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ABSTRACT

The left-right asymmetry and differential cross section
for the inelastic scattering of 40-MeV polarized protons were
measured over a large angular region for each of the following
2% excitations: 1.78 MeV in 295i, 1.41 and 2.97 MeV in *Fe,
1.45 MeV in 58Ni, and 1.33 MeV in 6oNi. Some asymmetry
and cross-section data were also obtained for 3 states:

6.9 MeV in 285i, 4.8 and 6.4 MeV in “¥Fe, 4.5 MeV in “ONi,
and 4.08 MeV in 60Ni. Elastic polarization and cross-section
data were obtained for each target. The inelastic scattering
was analyzed in distorted-wave approximation using the
collective-model extension of the optical-model potential
determined by fitting the elastic scattering. The inelastic
asymmetry and cross-section data are best reproduced with

a collective-model interaction obtained by deforming the
complete optical potential, including its imaginary and

spin-orbit parts.
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I. INTRODUCTION

This thesis is primarily concerned with the measurement
and analysis of the left-right asymmetry produced in the inelastic
scattering of medium-enefgy peolarized protons, a property for
which very few results have been previously obtained. More
specifically, we have measured the asymmetry of 40-MeV
pfotons for 2t and 37 excitations in some even-even nuclei. To
estimate the significance of these data in terms of the current
theoretical structure, we first review the situation for inelastic
cross sections,

In recent years, a large number of cross sections for
the inelastic scattering of 8- to 55-MeV protons have been

3

analyzedl’ assuming a collective-model generalization of

4,5,6 In this treatment, the optical-model

the optical model.
potential found to reproduce the observed elastic scattering
is made non-spherical, and the non-spherical part induces
transitions to vibrational or rotational states of the target
nucleus., The free parameters in the model are the multipole
order { of the transition and its strength, or deformation
parameter, B&; these are deduced by compérison to the
shape and magnitude, respectively, of the measured
differential cross section,

Distortion of the scattering wave functions, the ''elastic"

distortion described by the optical potential, has a strong

. . . ' 7
influence on direct reactions; and computer codes are necessary



to permit a careful treatment of this complication. Since the
introduction of these codes, the collective-model analysis has
proved phenomenally successful in accounting for proton
inelastic scattering data, Most of these data are for low-lying
quadrupole (2+) and octupole (37) transitions in even-mass
nuclei, and have been successfully reproduced by assuming a
simple, single-step excitation appropriate for a ZL-pole
rotation or single-phonon surface oscillation. 6 Unless the
coupling between the ground and excited states is uncommonly
strong, 8 such transitions induced by medium-energy protons
can be treated in the distorted-waves (DW) approximation, 5,6
as is discussed further in Section III. For 40-MeV protons,
the collective-model, DW treatment has given good predictions
of the detailed shape of the angular distribution for states

ranging from the 1. 37-MeV 2t in 24Mg, 2 with ﬁz = 0.47, to the

3.2-MeV 5 in 2OSPb, 3 with [35 = 0.06. Inelastic scattering
data from odd-mass nuclei have also been interpreted with
the collective model, assuming the odd particle or hole is
coupled to a collective excitation of the core. ? Some proton
data for more complicated collective transitions involving
multiple excitation through one or more excited states have
been successfully described using, instead of the DW method,
the related coupled-equationslo technique (see Section III),

Except perhaps for the weaker excitations, where the collective

character of the states is not well founded, the deformation




iaarameters deduced from such analyses of inelastic proton
scattering seem to agree well with those similarly obtained
for other projectiles, for different energies, and with Coulomb
excitation results. The agreement is generally within 20 to

30 percent, * These B{I's therefore appear to constitute a
basic measure of the interaction strength, a useful place to
test more advanced theories capable of predicting these
strengths from a more detailed, or '"microscopic', descriptionll
of the interaction and nuclear wave functions.

One such microscopic description of inelastic scattering
at high energies has been formulated by use of the impulse
approximation, 12 and has been successfully a.pplied13 to both
cross sections and polarizations for 156-MeV protons. Since
this approach assumes free two-nucleon scattering amplitudes,
it may not be valid for protons of energy less than about
100 MeV. (No phenomenoclogical test of the matter by
comparison to lower-energy data has yet been published.) An
alternative microscopic approach for lower energy scattering
is currently being investigated by Sa‘cch‘ler14 and othersls’ 16

in which the interaction is taken to be a sum of projectile-

The agreement for different projectiles is sometimes, but

not always, better for the ''deformation length" B,Rny (where
R is the nuclear-radius parameter) than for the deformation
parameter B,. Which of these should be the more fundamental
parameter is not fully resolved to date; {3& is used here.



nucleon (two-body) forces of phenomenoiogical form. The
inelastic scattering transition amplitude is then evaluated for
this interaction in DW approximation using shell-model

wave functions for the nuclear ground and excited states,>:<
with no free parameter determining the relative strengths

of different transitions. In principle, this approach is also
capable of describiﬁg O+, 1, and unnatural parity [17 = (-)J+l]
excitations in even nuclei, for which no straightforward
predictions are possible in the framework of first-order

(DW), collective-model calculations. This type of microscopic
analysis has been applied to the cross sections for the

inelastic scattering of 18.8-MeV protons from 90

zr,' " 11- and
40-MeV protbns from nickel isotopes, 15 and of 17.5-MeV
protons from four N = 28 nuclei. 16 In general, these
calculations for the first 2Jr states have involved real-valued
form factors (as defined in Section III) with radial shapes
which agree only crudely with the collective-model result
obtained by deforming the real, central part of the optical

potential. The shapes of the calculated differential cross

sections were, however, very similar to the collective-model

3 . _

” To test the validity of the interaction assumed, it may prove
desirable to examine first the weaker, non-collective
transitions which involve simpler nuclear wave functions.
The inelastic scattering cross sections for 18.8-MeV protons
on 99Zr have been.successfully,described17 with this
treatment for a number of levels attributed to g9 22 and
g9/2P1/2 pProton configurations by assuming a Yukawa
interaction, of range 1.0 F and strength 205 MeV, between
the incident and target protons.
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predictions, This contributes to the prevalent impression
that the shape of the cro'ss section is largely determined by
the angular momentum transfer and the elastic distortion,
and is somewhat insensitive to the detailed form of the
coupling interaction.

At present it appears that measurements of the
polarization produced in inelastic proton scattering, or of
the left-right asymmetry produced in the inelastic scattering
of a polarized beam, can contribute to our understanding of
this reaction in several ways. Perhaps the most specific
question which can be answered by the present data for 2t
and 3~ excitations is whether or not they are reproduced by
the collective-model calculation found so successful for the
cross sections. In particular the cross sections have seemed
well described by a dveformation of the central part of the
optical potential and have presented no obvious demand
for a spin-dependent term in the coupling interaction, and
no such term has previously been included. It is of interest
to see if the asymmetries require-a spin dependence of the
form implied in the collective-model approach, that obtained
by deforming also the non-central, T - '?, part of the optical

potential. " Together with measurements of p'-y angular

“The inelastic asymmetry does not vanish in the algsence of
a spin-dependent coupling interaction, due to the ¢ - 7 term
in the optical potential for the distorted waves.



co'rrelations, inelastic polarization and asymmetry data could
also yield infqrrhation on the importance of spin flip in
natural-parity excitations.

But ‘the relevance of the present' asymmetry measurements
is not limited to questionsbof the proper spin dependence for
the inelastlic interaction.’ Past18 and present calculations
indicate that the asymmetry is quite sensitive to other aspects
of the collective-DW calculation. For example, these data
wiil be shown to present a strong demand for complex coupling,
in which both real and imaginary parts of the central optical

19 The

potential contribute to the non-spherical interaction.
effect éf this imaginary interaction on the asymmetry seems
sufficiently dramatic to forecast little chance of success for

a microscopic form factor applied to these data which does

not have some similar imaginafy component, The inelastic
asymmetry calculations are also quite sensitive to the
optical-model parameters, through both the elastic distortion
and the collective-model form factors. This was to some
extent anticipated, and the choice of 40-MeV bombarding
energy was influenced by a desire to take advantage of previous

‘optical-model studie 20,2

of elastic scattering at this energy.
Analysis of the present inelastic asymmetry data has in fact
required a further study of the elastic data, and the optical-
model parameters found are somewhat different from the
latest 40-MeV results, 21 The new parameters simultaneously

improve the agreement with both the elastic polarization and

the inelastic asymmetry.



When this experiment was begun, in the fall of 1964,
there were no published measurements of inelastic asymmetry

or polarization for protons of energy between 15 and 150 MeV

on any target other than 12C. 22 In the past year, inelastic

asymmetry data have been presented for the 4.43-MeV (Z+)

state in 12C for protons of energy 16.5 MeV, ;3 20 to 28 MeV, 24

and 30,2 40, 2%, and 50 MeV, 2> and for the 1.78-MeV (27)

state in BOSi at 30 and 50 MeV. 25 Data for 2! states in heavier
targets have been recently obtained at Saclay for 16.5- and
18.6-MeV protons. The 1. 33-MeV excitation in 6oNi and the
1.17-MeV excitation in 62Ni were rneasured23 at 16.5 MeV;

and the following quadrupole transitions were observed‘?'6 at

18.6 MeV: 0.99 MeV in *8Ti, 1.57 MeV in °°Ti, 1.43 MeV

in 22Cr, 1.41 and 2. 97 MeV in **Fe, and 0.84 MeV in *°Fe.

Collective-model calculations have been made for the carbon

and silicon data at 30 and 50 MeV, 25 and for the nickel data

at 16.5 MeV, 27 with generally negative results (as is
discussed in Section III).
The present work presents 40-MeV proton asymmetry

data taken at the Oak Ridge Isochronous Cyclotron (ORIC)

for the 27 states at 1.78 MeV in 28si, 1.41 and 2. 97 MeV

in °*Fe, 1.45 MeV in °8Ni, and 1.33 MeV in °°Ni. Some

asymmetry data were also obtained for 3~ excitations at

28 54 5

6.9 MeV in 2851, 6.4 MeV in "*Fe, 4.5 MeV in °8Ni, and

4,08 MeV in 6oNi. The inelastic cross section was obtained



for each of these states and for the 4.8-MeV (3) level in
54Fe; the elastic cross sections and polarizations were also
obtained for each target. Preliminary results of the present
measurements and their analysis have been reported

elsewherezs’ 21

at various stages of the project.

In Section II the experiment is described, and the
data are discussed. An optical-model analysis of the elastic
scattering, and a collective-DW analysis of the inelastic
scattering, are presented and discussed in Section III.
Comments on the main results and suggestions for further
work are given in Section IV. Acknowledgements appear
in Section V and references in Section VI. In Section VII,

the data are listed in tabular form; all other tables and

graphical presentations are included in the text.



II. EXPERIMENT

The main experimental difficulty in the measurement of
inelastic asymmétry \}vas to achieve a satisfactory compromise
between intensity and energy resolution. Even for the strongly
excited, well-separated collective levels studied here, this
placed stringent requirements on the beam of polarized protons.
There was no internal source of polarized protons for the ORIC
cyclotron, and the beam was polarized externally by elastic
scattering from calcium, prior to the target where the
asymmetry measurements were made. For the final,
optimized system a 40-MeV proton beam was obtained at the
target which had a polarization of 27.4 percent and an energy
spread of 500 keV. The price paid for this is seen in the
intensity achieved at the target' of 108 protons/‘sec, a factor
of over 106 less than that where the beam emerged from
the cyclotron.

In addition to the prnahlem of heam preparation,
asymmetry measurements place strong emphasis on an
efficient accumulation of data. In order to measure the
asymmetry in the elastic scattering of 40-MeV protons, 20 ;
an array of 32 NaI(T1l) counters had been developed previously29
at the ORIC 1aBoratory for use in conjunction with a 20, 000-
channel pulse-height analyzer. This equipment was also used
in the present work. The counter resolution, about 500 keV,

was adequate to mieasure the inelastic scattering for several
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excitations; and this amount was matched by the energy

spread in the polarized proton beam developed for the present
experiment. However, the counter resolution was in fact

the major limitation in the inelastic measurements. If

these data are to -be improved, or extended for transitions which
are less enhanced, use of detectors with better resolution
should be a prime consideration.

In this Section, the preparation of the beam and
mea.suremen_t of its polarization are described. The counting
system and its performance for the present meaSurAements are
discussed. Other experimental details of the running procedure,
alignment checks, target materiatll, data reduction, and error
analysis are also given here. Finally, the data are presented
and compared to other measurements made with médium-

energy protons,

1. Polarized-Proton Beam

Protc;n polarization experirnents20 at 40-MeV energy
were well underway at the ORIC laboratory at the time when
the pres'ent experiment wa.s designed. With an amendment to
the existing bearn.-prt.eparation equipment, these measurements
were then extended to inelastic scattering. In Fig. 1 the beam

optics system is shown in its latest form. The new elements

are the analyzing magnet and quadrupole triplet (Ql2) shown
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Figure 1. Beam preparation system for polarized protons.
Other sections of the ORIC beam-handling system,
used for other experiments, are not shown here,
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in front of the second scattering chamber. (This chamber
was previously located behind the quadrupole doublet Q7,
which was slightly farther away from the shield wall.)

The beam-preparation system has evolved continuously
into its present form. This evolution was possible because
the ORIC cyclotron>C is an azimuthally-varying-field machine
capable of accelerating different particles to different energies.

20,29

The polarized beam was originally made from proton

recoils produced by 80-MeV alpha particles bombarding a
hydrogen gavs target. P;'evious rneasurements31 of p+ 4He
polarization had indicated that a large polarization would be
achieved for the pr.o}téns_l at 25.5° (in the laboratory system
of reference). A scattering chamber for the gas target and
beam-handling equipment consisting principally of magnets
to position and focus the alpha and proton beams were

29 The resultant 40-MeV

constructed and located accordingly.
proton beam at the second target had a polarization of

82 percent, infensity 2 x 107 protons/sec, and an energy
spread of 1.4 MeV arising mainly from kinematic spread in
the a-p scattering. Together with a typical resolution of
500 keV for the Nal counters used to measure the elastic
scattering from the second target, the experiments were
limited to only a few nuclei with large separations between

the ground and first excited states: l’ZC, 4OCaL, 90

208Pb. But these measurements revealed that 40Ca had a

Zr, and
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relatively large polarization and cross section for 40-MeV
protons at 25, 5°. It could therefore be used as a replacement
for the a-p polarizer to reduce the kinematic energy spread,
without requiring a major overhaul of the beam-preparation
system to accommodate a different scattering angle. An
800-keV -thick (0.05 cm) polarizer target of natural calcium
(96. 97 percent 40Ca) was then used to produce by elastic
scattering a beam of 40-MeV protons which, at the second
target, had a polarization of 35 percent, intensity 8 x 107
protons/sec, and an energy spread of 600 keV. This was
adequate to expand the elastic polarization survey but not
quite adequate for inelastic scattering, due to the presence
of inelastic proton groups and general background from
the Ca polarizer. Most significantly for later work, the
elastic program was extended to a study of the energy variation
of Ca scattering by performing a series of double-scattering
experiments at 35, 40, and 45 MeV. 32

The results of the elastic scattering measurements
for calcium indicated that an adequate polarization. and cross
section would be obtained at 25, 5° for proton energies at
least as high as 45 MeV. To study the inelastic scattering
of 40-MeV polarized protons, we then decided to use 50-MeV
protons on a 10-MeV -thick (0. 607 cm) natural Ca polarizer,
with magnetic energy analysis of the scattered beam. Estimates

of the energy spread vs intensity, and of the heat-transfer
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problem of dissipating energy lost in the Ca target, were also
encouraging for a 10-MeV -thick polarizer. Subsequent
measurements have sho\wn that, with the plane of the polarizer
target oriented to bisect the angle between the incident and
scattered beam (a ''tilt'' of 12.75°), the energy spread in the
40-MeV beam thus produced is less than 1 MeV. The calcium
target was installed in its evacuated scattering chamber by
bolting it to a water-cooled aluminum frame. Under these
conditions it has survived an average beam current of 15 pA

for about 300 hours without noticeable deterioration.

A. Beam Transport and Energy Analysis

As shown in Fig. 1, a '"primary'' optics systern33’ 34

transports the 50-MeV (unpolarized) proton beam from the

exit of the ORIC cyclotron and focuses it to a spot, about 10 mm
wide by 2 mm high, on the calcium polarizer.” Very little
(about ten percent) loss of beam is suffered up to this point,

and 18 pA of protons were commonly achieved at the polarizer.

The vertical and horizontal position of the beam there is

o,

“This is the same system as was used for work done with the

a-p and thin Ca polarizers. For that work, a focusing |
arrangement involving this horizontally elongated spot at the
polarizer was found29 to best match the operation of quadrupole
lenses Q6 and Q7 to produce an optimum focus, with a vertically
elongated spot, at the target. (The target was located at the
focus of Q7.) The requirements for the present system are
almost identical, and the primary-optics focusing arrangement
could be carried over entirely.
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adjustable with the vertical and horizontal steering (sector)
magnets. The beam spot at the polarizer is the source for

a ''secondary'' optics system, which collects the 40-MeV
(polarized) beam emerging near 25.5°, energy-analyzes it,
and focuses it onto the second target. For the present work,
beam-optics calculations were made to optimize the design

of this secondary optics system, with a mind toward using

the existing 25.5° hole in the shield wall, lenses Q6 and

Q7, and some extra quadrupole elements and a bending magnet
which were available at the time,

A number of possible configurations was considered
for the secondary system in which the beam would start out
along the 25, 5° scattering line, end up inside the experiment
room, and pass through reasonable magnetic fields in
between, There are in fact not many of these, and the
general arrangement shown in Fig. 1 suggested itself: Q7
would focus the beam onto an object slit for a sector magnet,
and a quadrupole lens would transport the beam from the
image slit to the target. In this way, the image slit would not
be directly in front of the scattering chamber, as a possible
source of background; and some baffling for slit-scattered
protons could also be considered. The questions of the
sector-magnet parameters suitable for the desired resolution
and prevailing space limitations were considered next.

Using first-order optics theory, 35 a range of solutions for the
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magnet design (radius, angle of bend, field homogeneity, and
entrance-and-exit angles) was found which would achieve a
resolution of 500 keV and involve object and image lengths
compatible with the operation of, say, a symmetric36 quadrupole
triplet in the image space. At this point, then, attention was
paid to the available equipment and to the crucial problem of
efficient beam transmission.

The bending magnet used was available from the P
"86-inch' 22-MeV proton cyclotron facility at Oak Ridge.
This is a homogeneous -field inflection spectrometer, which
was previously operated3'7 with a bending angle 3 = 75° (in the

opposite sense as is now used), a mean radius r, = 24 inches,

0
and entrance and exit angles35 €, =55° and ¢, = -19.5°,
respectively.A Its excitation curve (field vs current) was
measured and found to saturate strongly near 15 kilogauss.
This magnet could therefore be used (upside down) in the
present application by fabricating a new vacuum envelope to
accommodate a mean radius. of 27.46 inches, which reduces
the required field to 13.23 kilogauss for 40-MeV protons.

The new envelope also permitted an increase in the gap

width from 1-1/8 inches to 1-5/8 inches, by adding spacers to
the magnet yoke and by making the magnet pole tips an

integral part of the vacuum envelope, as opposed to using

a separate tank,
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Use of a different mean radius for the same pole
pieces also changes %, e,» and ¢, from théir original values,
and fixing these four parameters permits only one arrangement
(object and image lengths and resultant magnification) if double
focusing is desired. This, however, was not very important
since a radial, or horizontal, single-focusing solution could
be attained for the analyzer; and a net double-focusing at the
image slit could be achieved through the action of both the
analyzer and the doublet lens Q7, located immediately upstream.
For a minimum modification of the beam trajectory across
the pole face of the magnet (with the entrance and exit points
remaining unchanged), the new center of curvature for the
central ray was taken along the bisector of the original
sector angle., The resulting magnet parameters are
ro = 27.46 inches, & = 64.3°, ¢, = 49.65°, and ¢, = -24.85°.
For these, a double-focusing situation is obtained for an
object length 1y = 0.61 g (and image length 2. 81 ro), and
promising single-focusing conditions range from this to
Ly =1 6 r, (where the image distance for radial focusing
is *"r =1.92 ro). For shorter object distances the radial
magnification becomes forebodingly large, and for longer
object distances the axial (vertical) defocusing becomes
prohibitive. This range of object lengths also closely

matches that allowed by space considerations.
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The quadrupole Ql2 was made up from three elements
available at ORIC with an aperture-diameter of three inches.
Two of these are 4 inches long and the third (middle) element
is 8 inches long. Their excitation curves were measured, and
the field gradients were found to be very constant for
excitations up to five kilogauss/inch. This field and the
space limitations.allowed a number of different doublet and
triplet arrangements to be considered for transporting the w
beam from the image slit to the chamber. For both the
quadrupole and analyzer magnets, no solution was apparent
which would have been superior to that found possible with
the existing equipment, and its use saved a considerable
amount of time.

Using the magnet parameters established from these
general considerations, a series of detailed computer
calculations was made to optimize the transmission of the
secondary optics system. This was done using the code
"OPTIK", 38 a first order beam-optics program especially )
appropriate for a long train of magnet elements where matrix
methods are desirable. The program represents each magnet
element as a linear operator in the six-dimensional vector
space of the beam particle's transverse position and momentum,
central magnetic rigidity, and fractional deviation from the
central rigidity. Quadrupole field gradients can be searched

upon to yield specified beam conditions, and the components
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of selected source vectors can be traced through the system.

Of most significance here, an aperture stop (beam pipe opening,
magnet gap, etc.) specified at some point in the system is
transferred back to the source through the inverse product
matrix evaluated up to that point. In this way, the phase-

space volume of beam accepted by that stop, and of all other
stops in the system, can be mapped out at the source of
particles. For these detailed calculations, the quadrupole
lengths and the analyzer pole boundaries were corrected for
fringing field according to previous experience at the ORIC

33,34 by adding one inch to the physical length of

laboratory,
each quadrupole element and by extending both analyzer
field boundaries by an.amount 0. 64 times the gap width
(1-5/8 inches).

OPTIK calculations were made for the secondary system,
from the calcium polarizer to the target, for analyzer object
lengths varying in eight steps between g = 0.61 r and

L, =1.6 ry (with £  determined by the requirement of single

0
focusing). This was done for different positions of the
quadrupole doublet Q7, and for various arrangements of a
quadrupole lens in the image space (its distance from the
image slit and target, the number of elements used, their
separation, and their order of focusing or defocusing). For

each of these cases, the following focusing conditions were

investigated for the combined action of lens Q7 and the
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analyzing magnet: (i) axial focusing at 0.3 r,, 0.5 rys 0. 6 rg, and

0’

0.7 r, before the entrance boundary of the analyzer (between

0
the object slit and the magnet); (ii) axial focusing at the
image slit (double focusing); (iii) beam made axially parallel
at the image slit; and (iv) beam made axially parallel at

the object slit. (In each instance, Q7 produces a radial
focus at the object slit, and the analyzer focuses radially

at the image slit.) For all of these possibilities, the phase-
space acceptance determined by the physical apertures of
the system was evaluated and compared to the known phase
volume occupied by the source of particles from the calcium
target (known spot size and desirable angular divergence).

A baffle at the entrance to the analyzer, to shield the beam
pipe past the image slit from any possible i)roton trajectory,
and one before Ql2 to intercept slit-scattering, could also
be designed from these phase-space projections. -

The optimum focusing arrangement proved to be the
case of double focusing at the image flit usipg {’O =1.0 Ty
with a quadrupole tr‘iplet (Q12) operated symmetriéally in the
image space. For this, .the maximum energy spread in the
analyzed beam, -assuming no aberrations, would be 500 keV
for object and image slits each of total width 0.423 cm. The
phase-space acceptance of the enﬁre secondary optics system
evaluated at the polarizer for a monoenergetic beam

corresponds to a value (transverse displacement from the
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optic axis times transverse angular divergence) of

1.5x 10_‘2 cm-radian for the radial (horizontal) coordinates,
and 3.3 x 10”2 cm-radian for the axial (vertical) coordinates.
These '"areas'' are approximately recta\ngular: for a radial
distance of up to+ 0.53 ¢m from the center of the polarizer,
a radial angular divergence of up to £ 0.4° is accepted; for
an axial distance upto x 0.14 cm from the center, an axial
divergence up to £ 3, 5° is accepted. This matches by
design the size of the beam spot on the polarizer seen by

the system (+ 0.5 cm radially by £ 0.1 cm axially) and
limits the geometrical scattering angle from calcium to
25.5° = 0.4°.

‘The general results of the optics study were confident
predictions of the energy resolution, beam intensity, spot
size, and angular divergence, all of which indicated that
the inelastic asymmetry experiment was feasible. The
beam equipment (magnets, slits, and vacuum equipment)
was assembled and surveyed into position, and power supplies
and water cooling were provided for the analyzer and Ql2.
The predicted beam properties were found immediately with
the predicted magnetic field settings, and these results were
then found to be essentially optimum. The predictability of
the secondary optics system, its insensitivity to cyclotron
beam conditions or to small variations in focusing the

primary optics, seems to be due to the fact that the secondary
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system forms its own beam. It accepts and acts upon a
certain portion of the beam scattered from the polarizer, and
this portion is not strongly influenced by the beam conditions
upstream. |

The performance of the secondary optics system for
a typical value of. 18 pA of 50-MeV protons on the calcium
polarizer is as follows.. A polarized beam of 40-MeV protons
is accepted and rendered parallel by lens Q6 and is then
(radially) focused by lens Q7 to a spot about 0.5 cm wide by
3 cm high at the object slit of the analyzer magnet. The
intensity at that point is about 7 x 108 protons/sec. A beam
of about 2 x 108 protons/sec gets through the object slit
(0.42 cm wide by 2. 54 cm high) and the shielding baffle
(2.03 cm wide by 2.54 cm high). This is analyzed by the.
magnet and double-focused at the image slit (0.42 cm wide by
2.03 cm high). A 108 proton/sec beam emerges from this
slit with an energy spread of 500 keV. This propagates
through Q12 without loss in intensity and is focused to a
spot 0.4 cm wide by 1.1 cm high at the target.. The beam
there has a maximum angular divergence of about £ 2° in
the scattering plane and + 1° in the vertical plane. Using
object and image slits which are 0.25 cm wide, a 300-keV -
beam may also be produced which has approximately the same
spot size and gngular divergence at the target and an intensity

of about 5 x 10" protons/sec.
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In routine use, it has proved desirable to optimize
empirically the middle element of quadrupole Q12 to achieve
the sharpest focus at the target. This, however, cannot be
done at these low intensity levels by the farr;iliar practice
of placing écintillating material in the beam, to be viewed
remotely. In this case we first located the beam in the
scattering chamber by exposing Polaroid film placed behind
cross hairs at the target position. A slit was then installed
at the target position whose aperture approximates the
optimum spot size. With an ionization chamber placed behind
the slit, the quadrupole was easily focused by maximizing the
beam passed through the aperture. The resultant spot size
and centering was then checked by removing the slit and
exposing Polaroid film again at the target position. This
method of focusing depends on good alignment of the quadrupole
Q12, so that variations in its excitation will not steer the
bearh away from the center of the slit. Other techniques used
roﬁtinely to fix the position and direction of the beam at the

target are described below.
B. Measurement of Beam Polarization

We turn now to the determination of the beam's
polarization, which must be accurately known in order to

normalize the asymmetry measurements. The polarizations
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measured in the elastic scattering work with the a-p produced

beam were determined by
P(8) = A(e)/PB ’ ' (1)

where P is the polarization (polarizing power) of the target,

P the magnitude of the beam polarization, and A the

b
measured left-right asymmetry in the scattering:

N. (B) - N_(9)
A(B) = — R : (2)
NL(G) + NR(e)

Here NL is the number of protons scattered to the left, and

NR the number scattered to the right, with left defined such

that ~151 X,lif is in the direction of the beam polarization

(Basel convention). The direction of the beam polarization

was known from the p + 4He data, 31 and its magnitude was

0,29

determined by performing2 a double-scattering experiment

for Ca at 25.5°. The latter gave the magnitude of the Ca

polarization from P = \]A , so that P for the a-p beam

B

could be found from the observed asymmetry it produced in
Ca scattering, through Eq. (1). The a-p beam polarization, in
turn, determined the polarization of the other targets whose

asymmetries were measured (IZC, 9OZr, 208Pb). In

>'=We distinguish between the observed asymmetry A and
the quantity ¢, which will be used to denote the asymmetry
produced with a completely polarized beam, ¢ = A/PB.
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particular, both the polarization and differential cross
section for 12C were sizable and yet slowly varying functions
of angle near 60° for 40-MeV protons. When both the thin
and thick calcium targets were later used as polarizers, in
place of the a-p scattering, the beam polarization produced
by calcium scattering could be determined and checked
routinely by the 12C asymmetry observed at 60°, using

Eq. (1) and the known sign and magnitude of the 1‘4C
polarization,

This chain of measurements, however, still resulted
in a rather unsatisfactory knowledge of the 12C polarization
and, consequently, of the beam polarization produced by the
thick calcium polarizer. The weakest link was due to the
difficulty of performing a double-scattering experiment at
25.5° for Ca, where the rapid va?iation of both the cross
section and polarization required a very tedious alignment
procedure. The experiment was done a number of times,
but the polarization could not be reproduced to better than
AP/P &5: 8%. There were other problems with the double -
scattering measurement which involved the matching of
angular acceptanceé and energies in the first and second
scatterihgs, and these effects could be accounted for only
“by fairly inqirect calculations. The net result was that
all of the -asymmetries measured at that time could be

normalized with the value of PB only to within about = 10%,.
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It then came to our attention that a very good

39 at 27.5 MeV of the absolute

measurement had been made
elastic polarization for 12C at 65° lab. At this angle, the
cross section and polarization are slowly varying functions
of angle at both 27.5 MeV and 40 MeV, and alignment
uncertainties present no problems. The 40-MeV beam

was degraded to 27.5 MeV by placing an aluminum absorber
in front of the scattering chamber; we could then determine
the beam polarization by measuring the l?‘C asymmetry at

65° and by using its known39

polarization. This gave the
pelarization of our 40-MeV beam to be 27.4 = 0.5 percent,
where the uncertainty includes both our uncertainty in the
asymmetry measurement and the quoted39 uncertainty in
the 27.5-MeV data. By removing the absorber and measuring
the 12C asymmetry at 40 MeV, we then had also a well-known
absolute polarization for 126 af that energy. The result
for 40-MeV protons on 12C at 65° lab is P = 70.8 + 1.8 percent.
The 12C target was thereafter used as an analyzer in order
to check the beam polarization in the different runs which
comprise this work. This was desirable on grounds of the -
general complexity of our system, but in fact the beam
polarization was never found to change.

The beam polarization value of 27.4 percent was actually

quite close to the previous result of 28 percent, which

depended on the double-scattering experiments. But the
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improvement in the uncertainty, APB/PB =% 1,8% as
opposed to + 10%, represents a considerable gain in the
accuracy of our measurements. The only unmeasured
complication in the new determination of PB is the
assumption that the beam is not significantly depolarized

by attentuating its energy from 40 MeV to 27.5 MeV. This
assumption is theoretically40 justified, and no experimental
depolarizations have been detected for large proton energy
attenuations. 41 We note finally that we have also found

the asymmetry from 12C at 65° to be constant, within our
uncertainties, for proton energies from 26.9 MeV to 28.5 MeV,
so that it was not necessary to match exactly the energy of

27.5 MeV. These proton energies were determined to within

+ 0.2 MeV by measuring the residual range in an emulsion,

2. Data Acquisition

A. Counting Equipment

The preéent asymmetry measurements were made
with the scattering chamber, counter array, and electronics
equipmentz9 used for the previous elastic scattering work.
The chamber is 17 inches in diameter and is made of stainless
steel. A 1.25-inch slot for the scattered particles extends
aroﬁnd the circumference from about 5° to 175° on each side
of the beam and is vacuum sealed by a 2-mil thick Mylar

window. The chamber is open to vacuum at the front, where
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the beam enters, and is closed off by an aluminum foil at
the end of a 10-inch snout which protrudes from the back.
The beam passes through this foil and into a Faraday cup.
The chamber is mounted on a support with adjustments for
elevation, horizontal position, horizontal rotation, and for
tilting the plane of scattering. These are all adjusted
prior to each run by surveying, so that the chamber is properly
oriented with respect to the incoming beam. At the center
of the chamber is a multiple-target holder which permits

é given target to be selected remotely. Its tilt relative to
the beam direction can also be adjusted without breaking
vacuum.

Outside the chamber (and outside the vacuum
envelope) two semi-circular collimator mounts are attached
to the support structure, one on each side of the beam.,
Each mount has 16 grooved openings which hold 0. 125-inch
thick brass collimators with apertures spaced 10° = 0. 05°
apart. The collimators are about one inch away from the
Mylar window on the chamber. The counter assemblies are
also attached to the collimator mounts, with each counter
placed directly behind a collimator. Each bank of collimators
can be independently rota,ted at a radius of 9. 375 inches
from the center of the chamber, allowing the angular range
between 8° and 172° to be covered on each side of the beam.

The angular position of the collimator openings (the counter
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apertures) can be set with this apparatus to within £ 0. 05°.
The maximum variation of the aperture area in a set of
32 collimators is = 1 percent.

Thirty -two Nal(T1l)-photomultiplier counters were
used to detect the scattered protons. Each of these consists
of a 1-inch diameter by 3/4-inch-thick crystal pack  mounted
with a high-viscosity silicone fluid" " to an RCA 6199 phototube.
These tubes were selected prior to their use in the array
by requiring the Nal-phototube resolution to be 10% FWHM
or better for 137Cs y-rays. Two sizes of collimator
apertures were used; one was 0. 125 inches in diameter and
the other was 0. 375 inches wide by 0. 75 inches high. For
the small apertures, the resolutions of the 32 counters for
40-MeV protons vary from about 300 keV to 500 keV. For
the large apertures (but same counting rate) the resolutions
are between about 450 keV and 650 keV. The small apertures
have an area 22. 6 times smaller than the large apertures,
but could be used at forward angles for some of the inelastic
asymmetry measurements where the smaller count rate could
be tolerated.

An electronics network routes the 32 photomultiplier

ale ats aty

outputs to a 20, 000-channel pulse-height analyzer whose

“Harshaw Chemical Company, Cleveland, Ohio.

ksk

1200 Fluid'', Dow Corning Corporation, Midland, Michigan.

sk

""'ullamore Model MP 204 R'Y' Multiparameter Analyzer'',
Victoréeen Instrument Company, Cleveland, Ohio.
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memory configuration is used in a 50 x 400 mode, effectively
as thirt)} -two 400 -channel analyzers. Each photomultiplier
tube is connected at its anode to a variable-gain preamplifier,
and the 32 preamplifiers are fed to‘the analyzer X-ADC through
a single linear amplifier. Identifying pulses frofn a Schmidt-
trigger discriminator in each preamplifier are converted to

a binary-coded-decimal Y-address signal for the analyzer

by a passive diode matrix. Each discriminator threshold .
was commonly set at a value corresponding to a proton energy
about 20 MeV below that of the elastically scattered protons.
The X-ADC is gated by the trigger pulses which are, in

turn, gated in anticoincidence by a busy signal from the
analyzer. The net result is that the photomultiplier pulses
for protons of energy greater than about 20 MeV are stored

in one of the 400 X-channels according to theéir pulse height
(proton energy) and in one of 32 Y-channels according to the
counter from which they originated. The analyzer memory

is read out onto magnetic tape, and 20,000 channels of data
are dumped in approximately fourteen seconds.

Some typical energy spectra are shown in Fig. 2. With
an energy spread in the beam of 500 keV, and with the larger
counter céllimators, the overall resolution is about 750 keV
FWHM at forward angles. The targets used were in the range
20 to 30 mg/cm2 in thickness, and at back angles the overall

resolution is increased to about 1 MeV due to the passage
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Figure 2. Energy spectra. Proton spectra at various angles are

shown for the different targets,

These have an overall

resolution of about 750 keV achieved using the larger
magnet slits and counter collimators discussed in the

text.

Also shown for

resolution achieved by stopping down the slits and

collimators.

60Ni is a spectrum with improved
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of the scattered beam back through the target. However, at
back angles the intensity of the elastic proton group is
comparable to that of the inelastic groups, and the first
excited state need not be so well separated in order to
resolve it from the elastic peak. Also shown for 60Ni is

a spectrum taken with a beam spread of 300 keV and with
the smaller counter aperture, This results in an overall
resolution of about 500 keV FWHM at forward angles, but

the counting rate is decreased by a factor of about forty.
B. Targets

The 285'1 target was made of natural (92.21 percent
2'8Si) high-purity silicon and was 32.1 mg/cm2 thick. The
>pe target was 97. 4 percent enriched and 18.0 mg/crn2
thick. Nickel-58 was 99. 95 percent enriched and 29. 95
rng/cm2 thick, and 60Ni was 99.1 percent enriched and
19.7 mg/cm'2 thick. The targets were all about 2 inches
tall by 3/4 inch wide, and their thickness at the center
(where the beam is focused) could not be confidently deduced
from the total weight and area of the foil. In order to
normalize the cross section measurements, thin targets
(about 5 mg/cmz) of 54Fe, 58Ni, and 6ONi were also used
to measure the elastic scattering. The thickness values given

above were deduced from these measurements and pertain

to the centers of the thick targets. The thicknesses of the
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thin targets at their centers were determined by scanning
them with a collimated, 5.48-MeV, alpha-particle beam
from 241Am and measuring the energy attenuation with a
solid-state counter. The average of these alpha thickness
values measured over the entire surface of each thin target
was also compared to its weight-area thickness value and
found to agree within the estimated accuracy of the alpha
measurements, which was + 5 percent. The thick Si target
was destroyed, and its thickness was obtained directly by
measuring the weight and area of the fragments. The
thicknesses of the fragments near the center were found to
be the same within two percent. The precision of the

thickness measurement is assigned to be = 5 percent for

all targets.
C. Running Procedures

We turn now to the procedures used routinely to
accumulate the asymmetry and cross-section data. The beam
is first focused and centered in the scattering chamber in
the manner described in the previous section. The energy
of the secondary beam is then determined by scattering
from 208Pb and measuring the pulse-height variation of
the elastic peak for different thicknesses of Al absorber
placed before a counter at 10°. In each run the energy was

also measured by residual range in emulsion, and a
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comparison of the two methods revealed a constant difference
of about 1 MeV. Comparison with a magnetic rigidity
measurement, good to 0.5 percent in energy, confirmed the
correctness of the emulsion method. Although the source of
error in the pulse;height method is not understood, this
method has proved to be consistent; and the speed and ease
of the pulse-height method were essential in setting the
cyclotron frequency at the beginning of each of the three
different experiment periods that were used for this work.
As a result of these energy measurements, we can state
that all of the asymmetry and cross section data presented
here were taken with protons of energy 40.0 + 0.4 MeV.
‘When it was necessary to change the cyclotron frequency

to attain the correct energy, the focusing and centering
procedure was repeated after the energy change. The
constancy of the energy after its initial setting is verified
by the constant field of the analyzing magnet maintained
during the runs.

The angular alignment of the counter .banks on each
side of the beam was then checked by positioning the most
forward counters at 10° on both the left and right sides and
observing the asymmetry in the elastic scattering from
208Pb. Assuming the scattering to be purely Coulomb, a
+ 0.1° misalignment of the counters relative to the average

beam direction produces an 8 percent departure from unity
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of the ratio NL(10°)/NR(10°), using the notation of Eq. (2).
The position of each counter array can therefore be quickly
adjusted to agree with the beam direction to within + 0, 05°,
The alignment was checked in this way before and after each
individual asymmetry run (each accumulation of data) and
was never found to differ by more than this amount, + 0, 05°,
During a run, the position and alignment of the beam were
monitored with a split ionization chamber located at the exit
of the scattering chamber, in front of the Faraday cup.

This is sensitive to a 10-mil transverse displacement of the
chamber from its correct position and is, conversely, a
sensitive monitor of the constancy of the beam geometry
during the run. As mentioned previously, 12C data were

taken during each group of asymmetry runs in order to check

the polarization of the beam.,

Our method of aligning the beam depends on the
assumption that elastic scattering from Pb at 10° gives a small
polarization, and not that the scattering is exactly Coulpmb.
Our n‘u-:asu.rement21 for Pb is actually ¢(10°) =~ 0.8 o-R'(10°),
where o-R(e) is the Coulomb differential cross section.
However, we also know21 that ¢(8) near § = 10° falls off at
least as fast as O'R(e) with increasing §, and that P(8) is .
slowly varying. Assuming the scattering to each side of
the beam decreases with § like Coulomb scattering,

N(8) ~ sin-4(e/2), but that there exists a finite polarization
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P(8), then from Eqs. (1) and (2) we find that the amount
of offset A8 needed to produce NL(e + AB) = NR(e - AB) is
A = (1/2)PBP(e)sin(e/2). ' Thus, even if the polarization
from Pb at 10° were as high as 5 percent, a misalignment
of only AB =~ 0.03° would be introduced by setting the counter
angles to produce no observed asymmetry.

The asymmetry data for the four targets were taken
at 5° intervals, generally over the range 10° to 165°. Elastic
and ineléstic data were obtained sirﬁultaneously. The
runs for each target were broken down in two ways, depending
on whether or not satisfactory resolution could be achieved
near 90° for protons reflected back out of the target when
it was tilted at an angle of 45°. The reflection geometry was
satisfactory for 288i, 54]:T‘e, and 6OIA\Ii; and the range could
be covered in four runs, lasting about six hours each, with
two runs having a target tilt of 0° (normal to the beam) and
two for a target tilt of 45°., For each tilt, two runs were
taken, one with the counter banks (both left and right) set to
cover the angles 10°, 20°,..., 160° and the other run to -
cover the angles 15°, 25°,..., 165°. The runs made with a
tilt of 45° cover the region from 65° to 115°, which are
obscured by the target shadow in the.runs taken with a 0° tilt.
The small collimators (1/8-inch diameter) were used at
forward angles out to an angle where the number of counts in
the inelastic groups would be comparable to that obtained at the
back angles where the large collimators (3/8 inch by 3/4 inch)

were used.
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The reflection geometry was unsatisfactory for the
>8Ni target (30 mg/cmz), but the data for this nucleus could
also be obtained in four runs. Two runs were made at the
angles 10°,..., 160°, one with a tilt of 45° in one direction
and the second with a tilt of 45° in the opposite direction.
The other two runs were made for these two target tilts
at the angles 15°,..., 165°. In this procedure, the data at
forward and back angles for scattering to the left come
from a different run than those for scattering to t.the right.
But the data near 90° are repeated, so that the relative
angular distributions on each side of the beam can be
inter -normalized at 5 angles around 90°. Integration of
the beam current is not required but served as a check on
the normalizations.

Extra asymmetry data were taken for the targets 2881
and 6ONi to optimize the energy resolution at forward angles
by using exclusively the smaller collimators. These data
for 2881 extend from 10° to 67.5° in 2.5° intervals, and for
60Ni from 20° to 65° in 5° intervals. The improved
resolution reduced the uncertainties in this region by about
50 percent.

While. the asymmetry runs yielded cross-section
information by averaging the counts for scattering to the
left and right, better elastic cross-section data, and some

inelastic data at forward angles, could be easily obtained
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by using the counter array in the direct, unpolarized beam.
There, the beam spread is lower, about 250 keV, and the
intensity copious; so that the smaller counter collimators
could be used out to back angles, and the data could be
taken at smaller intervals. The overall angular resolution
is also improved from £+ 2.5° to+ 1°. This was done for
all four targets by moving the scattering chamber to another
beam line in the same experiment area, For these
measureméx;ts, the counters to the left of the beam are set
at different angles than those to the right. A ''normalization
run't was first taken at low beam intensity, with an analyzer
dead time of less than one percent, which covered 12 angles
in the forward hemisphere. For 54Fe, 58Ni, and 6ONi, the
mentioned ''thin'' targets were used for this purpose. The
rest of the runs, about 8 per nucleus, could then be made
with the thick targets and at higher beam levels (an
analyzer dead time of about five percent) by normalizing
the relative cross sections to the elastic data obtained in
the normalization run. Various combinations of target
tilts and angle settings of the counter banks were used in

a way to minifnize the total time necessary to accumulate
the elastic and inelastic angular distributions. When data
were taken at back angles, it was more efficient to cover

the counters out to about 25° to eliminate their contributions
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to the analyzer dead time. Typically, elastic cross-section
data from 10° to 170° in 2.5° intervals, and inelastic
cross-section data from 20° to 70° in 5° intervals, could
be obtained for a target in about 12 hours.

At the end of the asymmetry and cross—.section runs,
a pulser calibration of the electronics was made at the existing
gain levels for several counters by varying the voltage of
pulses applied to the input of their pre-amplifiers. Assuming
the photomultiplier tubes to be linear, the energies of the
inelastic groups observed in the spectra could then be
established relative to the elastic groups and, through
kinematics, the QQ values thereby determined. By doing
this for many counters, however, this procedure was found
to be reproducible only to about £ 200 keV. Within this
margin, we are in agreement with the energies for the

levels we observe which are given in Nuclear Data Sheets and

with those determined by Stovall and Hintz, 42 We use these
two sources to name the states, except for the excitation we
observe near 6.9 MeV in 28Si, which we only tentatively

identify as the known octupole excitation at 6. 88 MeV.
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3. Data Reduction

A. Peak Integration

The data on magnetic tape from the pulse-height analyzer

were processed with a CDC 160-A computer. A program

SLAPL}3 was used to plot the number of counts versus proton

energy (X channel number) for each counter (Y channel number).

The program also prints out the number of counts and a
running (accumulated) sum of counts along the energy axis.
In order to unfold the spectra carefully in the region of the
tails of the elastic and inelastic proton peaks, a semi-
logarithmic plot of the spectra was more useful. These.
automatic plots were an invaluable aid in unfolding the
2000-0dd peaks which were reduced for these measurements.
The SLAP plots were unfolded by hand in the manner
illustrated for a 60Ni spectrum in Fig. 3. By examining
a large number of spectra from different counters for 12C,
where the elastic and inelastic peaks are well separated, it
was established that the elastic peak-shape (in a semi-
logarithmic plot) is consistently and precisely repeated
in the inelastic peaks. Consequently, the elastic peak-shape
could be used to unfold the inelastic peaks by successive
approximations. The first step is illustrated on the left-hand
side of Fig. 3 and consists of drawing the elastic peak-shape,

near its maximum and on its high-energy side, through the

(2]
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Figure 3. Reduction of energy spectra. Two copies of the same

ONi spectrum at 25°, as displayed by the plot program
SLAP, are shown to illustrate the unfolding procedure

described in the text,

The crosses in the computer

output are the points in a semi-logarithmic plot of the
total counts per channel versus channel number. Along
the energy axis are listed, from bottom to top, the
channel number, the counts per channel, and a running
sum of the counts per channel., A number identifying
the counter from which the spectrum originates is
printed near channel zero (not shown above).
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inelastic points. T'his first approximation to the inelastic
contribution is then subtracted from the total counts near the
low-energy side of the elastic peak to obtain the net elastic
contribution in that region. The elastic peak-shape is then
extended smoothly to lower energies, and a second
approximation to the net inelastic counts near the maximum
of the inelastic peak is obtained by subtracting the new elastic
points from the total counts. The process is continued until
the two unfolded peaks agree in shape and account for the
total counts observed, within statistics and in view of other
nearby groups which are not resolved. No significant

elastic peaks from contaminants were observed in these
spectra taken with thick (20-30 mg/cmz) targets., The
unfolded spectrum for 6ONi is shown on the f’ight in

Fig, -3, with lines drawn thr.o,iugh the net elastic contribution
and that from the first excited state. Higher excited states
are reduced using the unfolded elastic péak,—shape. Except
for the regions of overlapping peaks, a peak may be quickly
integrated by subtracting the prin’cedvahie of the accumulated
counts at its low-energy end from the value at its high-energy

end. To this is added the peak's net contribution in the

regions of overlap, as deduced by this method of construction.
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B. Compilation of Results

Relative elastic and inelastic cross sections for each
target were obtained from the asymmetry runs by averaging
(summing) the net, unfolded counts in the proton groups
scattered to each side of the beam. The relative elastic
cross sections from the various ''cross-section runs' for
each target, the runs made separately with the unpolarized
beam, all have several angles in common with each other.
These '"'runs' are taken with different counter -angle settings
and have different amounts of bombardment and target tilts,
so that they have different normalizations. The cross-section
runs were inter-normalized at their common angles, with
greater weight given to angles where the cross section is
slowly varying; and a composite relative cross section was
thus formed from these data. Using the relative elastic
cross sections deduced from the asymmetry data, the
normalization of the inelastic cross séctions obtainéd from
the asymmetry runs was then determined relative to this
composite elastic cross section. Some inelastic data from
the cross-section runs were used to augment the data from
the asymmetry runs. The elastic cross-section data from
the asymmetry runs, however, were used solely to normalize
the inelastié cross sections to the elastic data. This and
other redundancies in the elastic and inelastic data, taken at
different times and in different ways, afforded a considerable

number of consistency checks for these measurements.
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There was one exception to this procedure for normalizing
the inelastic cross sections to the relative elastic angular
distribution. The effect of isotopic impurities in-the elastic
data requires no correction since ‘('1) the elastic contributions
from neighboring isotopes are not resolved, (ii) the cross
sections are nearly identical, and (iii) since the amount of
impurity is small. A similar situation exists for the inelastic
groups measured in 54Fe, 58Ni, and 6ONi, primarily because -
of the high isotopic purity of the targets. The natural Si

298i and 3.09% 3OSi, both of

target, however, contains 4. 7%
which have excited states which make an uncertain contribution
to the observed proton groups corresponding to the 1.78-MeV
and 6. 9-MeV excitations in 28Si. The normalization of the
inelas;cic data for 28Si was therefore increased by a factor
of 1.039, which is half way between assuming no inelastic
contributions from the adjacent isotopes and, conversely,
assuming -all the isotopes have a state at the same energy with
equal strength., Neither situation is true, but an additional
normalization uncertainty of £ 4% is added for the inelastic
cross section data from 28Si to bracket these extremes.

The relative elastic cross sections for each target were
then normalized to the absolute elastic data obtained in the
mentioned '"'"normalization runs'', and this in turn determined

the absolute normalization for the inelastic cross sections.

The absolute elastic cross-section data were deduced from the
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known target thickness t, in units of the number of nuclei

per unit.area; the integrated beam current Nto , expressed

t
as the number of incident protons; thé solid angle of the
counters AQ; and the observed number of counts N(8):

(dcr/dQ)lab = N(8)/(N, ., t AQ). The absolute cross sections

tot
were corrected by a factor of 1,023 to account for the loss
of counts due to reactions undergone by the scattered protons
in the Nal crystal., This factor was deduced from the work

of Measday44 for our method of unfolding the proton spectra,

in which we do not include the ''tails" of the peaks below

about 1 MeV from their maxima. Finally, the absolute elastic ..

and inelastic cross sections' were converted to the center-of-
mass system by multiplying them by the appropriate
relativistic Jacobian,

The elastic and ihelast.ic asymmetry results ¢(8) are

normalized to 100-percent beam polarization using

- N._ (9) - N_(8)
e(d) = — L R, | (3)
Pp  Np(8) + N(6)

where for the elastic data ¢(8) = P(9). Again, NL(e) and NR.(e)
are the net number of counts in the proton peaks on each side
of the beam, using the Basel convention; and the beam

polarization PB is 0.274.
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C. Error Analysis

The total absplute error in the normalization gf the
cross-section data i; taken to be an uncorr,elated corﬁbination
of the uncertainty in tafget thickness (x 5%); solid angle
(£ 1%); beam integrétioﬁ (= 2%); | and, fo‘r the inelastic
results for 28Si, the co;ltribgtions from isqtopic impurities
( 4%). The absolute error fO’IF‘ the elastibﬂ cCross sections,
and for the inelastic cross sections for Fe and Ni, is then
+ 5, .5%, and that for the inelastic Si data is + 6.8%. The
absolute error in the normalization of the as.ymmetries is
taken to be that due to the uncertainty in beam polarization,
+ 1,8% of thg value of ¢.

The relati.ve probable errors in the cross section
and asymmetry data stem mainly from uncertainties in
unfolding the energy spectra and from statistics. These
are assumed uncorrelated, so that the total error £ AN in
- the net counts in a peak is given45 by

2 2 2 2
AN® = ANy + ANG + ANg . (4)

ANO is the estimated uncertainty of the counts assigned to
the peak in the region where it overlaps adjacent peaks;
ANB is the uncertainty in any background under an inelastic

peak due to the tail of the elastic peak; and ANS is the

total statistical error. Typically, AN, was judged

0
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to be about 30% of the total contribution to the peak in an
overlapping region; and ANB amounted to about 20% of the
total background under the peak (i.e., subtracted from it).
ANB was a major contribution to the errors for the inelastic
data at angles less than about 50°. The number of counts
obtained in the inelastic peaks during the asymmetry runs
was usually 500 or more, so that the fractional statistical
error in the relative inelastic cross sections (NL + NR)

was ~ 4% or less; and the statistical error in the asymmetry

was Ac¢ £0.12, depending on the value of ¢. The peak-

unfolding errors AN, and ANB make similar contributions

0
to the inelastic errors except at angles less than about 50°,
where they are largest. The relative errors for the elastic
data are mainly due to statistics.

The total fractional relative error = Ag/c in the
differential cross section at each angle is then + AN/N
where AN is given by Eq. (4) or, when the data come
from an asymmetry run where ¢ = const, (NL + nNR),

Ao _ (ANLZ t ' ANP?)I/Z

o NL+nN

(5)

R

ANL and ANR are each given by Eq. (4), and n is the ratio

of the normalizations of NL and NR’ in case they were taken
58

in different runs (as for the data from “ "Ni). Using Eq. (3),



48

the errors £ AN propagate45 in the asymmetry measurements

to produce an error * Ag given by

N 2Ny ANy, qz r 2N AN
“ TR iy v an)? (N, +nN_)* 1)
B L T R LT "T7 R

To handle the fairly large volume of elastic and inelastic .

data accumulated in the asymmetry runs, a program was
wri’cten46 to compute the relative cross sections, the
asymmetries, the relative errors due separately to
statistics and peak unfolding, and the total relative errors
given by Eqgs. (4), (5), and (6). The input data were the

net counts in each peak, estimates of the unfolding errors,
the beam polarization, and for 58Ni the normalization factor
deduced by comparing the runs at their common angles

near 90°.

Two other uncertainties are recognized but not included
in the probable error evaluated for each datum. Maximum
beam-alignment uncertainties are estimated to be equivalent
toax 0.1° error in the average direction of the beam relative
to the counters. The amount of ‘spurious asymmetry this
introduces in the elastic and inelastic data depends on the
actual asymmetry, the beam polarization, and the variation
of the asymmetry and cross section with angle. For Coulomb
scattering with ¢ = 0 we have on either side of the beam

N(8) ~ sin_4(e/2), so that the spurious asymmetry
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e'(8) = (1/PL)[N (6 - A8) - N (8 + 48)]/[N, (o - A8) +

NR(G + Ap)] produced by a misalignment in the beam direction
of an amount Ag toward the left is approximately

e'(p) = ZAe/PBsin(e/Z). For a 0.1° misalignment and our
beam polarization of 27.4%, this gives a spurious asymmetry
of ¢' =0.14 at 10°, 0.09 at 15°, and so forth. The

angular distribution of protons inelastically scattered to
either side of the beam changes at a slower rate than
Coulomb scattering at 15° (smaller N'(g)/N(g)), and the
effect of misalignment is correspondingly less, We estimate
a maximum misalignment error in the inelastic asymmetry
data of Ae¢ = 0.03.

The other error is due to the overall angular re solution,'
which was + 2.5° in the asymmetry runs and * 1° in the
cross-section runs. These angular spreads correspond to
an uncorrelated addition of the maximum divergence in the
beam and of the angular acceptance of the counter collimators,
including the effect of the finite size of the beam spot on the
target, KEstimates of the effect of multiple scattering in the
targets were féund to be negligible. The errors due to
angular resolution are everywhere negligible (relative to
other uncertainties) for the inelastic cross sections, and are
significant for the elastic cross sections only around their
deep minima near 20° for Fe and Ni and, to a lesser extent,

near 35° for Si. This was ascertained by comparing the
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elastic data obtained in the asymmetry runs to those obtained
in the cross-section runs, The former, with 2.5 times the
angular acceptance, agree excellently with the latter except
for these angular regions, where the data from the asymmetry
runs are too high due to averaging over the sharp minimum,
The total relativé errors for the elastic cross-section data,
which were all taken with a £ 1° angular spread, were
arbitrarily increased in these regions to + 10% for Fe and

Ni and to = 5% for Si.

The effect of the £ 2. 5° angular resolution on the
elastic and inelastic asymmetry measurements seems smaller
than might be expected at first glance. Optical-model
predictions of the present elastic polarizations have been
made using various reasonable sets of parameters, including
those which fit other polarization data taken with better
angular definition. When any of these predictions are
averaged over a + 2.5° acceptance, important differences
occur only at the sharp oscillation between 20° and 30° in
Fe and Ni. The total relative errors there were increased
to Ae = 0.05. At other angles, our elastic polarization
data show a more gentle variation with angle for which the
present angular spread should be satisfactory. The
oscillations observed in the inelastic asymmetries rise
gently to maximum values near ¢ = +1, and fall at a comparable

rate to minima near ¢ = 0, It therefore seems that the only



51

behavior of the inelastic asymmetries which could be
obscured by the spread of £ 2. 5° would be a rather unlikely,

negative ''spike!' near the minima in their angular distributions.
4. Results

Tables of the elastic and inelastic cross-section and
asymmetry data and their total relative errors as defined
above are given in Section VII. Plots of all of the data appear

in the next Section along with calculated curves.

A. Cross Sections

The elastic cross sections for 54Fe, 58Ni, and 6ONi

have been measured previou.sly47 out to about 120° with
40-MeV protons at Minnesota. Our cross section for 54Fe
appears to agree well with those data out to about 50°, but
thercafter is about 10% lower than the previous results. The
data for 58Ni compare in the same way out to about 90°,

but at larger angles our results are about 20% lower. Our
elastic cross section data for 6oNi seem to agree well with
the previous data out to 100°,

The inelastic cross sections for iron and nickel have
also been measured42 with 40-MeV protons at Minnesota,
These were normalized to the previous47 Minnesota elastic
data. They extend to 90° and were taken with an energy

resolution comparable to that for the present measurements,
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Their agreement with the present data for the four transitions
in 54Fe is rather poor. The present cross sections become
increasingly higher than the previous values as the angle is
reduced, and the discrepancies are larger for proton groups
closer in energy to the elastic peak. At 20°, our cross
section is about 20% higher for the state at 6.4 MeV, 50%
higher for the states at 4.8 MeV and 2. 97 MeV, and néarly
a factor of two higher for the 1.41-MeV transition. At 50°
the discrepancy is about 10% at 6.4 MeV, 35% at 4.8 and
2.97 MeV, and 459% at 1.41 MeV. However, the results do
generally agree within their estimated uncertainties. In

the previous work the energy spectra were unfolded in a
way which assumed a maximum contribution from the
general background of unresolved nearby peaks, and the
quoted uncertainties are asymmetric. The data past 15°

for the 2.97-MeV éxcitation in 54Fe, for example, have

an uncertainty of +35% and -5%. Our method of unfolding
the spectra involves more of an average of the maximum
and minimum possible contributions, and this difference
can account for the discrepancies in the 54Fe data.

Our agreement with the previous Minnesota cross-
section data for the two states in 58Ni seems quite good
except for the 1.45-MeV transition at angles less than
20°. There, the previous data are higher than the present

results by almost a factor of two. The opposite appears to
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be true of the inelastic cross section for 6ONi, where our data
for the first excited state is about a factor of two higher at

the most forward angles. Elsewhere the data for both
'transitions in 6ONi are also: in good agreément with previous
values. These differences for the first-excited states at
angles less than 20° are rea%lily explained by systemafic
errors in either or both experiments in judging the contribution
from the elastic peak.

The better agreement at larger angles between previous
and present 40-MeV results for the inelastic cross sections
for 58Ni and 6ONi than those for 54Fe is consistent with the
different manner in which the spectra were reduced. There
are four states (those measured) of comparable strength from
1.4to 6.4 MeV in 54Fe, and a number of other levels in
this region with cross sections which are a fair f.raction16 of
those for these four states. For 5'4Fe, it is consequently
easier to confuse the contributions from unresolved adjacent
peaks with a background which runs through the entire energy
region of an inelastic proton group. The study of peak shapes
made for the present work reduced this ambiguity to some

extent,
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B. Asymmetries

The elastic polarization data for 28Si, 58Ni, and 6ONi

extend from 10° to about 165°, while the polarization data
for 54Fe extend from 15° to 110°., Back-angle polarizations
for 54cFe were not obtained since’the runs with a tilt of 0°
(see above) occurred at the end of an experiment period and
were limited by the available cyclotron time. Also, more
time (about 8 hours) was spent on the runs with a tilt of 45°
in order to obtain a sufficient number of counts around 90°
for the weaker inelastic transitions in this nucleus. The
elastic polarization data for 58Ni and 6ONi appear to agree
well with previous Minnesota data obtained™ at 40 MeV
from 15° to 55°, |

The inelastic asymmetry data extend over as much
of the angular regions covered by the elastic polarizations as
the uncertainties in the inelastic measurements would allow,
No meaningful asymmetry data could be obtained for the
weaker 3 state in 54Fe at 4.8 MeV, for which the uncertainties
in unfolding the energy spectra amounted to an intolerable
probable error in the asymmetry result.

The inelastic asymmetry results are shown in Fig. 4
along with empirical curves drawn through the data to illustrate
our judgment of the trends. The curves for the 2t states in

54Fe, 58Ni, and 60Ni are all identical and illustrate that,



55

08 ’3’ H\i‘ziq 08
] T
04 fhy 14 04 :
[ 5, 1/ 1 / AT N/
0 ¢ ¢ y o -
e B i
- Si, 2%, 178 MeV - A
04— 770 04 2851 37,69 Mev
-08 f —
g 08 ™\ 8
v D\ —_ v 08
04 AN /[ AN
AN \/J VV \ \ 04 [
0 /f/f NI \_ \ /T
™~ S%e,2%141 Mev 0 — 1A
-04 | L L [Tget -
-04 L
08 1 L %%Fe,37,64 Mev
Fa\N -08 | L ) )
04 AN T / [
f/\\“, ‘H’ \\ / \\
I¥TL S 08
CRANNL, | RN
) Fe,2%,297 Mev 04 Y4
o4 I ' AT
R 0 Y/
08 I )= L
/ \ -04 I
¢ N / ) 58, -—
04 f 1 Ni,37,4.5 MeV
8 'f ;{ \\ § -08 | 1 L |
™~
l 58N 2+
-04 i,2% 145 Mev
| | 1 08 =
. I N
08 . /?% 04 4 J¥
N ) ol— 1.1/
I ) i i
r \, -
0 A 04
1 " "
04 6°r\1u,2*, 133 MeV -08 BONj , 37, 408 MeV
! ] ! | |
O 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140
6c.m, (deg) 6c.m, (deg)
Figure 4. Inelastic asymmetry data, The curves shown are
g Yy Yy 4

empirical and are identical for transitions in iron and
nickel of the same multipolarity. The error bars denote
the reclative probable errors defined in the text and
tabulated in Section VII.



56

within present uncertainties, these asymmetries are very
much alike. The same was done for the curves shown for
thé 3~ excitations in these nuclei. Agreement of the
asymmetry results is particularly clear for the 2t states in
58Ni and ®ONi.

Inelastic asymmetries measured26 with 18. 6-MeV
protons at Saclay have differed for some of the 2+ transitions
observed in isotopes of Ti, Cr, and Fe. There appeared to
be two types, one of which was more similar to 16.5-MeV
data'?'3 for 2+ excitati;)ns inléoNi and 62Ni.‘ Most notably, a
difference was detected between the asymmetries for the
1.41-MeV state in 54Fe and the 2. 97-MeV state in ;che same
nucleus. The difference was that the asymmetry for the
lower -lying 2+ state in 54Fe was everywhere larger in
algebraic value than that for the second 2+, by as much as
0. 3 at some angles. This amount is considered26 to be well
outside any discrepancy attributable to the different QQ values
in a collective-model description, which is certainly true
of the calculations .studied here, A close examination of our
data in Fig. 4 in the light of the Saclay results does suggest
that the maximum in the asymmetry near 70° for the 1,41-
MeV state in 54Fe may be shifted out in angle by about 5°,
and may be 0.2 larger, than that for the other three iron

and nickel results. Buf clearly this is not well established

by our present data.
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The cross sections for the two 2+ excitations in 54Fe,
however, are similar in shape, both at 17.5 MeV16 and at
40 MeV (from this work and Ref. 42). At 40 MeV the cross
sections for both 2+ states are well described by assuming
a one -phonon collective excitation. It would therefore be
interesting to see if more accurate asymmetry data for these
two excitations in the 40-MeV energy region, where the
direct-reaction picture is well established, would reveal
some ''microscopic difference'' not detected in the inelastié
cross-section measurements. On the collective model, the
agreement in shape and magnitude of the cross sections for
the two states in 54Fe would suggest that they involve a
considerable mixing of one- and two-phonon vibrations.
Attributing a strong two-phonon component to the higher
state, however, does not seem consistent with the Saclay
asymmetry measurements, since it is the data.26 for that
state which agrees more closely with the da.ta23 for the
first excited states in OONi and 62Ni. Combining our work
and the Saclay results, the asymmetries for the first 2t

states in 48Ti, 56Fe, 58Ni, 6ONi, and 6?'Ni appear to agree

with that for the second 2+ in 54Fe, while another kind of

result is noticed for the first 2+ states in 5OTi, 52Cr, and

54Fe. It is curious that the excitations in this second group
might all involve a fairly pure (f7/2):tn proton configuration

and a closed neutron shell, while those in the first group

are all more complicated,
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Our result for the 27 excitation in 285'1 appears to
agree very well with the Birmingham measurements25 at
30 and 50 MeV, assuming the features of their data extrapolate
to 40 MeV. A prominent feature of all the 40-MeV inelastic
asymmetries, for both 2% and 3” excitations, consists of the
large positive oscillations observed at the larger scattering
angles, not unlike the general trend seen in elastic scattering.
Also, all of the inelastic asymmetries appear to be negative_
at the most forward angles where their measurement was
possible. These two characteristics of the data will be used
frequently in evaluating the success of the collective-model

analysis described in the next section.
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III. ANALYSIS

Before proceeding to discuss the results of the
calculations made ‘for our data, we first review briefly some
basic elements of the distorted-waves theory of inelastic
scattering. In doing so, we rely extensively on a series of
lectures given by G. R. Satchler. After the introduction,
we define explicitly the form of the collective-model interaction

investigated in our analysis,
1. Theory
A. Distorted-waves Method

One exact expression of the transition amplitude for
inelastic scattering from entrance channel a = A + p to exit

channel B = A% 4 p' is given by

T -

is the scattering eigenfunction of a potential U

e _
Taap = (X" " Vg lvs Us

where Xﬁ(-) 8

between p' and A" with the asymptotic form

[exp (ik, - 41;6) + incoming wave], and ‘JJB is the wave function

3
¥ % - “lra“‘) is the exact

of the internal states; here {_ =
B A

solution of the total Hamiltonian, H=H_ + V_, + TB, with the

B P

asymptotic form wa times [exp (i}‘("a . 50.) + oufgoing wave] in
the channel o and purely outgoing waves in all other open

channels. V_, is the total interaction in the exit channel,

P
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and H_, describes the internal motion of A"<, H

B
The potential U

*
p¥s = Fp Vg
B is arbitrary. For example, if U‘3 is the
Coulomb potential, Xﬁ is a Coulomb-distorted wave and
(V[3 - UB) is the purely nuclear inte-raction; if Uﬁ’ ; 0 then®
XB = exp ('1},,;‘3 . 3_[3). More significaﬁtly, UF3 migilt be chosen
so that (V‘3 - Uﬁ) could be treated as a perturbation. t

The first problem is to find a suitable approximation

for the form of the exact solution ‘ll‘i' , with which calculations
can then be carried out to test some choice of effective
interaction V and nuclear wave functions ¥. Two preliminary
assumptions are made: (i) the possibility of exchange of the
projectile with a target nucleon is neglected, and (ii) the
effective interaction is taken to be local. In DW calculations,
as defined below, exchange might be accounted for to some
extent through the use of optical-model wave functions which
reproduce the experimentally observed elastic scattering.
The effect of non-locality in DW calculations of inelastic
scattering has been considered49 quantitatively and found to
reduce the contributions to the transition amplitude for small
values of the relative coordinate r between the projectile
and the nucleus. This decreases the magnitude of the
predicted cross section by about 20% or, for the same cross
section, increases the strength of the effective interaction
by about 10%. As is indicated later, our calculations of the

shape of the differential cross section and of the asymmetry

seem fairly insensitive to contributions from the nuclear interior.
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An exact expression for the total wave function is
obtained by expanding it in terms of the internal states \[;j of
the target A and the corresponding states, gj(z) = <¢j ‘T),

of the relative motion between A and p:
oo
Y (+
TWor v . (8)

The entrance channel corresponds to the ground state of the
target, say 1110, so that only 50(5) has an incoming part. The
sum runs over the continuum as well as the bound states of

the target. In the "coupledA-equations" method, this sum is
truncated, commonly at i =1 or 2. For the '"distorted-

waves' method, only the term i=0 is retained. In either
approximation, one expects some modification of the effective
interaction and scattering wave functioné in order to compensate
for the effect of the missing channels.

The total wave function satisfies the Schrddinger equation
H +T (r)+V (r V. E (eY=ET. V. E (r), (9
[H, + T () +V (2)15, ¥, 8, () =E3 ¥, 8 (), (9)

so that an inner product with \l'i, using Hallfj = ijj, yields

[(E -E) -T_(x) -V, (r)] E(x) = ;;ﬁ Vi () 55(x) » (20)

where, calling the target coordinates x,

Vi) =de b0 Vo 2 b (11)
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The '""coupled-equations'' approximation is made f_ormaily by
reducing the sum ¥ to a suin Z..' 'ove; only a few chapnels.-
When this is done, the elqm’ents.ViJ. are assumed to become
complex-valued potentials U-ij’ determined ._by some choice

or model for the interaction and nuclear \;vave functions, whose
imaginary part accounts for absorption of flux into the

missing channels. One then has a limited set of coupled

equations

[(E - B) - T() - Uy % () 7 5 Uyl e, 02)

with a solution g_f(c -Eq) composed of scattering wave functions

%(z):
7 (+) - s ) A 1

From Eq. (7), one expression for the corresponding transition

amplitude for an excitation froma =p + ¥yto B =p' + ¥, is

T,_; (C-Eq) = ¢V, Xi(-) (ki 2) | U - Uiil T, (c-Eq)y, (19)

~

where the distorted wave X5 is generated by only the potential
Uii’ i.e. not by the coupled equations (12).

The conventional ''distorted-wave Born approximation"

consists of reducing Eq. (13) to only one channel:

T, owsa) =1, x," 50 1) 15)

~

where X0 is generated by the diagonal potential Ugo?
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(E - Eq - T - UOO) XO = 0. Equation (14) is then replaced

by

T, (DWBA) = (¥, &Ii(-) (k0 E) \U - Uil Yo ;o (Xgr 2D

X s oy @] %™ e 0. 16

where the second form follows because U, is diagonal in the
states ‘lJi. One expects this approximation to Eq. (14) to be
good if the coupling between different states is weak. In this
form, however, the DWBA gives us no practical simplification,
since to obtain the potential U00 one still has to solve the
coupled equations (12); '§<’O does n_ot_ give the observed elastic . -
scattering in the entrance channel. Presumably, a better
approximation would be to use the exact elastic wave Eo in
place of ‘;{0; and if §O is in turn approximated by an Opticél-
model solution Pyr 2 practical simplification is also obtained.
The wave P is generated by an optical potential UOM which

~ phenomenologically accounts for the observed elastic
scattering in the entrance channel. The empirical wave Py
should be close to the wave gO in the exterior region, and the
major assurnption lb that ®g is correct in the nuclear interior.

With this approximation, one has the so-called '"asymmetric

distorted-wave approximation':

Tou 8DWA) = X, g, o L U @] 9™ g 2y, (1)

where, in lieu of solving Eq. (12), some additional assumption

must be made about ‘)\(J,i .
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For the ''distorted-waves (DW) method'" one also uses
an empirical wave ¥ in the exit channel.  The DW method is

thus based upon the transition amplitude

where the distorted waves P are-generated by an optical-model

potential U which is adjusted to reproduce the observed

oM

elastic scattering in the channel j,
2 2 2p \ _
[v +kj ";2‘ UOM (}2] CPJ (‘I’EJ’ 4}:) =0 . (19)

Whereas in the coupled-equations method the elastic and
inelastic scattering are treated simultaneously, by including
both channels explicitly, this DW transition amplitude is
basically a statement that elastic scattering is by far the
dominant process. Specific calculations8 of 56Fe(p, p') for
a collective-model interaction have shdwn that only for lower
energies (Ep ~ 10 MeV) and larger couplings ([3{’ =~ 0.4) do the
coupled-equations and DW methods give appreciably different
angular distributions. We will demonstrate below the

equivalence of the methods for our calculations. An important

All phenomenological "DWBA analyses'' are made using this
"DW method'! or, in a few cases, some form of the ADWA.
The distinction made here between the DWBA and the DW
method is rarely made elsewhere,.
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exception to this equivalence is the case in which the excited
state can be reached not only by a direct excitation (to higher
than first order in the coupling interaction) but also through
multiple excitation. A two-phonon collective vibration is
such a state and must usually be treated with the coupled-

equations method.
B. Uptical-model poténtial

We will now write down the specific forms of the optical-
model potential and collective-model interaction used in the
present DW analysis. The elastic scattering is described with .

an 1l -parameter optical potential of the standard form:

UOM(r) = UcOul(r) - Vi(x) - i{(W - AW d/dx') £(x')

4 (h/mﬁc)z (Vg +iWg) 3 - T (1/r) (d/dr) f(xg),

(20)

where the Woods-Saxon shape factors are

f(x,) = (e S+ 1!, x, = (r - rkAl/s)/ak

for each of the '"geometry' parameters r, =r

1 .
k 0’ rO’ rs’

a, =a, a', a The first term is the Coulomb potential for

k S’
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a proton in the field of a uniformly charged sphere of

radius R.= 1.2 Al/3 F and charge Ze,

2 .
Ucoul(r) = Ze [r if r> Rc’

(Zez/ZRC) (3 - rZ/RCZ) ifr<R_. (21)

For proton energies near 40 MeV, the strength V of
the real, central (nuclear) term is about 45 MeV for medium-

weight targets and decreases with increasing proton energy

21, 32

at the rate dV/dEp ~ - 0.22. It also has a symmetry

dependencéso’ >l

21

on (N - Z)/A, with a coefficient of about

26 MeV. The absorptive, central term is taken to have

two components: a "volume'' term with a strength W and a
Woods-Saxon shapé, and a ''surface'' term with a strength

W and the derivative of the Woods-Saxon shape. At

D
20,21

40 MeV and higher, it becomes important to include

some volume component, For lower energy protons (< 30 MeV),

purely surface absorption has been used, 51 and at 155 MeV

purely volume absorption is adequate. 52 At 40 MeV the

strength (W + WD) is about 8 MeV for medium-A targets

2,20,21

and tends to increase slowly with A, The last

term is the spin-orbit potential which is taken to be complex,

although there is little evidence yet that the strength WS of

the imaginary part is appreciably different from zero. At

40 MeV, V. is about 6 MeV, 20,21

S
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The comprehensive analysis51 of 9- to 22-MeV proton
data by Perey led to. the following values for the geometry

parameters (with W = 0):
t - -
0 0= Ts = 1.25 F

a = ‘=0.65F, a'=0.47 F

%s
An analy'sis-2 of 40-MeV clastic cross sections, however,

- - ~. - ! = -0 7 i d
O_rs_l.IBF, a=a = ag 0.7 F, and
(1) r'(') = 1.04 F for surface absorption (W = 0), (ii) r6‘ =1.4F

led to the values r

for volume absorptien (WD = 0). The latest a.nalysi's.21 of
more extensive elastic cross section and polarization data
for eleven targets at 40 MeV gives the following average
values for the geometry parameters (using both surface and

volume absorption);

r0=1.16F, a=0.75F
r' =1, 37F, a' =0.63 F
rsz 1.06 F, as_=0.7'4F

The optical potentials for the present elastic data are
determined by searching simultaneously on both the cross.
section and polarization measurements for each t.érget. This:

search is accomplished wifh a computer routine7 which attempts
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to find parameter values for Eq. (20} which minimize

the quantity (Xo_z + XPZ), where

2 NO’ 2
XO’ = j?:], {[(TEX(SI) = U'TH(ei)]/AU'EX(ei)}

and

2,

2 P

Xp

2

R

1

Here, o-EX(ei) and ?Ex(ei) are the data at angle 91’
o—TH(ei) and PTH(ei) the calculated values, and AO’EX(ei)

and APEX(ei) "the experimental uncertainties, or weights,
assigned to the measurements., .Except where noted differently,
the relative probable errors defined in Section II-3, é.nd listed

in Section VII, were used to weight the elastic data.
C. Collective-model Form Factors .

The collective-model (inelastic) interaction appropriate
for exciting a Z'ff-pole rotation or single-phonon surface
oscillation in the target nucleus is obtained by deforming

’

the spherical optical potential (20). This procedure has -

H

been described previously5 6 in detail. The effective
interaction for the DW caylcula’.tion is taken to be.the non-
spherical part of the deforrhed potential thich occurs to
first order in the multipole deformation parameter By The

strength of the resulting nuclear matrix element U.y» and its

O’
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dependence on the relative coordinate, are contained in a
"form factor" F(I"‘). Historically, only the real, central
terms in the optical potential were included, that is, allowed
to contribute to the non-spherical interaction., In that case,
one has the form factor F(};) = fRe(};z + fCE(f)’ where

(r) is the contribution from the nuclear term and f__(r)
€ A CE'a<

fR
is that from the Coulomb term. The latter accounts for
the possibility of Coulomb excitation, which has an amplitude

adding coherently to the nuclear amplitude. These contributions

to the total form factor are given5 by

fReg\) = (BL Ro V/ao) Y{,m (d/dx) f(x) (23)
and
_ -1 2 2 -£-1
fCE(.I;)—3ﬁL (22 + 1) Ze Rc Y&mr (if rzRC,
=0 ifrc R_ - (24)
1/3 '
The factors RO =T A y 89 =2, V, and f(x) are those

appearing in Eq. (20) and are determined by fitting the elastic
data. Calculations which include only the form factors (23)
and (24) are termed ''real coupling',
More recently, collective-model calculations have
been carried out with '"complex coupling'’, where both real
and imaginafy pafts of the central portion of UOM are deformed.

The imaginary part of the non-spherical interaction gives

important contributions to the inelastic scattering of 3He and
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deuterons and appears necessary to obtain reasonable values
19
of .
Py

improvement in predictions of the shapes of the angular

Complex coupling results in a slight but consistent

distributions for 2t and 3 excitations for 40-MeV protons,
but has a small (~ 10%) effect on BL' 2 In complete analogy
with the real form factor (23), the contribution from the

imaginary, central terms in Eq. (20) is
e I
flm(}') = 1([3{, Rb W/ao) Y}(,m (d/dx") f(x")

+ i(ﬁ& Rb WD/a') Y{,m (-4d/dx') (d/dx") f(x'), (25)

where Rb = rb A1/3, ab = a'. The same deformatign has

been assumed for both real and immaginary parts of the optical
potential. In the present work, we also consider a contribution
from the spin-orbit term in Eq. (20). The spin-orbit form
factor may also be written down by analogy, noting that the

-

factor (Y&m v - ?,) is to be made Hermetian:

fooln) = - 4(;350 Rg/ag) (Vg +1i W) (n/m _c)’

A

>

S/ (Y, Tt +T - LY, ) (/) (d/dr) (d/dxg) L(x

S)'

(26)
We thus consider the form factor which results from deforming
the complete potential (20), i.e. '"complex-plus-spin-orbit

coupling'":

F(z) = fpo () + fpln) + £ (x) + {5 (). (27)
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Ps. 3
The form taken here for the non-Spherical’E}- - L

interaction is to be tested phenomenologically by comparison
to our data. It is perhaps the simplest such form but is by
no means unique. In particular, if one casts the elastic

. . . L1 = a2
interaction into the familiar Thomas form <7 VSO(-r) xXv .S,
the spin-orbit term in our spherical optical potential (20) is

equivalent to the expression
2= . > =2 e
Uso(r) = [Zp/(.mﬂ_c) 17 [(VS + i WS) f(xS)] XV . S. {28)

But if the deformation is introduced into f(xS) at this point,
there are in addition to the term (26) some other contributions
to thé form factor which arise from the non-radial components
of the gradient operator in the above expression. These
contributions are very complicated, and at this stage‘ it is
considered reasonable to explore the simpler form factor (26)'.
We do, however, allow the strength B’io of the spin-orbit
interaction to differ from the strength [3& of the central
interaction. If Bio = B{,’ then in DW approximation the
inelastic cross section is simply proportional to pi, and the
asymmetry is independent of [3&. For Bio # [3&, the shapes

of the calculated cross sections aﬁd asymmetries depend

upon the ratio (Bfo/ﬁi).
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2. Results

To explore the effects of the collective-model form
factors in the DW prediction of inelastic asymmetry, a number
of calculations was first made for the targets 288i and 6ONi.
The findings were the same for the two nuclei and will be
illustrated only for 60Ni.

Different sets of optical-model paramefers for 60Ni
were available from Ref. 21 and Ref. 2; all of which gave fairly
good fits to the elastic cross section out to large angles. But
it s;)on became apparent that, regardless of the contributions
[Eqgs. (23) to (26)] included in the form factor F(,z;), a good
fit to the inelastic asymmetry data for the 2° excitation would
not be 'plroduced with a potential which did not also give a good
fit to the elastic polarization data out to fairly large angles. In
other words, we find that the goodness of fit to the inelastic
asymrﬁetry seems much more strongly correlated to the
quality of fit to the elastic polarization than to the elastic
Cross skection. |

This is illustrated in Fig. 5 for the two sets of optical
parameters given in Table I. The '"best cross section
parameters are the '"best fit'' results from Ref. 21, which
were deduced by analyzing the present elastic data in the
manner described above. The ''hest polarization'' parameters
were also found by minimizing (Xo_2 + )(P-Z) for the present data,

but with greater weights, i.e. smaller errors AP, assigned

EX
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Optical-model parameters for

TABLE I

oNi which produce fits to elastic data shown in Fig, 5.
The '"best cross section'' parameters are the '"best-fit"' values of Ref. 21

VvV W WD Vs Ws r0 a r0I a' Ts as
Potential (MeV) (MeV) (MeV) (MeV) (MeV) (F) (F) (F) (F) (F) (F)
best cross section 48. 3 5.4 1.6 7.0 0 1,12:0.7711.47(0.60)0.98 0'.86
best polarization 52.9 5.5 2.8 4.7 -0.7 1.06/0.87(1.41(0.49}1.04}0.52

~

vL
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to the large-angle polarization data. We return to a discussion
of optical-model parameters when the fits to the elastic data
from the‘ other targets are described. .The calculations of
inelastic scattering illustrated in Fig. 5 include all the
contributions to the total form factor, with [32 = 0,22 and
,Bgoz 1.5 BZ. The effects of the form factors on this calculation
and this choice for the strength of the spin-orbit form factor
are discussed below.

A total of six potentials (six sets of optical parameters)
were tried for 60Ni, each of which fits the elastic cross
section and polarization data with a varying degree of success.
Different potentials were also investigated for 28'8'1. In every
instance, the calculation of inelastic asymmetry at large angles
has failed to reproduce the data over much the same angular
region where the fit to the elastic polarization is poor. Because
we find the inelastic asymmetry to be quite sensitive to
parameter variations, this would seem to add to the credibility
of the collective-model-DW treatment. Also, tﬁe overall

quality of fit to the inelastic cross section has appeared more

strongly correlated to the fit to the elastic cross section

than to the elastic polarization, These correlations seem

consistent with the theory_53 of Austern and Blair in which
the elastic and inelastic scattering amplitudes are simply

related.
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A. Form Factor Studies

The effects of including the different form factors in
the calculation of the inelastic écattering from 6oNi are shown
in Fig. 6 for the 2t excitation and in Fig. 7 for the 3~
excitation, This is illustrated for the ''best polarization'
potential of Table I, and again we use Bio =1.5 [5& with
[32 = 0.22 and 33 = 0.18. For both the asymmetries and
cross sections, the dotted curves are for real coupling only,
F(}:‘) = fRe(»I»:.) + fCE(’Iy‘). This calculation fails to reproduce
the oscillations ébserved in both the asymmetry and cross
section for the 2+ transition. The curves with short dashes
were calculated by adding the spin-orbit form factor to the
real form factor, F(Mr;) = fRe(»I.:.) + fCE(.'f») + fSO(-f)' This
increases the absolute value of the asymmetry but still fails
to reproduce the oscillations in the 2+ data, The curves
with dots and dashes are for complex coupling, F(}ﬁ) =
fRe(f«) + fCE(f«) + flm(«l;)-' The oscillations are now larger,
but the agreement with the data is not yet good. The
asymmetry is not positive enquéh, and the oscillations in
the cross section scem too large. Finally, all the terms
are included for the form factor of Eq. (27), which produces

the solid curves in these figures.
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For all of the optical potentials tried to date for ZsSi

and 6ONi, the large positive oscillations observed at large
angles in the asymmctry data for the 2t excitations appear

in the calculations if and only if the imaginary form factor

is included. In the calculations of both 2% ana 3” asymmetries,
the contribution flm(vl;) tends to increase the magnitude of

the oscillations, while fSO(aI;) both incrgases the oscillations
and shifts the cﬁrve to more positive values. Other
collective-model calculations of 2t asymmetries have been

made for the Saclay Ni data2‘7 and for the Birmingham 1?‘C

and 2881 data25 using only real coupling. These have also
failed to reproduce the large bositive oscillations observed
in those data at the larger angles. On the other hand the
asymmetry data at forward angles, less than about 50° for
6ONi at 40 MeV, are not reproduced by deforming the complete
potential in the present treatment, Indeed, our calculations
for the 2+ state in 285i which do not include the spin-orbit
form factor appear slightly better at small angles since

they tend to be more negative, like the data. This forward-
angle discrepancy will be shown to be quite a general result
when the calculations are presented for the rest of our
inelastic data. The cross section calculation for the 2t state
in 6ONi also appears to be a little low at angles smaller than

20°; .,although this is not generally true for the other 2+

excitations we measure.
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The relative strength (Bio/ﬁ»&) of the spin-orbit form
factor has been taken to be 1.5 for these and the rest of our
calculations, although this chofce is somewhat arbitrary. The
effect of varying the strength of the spin-orbit form factor
is illustrated in Fig. 8 for the same 2% calculation shown thus
‘far, using the ''best polarization'' potential of Table I and the
complete form factor (27). A slight but consistent preference

for a value of pio

about one to two times that of 5& has been
found for both the 27 cross sections and asymmetries at
larger aﬁgles. As is indicated in Eq. (26), both real and
imaginary parts of the spin-orbit potential are deformed with
the same strength Bio . However, since all of our results

for the optical potential have WS ' << VS’ calculations which

include the imaginary part in the spin-orbit form factor differ
very little from those which do not.

Some investigation was made of the effect on the
inelastic asymmetry calculation of varying the spin-orbit
geometry parameters from their '"best polarization'' values
of Table I. The 27 calculation for 60Ni was made for values
of these parameters in the range 1.0 F < r_ < 1.2 F and

S

0.5 F <ca_, <0.7F. The rest of the optical parameters were

S
not re-adjusted; the fit to the elastic data was not preserved.
These changes were made separately (i) in only the form

factor fSO(}:‘).; (ii) in only the elastic distortion, i.e. in the

optical potential used to generate the distorted waves; and
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(iii) in both fhe form factor and the distortion, For each
change the four types of form factor of Fig. 6 were used. In
short, no difference in the general features of the asymmetry
curves in Fig. 6 was produced. Their relative degree of
positiveness and‘ amount of oscillation remained unchanged;
in no case was the predicted asymmetry negative at the most
forward angles.

In an attempt to judge the importance of the imaginary
form factor fIm(_’{l in our treatment, we have tried to
reproduce the observed asymmetry with calculations in which
this form factor is left out and the real form factor fRe(-vQ is
varied. In this way, one might hope to bracket the outcome
of a ”microsc:opic"14 DW calculation of the asymmetry made
with a real-valued form factor. The distortion was still
determined by the fit to the elastic scattering, but the real
form factor was no longer given by its collective-model
prescription., In doing this, we used the shape of the collective-
model form factor (23) but varied its width and radial position
by changing its parameters R0 and a, from their optical-model

1/3

values r, A and a, ii' from the values used for the
distorted waves. The calculations were carried out for the
2% state in 6(‘)Ni with the distortion given by the "best‘
polarization'' potential of Table I. At each of the values

R,=0.7, 1.0, and 1. 3 times the collective-model radius

A1/3

0

(ro ), calculations were made for ag = 0.5, 0.8, 1.0, 1.2,
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and 1.5 times the collective-model diffusivity a. For each
of these, the calculation was made with and without including
the spin-orbit contribution fSO('vI;)' The Coulomb-excitation
contribution fCE(AI:) was included throughout.

The result of this study was that for any of the radii

R,, and with or without a spin-orbit contribution £

0’ solx)

large oscillations in the inelastic asymmetry comparable with
those observed at larger angles were produced only with the

most sharply-peaked form factor having the diffusivity

parameter a, of 0.5 times the collective modél value a = 0.87.

0

But with this diffusivity, the asymmetry data were still not

1/3 .
0-0.7r0A andaO_O.Sa,the

asymmetry calculation was negative at larger angles, with
1/3 a

reproduced. For R

or without a contribution fSO(}:)' ForR,=1.0r_ A nd

0 0

ag = 0.5 a, the asymmetry calculations became positive, but
the oscillations were almost exactly out of phase with the data.
For Ry = 1.3 g Al/3 and a, = 0.5 a, the angular interval
between oscillations was much less than that observed. The

inelastic cross section was poorly reproduced in every case,

although subjectively the cross section calculations agreed far
better with the data than did the asymmetry calculations. KExcept
for the collective-model values of R0 and 24 the main
disagreement with the shape of the cross-section data was

a difference in phase of up to £ 10° in the forward hemisphere.

We conclude that, for the set of real-valued form factors
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examined, the contribution fIm(f«) is essential in reproducing
the oscillations observed at larger angles in the inelastic
asymmetry for this 2t excitation,

To change the prediction of the inelastic asymmetry at
forward angles, one might expect to have to modify the ''tail"
of the form factor F(r) for large values of r. The lérgest
contribution there to our present form factor is the Coulomb
excitation term fCE(}'). However, it.is shown in Fig. 9
thaf the calculations made with this term.left out altogether
are nearly identical to those which include it. This is illustrated
for the same 60Ni calcuiation used previously; the effect of
Coulomb excitation is even less for a 3~ excitation. We have
also examined the effect of making the Coulomb form factor
complex valued. In the same sﬁirit as for the nuclear
interaction, an imaginary Coulomb form factor could arise from
populating higher excited states of the target by Coulomb
excitation, However, one should then have an imaginary
Coulomb term in the optical potential which, together with
BL, would determine the strength of its corresponding form
factor for the DW calculation. In lieu of starting with a new
form of the optical potential, a reasonable guess for the
maximum strength of an imaginary Coulomb form factor
should be something like (W + WD)/V ~ 0.2 times that of t.he
real Coulomb form factor. In Fig. 9 a calculation is shown

in which an absorptive Coulomb form factor is added with the
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full strength of the real part, i.e. a '"complex Coulomb
excitation'' interaction is included in which fCE(/Q is

replaced by { This, however, also has

celf) - cpl)-
a negligible effect. In the rest of our calculations, we
include only the usual term fCE(}:——)'

We note that our calculations of inelastic asymmetry
are very nearly identical to calculations of the inelastic
polarization made in the same way. While the difference
(P - ¢) varies considerably with the form-factor options
of Fig. 6, and increases with the magnitude of Q, it was in
no case very large. The present collective-model interaction,
including the spin-orbit contribution, gives rise to an
angular-momentum transfer to‘the nucleus of only j = 4.

There is, however, a probability for projectile spin-flip

in the '"overall" collision, with or without the contribution
fSO(-s‘)’ due to the 7 - -{,) coupling in the elastic distortion.
This probability is related to the difference (P - ¢) and

to the population of the magnetic substates of j. "We would
therefore expect the effect of fso(}j to also show up in
collective-model calculations of p'-y angular correlations,
and comparison to such data would be another test of the
prese\nt spin-orbit interaction. In the calculations for the
2% excitations in iron and nickel, we find 0 £ (P - ¢) < 0.005

at forward angles and 0 < (P - ¢) £0.01 at back angles. For

the 3~ states, with Q ~5 MeV, the difference is larger and
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usually of the opposite sign: 0 5 (e - P) £0.05 at forward

angles and 0 < (¢ - P) £ 0.1 at back angles.
B. ADWA and Coupled Equations

The DW calculation for 60Ni was compared to a form
of the ADWA, and the validity of the DW method was explored
by comparison to a coupled-equatioﬁs calculation. In our
DW calculations here, we do not modify the optical parameters
used for the exit-channel distortion from those used for the
entrance channel, i e. from those which fit the elastic scattering
data at the entrance-channel energy. This approximation is
substantiated by calculations in which the DW exit-channel
parameters V, W, and WD were corrected for the difference
in energy according to the results of our previous studyZI’ 32
of their energy dependence near 40 MeV: ‘dV/dEp ~ - 0.22, |
dW/dEp ~0.2,. dWD/dEp ~ - 0.15. This produced no appreciable
difference from the 'uncorrected' calculations. To simulate
the ADWA of Eq. (17), we have followed a procedure suggested

by BaLssel‘54 and reduced W and W_ by 20 percent from their

D
entrance -channel values for both the exit-channel distortion .
and the form factor fIm(}:»)' The major effect of doing this in.a
calculation for the 2+ transition in 60Ni was to make the minima

in the asymmetry near 90° and 130° less deep (more positive),

This was true for calculations using either complex coupling
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or the complete form factor (27). For the interactions
assumed, then, we find this form of'the ADWA to give a
poorer prediction than the DW method.

A two-channel, coupled-equations calculation was
made including the ground state and the 2t state of 60Ni. To
make use of the options readily available in the current
coupled-equations <:ode55 at ORNL; a complex-coupling
calculation of the inelastic polarization (not the asymmetry)
was made which did not include the Coulomb excitation
amplitude.” Also, a form of the optical potential was used
in which the values of the spin-orbit geometry parameters
r. and a_ are taken equal to the values of r

S S 0

real central term, and the spin-orbit term is taken to be real,

and a for the

WS = 0. The solid curves in Fig, 10 are the elastic and

inelastic predictions using a coupling strength of 52 =0.22
and the '""best polarization'' parameters of Table I, with the

=1,06F, a_ =0.87F, and W_ = 0. No reduction

S S S

in W or WD was made for these predictions,

changes r

To compare these calculations to our DW treatment,
we must first obtain new oPtical-model parameters which,
in a one-channel calculation, give the same elastic scattering
as the coupled-equations calculation. The dashed curves in
Fig. 10 for the elastic cross section and polarization were
produced by searching on the elastic coupled-equations

predictions out to 120° with the optical-model code Hunter. 7
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results produced by varying only the parameters W and
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DW calculations using this optical potential.
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Only the parameters W and WD were varied from the values
used in the coupled-equations calculation; the fits could
presumably be improved if all the parameters were varied.
The new values found were W = 6.55 MeV and Wg = 2.25 MeV.
Thus, W increased by 20 percent from the coupled-equations
value, but WD decreased 20 percent; the sum (W + WD)
increased only 6.4 percent. The dashed curves for the
inelastic cross section and polarization are DW results using
the optical parameters with these ""corrected'' absorptive
strengths. Their agreement with the coupled-equations
results for the inelastic scattering is seen to be at least

as good as the agreement produced for the elastic scattering.
One-channel calculations were also made using the same
(uncorrected) parameters used in the coupled-equations
method,‘ and the results for the elastic and inelastic scattering
were nearly identical to those using the modified values of

W and WD.

These results are also pertinent to a simplification
which is commonly used in coupled-equations calculations. In
practical coupled-equations analyses of inelastic cross sections
for lower-energy proton scattering, optical-model parameters
have sometimes been used which, to save time, are derived
by fitting the elastic data with only a one-ch'annel calculation, 10
The coupled-equations calculation is then carried out using

these parameters but with the absorptive strength reduced by
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some 20% to compensate for the loss of flux from the elastic
channel to the inelastic channels now included explicitly. This
correction is made in both the diagonal and off-diagonal
potentials Uij’ and the coupling strengths '3{, are then adjusted
to produce agreement with the inelastic data. We have also
compared coupled-equations .calculations for the 0+ {(ground)-
2+ states in 60Ni to the one-channel results, for which the
strengths W and W, were 20% lower in the coupled-equations
calculation. This was done for diffe'rent values of W and WD
used in the one-channel calculation, using a 20% reduction
for the coupled-equations calculation in each case. While
this procedﬁre produces an -agreement in the shape of the
elastic and inelastic cross sections which is comparable to
that shown in Fig. 10, rthe agreement for the elastic and
inelastic polarizations is noticeably worse. It therefore
appears that the correction for absorption which should be
made at 40 MeV for 62 =~ (0,2 is much less than 20%,
presumably because more exit channels are open at 40 MeV
and the 27 excitation is responsible for a smaller fraction

of the total absorption. This is also consistent with our

result for the ADWA, where reducing W and W_ by 20%

D

gave a poorer prediction.
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C. Optical-model Parameters

After making these preliminary studies for 2881 and
6ONi, calcﬁlations were thenkcarried out for all of our data
in a systerhatic fashion. The first task was to find optical-
model parameters for the four targets which would give good
fits to the elastic polarization data while sacrificing the
fits to the elastic cross-section data as little as possible,
Our polarization data for 2881, 58Ni, and 60Ni are more
extensive, and calculations were first made ’for these targets
Ex 2ssigned at large angles which were

smaller than the experimental uncertainties. Using the

with errors AP

reéults of these calculations as starting values for the
parameters, with the 54Fe potential taken equal to that
found for 58Ni, searches were then rr;ade for the four
targets using exclusively the experimental uncertainties to
\yeight (XO_Z + XPZ). However, the 'final'' parameter values
were takén at that point when the search routine would
start to sacrifice the fit to the general trend of the back-
angle polarization data in order to achieve a slight

improvement in (XGZ + XPZ), as happened for all three

targets 28Si, 58Ni, and 60Ni. In this way we have emphasized

the elastic polarization data to some extent, and the 0p£ica1-

model parameters thus found display a consistent difference

from those deduced in a previous analysis21 of these same data,
' 2

one which relied more strongly on the ()(0_ + XPZ) criterion

using the experimental uncertainties for APEX.
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The resultant fits to the elastic data are shown ifx
Fig. 11; and the optical parameters, predicted reaction
cCross sectiohs OR> and values of XZ/N are listed in Table II.
The Xz values correspond to the experimental uncertainties
listed in Section VII. The results were not entirely
successful for ZSSi and 54Fe, while fairly good fits to the
data were obtained for 58Ni and 6oNi. Subjectively, the
.present fits to the cross-section data appear very similar
in quality to those of Ref. 21, For 54:Fe, the previous cross-
section fit is slightly better near 90°; for 60Ni the present
fit is slightly better near 90°; and for 285'1 and 58Ni the ‘
cross-section fits are very much alike. The fits to the
polarization data for 54Fe are also quite similar, but fhe
present potentials somewhat improve the fits to the back-
angle polarizations for 28Si, 58Ni, and 60Ni while producing
a similar fit at forward angles. For 28Si, the previous
calculation of the polarization is about 20° out of phase with
the data near 110°, while the present calculation is a little

closer. For 58Ni and 60

Ni, the previous calculation (see

Fig, 5) gave an extra oscillation near 140° which is not

observed in the data, and which is eliminated in the present fits,
For comparison to Table II, the previous ""best-fit"

pa.rameters21 for these data are listed in Table III. Although

the same weights AO’EX and APEX were used, it can be

noticed that the value of XZ does not always reflect a subjective
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TABLE I1

 Present 40-M2V optical-model parameters which prcduce fits
to elastic data shown in Fig. 1l

. - 2 2
v w Yp Vg Wy T4 a o' a! Ts a, Yo XP og
Nucleus (MeV) (MeV) (MeV) (MeV) (MeV) (F)  (F) (F) (F) (F) (F) N_ N_ (mb)

2881 44.61 (1.39 | 4.41 (5.84|-0.36{1.134(0.733{1.409|0.537{1.012}0.632{30.1{13.5(645

5f{}]:'“e 47.61|5.06 | 0.12{4.41]-0.61]1.104| 0.800{1.587|0.583]1.045]0.659] 7.9(20.8|998

58Ni 51.11 (5.71 | 0.74 | 5.19]-0.24|1.080| 0.798|1.531]0.430}1.043|0.614| 6.3J21.1{1019

60Ni 51.5914.70 | 3.55]17.03]-0.77}]1.081]| 0.815]1.410]0.525]0.975]0.789| 8.0{ 8.1]1104

S6



TABLE III

Previous 40-MeV '"best-fit" optical-model parameters from Ref. 21

v W WD ‘Vs.' Wsa r‘o a ro' al T aS }iil_? R
Nucleus (MeV) (MeV) (M'eV)'(MeV){ (MeV)# “(F‘)t | - (F) (F) (F) (F) (F) NO_ NP (mb)
285i | 44.11(3.19 | 1.98 [6.47 |0 [.1.178 0.709 | 1. 560 0.486 | 1.089 | 0.741(23.7|11. o|638
>%pe | 41.43|6.40|2.47|5.30 |0 /1,208 | 0.761]1.279 | 0.609|1.188| 0:679| 3.8 23.3/990
°8Ni | 49.49]6.50 | 0.52|5.53 |0 | 1.109|0.782|1:477|0.495|1.071|0.641| 5.4|25.0/1023
60y; | 48.28|5.41]1.58 | 7.03 |0 | 1.120|0.769|1.470|0.597 |0.979 ] 0.856| 6.0[17.8|1126

2 W was held fixed at zero for these searches.
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judgment of the fit. For example, the previous value of

X 2 for 60Ni is less than the present value, and so is the

o
value of XPZ for 288'1. The present sum (Xo_2 + XPZ') is

20% worse for ZSSi, 5% worse for 54]E‘e, 10% better for
58Ni, and 35% better for 60Ni. It can also be seen that
unless a measurement of the total reaction cross section
were accurate to about one percent or better, the potentials
of Tables II and III could not be distinguished in that way.
No measurements of reaction cross sections have yet been
made at 40-MeV energy, and one can only say that the
predicted values appear consistent with measurements
made near this energy (see Ref. 2 for a summary of

2,20,21 potentials at this energy

these). We rarely find
which give reaction cross sections differing by more than
about 5 percent.

The values of the spin-orbit geometry parameters
rg and ag vary considerably from target to target and also
between the previous and present results. In the process
of obtaining the present fits, however, it was observed that

a rather wide range of these parameter values produce

reasonable fits. For 6ONi, changing rg from 1.05 F to

.1.00 F and ag from 0.5 F to 0.7 F, together with very

minor changes in the rest of the parameters, gave somewhat
better fits to the cross section with only a slight sacrifice

of the polarization fit. In going from r, = 1,00 F tor

S S

=0.975 F,
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and from as = 0.7 F to aS

cross section at 160° begins to come into better agreement

= 0.8 F, the last ""bump" in the

at the expense of the polarization at the same angle. For

values of ag much greater than 0.80 F, the polarization

fit becomes much worse while the cross section fit is only
slightly improved. This tendency of the polarization data

to favor smaller values of as has also been found in an

ana1y51556 of 30-MeV data., The present results have smaller

values of both T and ag than the previous results for

these data. Both results give values of rg which are

consistently smallér than those for the real radius r The

0
present values have an averége of (r - rs) equal to 0.08 F,

as compared with the previous21 average for'eleven targets

of 0.10 F, and the previous average for the four targets

here of 0.07 F.

The geometry parameters rd and a' in Table II also
vary considerably from target to target, but in a way consistent
with previous findings for the imaginary potential, It has
been found2 that the cross sections for 40-MeV protons are
fit equivalently by imaginary potentials which may differ in
the nuclear interior but which are similar in their '"'tails',
AI/S.

say for r 2 T,

(W >> WD) which is similar to that for a surface form

To produce a tail with a volume potential

(W << WD), then the volume potential must have a radius

parameter rb which is larger than that for the surface potential,
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This is consistent with the values of Table II in that 54Fe

and °SNi have r! =~1.55 F and W >> W, while 28 and

0

60Ni'have r(') =~ 1.41 F and more comparable values of W and
WD.

The greatest difference between the previou.s21
and present 40-MeV potentials is believed to be in the geometry
parameters found for the real, centr.al well. For each of
the three targets with large-angle polarization -data, a
significant improvement in the fits to those data always
occurred at that point in the automatic searching procedure
when 'thé radius parameter r became smaller and the
diffusivity 2 became larger. Tables II and III reflec;t a
consistent decrease of 0.03 to 0.04 F in’ the present vaiue of
g for these three targets and an increase of 0102 to 0.04 F
in the value of a. While this is only a changé ofl some four
percent in the parameter valﬁes, the preferénce of the
polarization data for the new values seems quite strong.
However, better large-angle polariza;tion da.ta and more
extensive analysis will be neceséary a.t- 40 MeV to establish
confiderntly the values of these parameters to such an
accuracy. We note also that the radius parameter Ty
seems to be smaller for the Niv isotopes than for the other

targets, both in the present work and in the previous

analysis of the data for eleven targets.
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D. Predictions of Inelastic Scattering

Using the potentials of Table II, we have carried out
DW calculations fdr all of the inelastic transitions. For |
these, we used consistently (ﬁLSO/BL) = 1.5 and the real-
valued Coulomb interaction fCE(ar)' Each of the form factor
options, real and complex coupling, with and witho'ut fso(}:),
were usedvagain for every excifation, with the same resglts
as those illustrated in Fig. 6 and Fig. 7. The new results
are no't repetitious since different optical parameters are
involved. In pé.rticular, the potential for 58Ni has almost

60

pure volume absdrptioﬁ (W=7.7T7W while that for °°Ni

o)
is more evenly mixed (W=1.3 WD). Yet the DW calculations,
including those with a contribution f__(r) to the total form

. Im»
factor, are almost identical, It has been verified by
calculation, however, that the inelastic asymmetry is fairly
sensitive to arbitré.ry changes in the strength or shape
parameters of the 1mag1n§ry form factor fIm(_g). By
plotting the radial dependence of each of the form factors
derived from the optical parameters of Table II, it has
been observed that the form factors for 58Ni agree ;v'ery
closely to those for 60Ni in their 'tails", r > 6 F. However,
the form factors fIm(f-l and fSO(fl’ which contain the second
derivative of the Woods-Saxon potential, are quite different
for the two targets in the nuclear interior, say r <5 F. |

The same is true for the radial shapes of the imaginary and
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spin-orbit terms in the optical potential, in that the terms
for 58Ni and 60Ni agree well only in their tails. Although
the imaginary term in the optical potential for 40-MeV
protons is consistent with a mean free path for a reaction
in nuclear matter of some 7F, 21 it would thus appear that
our calculations of elastic and inelastic scattering are fair-ly
insensitive to contributions from the nuclear interior.

The DW calculations of inelastic cross sections made
with the complete form factor (27) and the potentials of
Table II are compared to the data in Fig. 12. The values
of tile central-well deformation parameters B& deduced from
adjusting the normalization of the calculations to match the
data are indicated in the figure. These are in good agreement
with those found2 from complex-coupling calculations for the
previous Minnesota data. 42 The largest discrepancy (30%)
occurs for the 1.4]1 and 4.8 MeV states in 54Fe, and is
mostly due to the experimental discrepancies noted in Section II.
As can be observed in Figs, 6 and 7, the curves for complex
coupling agrée closely with those for the complete form
factor in the region of the maxima in the angular distributions.
Since the calculations are normalized to the data in those
regions, and since the present optical potentials were deduced
from elastic data which agree fairly well with the data”’ used
in Ref. 2,‘ the present deformation paramefers for the states

58

in " Ni and 6ONi should agree well with those found in Ref. 2;

they agree within five percent,
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Figure 12. Inelastic cross-section data and DW predictions using

complex-plus-spin-orbit coupling and the optical -model
parameters of Table II. The deformation parameters
indicated are those for the central potential.
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As can be seen, the shape of the cross sections for the
heavier nuclei is predicted rather well out to very large angles.
The exceptions to this are the anomalous bump observed near
100° in the cross section for t};e 2t state in 58Ni and the data |
at angles smaller than 20° for the 2% state in 60Ni. The latter
could be due to a systematic error in reducing the data, as
discussed in Section II, but the former appears to be real,

At 100°, any contaminant elastic peaks from 16O and 12C
are separated by 2.5 MeV and 4.2 MeV, respectively, from
the inelastic group corresponding to the 2% excitation in 58Ni.
The DW predictions for the states in 2'SSi are poor, but little
else can be said until a more successful fit is achieved to the
elastic data for that target. The deformation parameters
indicated for the 2881 data are tentative at best. The
prediction for the 6. 9-MeV level observed in 2881 is very
bad and does not confidently identify the multipole order.

The inelastic asymmetry data and their DW predictions
are shown in Fig. 13. Tlhe calculations are the same as
those shown for the cross sections in Fig. 12. As was the
case in the preliminary calculations for 2881 and 6ONi, the
present form of thé theory appears to give a good account of
the large oscillations observed at large angles, but does
not appear to reproduce the data at angies smaller than
about 50° for iron and nickel and about 70° for silicon. The

calculations using the complete form factor are invariably
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positive at small angles, say 20° to 30°, while the data for

both 2t and 37 excitations appear to be negative. The
calculations for the two 27 states in 54Fé do not seem to
oscillate enough to reproduce the minima observed near 90°,
This is reminiscent of the situation for t};e "gooa cross section'!
potential of Fig. 5 and leads one to suSpeC.t that the
unmeasured, large-angle eiastic polarization would not

agree well with the optical-model curve in Fig. 11,
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Iv. DISCUSSION

We have undertaken to measure and analyze the
asymmetry produced in the inelastic scattering of 40-MeV
polarized protons and have had some qualified success in
both endeavors. In the present Sectiop we will comment
briefly on the main results and suggest some ways in
which this study might be improved.

Measurement of the elastic and inelaétic scattering
at large angles has proved an essential part of this work.
Indeed, had the measurements covered only the forward
hemisphere, we would have little evidence that our analysis
of the inelastic asymmetry was on the right track., The
elastic Pola;rization data at large angles demand new values
of the optical-model parameters which also produce a
significant improvement in the predictions of inelastic
asymmetry. At present it appears that more back-angle
elastic polarization data will be necessary to establish
the optimum parameter values for 40-MeV protons, or to
decide whether or not the present form of the potential can
in fact account simultaneously for the elastic cross section
and polarization at all angles,

The intensity and polarization of our proton beam, and
the overall energy resolution we achieved, were marginal
for the collective excitations measured. - To extend this study

to non-collective transitions, considerably better resolution
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would be necessary. Polarized proton sources for linear
accelerators and cyclotrons, together with solid-state
detecfors or magnetic analysis of the scattered protons,
afford exciting opportunities to explore excitations more
amenable to a microscopic description. As was mentioned,
there is evidence from lower-ener.gy work26 that the
asymmetries for some low-lying 2t states in medium-weight
nuclei show differences which do not appear to be explained
within the framework of the collective model. Some of
these excitations are fairly enhanced; each of the two 2t
states in 54Fe has a transition probability to the ground
state B(E2) of approximately eight times the single-particle
value. "Thus, ''microscopic effects'' may show up in
inelastic asymmetry measurements at medium energy for
states which could be studied with only a modest i.rnprovement
in the resolution and intensity achieved here,

Our measurements of inelastic asymmetry have
distinguished between some collective-model interactions
believed plausible for the present data, In particular, we
find the collective-model generalization of the optical model
to be successful for these data only when the effective
interaction is derived from both real and imaginary parts
of the optical potential. Because the inelastic asymmetry
prediction'is not insensitive to arbitrary variations in the

imaginary form factor, the consistent improvement produced
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by the collective -model prescription for the imaginary
interaction is indeed striking. For higher-energy proton
scattering, the impulse approximation yields a complex-
valued effective interaction, and it has been expected that

the interaction should also be complex-valued in a microscopic
treatment for medium-energy protons. 14 The latter has

not yet been investigated; the phenomenology of the real
two-body force used in that treatment is just now being
pioneered. However, the results here suggest that, for

a microscopic description of the present inelastic asymmétry
data, an imaginary contribution deserves some consideration
even in the pioneering stage. Yet it is far from clear how
such a contributio.n should be included. For example, it is
not sufficient to multiply the complete two-body interaction
by some factor (1 + ig), where § is a real parameter, since
this would not change the asymmetry and affect only the

4,6

normalization of the cross section. To produce a
difference in shape, the imaginary part of the effective
interaction must have a different form than the real part.
The spin-dependent inelastic interaction we have
investigated has proved remarkably successful for bo;ch the
inelastic asymmetry and cross section at larger angles.
But the worsened agreement with the asymmetry data it

consistently produces at forward angles suggests that the

interaction is not yet complete. This and the rough indication
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that the strength of the present spin-orbit interaction is

slightly greater than its '"natural" strength, i.e. B&SO ~1.5 B&,
leads one to ask if the proper collective interaction should

not also contain the more complicated terms which would

arise from treating the form of the Thomas potential given

in Eq. (28). However, it is difficult to estimate the effect

of these terms short of carrying out full calculations with -

that interaction; such a study is now underway. 57 Alternatively,
one could continue to examine the spin-orbit interaction
phenomenologically., In particular the present form factor

with the radial dependence (1/r) (dz/drz) f(xs), where f(xs)

is the Woods-Saxon shape factor, is relatively small at large r.
It would be interesting to investigate the form (dZ/er) f(xs),

or perhaps simply a surface form (d/dr) f(x If the spin-orbit

S)'
form factor is derived from the optical potential in the same
way as one obtains the other collective-model form factors,
the dependence -(dz/drz) f(xS) would correspond to a term in
the optical potential for elastic scattering with the dependence

(d/dr) f(x It would be desirable to try this combination in

s
a consistent way, in which the parameters of f(xs) are
determined by fitting the elastic data.

In short, then, the sensitivity of the inelastic asymmetry
calculations is leading to refinements in the collective-model

interaction investigated for the present data. The fact that

these calculations require a very careful treatment of the
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elastic distortion adds to the credibility of the distorted-waves
treatment., Based on this experience, there is good reason

to expect that future asymmetry or polarization measurements
will provide valuable contributions to our understanding of the

inelastic scattering of medium-energy protons.
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VII. TABLES OF DATA

The elastic and inelastic cross section and asymmetry
data for each target are ~given in the center-of-mass coordinate
system. The inelastic data include results for the doublet
near 4.8 MeV in 2851, which was not resolved in this work.
The fractional error Ac/¢ (where ¢ = O'Ex + Ag) and the error
A€ (where €= epx + Ag) are the total relative probablé errors
defined in Section II-3. In addition to these, the '""absolute!’
error in the normalization of the a'symr‘ne'tries is £ 1. é%, and

,

the absolute error in the cross sections is £ 5, 5% for iron and

nickel and * 6. 8% for silicon.
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EPLAB =40.0% 0.4 MeV
28Si + p, Elastic
6c. M. o.M ) Ag/e
(deg) (mb/sr) (%) e(o) Ae
10.4 3465 £ 2 .043 % .03
13.0 2636 .022
15. 6 2012 . 000
18.2 1545 -.042
20.7 1044 -.088 % .01
23,3 657 ‘ -.110 -
25.9 379 ‘ -.138
28.5 216 -. 196
31,1 104 ' -.222
33.7 57.5 Y -.105
36. 2 39.9 £ 5 . 241
38.8 41.4 £5 . 462
41.4 49,1 £ 2 . 529
44,0 54,7 . . 471
46.5 53,7 . 413
49.1 51,1 . 366
51,7 42.3 .292
54,2 36.0 . 242
56.8 25. 8 . 215
59. 3 19.3 . 201 Y
61.9 13.1 .185 % .05
64. 4 9.73 . 234
67.0 7.04 | . 363
69. 5 5.96 %3 . 540
72.0 5.25 . 737
74. 6 4.73
77.1 4.63 . 949
79. 6 4,39
82.1 4.08 . 931
84.6 3.61
87.1 3.11 . 863
89.6 2. 65 ,
92.2 2.23 . 789
94, 6 1. 68 A
97.1 1. 35 . 651
99. 6 1.07
102.1 - .883 ! .576 !
104. 6 713 V
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ZSSi + p, Elastic (con't.)

6c. M. s .M ) Ag/e

(deg) (mb/sr) (%) e(g) Ac
107. 1 616 £ 3 .404 % .05
109. 6 . 566 \

112.0 .528 %5 .419 % .10
114.5 . 508 . 374

116.9 .471 . 394

119. 4 . 445 413

121.9 . 399 . 545

124. 3 . 359 . 619

126.8 . 307 .595

129.2 . 260 . 723

131. 6 212 . 629

134, 1 .170 . 597

136. 5 . 150 .738

139.0 119 . 665

141. 4 114 . 423 £ .15
143.8 . 106 . 336

146. 2 .106 ' -. 107

148.7 115 ! -. 053

151.1 J125 % 10 -. 189

153.5 . 140 -.506

155.9 127 -. 460

158. 3 .119 -.537

160. 7 . 125 -. 497

163. 1 . 103 -.340 % .20
165. 6 . 084 -. 500

168.0 . 068 -. 741 *
170. 4 . 042 ]
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EPLAB =40.0% 0.4 MeV
851 4 p, Q = -1.78 Mev, 2%
fc. M. o.M 8) Ag/e
(deg) (mb/sr) (%) c(g) Ag
10. 4 53,8 + 15 -.33 % .20
13,0 47. 6 “ 15 -.25
15. 6 39.8 + 10 -.24
18. 2 38.0 + 10 .14
20.8 30. 7 + 5 -.18 % .10
23.3 28.7 -.25
25.9 24.9 -.18
28.5 21.1 ! -.19 f
31.1 17.8 + 3 -.19 + ,05
33,7 14. 6 -.21
36. 3 11.1 -.19
38. 8 8. 31 -.19
41.4 6.31 - 17
44.0 4.72 - 12
46. 6 3. 64 13
49.1 2.91 .47
51.7 3,23 .57
54.2 3. 66 .63
56.8 3, 68 .50
59. 4 3. 90 .45
61.9 3.86 .46
64.5 3.79 .37
67.0 3,41 .28
69. 5 2.97 .20
72. 1 2.59 18
74. 6 2.09
77.1 1. 67 .09
79. 6 1.44
82.2 1.16 13
84.7 . 980
87.2 . 915 .43
89. 7 . 875
92.2 .802 .74 \
94, 7 . 788
97.2 . 720 91 .10
99. 7 . 697
102. 2 611 f 87
104. 6 534
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28

Si+p, Q=-1.78 MeV, 2+ (con't.)

.M ® Ac/o

fc.M.

(deg) (mb/sr) (%) e(n) Ag

1107.1 . 461 + 3 .90 + .10

109. 6 . 379

112.1 . 345 \ .74

114.5 L 275. + 5 .83

117.0 .235 .73

119.5 .212 .74 |

121.9 .208 . 60 + ,20

124. 4 .170 .30

126.8 . 177 .01

129.2 .168

131.7 .158 .06

134.1 . 161 ]
136. 6 . 156 .04

139.0 .159

141. 4 . 148 .13

143.8 . 161

146. 3 . 167 .25

148. 7 . 180

151.1 .199 .37

153.5 .184

155.9 . 197 .41

158. 3 .192

160. 8 . 189 .33

163.2 . 164 ‘ -
165. 6 . 148 .53

168.0 .119 ‘

170. 4 . 088 i ‘




125

EPLAB = 40.0% 0.4 MeV

28i 4 P, Q~ -4.8 MeV (unresolved doublet)

6c. M. 'c.Mm 8) Ac/o
(deg) (mb/sr) (%) eln) Ag .
20. 8 1.80 + 40 -.07 £ .50
26.0 2.20 + 25 -, 09 + ,20
31,2 2.21 + 15 14 £.10
36.3 2.02 + 10 -.09
41.5 1.55 -. 36
46. 6 1.27 . -.35
51.8 1. 14 -. 30
56. 9 . 920 | -.18
62. 0 -800
67. 1 541 .00
72. 2 - 405 16
77.2 - 366 .58
82.3 .295 | - 75
87.3 - 281 .50
92. 3 -208 .62
97.3 180 + 5 61
102. 3 132 60
107, 2 118 - 32
112. 2 112 | 11+ .15
117. 1 . 104 27
122.0 -108 .25
126. 9 .092 15
131. 8 097 | - 29
136. 6 097 62
141. 5 .109 .29
146, 3 118 47
151. 1 150 .09 \
156, 0 159 | .29 .10
165. 6 130 ( . .50 .10
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EPLAB =40.0% 0.4 MeV
28gi 4 Py Q~ -6.9 MeV, (37)

8c. M. 'c.Mm. 8) Ag/e

(deg) (mb/sr) (%) ela) Ac
20.8 5.11 £ 30 -.26 + .25
26.0 5.86 + 15 -. 11 + .10
31.2 7.07 + 10 -.08 + .05
36.4 6. 90 \ -. 16

41.5 6.29 -. 19

46,7 4.99 : -.16
51.8 4.11 -. 20
56.9 3.10 - 11
62.1 2.62 ‘
67.2 1.95 - , . 30"

72.2 1.70 ) .22
77.3 1.29 ‘ .33

82.3 1.07 - . 39 _
87.4 .758 : .53 + .10
92. 4 . 644 - .31
97. 4 . 449 i . 38

102. 3 .391 .23

107.3 .322 . 15 .20

112.2 . 290 £ 15 .21
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EPLAB =40.0% 0.4 MeV
54Fe + p, Elastic
6c. M. ‘o.M P As/o
(deg) (mb/sr) (%) e(9) Ae
10. 2 8138 + 2
12.7 4482
15. 3 2704 .035 £ .01
17.8 1581
20. 4 801.5 .097 % .05
22.9 288. 7
25.5 78. 4 +5 . 347
28.0 31.9 + 10
30. 6 51.8 £5 . 346 R
33.1 102.0 +2 :
35, 6 135.5 271 £ .01
38.2 137. 7
40.7 125. 7 . . 109
43.3 98.9 |
45. 8 69.5 + 3 . 010 (
48. 3 42.8
50. 9 24.8 .097 £ .02
53,4 15. 2
55,9 12.2 . 435
58. 4 12.7
61.0 14. 4 . 769
63.5 15. 3
66.0 15,3 .610
68.5 13.1
71. 1 10. 4 . 484
73. 6 8.03
76. 1 5.53 . 324 V
78. 6 4.12
81. 1 3.17 \ 272 % .05
83.6 2.53 %5
86. 1 2. 49 . 554
88. 6 2. 68
91.1 2.57 . 939
93. 6 2.48
96. 1 2.31 . 948
98. 6 2.03
101. 1 1.60 1 .973
103. 6 1. 30
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Fe + p, Elastic (con't.)

8c. M. c.Mm ©) Ac/e N
- (deg) T (mb/st) (%) T elg) - Ac

106.1 1.05, x5 ' .871 % .05

108. 6 . 748 . '

111. 1 . 606 * ' T .782 *

113.5 .508 10 ‘

116.0 .497 %10

118.5 .474 :

121.0 . 467

123.4 .503

125.9 .521

128. 4 .503

130.9 . 446

133.3 . 408

135.8 . 339 T

'138. 3 .259

140. 7 .198

143.2 . 169

145. 6 . 137

148. 1 . 143 ,

150. 6 . 174 .

153.0 .204 15

155.5 . 238

157.9 . 267

160. 4 . 280

162.8 . 301

165, 3 . 309

167.7 .271

170. 2 250 |
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EPLAB = 40.0% 0.4 MeV
>dpe + p, Q= -1.41 Mev, 2*
8c. M. ‘o.M @) Ao
(deg) (mb/sr) (%) e(s) Ag
20. 4 10. 76 + 20 .10 % .15
25.5 5. 94 + 10 13 £ .10
30. 6 3. 68 + 10 12
35,7 2.26 + 20 16
40. 7 1.69
45.8 2. 14 13 % .15
50. 9 2.06 17
55.9 1.55 .04
61.0 1.02 12 f
66. 0 . 659 .45
71. 1 55 % .25
76. 1 . 634 1.06
81,1 441 . 64
86. 1 .52
91.1 . 282 .34
96. 1 . 204 .27
101. 1 . 143 .55
106. 1 . 181 1.09 i
111.1 124 .87
116.0 . 105
121.0 .075
130. 9 . 067
135, 8 . 060
140, 7 . 053
145, 7 . 050 + 40
150. 6 067
160. 4 . 090
165. 3 .078
170. 2 . 044
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EPLAB =40.0+ 0.4 MeV
>%pe + p, Q= -2.97 Mev, 2%
fc. M. ‘o.M ) Ag/e
(deg) (mb/sr) (%) e(g) Ag¢
20.4 6.09 + 20 .18 .20
25.5 3. 94 * .03 % .10
30. 6 2.71 .05  £.10
35,7 1.67 + 30 -.03 £ .20
40.7 1.12
45. 8 1.74 .09 %15
50. 9 1.46 .01 {
56.0 1.27 .07
61.0 . 647 .50 % .25
66. 1 .513 .22 +
71.1 .433 .75
76.1 . 574 .82 £ .15
81.1 .421 . 36
86. 2 . 406 .29 }
91.2 .259 .27
96. 2 169 .41 £ .20
101. 1 .169 .76 £ .30
106. 1 . 184 , .90 £ .20
111.1 .133 .97 £ .20

-
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EPLAB =40.0% 0.4 MeV
>Fe +p, Q= -4.8 MeV, 3°
fc. M. °c.m. (6) Aclo
(deg) (mb/sr) (%)
20.4 2.35 + 30
25.5 2.40
30. 6 2.26
35,7 1.52
40.8 .98
45.8 1.13
50. 9 . 64
56.0 .79
61.0 . 62
66. 1 .62
71.1 .32
76.2 .37
81.2 . 20
91,2 .18
96. 2 .14
101. 2 .12 |
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EPLAB =40.0% 0.4 MeV
>pe +p, Q= -6.4 MeV, 3
6c. M. o.M &) Ag/o
(deg) (mb/sr) (%) e(g)
20. 4 3,62 + 30 -.36 % .30
25.5 2.89 .04 % .20
30. 6 3.53 -.18
35,7 2.30 -.15
40.8 1.77
45.9 1.52 .15
50.9 1.05
56. 0 1.12 .07
61.1 .86 .40 % .30
66. 1 .77 .26 !
71. 1 .53 .26
76. 2 .45 J13 % .40
81.2 .38 .67 % .40
91. 2 .32 .51 % .30
96. 2 .25 ‘ .59 % .30
101. 2 .52 % .40

.21
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EPLAB = 40.0% 0.4 MeV
58Ni + p, Elastic
8c. M. ‘o.M ) Ag/e
(deg) (mb/sr) (%) e(8) Ae
10. 2 7727 £ 2 .053 % .01
12,7 - 4395 [
15. 3 2525 . 106 &
17.8 1429
20.4 680 .154 =+ .05
22.9 219
25. 4 53.5 + 10 . 544
28.0 26. 6 + 10
30. 5 54,0 + 2 .509
33.1 107
35, 6 130 .217 % .01
38. 1 133
40. 7 122 . 067
43,2 96, 4 + 3
45.7 68. 8 173
48. 3 37.9
50. 8 23.7 .102
53.3 14.0 N
55,9 12,3 487 + .02
58. 4 13.0
60. 9 14. 6 . 742
63. 4 15. 4
65.9 15. 9 . 504
68.5 13. 1
71.0 11. 2 . 357
73.5 8.26
76. 0 6. 30 . 146 1
78. 5 4.06 ‘
81.0 3,30 £5 .359 .04
83.5 2. 61
86.0 2.37 . 706
88.5 2. 32
91.0 2.56 . 986
93.5 2. 46
96. 0 2.38 . 861 1
98.5 1. 99
101.0 1. 66 .838 % .08
103. 5 1.32 |
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58Ni + p, Elastic (con't.)

8c. M. c.m ) Ac/e ‘

(deg) (mb/sr) (%) - els) JAY
106.0 1.02 + 5 .673 = ,08
108.5 . 690 o

111.0 .615 10 .334

113.5 . 440

115.9 .473 ’ .505

118.4 . 460 - . :

120.9 . 511 .. .554

123. 4 .54 T

125.9 . 54 . .658 + .10
128.3 .46 :
130.8 . 44 Yoo . 855

133.3 .- .31 .

135. 7 .32 ' . 758 !
138.2¢ ‘ .25 )

140. 7 . 20, ' .839 .15
143.1 - .13 :

145. 6 . 084

148.1 L11 -

150. 5 .14 o . 410

153.0 .13 ’

155. 4 .22 .254

157.9 .21

160. 4 L 26 .. 113 !
167.7 .23

170. 2 .20 |
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EPLAB =40.0% 0.4 MeV
>8Ni+p, Q= -1.45 Mev, 2"
8c. M. o.M 8 Ag/o
(deg) (mb/sr) (%) e(g) Ae
10.2 17.5 + 40
12.7 14.0 + 30 o
15.3 10.8 + 20 .31+ .40
17.8 10. 4 + 10
20. 4 11.5 16 £ .15
22.9 10.5
25. 4 7.95 . 00
28. 0 6. 72
30. 5 4. 33 .02
33, ] 3,58
35. 6 2. 34 14
40.7 2.06 .27
45.7 2.23 14
50. 8 2.39 16
55,9 1.77 .18
60. 9 . 804 .02
65.9 . 586 53 1+ .30
71.0 . 576 76 % .15
76. 0 . 750 .42
81.0 .568. . 46
86. 0 . 412 + 5 .07
91.0 . 345 .24
96. 0 .323 .39
101. 0 . 286 .47
106, 0 242 02
111.0 .195 , .78 !
115. 9 133 58 % .20
120.9 . 135 + 10 .51
125.9 112 .19
130. 8 126
135, 7 115 19 \
140. 7 .099 16 % .25
150.5 107 11
155. 4 119 .46
160. 4 124 f .78 1
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E B _40.0% 0.4 MeV

Ni+p, Q=-4.5MeV, 3°

6C. M. °'c. M. ) ‘Acle
(deg) (mb/sr) (%) elp) Ae
20. 4 4.73 . x25 .00 .20
25.4 5.15 +15 ., -. 05 * .15
30.5 4.90 _ .15 £ .10
35.6 4.03 -. 15
40. 7. 2.88 .01 ‘
45.7 1.83 -.22  £.15
50, 8 1.45 - ~ .05
55.9 1.30 .25
60.9 1.28 . 35
65. 9 . 994 .21
71.0 .757 . 30
76. 0 . 594 .46 ]
81.0 .465 - .74 £ .20
86.0 . 409 ~ . 80
91.0 . 357 .72

@
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EPLAB - 40.0 £ 0.4 MeV
6O.Ni + p, Elastic
bc.Mm o.M 8) Ag/e
(deg) (mb/sr) (%) e(8) Acg
10. 2 8371 + 2 071 % .02
127 4542
15. 3 2770 -. 062
17.8 1506 :
20. 4 620 -.156 £ .05
22.9 182
25. 4 42.9 + 10 -. 564
28.0 28.5 + 10 v
30.5 75.8 +2 . 383
33,1 134
35. 6 152 153 £ 0.03
38. 1 148
40.7 122 . 015
43,2 88.9
45,7 53,8 -. 186
48. 3 32.0
50. 8 16. 6 .. 068
53,3 12. 6
55. 8 12.4 . 741
58. 4 15. 5
60. 9 16. 6 . 684
63. 1 17.2
65. 9 15. 2 . 428
71.0 "9.11 £ 3 . 292
73.5 6. 36
76.0 4.41 . 237
78.'5 3,26
81.0 2. 64 .438
83.5 2.85
86.0 2.55 . 950 f
88.5 2.71
91.0 2.49 1.00 +.05
93.5 2.27
96. 0 1.99 . 955
98.5 1.61 .
101. 1 1.31 .828
103. 5 .97  +4
106.0 .74 t .433
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6ONi + p, Elastic (con't,)

8c. M. 'c.M 8 Ag/o

(deg) (mb/sr) - (%) e(g) Ae
108. 5 55 £ 4

111.0 . 49 o .355 %,
115. 9 . 40 . 498

118. 4 . 45

120. 9 .43 . 669
123.4 . 46 :
125. 8 . 40 f .888 % .
128. 3 .37 5 a

130. 8 .29

133, 3 .29

135, 7 .21 : . 865
138.2 .14 |

140. 7 .13

143, 1 .10 ,

145. 6 .09 . 547

148. 1 .09 £ 10

150. 5 11 .233

153. 0 .14

155. 4 .15 . 048
157.9 .22 |

160. 4 .22 -. 391
162.8 .22

165. 3 .21 -. 483

167. 7 17 I

170. 2 .14
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EPLAB = 40.02 0.4 MeV
%0Ni + p, Q = -1.33 Mev, 27
eC.M. 7c. M. (8) Aclo
(deg) (mb/sr) (%) e(g) Ae
12.7 37.8 + 50
15. 3 28. 3 + 30
17.8 26.9 + 20
20. 4 16.7 +15 -.35 % .20
22.9 14. 1 + 10
25. 4 10.2 _17 % .10
28.0 7.98
30. 5 5.51 -.05
33. 1 4,37
35. 6 2.94 .09
38. 1 3.19
40.7 3.30 .46
43.2 3.83
45.7 3.70 14
48.3 3.85
50. 8 3. 28 -, 04
53. 3 2.75
55.8 1.99 -.05
58. 4 1. 69
60.9 1970- %5 _. 04
65. 9 . 679 66
71. 0 .836 |54
76.0 .951. .57
81.0 . 694 L 43
86.0 . 483 .28
91.0 . 354 .28
96. 0 314 .45
101. 0 . 350 .97
106. 0 306 .84 y
111.0 219 .88
115. 9 151 + 15 91 % .30
120. 9 (116 .30
125. 8 112 .00
130.8 120
135. 7 117 .26
140. 7 103
145, 6 102 . 46
150. 5 . 090 .65
155, 4 . 091 .82
160. 4 .100 .09
165. 3 . 089 .34 [
170. 2 . 066
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EPLAB =40.0% 0.4 MeV

60Ni‘+ p, Q= -4.08 MeV, 3~

6c. M. ‘'c.Mm B Ag/o
(deg) ‘ (mb/sr) (%) e(g) Ae
20. 4 5. 41 25 . - 13 .20
25.5 5.61 %15 -.02 % .15
30.5 4.91 ‘ - 11
35. 6 3.70 - 11
40.7 2.13 ° - 12
45. 8 1.59 .35
50. 8 1.33 . 44
55.9 1. 40 .43
60.9 1.17 .21
66. 0 . .821 .37
76.0 . 408 .45 |




141

INTERNAL DISTRIBUTION

1. R. M. Drisko
2-21. M. P. Fricke
22. R. O. Ginaven
23, E. E, Gross
24, R. M. Haybron
25. E. V. Hungerford, III
26. R. S. Livingston
27. J. J. Malanify
28, B. J. Morton
29. F. G. Perey
30-31. L. A. Rayburn (ORAU)
32. G. R. Satchler
33, A. H. Snell

34, Taro Tamura
35. A. M. Weinberg
36. C. Y. Wong
37-41, A, Zucker ‘
42-43, Central Research Library
44-45, Document Reference Section
46-55. Laboratory Records ,
56, Laboratory Records (ORNL-RC)
57. ORNL Patent Office
58-72. DTIE, AEC _
73. Research and Development, ORO



142

EXTERNAL DISTRIBUTION

74.
75.
76.
7.
A78.
79.
80-104.
105.
106.
107.
108.

109.

R. H. Bassel
Brookhaven National Laboratory

L. N. Blumberg
Brookhaven National Laboratory

E. J. Burge
Kings College

H. E. Conzett
Lawrence Radiation Laboratory, Berkeley

N. K. Glendenning
Lawrence Radiation Laboratory, Berkeley

G. W. Greenlees
University of Minnesota

N. M. Hintz
University of Minnesota

P. E. Hodgson
University of Oxford

E. Rost
University of Colorado

A. Scott :
University of Georgia

J. Thirion
Saclay

A, van der Woude

‘University of Groningén

]

b

I

¢





