d shell suggests a large hexadecapole deformation in 
28

si(+0.25) 

and 32s(+0.25); 
24

Mg is found to have a Y
4 

moment close to z~ro. 

Accurate measurements of the large intrinsic quadrupole deformation 

f th :f . t ·t·. a· 2+ t · 20N 24Mg a 28s· h tl b o e ~rs exc~ e sta es ~n e, , an ~ ave recen y . een 

l performed. Such data are a critical test of the detailed microscopic cal-

culations of nuclear properties which are now being carried out by methods 

2 such as deformed Hartree-Fock. Some of'these calculations suggest that 

nuclei of the 2s-ld shell should also have a ground-state hexadecapole defor-

3 4 5 mation which changes both in size and sign through the shell. , ' The size 

and sign of Y4 moments of rare-earth nuclei have previously been determined 

~~. by a coupled-channels analysis of the cross sections for excitation of the 

ground-state rotational band by 50'MeV alpha particles. 6 The advantage of this 
•• 

method was that all multiple-excitation paths between these states were treated 
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consistently. A similar analysis of scattering data in the 2s-ld shell has 

. 24 
been performed only for Mg, but no Y

4 
deformation was observed in the ground 

state band. 7 On the other hand, previous inelastic scattering results analyzed 

with DWBA, Austern-Blair, and other less sophisticated models indicate that 

large direct transition strengths are needed in order to explain the magnitude 

of the cro~s sections for the first 4+ states in 20Ne and 288i. 8 ,9,lO 

We have measured the inelastic scattering of 24.5 MeV protons from 

20 + + + + 
· Ne. The cross sections for the lowest 0 , 2 , 4 and 6 states are analyzed 

with the same coupled-channels method used for the rare-earth nuclei. The 

same model is then used 

inelastic scattering of 

11 to analyze the data of Crawley and Garvey 

17.5 MeV protons from 
24

Mg, 
28

8i, and 328. 

for 

Evidence is 

found for large positive hexadecapole deformation in 
20

Ne, 
28

8i, and 328 while 

24Mg is determined to have a small, possibly negative, hexadecapole moment. 

These results are relatively independent of the size and sign of B
2

. 

The 
20

Ne experiment was performed at the Berkeley 88" cyclotron. A 

24.5 MeV proton beam was scattered from a gas target filled to 10 or 20 em Hg 

pressure with enriched 20Ne. A set of four Si(Li) detectors were used to 

count the scattered particles; the detectors were 4 mm thick and cooled to 

-25°C. The total energy resolution achieved was about 50 keV. The angular 

distributions are shown in Fig. 1, along with theoretical curves described 

below. 

In the coupled~channels calculations the states explicitly coupled are 

assumed to be the lowest members of a pure K=O rotational band. The intrinsic 

deformation of these states is parameterized according to the following 

definition of the nuclear radius: 

' c 
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The interaction potential arises from the deformation of both the real and 

imaginary central terms of the optical potential and is calculated correc.tly 

to all orders. Thus, all possible multiple excitation paths between the coupled 

states are explicitly included. Coulomb excitation and deformed spin-orbit 

terms are included in many of the calculations but are found to have no signifi-

cant effect. The coupled-channels code of A.· D. Hill, which includes a spin-

orbit term in the optical potential, is used for most of the calculations. 

+ 20 The predictions for the 6 state in · Ne are made with the program of N. K. 

Glendenning, which, however, does not include a spin-orbit term. The 2+ and 

4+ 
curves are insensitive to the spin-orbit potential. 

Starting optical-model parameters were obtained by fitting only the 

elastic cross sections using the search code MERCY. Very good fits to the 

elastic cross sections were obtained with several distinct sets of optical 

model parameters. These parameters were obtained either by searching only on 
. . . ' 

the well depths using the geometrical parameters recently found for nuclei in 

12 
the lf

712 
shell or by searching on all parameters. These parameters were 

then adjusted to preserve the fits to the elastic scattering in the coupled-

channel calculations. Usually it was sufficient to adjust only WD, ai, and 

V . The parameters used for the curves shown in Figs. 1-2 are given in 
0 

Table I .. 

The experimental cross sections and theoretical curves for the 0+, 2+, 

4 + and 6+ states in 20Ne are shown in Fig. l. With values of +0.47 for 8
2 

and 

+0.28 for 84 , good fits are obtained to the shape and magnitude of the 0+, 2+, 
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+ + 
and 4 cross sections; the 6 cross section is underestimated by a factor of 

about 2. ' + + 
The se'nsitivity of th.e predictions for the 4 and 6 states to the 

value of s4 is also illustrated in this figure. When s4 is omitted, the predicted 
I 

4+ 6+ and cross sections are too small oy one or two orders of magnitude. If 
. + 

84 is negative, the predicted shape of the 4 angular distribution does not 

match the experimental curve. In fact, changing S4 by +0.05 or -0.05 is 

+ sufficient to de'stroy the good agreement with the 4 cross section. Only a 

large positive Y4 deformation could reproduce the shape as well as the magnitude 

of the 4+ cross section. Changing S
2 

has a smaller effect on the predicted cross 

sections. If it is omitted (as it is, e.g., in a DWBA calculation), the value 

of 84 must be increased to about 0.36 and the fit deteriorates somewhat, 

especially at ba.ck angles. 

The coupled-channels predictions for the 0+, 2+, and 4+ states in 
24

Mg, 

288. 
. l' and 328 are shown in Fig. 2; n~ 6+ data were available. 

and 84 are given' in Table I. 

The values of 8
2 

The signs of the 8
2 

deformations in 
24

Mg and 
28

8i 

were chosen to agree with the results of Ref. l. Hartree-Fock calculations 5 

predict an oblate deformation for 328, but this has not yet been verified 

experimentally and is not determined by the present analysis. The sign and 

magnitude of 8
4 

for 328 are not very sensitive to the sign of s
2

. The fits to 

the elastic scattering are good for all three nuclei; the striking difference in 

the shapes of the 4+ angular distributions for 24Mg and 
28

8i - 328 is also 

qualitatively explained. However, the general quality of the fits shown in 

F . 2 . . f . . + + 4+ . 20 lg. lS ln erlor to that obtalned for the 0 , 2 , and states ln Ne. A 

conservative error of ±0.08 is thus assigned to the value of s
4 

determined 

for these nuclei, due to ambiguities in the optical parameters and imperfections 

of the fit. The 1corresponding error for 
20

Ne is ±0.05. 

. . 
I! 
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Non-direct processes may be responsible for some of the discrepancies~ 

. . 6+ ' . 20 4+ 24 
espec~ally for the state ~n Ne and for the state in Mg. However, 

there is evidence that such processes are not important at forward angles for 

+ . 
the 4 states WJ.th larger cross sections. Prior to this experiment, an 

excitation function for the 0+~ 2+, and 4+ states in 20Ne was measured at 

proton ene!gies between 23 and 26 MeV in 500 keV steps. The excitation functions 

of these states are smooth between 23 and 26 MeV. In addition the 4+ cross 

section'decreases by more than an order of magnitude between forward and back

ward angles. The cross section for the 4 + state in 288i measured at 21.2 

Me~0 is similar to the 17.5 MeV cross section. 11 

An additional source of ambiguity is the known imperfection in the 

rotational description of these nuclei. The energy levels~· particularly in 

328, already show considerable deviation from the strict rotational model 

pattern. The values of B(E2) for the intraband transitions measured in various 

laboratories are not always consistent. 13 However, the ratio· 

[B(E2)4+ --~ 2+]/[B(E2)2+ --~ 0+] seems to be generally slightly less than 1.0, 

whereas the rotational model prediction is 1.43. 32 For 8, however, a recent 

14 
measurement gives 2.6 ± 0.7. This means that the multiple excitation 

+ contributions to the 4 cross sections are somewhat overestimated except in 

328. The [B(E2)6+ --~ 4+] in 20Ne seems to be considerably larger than the 

measured 
+ + [B(E2)2 --~ 0 ] in this nucle~s, and is larger than expected from 

the rotational model. 
. + . 

This may be another reason why the predicted 6 cross 

section in 
20

Ne is too small. 

In terms of the rotational model, non-zero values of s4 imply a 

hexadecapole moment in the ground state and in all the states of the rotational 
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band built upon i.t. However, the inelastic scattering data alone might be 

eq_ually well described by a vibrational model, with some modifications of the 

values of 62 and s4. Thus, the interpretation of 64 as describing the static 

Y4 deformation of the ground state band relies upon measurements of a non-zero 

. 32 
q_uadrupole moment; such a measurement has not yet been made for S. The 

I + . 20 24 
q_uadrupole moments of the 2 states of Ne and Mg are about 30% larger than 

1 expected on the basis of the rotational model from the electromagnetic values 

of [B(E2)2+ -:> 0+]. · [Since the analysis of the inelastic scattering depends 

upon the evaluatioh of matrix elements between the ground state and excited 

states, the present results should be interpreted in terms of a transition 

probability instead of a static moment when the two are not consistent. 

Benson and Flowers4 have predicted a value of about .0·17 for s4 in 
20

Ne; 

Hartree~Fock calculations5 predict a large Y4 moment for 
28

si but a small Y4 
32 moment for S. We have made an estimate of the value of s

4 
expected in the 

Nilsson model, according to the simple method of Harada15 •-Thich accurately 

predicted the relative values for rare-earth nuclei. The predictions follow 

th al t d f th . t 1 1 . t f 32s h" h . . e gener ren o e experlmen a va ues excep or w lC LS agaLn 

underestimated. 

20 
To summarize, the coupled-:-channels analysis of the present Ne data 

show clearly the existence of a large hexadecapole deformation. A similar 

analysis of available data suggests a large hexadecapole deformation also in 

28
si and 32s while 

24
Mg is found to have a very small Y4 deformation. 

We are very grateful to Drs. N. K. Glendenning and A. D. Hill for the 

use of their coupled-channels programs and to N. Brown for performing some of 

the calculations presented here. 
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Figure Captions 

Fig. 1. Measured cross-sections and theoretical predictions for the inelastic 
. 20 

scattering of 24.5-MeV protons from Ne. The curves were calculated with 

a coupled-channels program; a rotationaJ model was used with the values of 

82 and 84 indicated. 

Fig. 2. Experimental cross sections of 

scattering of 17.5-MeV protons from 

11 Crawley and Garvey 

24Mg, 28Si, and 328. 

for the inelastic 

The curves are 

coupled-channels predictions with the values of 82 and 84 indicated in 

Table I. 

j' 
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v r a WD rr 0 0 0 

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

20Ne 54.4_ 1.05 0.73 6.30 1.26 

24Mg 46.0 1.22 0.60 3.60 1.27 

28Si 46.0 1.24 0.62 8.0 1.19 

328 47.0 . 1.21 0.62 9.5 1.26 

Table I. 

a I v r a 
s s s 

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

0.55 3.57 0.95 0.33 

0.64 7.26 1.22 0.60 

0.40 6.0 1.24 0.62 

0.28 6.0 1.21 0.62 

~ -· 

B2 B4 

(exp) (exp) 

+0.47 +0.28 

+0.47 -0.05 

-0.34 +0.25 

-0.30 +0.25 

I 
'0 
I 

c:: 
0 

f1 
~ 
co 
'0 
w 
0 
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Ep = 17.5 MeV . 103 
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32s ( p,p')32s* 

Ep= 17.5 MeV 

-I 

30 60 90 120 15o
10

o 30 60 90 120 150 

Bc.m. (deg) 
XBL69G-2985 

Fig. 2. 
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