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The study of intermediate-energy proton inelastic
scattering to one—particle one-hole states has
attracted considerable attention over the last few
years. One primary purpose of these studies has been
to exploit the structural simplicity of these excited
states as a possible means of spearating effects due to
nuclear structure and those due to the reaction
mechanism. The present work has concentrated on an
examination of the energy dependence of the proton
inelastic excitation of three high-spin, particle-hole
states in 28Si: the 5, T=0 state at 9.70 MeV, the 6,
T=0 state at 11.58 MeV and the 6, T=1 state at 14.35
MeV, A region of the inelastic scattering spectrum
measured at an incident energy of 180 MeV is displayed
in Fig. 1. These high-spin states in 2851 have been

particularly useful in proton inelastic scattering
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Figure 1. Inelastic proton spectrum for the scattering

of 180 MeV protons from silicon.
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studies since: (1) the states usually appear as
strong, isolated peaks in the spectrum, (2) 2851 is a
self-conjugate nucleus so that differences between
proton and neutron transition densities are not
expected to be a problem, and (3) all three states have
also been studied by pion inelastic scattering1 and

the 57, T=0 and 6~, T=1 states have been studied by
electron inelastic scatteringz, so that this is one of
the few cases for which p-n—e complementary information
exists.

The distorted-wave impulse approximation (DWIA)
description of inelastic scattering to these states
incorporates information concerning the nuclear wave
functions of the states, the effective N-~N interaction
and p-2851 elastic scattering distorted waves. The
elastic scattering data measured at the various
energies are displayed in Fig. 2. It is extremely
important in a study of the energy dependence of
inelastic scattering to measure both the cross section
o and the analyzing power A for the elastic scattering
over a wide range of both proton energy Ep and momentum
transfer q. In the present study, a standard
Woods-Saxon optical-model description of the elastic
scattering was employed, and the resulting energy
dependence of the deduced optical model parameters was
investigated. By requiring a smooth dependence on Ep
for these parameters (including the total reaction
cross section), a significant reduction in the
ambiguity of parameters was possible. The use of a
non-standard optical potential (Woods—Saxon plus a

squared Woods—-Saxon term), which was found3 to be

important for reproducing proton elastic scattering
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from light nuclei, did not significantly affect the
quality of the optical model fit at 180 MeV. This
potential resulted in inelastic scattering
analyzing-power predictions of similar shape and
magnitude, and cross-section predictions of similar
shape and slightly different magnitude as compared to
the standard optical model treatment. A detailed
description of the elastic scattering analysis will be
presented elsewhere, %

The wave functions of the three states have been
assumed to be of harmonic oscillator form, and the
oscillator parameters derived from (e,e') studies? of
the 57, T=0 and 6=, T=1 transitions have been used
(b=1.91 and b=1.74, respectively). The 6=, T=0 state
is assumed to have the same oscillator parameter as the
Both 6~ states are characterized by the

6~, T=1 state.

f7/2d5/2'1 configuration, whereas the 5°, T=0 state 1s
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described by an RPA wave function,5 which has a

dominant f7/2cl3/2-1 term.

Several different effective interactions have been
considered in this study. These include:

(1) the Love-Franey interaction® (LF), which has
been separately derived at 100, 140 and 185
MeV,

(2) The Geramb-Bauhoff interaction’ (GB), which is

a density-dependent interaction based on the

Paris N-N interaction and is available at

isolated energies (also the Hamada-Johnston8

interaction (HJ), which is available for
central and spin-orbit components only), and

(3) the Picklesimer-Walker interaction? (PW),

~r

which explicitly incorporates both energy and
momentum dependence.

The DWIA calculations employing the LF and PW



interactions used the code DW8110 and those employing
the GB interaction used the code DWBA8D,!l A1l
calculations treated the exchange term in an exact
manner.

Several different types of comparisons of the
model predictions with the data have been examined,
including: (1) the dependence of the maximum cross
section gpsy on Ep, (2) the dependence of the
differential cross section ¢ on Ep and q, and (3) the
dependence of the analyzing power A on Ep and q. A
complete discussion of the results of these comparisons
is presented elsevhere. 12

The simplest possible comparison of the DWIA
predictions with the data involves the energy
dependence of oy,y, since it ignores the dependence on
the momentum transfer. The experimental values of op,y
for the 57, T=0 and 6, T=0 transitions are displayed
in Fig. 3, together with predictions based on the
various interactions. (An additional set of
calculations is displayed, using an earlier forml3 of
the Love interaction derived at 135 MeV, Also, note
that the LF results are displayed only for energies of
100 MeV and above), The individual contributions of
direct and exchange are displayed, and these vary
dramatically for the various interactions. These terms
interfere constructively for some interactions and
destructively for others. For some interactions, very
different direct and exchange terms combine to produce
very similar predictions. Experimentally, the energy
dependences of gy,, for these two transitions are very
similar. Only the LF calculations seem to reproduce
this observation, whereas the GB and PW calculations
predict significantly different dependences on proton
energy. Clearly an analysis over a broader range of

energy 1s necessary in order to verify these

conclusions,
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Figure 3. Energy dependence of the maximum cross

sections for proton inelastic excitation of the 57, T=0
and 6, T=0 states in 28Si, For the data, a smooth
curve has been drawn through the four experimental
measurements for each transition.

A further comparison can be made by examining the
renormalization factors, shown in Fig. 4, which are
needed in order for these theoretical values of op,. to
reproduce the data. For the 57, T=0 transition, all
renormalization factors for all the indicated
interactions have a similar value and a relatively flat
energy dependence is seen for these factors (with the
exception of the PW interaction at high energies). As
a result of these observations, it may be concluded

that both the LF and GB interactions reproduce

reagonably well the energy dependence of opgx for the
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Figure 4. Energy dependence of the renormalization

factors for proton inelastic excitation of the 57, T=0,
6=, T=0 and 6=, T=l states in 28si.

57 transition, For the 6~, T=l transition, only the LF
interaction appears to require the same renormalization
factor over the indicated range of proton energies and,
moreover, the value of this factor 1s remarkably close
to that obtained!s2 in (e,e') and (x,x') studies.
Calculations with all interactions indicate that this

trangsition is dominated by the tensor component of the

interaction. Thus it may be concluded that the
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increase in strength of the tensor component in this
energy region (100-200 MeV) is reproduced reasonably
well by the LF interaction, but that the energy
dependence of the tensor component in both the GB and
PW interactions does not appear to be quite correct for
this transition.

The energy and momentum-transfer dependences of ¢
and A for the three transitions have been examined for
the various interactions. For example, the
calculations for the 57 transitions using the LF and GB
interactions are displayed, together with the data, in
Fig., 5 and 6. The calculations have been renormalized
by the factors indicated in the appropriate figure
captions, (Calculations at 80 MeV for the LF
interaction employed the 100 MeV force). The
decomposition of the predicted cross section into
central (C), spin-orbit (LS) and tensor (T)
contributions is indicated for each of the
interactions. Calculations using the LF interaction,
shown in Fig. 5, appear to reproduce the energy
dependence of opay and qpay (the location of opey)
reasonably well, but consistently fail to reproduce the
width of the distributions. The predicted
distributions are narrower than experimentally
observed, and moreover, the calculations do not exhibit
the observed increase in width of the distributions at
the lower incident energies. Calculations for the 57
transition using the GB interaction, shown in Fig. 6,
also appear to reproduce the energy dependence of opax
and qpay, and here the calculations reproduce the
experimental width of the distributions significantly
better than was observed for the LF interaction.

In particular, the shape of the distribution at 135 MeV
is not exhibited in the LF calculation, but is
well-reproduced in the GB calculation, where it

results from the large, second maximum of the central
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Figure 5. Momentum transfer dependence of the cross sections for proton inelastic excitation of the 57, T=0 state
at 9.70 MeV in 2851, The curves are DWIA calculations (multiplied by 0.67) using the Love—Franey effective
interaction and optical potentials appropriate for the various energies.
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Figure 6. Momentum transfer dependence of the cross sectlions for proton inelastic excitation of the 57, T=0 state
at 9.70 MeV in 28Si. The curves are DWIA calculations (multiplied by 0.67) using the Geramb-Bauhoff effective
interaction and optical potentials appropriate for the various energies.
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component (very weak in the LF calculation)
contribution to the large momentum transfer region.
This broadening of the distributions also results from
calculations using the HJ interaction. Both the GB and
HJ interactions are density dependent, and both exhibit
a double~-humped central contribution for proton
energies between 100 and 180 MeV. Thus it appears that

density dependence is important for a complete

understanding of this transition.

®si ;007" 57, T=0

The analyzing-power distributions for the 57, T=0
transition are shown in Fig, 7, together with
predictions for the four interactions. The most
positive value of A is observed to decrease from ~0.8
at 180 MeV to near zero at 80 MeV, and this general
trend is apparent in calculations for all the
interactions. Since A is sensitive to the interference

of amplitudes, a comparison of the predicted and

observed analyzing powers provides an independent test
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of the interaction, separate from that furnished by the
cross section. Here, both the GB and LF calculations
are in reasonable agreement with the data, although the
GB interaction appears to be slightly preferred.

The detailed comparisons of predictions based on
various available effective interactions with inelastic
scattering data over a broad range of incident energy
has only recently become possible. The importance of
such comparisons has become clear from the present
study which has revealed information concerning the
effective interaction which would normally be
inaccessible for experiments and analyses at isolated
energiles.
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