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ABSTRACT .
Asymmetries and relative differential cross sections have been

measured for elastic and inelastic‘scéttering of 20.3 MeV polarized protons

from light elements. The targets included 120, l60, 24Mg, 25Mg, 26Mg, 21

28

Al,
Si, and hOCa. Significant differences have been observed in both the
asymmetries and cross sections for transitions with a given angular-momentum

27

transfer. The shapes of the asymmetries for Al and 2881 show some.
disagreement with the weak-coupling model prediction. Coupled—channelé and
DWBA calculations have been performed for the first 2 and ¥t states in 2hMg

and 288i; with several types of deformed spin-orbit potential. In pfinciple i

. should be possible with a coupled-channels analysis to distinguish between

vibrational and rotational modelé, and between posifive and negative
deformations. In fact, there afe differences between the predictions of
these models. However, none of them gives a good account of the 2+ and h+
asymmetries in 2hMg and‘28Si even when the full Thomas form of the spin-orbit
potential is ueed. Microscopic~ and macrescopic-model DWBA predictions of
thev3i and 5; asymmetries in hoCa yield fair agreement with the experimental

data.
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I. INTRODUCTION
Measurements of the asymmetry in the inelastic scattering of polarized

protons from medium-~weight nuclei have now been reported at 18.6,1 20.3,2

4

30,3 40, and 49 MeV.5 Results for some light nuclei at several energies have

also been published.6 Analyses of these data with the distorted-wave Born approxi-
mation (DWBA) or coupled-channel methods (GC) have been reasonably successful for
collective levels. When the distortion of the full Thomas term is included

in the interaction, the DWBA predictions for 2* states in the Ni .isotopes at

T

4o Mev, e.g., are very accurate. Problems have appeared, however in attempts

to describe the results with a microscopic m.odel.l’2 In the present paper,

asymmetrieé are pfesented for inelastic proton scattering at 20.3 MeV from

160, eh_Mg., 25Mg, 26Mg’ 27A1, 28Si and

Ca. A éoupled—channels analysis of the data concentrates on 2hMg and 2BSi;

low-lying collective states in 120,

Lo

Y | .
predictions for 0Ca are also shown. Results from an initial DWBA analysis

of some of these data have already been published.8

The rotational model provides a reasonably accurate description of

25Mg, but the neighboring nuclei in the s~d

9

the low-lying levels of 2hMg and
shell are not so well understood. A study>of differential cross sections
for inelastic proton scattering in this region showed a marked transition

27

between strong coupling for 25Mg to weak coupling for Al. Deviations from

the weak-coupling description could be revealed in differences. in the asymmefries
for the iow-lying states in 27Al and the first 2f state in 2881. The variations.
in the shapes of the asymmetries for a given orbital angular moméntum transfer

(L) are, in fact, generally interesting to study, since they indicate differences

either in the structure of the states involved or in their mode of excitation.
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Rotational ;nd vibrational levels,’e;g., may havé différént asymmetries.
Provided the states can be éimply describéd in térms of thésé macroscopic
models, a coupled-channels analysis should adequately account for variations
in the mode of excitation.

After a briefrdescription of the experimental details in‘Sect. 1T,
the measured asymmetries are presented and discussed in Sect. III. Parameters
of the spherical optical-model potentigl for ghMg - 28Si are given in Sect.
IV. The results of a coupled-channels analysis of several inelastic trans-

itions are also shown and discussed. The paper concludes with a short summary

in Sect. V.

II. EXPERIMENTAL METHODS

Details of the experimental arrangements have been described in
Ref. 2. Aﬁouf 20 nA of 20.3 MeV polarizedvﬁrotqns'could generally be obtained
on target at the Saélay sector-focused cyclotron with the external ionizer
and trochoidal injection system.lo The beam pblarization was ﬁormally aBout
75%. Eight Si(Li) detectors were used-éo count the scattered protons; the
ovef—all energy resolution in the eight systems was between 100 -~ 150 keV.
The angulaf resolution was * 2°. A carbon polarimeter continuously monitoréd
the polarization of the incident beam. Two monitor countefs placed above and
below the beam line provided réliéble nérmalization for relative cross-
section measurements.

The purity énd thickness of the targets used are listed in Table I.
The magnesium targets were.obtained ffom theldak Ridge National Laboratory;
the silicon and calcium targets were evaporated at the Saclay Laboratory. A

Mylar target was used for the carbon and oxygen measurements.
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- III. RESULTS
The measured differential asymmetries for many low-lyihg excited
states in the nuclei studied in the pfesent experiment are shown in Figs. 1—9;

The cross sections for a few states are shown'in-later figures, buﬁ they are

9

generally not illustrated since most are already available at 17.5 MeV. The

asymmetry is normalized to 100% beam polarization and is defined as follows:

R R
Py N, + IN_

The quantity P, is the measured polarization of the beam; N+ and N_ are

B

,thé yields of a given state for incoming protons with spin up and spin down,

respectively. The Basel sign convention is followed.

The relative errors shown are generélly,purely statistical, unless
peak separation or background subtraction was difficult, in which casé the
errors were increased appropriately.' The use of s peék—stripping computer
programballowed us to .obtain results for several states which were not
included in Ref. 8. The absolute error due.to uncertainfy in the calibration

of the beam polarimeter is about * 5%.

A. The L=2 Transitions

1. Even-even nuclei

Asymmetries for I1=2 transitions in 2hMg, 26Mg, and 28Si are shown
in Fig. 1. No two of the curves are precisely the same, and some of the
variations are quite large. All, however, have two large peaks of positive

asymmetry, with the possible exception of theé 4.23-MeV state in ghMg. The
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+ , + '
data for the first 2-_(21) states in 2¥Mg and 26Mg are quite similar, but
they are easily distinguishable from the 2881 data by the large dip in the

+ - ﬁ
latter curve around 100°. The asymmetry for the second ot (2,) state in _

2
26Mg at 2.94 MeV shows larger oscillations than any of the other curves. The y :

+ ‘
results for the 22 state 1in 2L‘Mg are scanty but even these show differences

from the other data.

Considerable variations are also observed in the differential cross

: ‘ 12
sections at this energy, as well as at 17.5 MeV,9 49.5 MeV,ll and 55 MeV.

: + L
At L49.5 MeV, e.g., the relative cross sections for the two 2 states in 2 Mg

+
are quite different. At 55 MeV, the shape and yield of the 21 states in

26Mg and 288i are almost identical, but they are different from the results

2k +

. . .
for the Mg 21 state. The cross section for the 22 state in 26Mg at 55 MeV

deviates quite markedly from all these shapes. At the lower energies, 17.5

and 20.3 MeV, the cross section for the 2 state in 26Mg resembles that for the

24

1
+ +

Mg 21 state more closely than that for the 2881 2l state. The angular

' o)

distributions of the h; Statés in 2 Mgwand'QBSi are ‘also very different. The

20.3-MeV dafa are generally consistent with the 17.5 MeV data, but there are

some differences in details, particularly at large angles. For example, the

angular distributions for the two 2+ states in 26mg are very similar to each

other at 20.3 MeV, while at 17.5 MeV a rather large difference between the

two appears around 120°. s

Since the structure of the nuclei is changing rapidly in this region

of the periodic table, it is probably not surprising to find the variations

observed in passing from one nucleus to the next. While ZhMg has a well-

established rotational structure, the rotational structure of 26Mg is not apparent.
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Hartrée—Fock calculationsq'3 of thé‘groundvstaté of ZBSi indicate that a
spherical solution liés considerably higher in énergy than a deforméd
solution, but the obiate and prolate solutions lie close together. At thé
time the present experiments and calculations were performed, the deformed
nature of 2881 had not yet received extensive confirmation. Very recently,
however, Alexander et al. measuredlh the;quadropolé momént of~fhé 2; state and
determined that its shape is oblate. Bar Touv and Goswamils'have also indicated
that the rotational model can explain the energy levels and transition rates
in the ground-state bapd of 2881 very nicely provided some mixing with the
spherical state is allowed. They assumed, however, that the L4.97-MeV level.

28

in T 81 is the spherical 0O+ state, and there is little experimental evidence

to justify this assumption. Finally, differences in the hl cross sections

2l

fbr Mg and 288i at 17.5 MeV have been explainedl6 as due to a large positive
hexadecapole moment in the ground state of 28Si; 2hMg was found to have a
very small, and possibly negative, hexadecapole moment.

2. 044 nuclei

The weak-coupling model has been applied with considerable success

to 27Al. This model provides a good explanation of the relative cross sections

of the 0.842- (1/2%), 1.013- (3/2%), 2.212- (7/2%), 2.731- (5/2%), ana

+
27Al and the 2. state in 288i at 1.77 MeV,

3.00-MeV (9/2%) 1levels in 1
17
)

observed, e.g., in (p,p'),g'(d,d') and (e,e')l8 experiments. In its

simplest form,. all these 2'-{Al'levels except the 5/2+ states are supposed to

+ . 28,
5/2 proton hole to the 2l state in ~ Si.

+ v :
The 5/2 ground state and the 2.731-MeV 5/2* state are orthogonal combinations

arise simply from the coupling of a d

+
of a d hole coupled to the Of and the 21‘state. The wave functions of

5/2
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these two 5/2* states can then be written:

1

s (1-22)1/210,5/2,5/2 Y + a]2,5/2,5/2 ) |

‘ (1) v
-Al0,5/2,5/2 ) + (1-A :

2)1/2

Vs /os® |2,5/2,5/2) .

The value of A has been determined’ to be about 0.k4s.
With respect to the present data, the simple excited~core model
predicts that the shapes of the differential asymmetries for the five excited

27

states in Al should be the same as that for the 21 state in 285i. The data i
for 27Al are shown in Fig. 2. DNote that the curves for the l/2+, 3/2+ and
9/2+ states are very similar to each other and show the deep minimum at 100°
characteristic of the 2; state of 2881. However, the 5/2* and 7/2* curves
show variations from the simple prediction. Both these states were cleanly
resolved from neighboring states, whereas the 172? énd 3/2+ levels were
separated with difficulty. The 9/2*'level at 3.00 MeV could not be separated.
from the 3/2+ level at 2.976 MeV, but there is evidence from the 17.5 MeV work9
that the cross section is due almost entirely to excitation of the 9/2+
state. The deviations thus do not seem to be experimental in origin and should
be ascribed to a failure of the simple model.

The model has not, in fact, been able to explain all previous data.

The (p,p') cross sections for the states in “ Al show fair agreement in

shape, but at both 17.5 and 20.3 MeV they show rather large deviations from
.

the 2881 2l distribution at angles larger than 80°. The differential

| . + . 27 , .17

cross section for the 7/2° state in the “'Al (d,d') reaction  at 12 MeV

was different from that of the other states; Bishop and Lombard18 have
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observed that this state must rétain somé rotational character to explain
their electron scattering résults. Howévér, if thé discrépancy for the 7/2*
asymmetry can be ascribed to a rotational component in its wave function, it
is not clear why ﬁhis doés not affect the 9/2* distribution as well.

The strong coupiing model has generaily been used to describe the
levels of the other odd-A nucleu; in this‘investigation, 25Mg. Asymmetries
measured for the low-~lying states are shown'in Fig. 3. The measured shapes
of tHe differential cross sections at 17.5 MeV for all these.Statés in 25Mg

are very similar, and the same is true at this energy. The asymmetries,

however, show large variations. The 1.61 MeV 7/2  level is the second member

bf the rotational band built on the ground‘state; its cross section and'asymmetry
might thus be expected to closély resemble the corresponding curves for the

2; states in ghMg or 26Mg. This prediction is certaihly not precisely ful=
'filled, although the curvés are more similar to the data for 2"LMg or 26Mg

than to the data for 20Si. The 0.58-Mev (1/2+),‘o.98-Mev (3/27), and 1.96-Mev
(S/2+) states are the low-lying members of a second rotational band built on

a different particle state. The shapes of these asymmetry distributions are

not neceésarily expected to reflect the shapes of L=2 +transitions in the

neighboring nuclei or to exactly resemble each other. The variations

observed are thus not unreasonable even in terms of the rotational model.

3. The L=t transitions

v + v .
Strong transitions to 4 states have been observed at L4.12 and 6.00
. 2k ' .28, |
MeV in "~ Mg and at 4.61 MeV in “ 8i; the asymmetry data are illustrated in
Fig. 4. Clearly, there is little similarity among the three curves..

Differential cross sections for the two states in 2)J'Mg are also very different
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from éach.other; the 288i cross section is, hoWevér, similar in shape to : {
the cross section for the 6.00-MeV state in 2)'LMg. As noted abové;16 the ' .
differences in the cross sections for the h.l2—MeV state in 2hMg-and the

4.61 MeV state in 2831 can be explained if 28Si ié assumed to have a large

hexadecapole deformation.

4. L=0 +transitions
, ' _ + : .24
The asymmetries measured for the 0 states at 6.44 MeV in ~ Mg and
3.58.MeV in 26Mg both show very large amplitude oscillations which are
reminiscent of elastic scattering distributions. They are shown in Fig. 5.
Cross sections for these states measured at 17.5 MeV were both strongly
forward-peaked, but otherwise quite different from each other.

5. Unnsatural-parity transitions _ ;

Transitions to 3% states were observed in the three even—even nuclei;
the asymmetries are illustrated in Fig. 6. Cleérly,_there is no characteristic
shape. The relative cross sections for all these states are rather flat at
both 17.5 and 20.3 MeV; there is some-structure but it is not the same at the
two energies.

12 6 ko

6. C, 1 0, and  Ca

The asymmetries for the ground states and for 1ow—lying excited states

in leC, 160, and.hOCa are shown in Figs. 7-9. The data for 120 are in only

qualitative agreement with the data taken by Craig gﬁ_g&.lg at 20.3 MeV; the ‘@

discrepancies are probably due to the resonances obsefved at nearby energies.
The present data were repeated many times over the course of several months
with consistent results. In addition, the 16O data were taken at the same

time. The elastic data for 16O agree well with the data of Boschitz g}_géfgo
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at 20.7 MeV. However, LoweZl'has réported resonanée.structure in l6O elastic
scatteringAat 20.3 MeV; this makés thé agréément betwéén thé 20.3- and the
20.7-MeV data surprising. The elastic data‘for hOCa. are in good agreement -
with data‘taken recently at Berkeley'22 at the same energy.

The curve in Fig. 7 showing the asymmetry for the excited ot state
in 120 at 7.65 MeV displays the same very large oscillations observed for

26

<4 .
0 asymmetries in 2hMg and Mg. The asymmetries for the first 2f states

in 20 ana Y00 at 4.43 and 6.92 MeV (Figs. 8-9) do not resemble each other

or the curves for any L=2 +{ransitions in 2hMg - 2881. The data for the :
3 states in 16O and hoCa are also quite different from each other. Note
that the 3 curve in hOCa is completely out of phase with the 57 curve.
Finally, the asymmetries for the 1~ and 27 statés in 160 are also shown in

Fig. 8.

IV. ANALYSIS

A. Optical Parameters*(thg - 2881)

The determination of optical pérameters‘for 2LLMg‘ - 28Si is complicated
by the strong coupling between the excited states and the ground state. In
their analysis of inelastic'alpha scattering in the rare—eérth region, Hendrie
gﬁ_g;.zB obtained excellent results by first obtaining optical-model parameters
for a nearby spherical nucleus, and then using these same parameters in |
cdupled—channels calculations for the deformed nuclei. Unfértunately there is
no nearby spherical nucleus td use as & starting point for the present-analysis.
‘Iﬁ addition, it is not clear that the "spherical" paiameters should remain

constant, since the mass of these nuclei is low. The addition of spin also
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makes the parameter search,moré difficult. Finally, since we neglect possible
spin-spin forces in thé optical poténtial and thé angular—dépéndent‘terms in
the full Thomas form of the spin-orbit term in fhé optical poténtial, the para-
meters for odd-A nuclei mighf be éxpectéd to bé‘soméwhat different from the'.
pdrameters for even-A nuclei.

The search code MERCY, a modified version of.SEEK,gh was used to obtain
simultaneous fits to the elastic cross sectioné and polarizations; the coupling
to the excited states was neglected. The definition of the optical potential
and the seafch procedures employed are standard;l the absolute normalizstion
of the data was included in the search. Errors on the cross sections were
uniformly set at % 10%; the errors of théﬂpolarization were fixed ét + 0.03.
Corrections arising from the finite angular acceptance_of the detectors were
not included.

‘Calculations were carried out with three different sets of fixed
geometrical paramefers which have sppeared in the literature.25 The
strength parametérs -V, WD, and Vso? and the spin-orbit radius oo were
left as free parameters in the sear¢hés. The values of X2/N ranged from 9.0
for 2SMg to é8.5 for 28Si.

Since the fixed-geometry searches did not yield_very good fits to the
data, a search on all nine parameters of the optical potential was performed.
This search produced the fits to the elastic polarizatidns and cross sections
shown in Figs. 10-11. These fits are still only fair, especially in com-

90 9 92

parison with the fits found in Ref. 1 for Zr, 2Zr, and “ Mo. The final

parameter values are listed in Table II. The nucleus to nucleus variations are

considerable, much larger than the variations in the parameters for the heavy

W



-11- | UCRL-18927

nuclei. Some of these variations éould be considerably reducedeith little
sacrifice in the quality of the fit. It is interesting to note that oo is
generally at least 20% smaller than the central radius; in heavier nuclei this
difference is usually about 10 - 15%. ’
Since it has sometimes been found necessaryLL to have very good fits
to the elastic polarization in order to obtain good fits to inelastic asymmetry
data, searches were also made on the polarization data alone for thg and 288i.
However, the best fits are very little better than those illustrated in Fig. 11.
Better fits were obtained by including an imaginary spin-orbit term with a

strength between 0.0 and + 1.0 MeV. However, the inclusion of this term makes

+
the 2 asymmetry predictions considerably worse.

B. Coupled Chennels and DWBA

The Oxford gbupled—channels program26 was used to interpret the inelastic
scattering croéé sections and asymmetriés. Both rotational and vibrational
models are allowed; the entire optical potential can be deformed. In the
vibrational ﬁodel, terms up to second order in the Taylor expansion of the
- optical potential can be included. In the rotational model, on fhe other hénd,
the calculation is correct to all orders in the interaction potential, since
a Legendr¢ expahsion is used. In the small coupling limit, where the DWBA
-is valid, the two models give the same fesults. When the coupling is sufficiently
strong; however, the predictions need not be similar, and cross section and
asymmetry @easﬁrements can in principle distinguish between the models. However,
>the predictions for the vibrational model may be sensitive to the number of

terms retained in the Taylor expansion.
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Both the vibrational and rotational modelé assume that the nuclear

surface should be represented by the shape:

R

R(8,9) 1+ 0 (0,9)]

ol
where

2(6,9) = Z o YK‘ (6,4)
A

akﬁ is. directly related to the deformation parameter BA and YK is a

spherical harmonic. In the rotational model, 8 représents the static deformation

of the nucleus in the rotational band built upon the ground state. In the
vibrational model, 8 1is a dynamical deformation parameter which describes

the amplitude of the vibrations about a spherical equilibrium state. The

form that the oiatical potential U(r) takes under this deformation is not
vwell—defined.6 Two methods have generally been used. The firsf is to

replace U(r) by U(r-R). The second is to replace R , whenever it appears
in the undeformed potential,'by R(B). The two méthods give equivalent
descriptions of the inelastic scattering provided the deformation of the spin-

orbit term in the potential'is not important. The two methods do not, however,

yield equivalent forms of the deformed spin orbit term (DSO). The first method.

yields the form used in previous vibrational-model calculations by the Saclay

group.l It will be referred to as type I:

R
o]

22
ar

e(1+e) la(ite) + r(e-1)] , (2)

VSO(r) -
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where e 1is exp[r—ROAl/3/a]. The second method has been used by the Oak

. L . S
Ridge group and others, and yields the form which will be referred to as type
IT:

R
o)

2.2
ar

v (r) = 5% 2e(1+e)™ [r(e-1)] . (3)
Note that type I includes an extra term inside the brackets.

In addition to these two methods, the full Thomas (FT) form of the
deformed spin-orbit potential has also been usedeith success by Sherif and
Blair.7 They write the spin-orbit term in the optical potential as
follows:

! 5 o _
h v
u_(r,0,9) = (—-) o - [Voelr) x 1] ()

m . c
T

where p(r) is the nuclear matter density. If the angular dependence of
'the gradient operator acting on p(r) is neglected, this expreésion reduces.
to the standard & * ¢ form. The angle-dependent terms can affect the

7

inelastic predictions, and generally they have been found to improve the
fits to inelastic asymmetry and spin-flip data. The Oxford program does qot
include the fuli Thomas form, but some DWBA calculations have been carried
out wifh the program of Sherif and the results are described below. The

radial part of the FT deformed spin-orbit potentiasl in his program is equivalent

to the type II term above.
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Coupled-channels calculations with type I and type II terms.
have been performed for the O, 2';, and h; states in 2'Mg and 205i. Our
primary interest, of coursé,'liés in thé quality of thé prédictions of the
2; and h;_asymmetries. However, we also want to know whether the asymmetry
data can distinguish between rotational and vibrational models, and between
positive and negative deformations. .The CC calculations shéwn here used optical
parameters which were not adjusted from the spherical values; only the fine
details of the asymmetry predictions are affected when the adjusted values

are used.

1. Elastic scattering and polarization

When the parameters of Table II are used. in a .CC:calculation, the.
predicted elastic scattering polarization and cross section are changed con-
| o

siderably. This comparison is illustrated in Figs. 12-13 for ~ Mg. A deformation

parameter B of 0.49 was assumed for the rotaﬁional and vibrational model

2
calculations.and.coupling to the first 2* and.hf states was 'included. The
curves labeled DWBA are the sphericalvoptical—model fits to thevdata; they are
identical to those shown in Figs. 10-11. The quality of the fit to the elastic
polarization data between 60—96° is improved when the strong coupling is
included; at back angles, however, the CCvfit is somewhat worse. For the cross
section, the_DWBA fit is considerably better than the other two.

If the spherical optical model parameters are adjusted by decreasing

\) and W

o D° the CC fit to the cross section can be made almost as good as the

spherical fit. When this is done, the CC polarization prediction is almost
identical to the spherical prediction at angles up to 100°. To improve the

CC polarization fit at back angles requires finer parameter adjustments.

L



-15- UCRL-18927

Further calculations show that thé prédictions.of both the elastic
polarization and the cross séction aré little afféctéd by thé inclusion of the
hI state unless some Bh deformation is ad&ed, Thé predictions do depend,
of course, on whether the entire bptical potential is déformed, or Jjust
certain barts of it. For the curves of Figs. 12-13, all terms, real, imaginary,
and spin-orbit, were deformed. The predictions of the elastic scattering are.
not sensitive to the type of spin-orbit deformation.

+
2. The 2 states

Predictions of the asymmetry and cross sections for the 2; state
in 2hMg and 288i are shown in Figs. 14-15. All curves illustfated have been
calculated with the entire optical poténtial deformed, since the predictions
of the asymmetry are almost invariably improved by the inclusion of deformed

imaginary and spin-orbit terms. The DSO term has little effect on the cross

sections; the effect of complex coupling on the cross-section prédictions is

+

1 state, and

variable. In the CC calculations shown, the groﬁnd—staté, the 2
the hz state have generally beeﬁ included. When no direct transition to the
AI state was allowed, i.e., when Bh‘ was éet to zero, the hI state could be
omitted from the CC calculation with almost no effect on the 0% and 2
predictions.

The value of 82 for 2hMg was set to +0.49, the value obtained in
a CC analysis pf 49.5-MeV inelastic proton scattering by Rush and Ganguly.ll.

Since absolute cross sections were not obtained in the present work, this

value could not be checked. However, a very similar value, +0.47, has been
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recently obtained from the CC analysis of 1T7.5-MeV proton scattering.l6 For

2 ’ ' : : ' ’ .
8Si, the value of 82 was generally set at 0.55, the value obtained in

9,27

several DWBA analyses of proton scattering. However, the CC analysis of

the 17.5 MeV datal6 gives a B, of about O.3h. Thus, the effects of the strong

2

cbupling are somewhat overestimafed for 288i. Whén a non-zero value of Bh

was included in the present calculations, it was set to +0.33. The values of

B), obtained from the 17.5 MeV analysisl6 aré.;0.0S'fqr ZhMg and +0.25 for 28g3.
. The CC rotational-model prediction for the ZI'asymmetry in 2)"Mg is

shown in Fig. 14A; a type II DSO term was used wifh the optical parameters

of Table II. It is clear that the forward maximum is not predicted, whereas

"the bagk—éngle peak is fitted fairly well. If the parameters are édjusted to

fit the elastic cross~section, almostvno change is observed in the predicted

asymmetry of the 21 state. The forward meximum esppears also in data at higher

3

energies, at smaller angles; the high-energy fits are also poor at this
maximum, unless the magnitude of the DSO term is arbitrarily inqreased.

Curves 1 and 2 in Fig. 14B correspond to DWBA calculations with a type
II DSO term, with and without the angle-dependent term of the full-Thomas
spin-orbit potential. The CC rotational model calculation (curve 3) is
the curve of Fig. 1UA. Note that the effect‘of including the strong coupling
in the calculation is to reduce the predicted maximum near 70°, while
including the FT term incfeases it (curve 2).-

Illustrated in Fig. 14C are three curves with a type I DSO term. The

DWBA prediction (curve 1) is positive at the TO° maximum, and is quite similar

to the FT curve (2) in Fig. 14B. The radial part of the FT deformed spin-orbit
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term is of type II. The fact that curve 1 is similar fg the FT prediction
.indicates that the FT prediction could be improVéd by'inclﬁding a type I
radial part'instead of type II. The other two Qurveé in Fig. 1L4B are
CC vibrational-model calculations with thé expansion éxtended to first and
second order, respectively. Including the first-order coupling (curve 2)
decreases the T0° maximum considerably; the sécond-order term incfeases it
again, but shifts it out of phase (curve 3). Since the difference between
curves 2 and 3 is so 1arge, it is reasonable to assume that some of the
differences between the rotational-model calculations (Fig. 1h4A) and these
vibrational—model calculations may be due to the neglect of third and higher
order terms in thevvibratiénal expansion.

Some CC predictions for 283i asymmetries are shown in Fig. 15. The
three curves correspond to rotational-model calculations (type II) with
B, = +0.55 (1), and 82 ="-0.55 (2), and a second-order vibrational model

2
calculation (typé I) with 82 = 0.55 and Bh = 0.33. Since the recent measure-

+

1 state indicates that 288i has an

ment of the quadrupole moment of the 2
>oblate deformation,lh'we should expect the rotational model prediction with a

_ negative B to give the best agreement. In fact, the oblate prediction is

2
better than the prolate prediction, but both are far from reproducing the forward
maximum. It is in£eresting, howevef, that the measured asymmetry for 28Si

at tﬂe 70° maximum is more positive than for 2b'Mg; Qt least this differeﬁce

is fredicted by the'calculétions. However, both rotatibnal—model predictions '
are worse than the vibrational-model curve, although the neglect of third and
higher orderAterms may be important, as discussed above. Note finally that

ﬁ o8
for a given type of calculation the asymmetry predictions for 2hMg and 881
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are verj similar, even though thé optical paraméters of Table ITI are quite
' different. |

" The fits to the cross sections shown in Figs. 16-17 are fair.
Rotational model CC curves aré shown, 82 is positivé for 2hMg and negative
~ for 2881. The parameters of Tablé II.aré uséd. Thé main éffect'of-adjusting
these éarameters to fit the elastic scattering is to change'fhe'absolute'
magnitudé of the predictions, but the normalization héré is arbifrary.
. Héyever, the modifications also tend to improve thé fits at back angles.
Many other cross section predicfions have been made; with different values
of B, with different optical parameters, and ﬁith the vibrational model.
-,Genefally the différences between these predicted angular distributions are too

small to be experimentally distinguishable.

.- +
3. The 4. states

The L¥ state of a rotational band buiitﬂﬁpon'§‘0+ grounﬁ’ététe

cannot'be excited in first order unless the nucleus has a hexadecapole deformation.
A‘two—phonon étate in a vibrationél model must also be excited by a multiple-
excitation process, whereas & one-phonon vibrational state can 5e excited
in first order. Predictions of fhe asymmetry.for the hz.étates in ehMg and
: 2881 for these'mOdes of excitafion are shqwn in Figs.418—;9; Type I DSO
terms were used in the vibratibnél-model calculations, and type II DSO terms
weré used in the rotational-model calculations. Agreemeﬁt with the experimental
data is uhiformly poor. |

. Illustrated in Fig. 18A is the CC rotafional-modél curve for 2'Mg

with B8, only (Bj was found to be very small in the work of Ref. 16). °

‘Again, the prediction is not sensitive to the optical paramefers.
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- The predictions of other model assumptions are shown in Fig. 18B.

Curve (1) is the same type of calculation as shown in Fig. 18A, but Bh’

deformation has been included. Curve (2) is a CC vibrational-model

calculation fdr a two-phonon yt staté, with 82 only. Curvé (3) is a CC
vibratioﬁal-mddel calculation for a oné phonon ey staté; both 82 and Bh
are included. ‘The differences between the predicted curves are Quite large,
bﬁt ﬁone givéé.any hint of a large pesak at aBOut 60°. The two—phdhon prediction
(curve 2) is reasonsably similar to the curvé of Fig. 18A; neither includes
first-order céntributions. The two curves (1 and 3) which do include first-
order contriﬁutions are similar at forward angles.

The rotational-model prediction for 2881 is shownvin Fig. 19A: 82
and Bh are included. The inclusion of Bh was necessafy to account for the
shape and magnitu&ekof the 17.5 MeV cross section, but it does not improve
the fit to the asymmeﬁry. In Fig. 19B are two DWBA curves, the one with a
type'I DSO term, gnd-the other with ﬁhe FT term. 'Thé'two afe very similar
and fail to reproduce @he data.

The fits obtained to the hI cross sections for 2hMg and 288i are

presented in Figs. 20-21. The CC rotatiqnalqnodel curve for 2hMg with 32

only (Fig. 20) does not give a good fit with the parameters of Table II;

readjusting the parameters to fit the elastic scattering improves the agree-
ment at back angles. The CC rotational model prediction for 28Si'(Fig. 21)
ineludes Bh ”and gives a reasonably-good'?it fo the data. Without Bh’ the
prediction is very similar to the prediction for 2"‘Mg. Vibratibnal-model
calculations for the h+ states élosely resemble the rotational-model calculations.

The rotational-model curve calculated without Bh resembles a two-phonon
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vibrational-model curve; with -Bh,Athe'rotationalemodel prediction is similar

to a one-phonon vibrational-model prediction.

L, hOCa

Both macroscopic and microscopic calculations have been carried out
for the first 3~ and 5 states in llOCa. The microscopic curves have been

29

calculated by R. Schaeffer28 using the wave functions of Gillet and Sanderson.

The cross sections.and asymmetries that he has computed are shown in Figs. 22-23.

The contribution of the knock-on exchange amplitudes haé been included to a
good approximation in sbme of these curves; a Serbér exchange mixture was
assumed. The effects of exchange on the gbsolute magnitude of the predicted
Cross sections are large and clearly important; however, the shapeé-of the
asymmetries and differential cross.sections are not grossly changed. The
asymmetry for thevSI state shows reasonable égreement, eiﬁher with or without
exchange, but thé cross sectiop does not;.for“the:3i state, the cross section
prediction is reasonably good, but the asymmetry is poorly fit.

The DWBA macroscopic-model predictions of the asymmetry are
illustrated in Fig. 2k. The.fits are somewhat better than the fits obtained
with the microscopic model. The full Thomas term improves the fit to the
asymmetry ofvthé éi'state but ﬁakes the agreement for the 3; state somewhat
worse. The good agreement Wit% théZSE state is interesting because it indicates
that the difficulties with the ﬁ; states in 2b'Mg and 288i do not arise simply

because of the high spin of these ‘states.
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V. - SUMMARY AND DISCUSSION

Asymmetries measuréd for a givén valué of thé angﬁlar moméntum transfer
show rather large differencés from oné nucleus to the neighboring one, although
sbme gross features of the curves remain constaﬁt, such as thé peaks at.70°v
and 120° for L=2 transitions. The differential cross séctioné for a given
L transfer also vary widely. The shapes, however, generally agree quite well
with those measured by Crawley and Garvey9 at 17.5 MeV. 1In addition, the
forward peak in the IL=2 asymmetries has also béen observed at 30; 40, and 49
MeV. These two observations indicate that compound nucleus contributions are
not important, except perhaps for excited O'+ states and unnatural parity states

which have small cross sections. Some discrepancies with the predictions of

2 . .
a pure weak-coupling model for 7Al were found, especially in the shapes of

“the asymmetries for the 5/2% and 7/2% levels at 2.73 and 2.21 MeV. Very large

asymmetries were measured for excited O+ states, comparable in magnitude to
the polafization in elastic scattering. The shapes of the asymmetry curves

for 3+ states showed the largest nucleus-to-nucleus variations.

+

The theoretical analysis of the 2l

and hz asymmetries in thg and

28Si yielded disappointing results. These results must be considered preliminary
in the sense that no search was made on the optical parameters with the effects
of strong coupling included. However it is unlikely that a set of optical
parameters can be found to reproduce the 2+ and H+ asymmetries. We have in

fact tried a large numﬁer of parameter sets without success; the predictions

are not very sensitive to the parameteré. Further, the one adjustment of the
optical parameters which does make a significant improvement in the fits to the

elastic polarization, viz., the inclusion of a positive imasginary spin-orbit

potential, makes the fits to the asymmetries considerably worse.
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The effects of sfrong coupling are important in déscribing'both the
elastic and inelastic aéyﬁmetriés and cross sections. 'Différencés Were
usually found between theApredictions of tﬁe rotaﬁionai-and vibrational.models,
but neither gave a good_fit_to thé data for L=2 or L=4 +transitions. Some
-of the differénces bétween the two-modelé.mgy be‘du¢ to the neglect of terms of
higher than second order in the vibrational model expahsion. The predicted
asymmetries for 28Si‘wi.th a positive and'a.negati§e deformation'parameter are
also.signifiCantly differént, but both are in poor agréemeht with the data.

The analysis of the ﬁ; asymmetries in 2hMg and 2881 adds no pew information on
the ‘hexadecapole deformations of these nuclei.

Calculations were perfofmed.with two;different‘types of radial
depeﬂdence in fhé deformed spin-orbit term; aﬁd also with the full Thomas
expression of the spin—ofbit,term._ The type I predictions (Eq. (2)) were
consistently bettér.than the type II‘predictioné (Eq. (3)) for L=2 transitions.
Differences between these two types of calculation‘héve previoﬁsly been found
to be very small for heaﬁier nuclei. Tbe-FT preaiéfions are also superior to
fhe type II curves; a comparison of a rofational model CC curve with an FT
(DWBA).prediction reveals a clear preference for the latter. ﬁéﬁever, the
FT (DWBA)~and type I (DWBA) prediptions can hardly be distinguished from each
. other. ' | |

Microscopic- and macroscoéic-modei.DWBA:ﬁredicﬁions of the asymmetries
of the 3; and SI states in hOCa yiéldedVféir.ég?éemégt'with the experimental
data. The vibrational model fit to the 5~ ééymﬁétfy is quite good, in fact,

- when the full Thogas term is included. Thus the failure to obtain goéd fits

to the U states in 2hMg and 2881 cannot be ascribed simply to the high spin.

G
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Teble I.
Target Thickness Purity
(mg/ ) (%)
Mylar 1.0 —_—

- Py 1.0 99.5
2ug 1.7 99.5
26Mg 2.3 99.8
2Tp1 1.k natural
285; 3.7 natural
hoCa 1.0

natural




Table II.

VoW, V. or, a I. % Teo %o X X, X/ o

(MeV) (MeV) (MeV) (f) (£) (f) (£) f) (£) (mb)
2hMg ) 47.8 8.&6‘ 5.15 1.21 0_.61 1.1k Q.sh '0.97 0.32 37 301 8.68 Ti1
25Mg 42.82 6.88 L.18 1.26 0.67 '1.1;2 0.37 1.0k 0.314 80 178 6.32A 665
26Mg 55.43 9.68 9.010- 1.15 __0.67 1.31 0.4 0.80 0.97 117 137 5.3# Thy
2Ty 51.34 10.08 T.1k 1.7 0.67 1.37  0.3%  0.90 0.80 112 172 6.93 T2
2Bg; 'h5.57 '7_.91 'h._08 1.20 0.65 1.4k o.h‘i 0.97 - 0.35 76 185 T7.31 -'760

L26g8T-Tdon
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FIGURE. CAPTIONS.

Fig. 1. Measured values of the asymmetry normalized to 100% beam polarization for

28Si. The curves are visual guides.

27

1=2 transitions in 2hMg, 26Mg, and
Fig. 2. Measured asymmetries for transitions in ~ Al. The curves are visual

guides.

25

"Fig. 3. Measured asymmetries for transitions in ~“Mg. The curves are visual

guides.
. . _ ‘s .2k 28...
Fig. 4. Measured asymmetries for L=k transitions in “ Mg and “ Si. The curves
are visual guides.
. . : - .2k 26 '
Fig. 5. Measured asymmetries for L=0 transitions in ~ Mg and Mg. The curves
are visual guides.
Fig. 6. Measured asymmetries for-3+ states. The curves are visual guides.
. . . . . . 12, 16 Lo
Fig. T. Measured polarization in elastic scattering from C, 0O, and Ca.
+
The asymmetry for the excited 0 state at 7.65 MeV in 120 is also shown.
~The curves are visual guides.
Fig. 8. Measured asymmetries for transitions in l60. The curves are visual
guides.
. . o .12 Lo
Fig. 9. Measured asymmetries for several transitions in C and Ca. The
curves are visual guides.
Fig. 10. Optical-model predictions of the elastic scattering cross sections.
The parameters are those of Table II; no coupling was included.
Fig. 11. Optical-model predictions of elastic scattering polarization. The
parameters are those>of Table II; no coupling was included.

Fig. 12. Coupled-channels calculations of ﬁhe elastic scattering polarization.

- The rotational and first-order vibrational model curves assume a 82 of
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0.49. The curve labéled DWBA was calculated with a 82 of 0.01 wiih the
coupled-channels program.

Fig. 13. Coupled-channels calculations of thé elastic scattéring éross
sections. The deformation parametérs aré fhé'same as for Fig. 12.

Fig. 14. (A) ccC rotational-model prediction, type II DSO, 624= 0.49.
(B) 1) DWBA prediction, type II DSO. '2) DWBA prédiction, full Thomas
spin—orbif term. 3) CC rotational-model prédiction, type II DSO,
B, = 0.49. (C) 1) DWBA prediction, typg I DSO. 2) CC vibrational-
model prediction, first order, type I DSO, 32 = 0.49. 3) cC vibrational-
model prediction, second-order, typevI DSO, 82 = 0.49.

Fig. 15. Predictions of the asymmetry for the 1.77-MeV 2% state in 28g; .
1) CC rotational-model prediction, type II DSO, 82 = 0.55. 2) Same as
1) but 82 = -0.55. 3) CC vibfationai—model predictions, second order,

type I DSO, 82 = 0.55, Bh = 0.33.

2hMg; the CC rotational-

Fig. 16. Predicted cross section for the 2; state of
model was used with 82 = 0.49.

Fig. 17. Predicted cross section for the 21 state of 288i; the CC rotational-
model was used with 8, = —0.55; 8, = 0.33. |
Fig. 18. Predicted aéymmetries for thé h; state of ehMg. (A) cc rétational—
model prediction, type II DSO, 82 = 0.49. (B) 1) CC rotational-model

prediction, type II DSO, 82 = 0.49, Bh = 0.30. 2) CC vibratidnal—model

calculation, type I DSO, one-phonon state, B. = 0.49, Bﬁ = 0.30. 3) CC

2

vibrational-model calculation, type I DSO, two-phonon state, B, = 0.49.

2
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_ . .
Fig. 19. Predicted asymmetries for the'hl.state of 28

si. (a) cc
rotational-model prediction, typé II Dso, 82 = ~0.55, Bh = 0.33.
(B) 1) DWBA prédiction, typé I DSO term. 2) DWBA prediction,
full Thomas spin—orbit term.

Fig. 20. Predicted cross section for the h; state in 2hMg; the CCvrotatibnal
model was used with 82 = 0.h9,

Fig. 21. Predicted cross section for the hi state in 2881; the CC rotational
model was used with 62 = -0.55, B), = 0.33.

Fig. 22. Microscopic-model predictions of the asymmetry and cross section for
the 3; state in hoCa, calculated by R. Schaeffer.

Fig. 23. Microscopip-model predictiqns of the asymmetry and cross section for
the 5 state in h'OCa, calculated by R. Schaeffer.

Fig. 24. DWBA predictions of the_ésymmetries for the 3; and 5; states in

hOCa. with FT and type I DSO terms.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

_____ B._ Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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