
PHYSICAL REVIEW VOLUME 163, NUM BER 4 20 NOVEM BER 196'I

Inelastic Scattering of 40-MeV Polarized. Protons*t
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The left-right asymmetry and di8erential 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 "Si,
1.41 and 2.97 MeV in "Fe, 1.45 MeV in ' Ni, and 1.33 MeV in +Ni. Some asymmetry and cross-section data
were also obtained for 3 states: 6.9 MeV in Si, 4.8 and 6.4 MeV in 5 Fe, 4.5 MeV in Ni, and 4.08 MeV
in 6'Ni. The inelastic scattering was analyzed in the distorted-wave approximation, using the collective-
model extension of the optical-model potential determined by fitting elastic polarization and cross-
section measurements for each target. 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.

I. I5'TRODUCTION
' 'N recent years, a large number of cross sections for
- - the inelastic scattering of 8- to 55-MeV protons has
been analyzed' assuming a collective-model generali-
zation of the optical model. ~' In this treatment, the
optical-model potential found. to reproduce the ob-
served elastic scattering is made nonspherical, Rnd the
nonspherical pRI't induces tlRnsltlons to vlbl'atlonR1 oI
rotational states of the target nucleus. The free param-
eters in the model are the multipole order / of the
transition and its strength, or deformation parameter
p~, these are deduced by comparison to the shape and.
magnitude, respectively, of the measured differential
cross section. DRta for low-lying 2+ and 3 stRtes 1n
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even-mass nuclei have been successfully reproduced by
assuming a simple, single-step excitation appropriate
for a 2'-pole rotation or single-phonon surface oscilla-
tion. Unless the coupling between the ground and
excited states is uncommonly strong, ~ such transitions
induced by medium-energy protons can be treated in
the distorted-wave approximation. ' '

At present it appears that measurements of the
polarization in inelastic proton scattering, or of the
left-right asymlInetry in the inelastic scattering of a
polarized beam, can contribute to our understanding of
this reaction in several ways. Perhaps the simplest
question which can be answered by such experiments is
whether or not the data for low-lying excitations are
reproduced by the collective-model calculation found
so successful for the cross sections. The cross sections
have seemed well described by a deformation of the
central part of the optical potential and have presented
no obvious demand for a spin-dependent term in the
nonspherical interaction. 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 noncentral, o 1 part of the optical
potential. However, the relevance of inelastic-asym-
metry measurements is not limited to questions of the
proper spin dependence for the e6ective interaction.
For example, our results present a strong demand for
complex coupling, in which both real and imaginary
parts of the central optical potential contribute to the
nonspherical interaction. Also, the inelastic-asym-
metry calculations are quite sensitive to the optical-
model parameters, through both the elastic distortion
and the collective-model interaction. Analysis of the
present inelastic-asymmetry data has required a further
study of the elastic data for these targets, Rnd. the
optical-model parameters found are somewhat different
from the latest 40-Me& results. 9 The new parameters
simultaneously improve the agreement with both the
elastic polarization and the inelastic asymxnetry.
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The first measurements of inelastic asymmetries for
medium-energy protons are now coming into existence.
In the past year or so, inelastic-asyrnrnetry data have
been presented for the 4.43-MeV (2+) state in "C for
protons of energy 16.5 MeV," 20—28 MeV" and 30"
40,"and 50 MeV" and for the 1.78-MeV (2+) state in
"Si at 30 and 50 MeV."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
"Ni and the 1.1.7-MeV excitation in "Ni were meas-
ured" at 16.5 MeV; and the following excitations were
observed'4 at 18.6 MeV: 0.99 MeV in 'Ti, 1.57 MeV in
"Ti, 1.43 MeV in "Cr, 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, "and for the nickel data at 16.5 MeV."

The work reported here presents 40-MeV proton
asylnlnetry measurements at the Oak Ridge Isochro-
nous Cyclotron (ORIC) for the 2+ states at 1.78 MeV in

"Si, 1.41 and 2.97 MeV in '4Fe, 1.45 MeV in "Nl and
1.33 MeV in Ni. Some asymmetry data were also
obtained for 3 excitations at 6.9 MeV in "Si, 6.4 MeV
in Fe, 4.5 MeV in 5 Xi, and 4.08 MeV in Ni. The
inelastic cross section was obtained for each of these
states and for the 4.8-MeV (3 ) level in '4Fe. Pre-
liminary results of the present measurements and their
analysis have been reported previously" ' at various
stages of the project. The elastic polarizations and cross
sections for these targets were also obtained. , and have
been reported elsewhere. ' The elastic data are discussed
here only insofar as they relate to the measurement and

analysis of the inelastic scattering.

H. EXPEIGMENT

The equipment used in this experiment has previ-
ously9 ""been described in detail. The proton beam
from the ORIC cyclotron is polarized externally by
elastic scattering from calcium. The scattered beam is

magnetically analyzed" and transported to a scattering
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chamber equipped with 32 NaI(Tl) photomultiplier
counters" arranged symmetrically on both sides of the
beam. The polarized beam is focused to a spot on the
target 4 mm wide by 11 mm high with an angular
spread of ~2' in the scattering plane. The beam there
has a polarization of 27.4+0.5%,s an intensity of
10' protons/sec, and an adjustable energy spread of
300—500 keV, full width at half-maximum (FWHM).

The photomultiplier outputs are routed through a
shaping amplifier to a 20 000-channel pulse-height
analyzer, used eQectively as thirty-two 400-channel
analyzers. ' Some typical spectra from the analyzer are
shown in Fig. 1. These were taken with an over-all
resolution of about 750-keV FTHM, with contributions
of approximately 500 keV from the energy spread in the
beam and 500 keV from the detectors. The resolution
can be improved by narrowing the slits of the magnet
used to analyze the proton beam and by reducing the
apertures of collimators used in front of the 1-in.-diam
NaI scintillation crystals. This results in an over-all
resolution of about 500 keV, as is illustrated with a
"Ni spectrum in Fig. 2. The smaller counter apertures
(s-in. diam) have an area 22.6 times less than the larger
aPertures (s in. by sa in.) but were used at forward
angles for some of the inelastic-scattering data where
the reduced count rate could be tolerated.

The targets were in the range 20 to 30 mg/cm' in

thickness, and at back angles the over-all resolution is
increased to about 1 MeV due to the passage of the
scattered beam back through the target. The "Si target
was made of natural (92.21% zsSi) high-purity silicon
and was 32.1 mg/cm' thick. The "Fe target was 97.4%
enriched and 18.0 mg/cm' thick. The "Ni target was
99.95% enriched and 29.95 mg/cm' thick, and eoNi was

99.1% enriched and 19.7 mg/cm' thick. The targets
were all about 2 in. tall by 4 in. 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 meas-
urements, thin targets (about 5 mg/cm') of "Fe, "Ni,
and "Ni were also used to measure the elastic scattering.
The thicknesses of the thin targets at their centers were
determined by- scanning them with a collimated,
5.48-MeV, n-particle beam from '4'Am and measuring
the energy loss with a solid-state counter. The average
of thee 0, 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 accuracy of the a measurements. The thick Si target
was destroyed, and its thickness at the center was
obtained by measuring the weight and area of the
fragments. The precision of the thickness measurement
is estimated to be &5% for all targets.

A. Running Procedures

%e now indicate the procedures used routinely to
g,&cumulate the present p,symmetry @nd cross-gectjog.
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section data presented here were obtained with protons
of energy 40.0+0.4 MeV.

The angular alignment of the counter banks on each
side of the beam was checked by positioning the most
forward counters at 10' on both the left and right sides
and observing the asyrrimetry in the elastic scattering
from "'Pb. The angular positions of the other 15
counter apertures on each side of the beam are fixed
relative to these first counters, at intervals of 10.00'
~0.05'. The slope of the differential cross section at 10'
is such that a 0.1' misalignment of the counters relative
to the average beam direction produces a spurious
difference of 8% between the number of protons elas-
tically scattered to the left and right sides of the beam.
The angular orientation of the counters 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 asyrnrnetry run (each
accumulation of data) and was never found to differ by
more than this amount. During the asymmetry runs,
the position and alignment of the beam were monitored
with a split ion chamber located at the exit of the
scattering chamber, directly in front of the Faraday
cup. This ion chamber is sensitive to a 0.01-in. trans-
verse movement of the beam from its correct position.

The elastic polarization for "C is known accurately
at 40 MeV, and elastic-asymmetry data for this target
were taken sometime during each running period in
order to check the polarization of the beam. Using the
value 70.8+1.8% for the polarization from "C at
65' lab, ' our beam polarization in each run was found
to be 27.4+0.5%.

The asymmetry was measured at 5' intervals,
generally over the range 10'—165'. Elastic and inelastic
data were obtained simultaneously in four 6-h runs for
each target. Small counter collimators (~s-in. diam) were
used at forward angles out to an angle where the num-

ber of counts in the inelastic groups was comparable to
that obtained at back angles where the large collimators
(ss in. X ~~ in) were used. Separate asymmetry data were
taken for the targets "Siand "Ni to optimize the energy
resolution at forward angles by using exclusively the
smaller collimators. These data for "Si extend from 10'
to 67.5' in 2.5' intervals, and for "Ni from 20' to 65'
in 5' intervals. The improved resolution reduced the
uncertainties in this region by about 50%.

While the asymlnetry runs yielded cross sections 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 by using the
counter array in the direct, unpolarized beam. There,
the beam spread is only 250 keV, and the intensity is
copious, so that the smaller counter collimators could
be used out to back angles and the data taken at more
angles. The over-all angular resolution is also improved
from +2.5' to ~1'. Elastic cross-section data from
10' to 170' in 2.5' intervals, and inelastic cross-section

data from 20' to 70' in 5' intervals were obtained in
about 12 h for each target.

The energies of the inelastic proton groups were

established relative to the elastic scattering by a pulser
calibration of the detector electronics, and the Q values

were thereby determined to an accuracy of +200 keV.
Within this margin, the energies of the levels we ob-

serve are in agreement with those given in ENclear

Dutu Sheets and with those determined by Stovall and

Hintz. "Ke use these two sources to assign the energies,

except for the excitation we observe near 6.9 MeV in
'8Si, which we only tentatively identify as the known

octupole excitation at 6.88 MeV.

3. Data Reduction

The data from the pulse-height analyzer were read
out onto magnetic tape and processed with a small

computer to obtain plots of the number of counts versus

proton energy for each counter. "In order to unfold the
spectra carefully in the region of the tails of the elastic
and inelastic proton peaks, a semilogarithmic plot of the
spectra was most useful. By examining a large number
of spectra from different counters for "C, 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. The spectra could therefore be
unfolded by making successive approximations to the
peak shape until the elastic and inelastic peaks agreed
in shape and would account for the total counts ob-

served, within statistics and in view of other nearby
proton groups which were not resolved. No significant
elastic peaks from contaminants were observed in these
spectra taken with thick (20—30 mg/cm') targets.

An absolute elastic cross section was determined from
the "cross-section runs" for each target, the runs made
separately with an unpolarized beam. Using the relative
elastic cross sections deduced from the asymmetry data

by summing the scattering on each side of the beam,
the normalization of the inelastic cross sections obtained
from the asymmetry runs was then determined relative
to this absolute elastic cross section. Some inelastic data
from the cross-section runs were used to augment the
cross sections deduced from the asymmetry runs. The
elastic cross-section data obtained from the asymmetry
runs, however, were used solely to normalize the in-

elastic cross sections to the elastic data. This and other
redundancies in the elastic and inelastic data, taken at
different times and in different ways, aBorded a con-
siderable number of consistency checks for these
measurements.

The effect of isotopic impurities requires no correction
in the elastic and inelastic data for "Fe, "Ni, and ' Ni,
primarily because of the high isotopic purity of these
targets. The natural Si target, however, contains 4.7%

' T. Stovall and N. M. Hintz, Phys. Rev. 135, 8330 {1964).



'9Si and 3.09% ' Si, both of which have excited states
that make an uncertain contribution to the observed
proton groups from "Si. The normahzation of the
inelastic data for "Siwas therefore increased by a factor
of 1.039, which is half-way between assuming no in-
elastic contributions from the adjacent isotopes, and,
at the other extreme, assuming that all the isotopes
have a state at the same energy with equal strength.
An additional normalization uncertainty of +4% is
added for the inelastic cross-section data from "Si to
bracket these possibilities. All absolute cross sections
were corrected by a factor of 1.023 to account for the
loss of counts due to reactions undergone by the scat-
tered protons in the NaI crystal. This factor was
deduced from the work of Measday" for our method. of
unfolding the proton spectra, in which we do not
include the tails of the peaks below about 1 MCV from
thell IQRxlIQR.

Our inelastic asyrmnetry results c(e) are normalized
to 100% beam polarization using

1 N, (e)—N, (S)
e(e) =

P~ N, (e)+ N, (S)

Here Xl, is the number of protons scattered to the left,
and Ãg the number scattered. to the right, with left such
that k;gk~ is in the direction of the beam polarization
(Basel convention). The actual beam polarization P~
is 0.274.

The total absolute error in the normalization of the
cross-seetion data is taken to be an uncorrelated com-
bination of the uncertainty in target thickness (+5%),
solid angle (+1%),beam integration (+2%), and, for
the inelastic results for "Si, isotopic impurities (+4%).
The absolute error for the elastic cross sections, and. for
the inelastic cross sections for iron and nickel, is then
+5.5%, and that for the inelastic silicon data is +6.8%.
The absolute error in the normalization of the asym-
mctrics is taken to be that due to the uncertainty in
beam polarization, +1.8% of the value of e.

The relative 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 ~AX
in the net counts in a peak is given by

(2)

The error ASO is the estimated uncertainty of the counts
assigned to the peak in the region where it overlaps
adjacent peaks, and hE~ is the uncertainty in any
background under an inelastic peak due primarily to
the tail of the elastic peak. The error ASB is the total
statistical error, including contributions from Eo and
N~. Typically, ANO was judged to be 30% of the total
contribution to the peak in an overlapping region, and

'0 D. F. Measday, Nucl. Instr. Methods 34, 353 (1965).

hN~ amounted to 20% of the total background under
the peak. hS~ 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 (Nz+N~) was about 4% or less, de-

pending on the amount of background or overlap. The
statistical error in the asymmetry was typically
de&0.12. The peak-unfolding errors A/0 and hÃ~
make similar contributions to the inelastic errors except
at angles less than 50', where they are largest. The
counter CKeicncies on each side of the beam are the
same to within a 1% uncertainty in the solid angle
dehned by the eollimator apertures. This uncertainty
is negligible relative to the other contributions to hX.

The total fractional relative error +60/0 in the
differential cross section at each angle is then &AN/N,
where bN is given by Eq. (2). Using Eq. (1), the errors
propagate in the asymmetry measurements to produce
an c1101 +De givcIl by

2Sghll, 2/1.d Xg
Q~2— (3)

I'a' -(Nz+Nz)' (Nz+N g)'

where ANz and 0Ng are each given by Eq. (2).
Two other uncertainties are recognized but are not

included ln thc I'clatlvc crrol cvaluRtcd foI' cRch datum.
Maximum beam-alignment uncertainties are estimated.
to be equivalent to a +0,1' error ip the average direc-
tion of the beam relative to the counters. The amount
of spurious asymmetry this introduces d.epends on the
a,ctual asyII1Inetry, the beam polarization, and the
variation of the asynllnetry and cross section with
angle. We estimate a maximum misalignment error in
the inelastic-asymmetry data of As=0.03. The other
error is due to the over-all angular resolution, which
was ~2.5' in the asyrnrnetry 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 thc
counter collimators, including the effect of the Rnite
size of the beam spot on the target. The effect of
multiple scattering in the targets was negligible. The
angular acceptance was adequate for the inelastic
cross-section measurements, as could be veri6cd by
comparing the inelastic cross-section 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. The effect
of the +2.5 angular resolution on the inelastic-
asymmetry measurements also appears to be minor.
The oscillations observed in the inelastic asyIIUnetrics
rise gently to maximum values near &=+1, and fall at
a comparable rate to minima near &=0. It therefore
seems that the only behavior of the inelastic asym-
metries which could bc obscured by the spread of ~2.5'
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would be a rather unlikely, negative "spike" near the
minima in their angular distributions.

C. Results

Tables of the inelastic asymmetry and cross-section
data exist and will be sent upon request as long as the
supply lasts. They may also be procured from the
American Documentation Institute. "Plots of all of the
data appear in the next section along with calculated
curves. The error bars indicated in these plots denote
the relative probable errors 60- and Ae defined above.

The inelastic cross sections for iron and nickel have
been measured" out to 90' for 40-MeV protons at
Minnesota with an energy resolution comparable with
the present measurements. Their agreement with the
present data for the four transitions in "4Fe is only fair.
Our cross sections become increasingly higher than the
previous values as the a.ngle is reduced, and the dis-
crepancies are larger for proton groups closer in energy
to the elastic peak. 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. Our
method of unfolding the spectra involves more of an
average of the maximum and minimum possible con-
tributions, and this difference can account for the
discrepancies in the '4Fe data.

Our agreement with the previous Minnesota data for
the two states in "Ni seems quite good except for the
1.45-MeV transition at angles smaller than 20'. There,
the previous data are higher than the present results by
almost a factor of 2. The opposite appears to be true of
the inelastic cross section for "Xi, where our data for
the first excited state are about a factor of 2 higher at
the most forward angles. Elsewhere, the data, for both
transitions in "Ni are also in good agreement with
previous values. These diGerences for the first excited
states at small angles can be explained by systematic
errors in either or both experiments in judging the
contribution from the elastic peak.

The inelastic-asymmetry data extend over as large
an angular region as the uncertainties in the measure-
ment would allow. No meaningful asymmetry data
could be obtained for the weaker 3 state in "Fe at
4.8 MeV, for which the uncertainties in unfolding the
energy spectra resulted in an intolerable probable error.
The inelastic asymmetry results are shown in Fig. 3
along with empirical curves drawn through the data to
illustrate our judgment of the trends. The curves for the
2+ states in "Fe, "Ni, and "Ni are all identical and
illustrate that, within present uncertainties, these
asymmetries are very much alike. The same thing was

"Copies may be obtained by sending $1.75 for a microfilm copy
and $2.50 for a photocopy to the American Documentation
Institute Auxiliary Publication Project, Library of Congress,
ashington, D. C. 20036. Deposited as Document Number 9613.

done for the 3 excitations in these nuclei. Agreement
of the asymmetry results is particularly clear for the 2+

states in Sswi and. Goxi

Inelastic asymrnetries measured" with 18.6-MeV
protons at Saclay have differed for some of the 2+

excitations 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' for 2+ excitations in "Ni and
"Xi.Most notably, a difference was detected between
the asymmetries for the 1.41-MeV state in '4Fe and the
2.97-MeV state in the same nucleus; the aspanrnetry for
the lower-lying 2+ state in '4Fe was everywhere larger
in algebraic value than that for the second 2+ state, by
as much as 0.3 at some angles. This amount is considered
to be well outside any diRerence attributable to the Q
values in a collective-model description. A close
examination of our d.ata in Fig. 3 in the light of the
Saclay results does suggest that the maximum in the
asymmetry near 70' for the 1.41-MeV state in ~Fe ma, y
be shifted out in angle by about 5', and may be 0.2
larger, than that for the other three iron and nickel
results. But, clearly, this is not well established by our
present data.

The differential cross sections for the two 2+ excita-
tions in '4Fe seem similar in shape at 17.5 MeV,"
17.9 MeV, 2' and at 40 MeV (from this work and Ref.
19); however, at 18.6 MeV' the angular distribution
measured for the 1.41-MeV state differs appreciably at
larger angles from those observed for the first excited
(2+) states in "Fe, "Ni, "Ni, and "Ni. At 40 MeV the
cross sections for both 2+ sta, tes in "Fe are well de-

scribed by assuming a one-phonon collective excitation.
It wouM be interesting to see if more accurate asym-

metry data for these two excitations in. the 40-MeV

energy region would reveal a difference not detected. in
the present inelastic cross-section measurements. On
the collective model, the similarity in shape and mag-
nitude of the cross sections for the two states in '4Fe

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 measurements,
since the data" for that state agree more closely with

the data" for the 6rst excited. states in ' Ni and "Ni
Combining our measurements with the Saclay results,
the asymmetries for the first 2+ states in ' Ti, "Fe,
"Ni, "Ni, and "Ni appear to agree with that for the
second 2+ in Fe, while another kind of result is noticed
for the first 2+ states in "Ti, "Cr, and "Fe. It is note-
worthy that the excitations in this second group might
all involve a fairly pure (1f&i2)+" proton configuration
and a closed neutron shell, while those in the first group
are all more complicated.

Our result for the 2+ excitation in '8Si appears to
"H. O. Funsten, 'N. R. Roberson, and E. Rost, Phys. Rev. 134,

B117 (1964).
23 W. S. Gray, R. A. Kenefick, and J. J.Kraushaar, Nucl. Phys.

67, 565 (1965}.
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agree very well with the Birmingham measurements"
at 30 and 50 MeV, assuming that the features of those
data extrapolate to 40 MeV.

A prominent feature of all the 40-MeV inelastic
asyrrunetries, 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 asyrrmetries
appear to be negative at the most forward angles where
their measurement was possible. These two charac-
teristics of the data will be used frequently in evaluating
the success of the collective-model analysis described
in Sec. III.

III. ANALYSIS

A. Theory

The data were analyzed in the distorted-wave ap-
proximation assuming the collective-model generaliza-

tion of the optical-model potential. The distorted-wave
(DW) method for inelastic scattering upon entrance
channel i to exit channel f is based upon the transition
amplitude'

2''-r w= «Cf' '*(K,r)(1/ I &14*)C +'(k;,r). (4)

The distorted waves C for the relative motion of the
projectile and target are generated by an optical-model
potential U, which is adjusted to reproduce the ob-
served elastic scattering in each channel,

(P+k' —(2IJ/h') U,~(r)jC (k, r) =0

The matrix element of the eGective interaction U is
taken between the internal states I/ of the target.

We assiune a local, 11-parameter optical potential of
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p, (r) = f/c. „1(r) —Vf(x) i—(W 4WI d/dx') f(x')
+(f/~. c)'(V 8+'W.)o 1(1/r)(d/«)f("), (6)

where the 'lllIoods-Saxon shape factors are f(xs)
= (s'&+1)—', x&——(r—r+I~')/a&, for each of the
"geometry" parameters rI,=ro, ro', r8, u~=u, u', u8.
Uc,„l(r) is the Coulomb potential for a proton in the
6eld of a uniformly charged sphere of radius E,=1.2A'~~

F and charge Ze. The optical potentials for the present
elastic data were determined by searching simul-
taneousiy on both the cross-section and. polarization
measurements for each target. This search was accom-
pHshed with the computer program HUNTER'4 which
attempts to find parameter values for Eq. (6) which
minimize the quantity (X,s+XI'), where

X. = g {(~,„(8;)—~„,(8;)]/~~,„„(8~))',

"=r, (LP...(8;)-P",(8;)]/»...(8')&'. (7)
4=1

Here, o. pt, (8~) and P.,p, (8;) are the data at angle 8;,
ogI...(8;) and Pte...(8;) the calculated values, and
ha, „(8~)and». ,~(8;) the experimental uncertainties
or weights, assigned to the measurements. Except where
noted different1y, the relative probable errors de6ned
Rbovc wclc used to wclght thc clastic dRta.

In the D% calculations here, wc do not modify the
optical paramctcls used fol' thc exit-channel dlstoltlon
from those used. for the entrance channel, i.e., from
those which 6t the elastic scattering data at the en-
trance-channel energy. Calculations have also been
made in which the 0% exit-channel parameters V, TV,

and 5'g) were changed according to the results of our
previous study92~ of their energy dependence near
40 MeV: dV/dE~~ 0.22, dW/dE„—~0.2, dWII/dE~~—0.15. This ploduccd Do appreciable di'ffcrcncc fI'QIQ

calculations which use the same parameters in both
channels.

The inelastic interaction appropriate for exciting a
2'-pole rotation or single-phonon surface oscillation of
the target nucleus is obtained' by deforming the
spliel'Ical optlcRl potelltlal (6). II1 'the DW calclllatloll,
this interaction is taken to be the nonspherical part of
the deformed potential which occurs to 6rst order in thc
multipole deformation parameter PI. For a given
multipolc, the strength of the resulting nuclear matrix
element Uf;, and its dependence on the relative co-
ordinate, are contained in a form factor P(r). Originally,
only the real, centraj. terms in thc optical potential merc
included, that is, allowed to contribute to the non-

R. M. Drisko (IillpUbhshed).
~~ B.J. Morton, R. H. Iassel, L. N. Blumberg, M. P. I"ricke,

K. E, Gross, A. van der Woude, and A. Zucker, 3ull. Am. Phys.
Soc. 11, 13 (1966) and (to be published).

spherical 1DtcrRctloD. IQ that CRsc oDc hRs thc form
factor F(r)= fa.(r)+fop(r), where fa, (r) is the con-
tribution from the nuclear term and fcH(r) is that from
the Coulomb term. The latter accounts for the possi-
biHty of Coulomb excitation, which has an amplitude
adding coherently to the nuclear ampHtude. These
contributions to thc total folIQ factol Rlc glvcn by

fn, (r) = (pIReV/ae) FI„(d/dx) f(x),
and

fcz(r)=3PI(2l+1) IZe'R, IVI~ ' ', if r)R„
=0, if r(R, . (9)

The factors Re ——reAIi', ae ——a, V, and f(x) are those
appearing in Eq. (6) and are determined by 6tting the
elastic data. Calculations which include only the form
factors (8) and (9) are termed "real coupling. "

MOI'c 1'cccDtlyq colicctlvc-model caj.culatlons hRvc
been carried out with "complex coupHng, "where both
reaI and imaginary parts of the central portion of U,
are deformed. The imaginary part of the nonspherical
interaction gives important contributions to the in-
eiastic scattering of 3He partides' and deuterons" and
appears necessary to obtain reasonable values of PI.
Complex coupHng results in a slight but consistent
improvement in predictions of the shapes of the angular
distributions for 2+ and 3 excitations for 40-MCV
protons, but has a small ( 10%) effect on PI.' In
complete analogy with the real form factor (8), the
coQtrlbutlon fl oIQ the imaginary, central tcITl1s ln
Eq. (6) is

fl (r) =I'(PIReW/ae')VI (d/dx') f(x')
+s(PIRo'Wg)/ae') &I ( 4d/dx')(d/—dx') f(x'), (10)

where Eo' ——ro'A'~', uo' ——u'. The same deformatlon has
been assumed for both real and imaginary parts of the
optical potential.

In the present work, we also consider a contribution"
from the spin-orbit term in Eq. (6).The spin-orbit form
factor may also be written by analogy, noting that the
factor (VI Ir 1) is to be made Hermitian:

f,.(r) = —(PI"Rs/as) (Vs+i W s) (fI/nl, c)'
~ s(VI-~ I+a &VI-)(1/r)(d/«)(dldxs) f(x8) (11)

%c thus consider the form factor which results from
deforming thc COIQplcte potential l.c. CoIQpicx plus
spin-orbit coupling":

P()=f ()+f ()+f -()+f-() (12)

The form taken here for the nonsphcrical e 1 inter-
action is to be tested phcnomenologically by comparison
with our data. It is perhaps the simplest such form but
is by no means unique. In particu1ar, if one casts the
elastic interaction into the familiar Thomas form
VV,.(r) Xv S, then the spin-orbit term in the spherical

"J.K. Dickens, F. G. Percy, and G. R. Satchler, Nucl. Phys.
3, 529 {1965).
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optical potential (6) is equivalent to the expression

&,.()=[2y/( .)')v[(V +iW~)f( )]X &. (13)

I)ut if the deformation is introduced in« f(&s) « this
point, there are in addition to the term (11) some other
contributions to the form factor which arise from the
nonradial components of the gradient operator in the
above cxpI'cssloIl. Thcsc contrlbutlons are very com-
plicated, '~ and at this stage it is considered reasonable
to explore the simpler form factor (11).We do, however,
allow the strength Pp' of the spin-orbit interaction to
differ from the strength P~ of the central interaction. If
Pi~=Pi, then in the DW approximation the inelastic
cross section is simply proportional to PP, and the
asynunetry is independent of Pi. For Pp'WP ~, the shapes
of the calculated cross sections and asymmetrics depend
upon the ratio (Pp'/P~).

In the collective-Inodel interaction, with or without a
deformed spin-orbit potential, the operator which
a6ects the target nucleus coordinates is of rank /, so
that the total angular momentum j transferred to the
nucleus is equal to 1, the multipole order. ' The parity
change is d,ir = (—)', so that only normal parity transi-
tions are allowed in 6rst order. The collective operator
is usually thought of as spatial only, and not to aQcct
the spins of the target nucleons, so that in this sense the
"spin transfer" may be regarded as zero, a=0. The
projectile proton may undergo spin-Rip both under the
influence of the e 1 coupling in the elastic distortion,
and of the deformed e l term if this is included. The
latter term induces inelastic transitions which for the
projectile may be called s'=1. Thus the algebra of the
angular-momentum transfer (in which we may have
sos') becomes a httle more complicated than that
usually encountered. A similar situation arises in a
"microscopic" description of inelastic scattering when
two-body spin-orbit or tensor forces are included (see
Sec. IIID, and also Appendix 2 of Ref. 34). A trial
calculation for the 2+ state of 60Ni was made with
l= j=2 but simply adding a 20% admixture of s=1
with the same form factor (12) as s=0; the asynunetry
and cross section produced differed very little from
those with s=0 alone. All the calculations discussed
below were made with s=0.

B. Exyloratory Calcu1ations

To examine the CBccts of the form factors in the
prediction of inelastic asyIIUnctry, a number of calcu-
lations" was 6rst made for the targets "Siand "Ni. The

"R. M. Drieko (private communication).
~8 The inelastic-scattering calculations @&ere made, vgith

slightly amended version of the code JULIE by R. M. Drisko
(unpublished), arith &which it is possible to calculate a scattering
amplitude for the spin-orbit form factor (11}and add it coherently
to the other amplitudes, vrhich are calculated conventionally.
This version of the code differs from the code SALLv described in
Ref. 5 by this feature and by the inclusion of the spin-orbit term
in the distorting potential (as discussed in Ref. 6).

findings were the same for the two nuclei and will be
illustrated only for "Ni.

Diferent sets of optical-model parameters, all of
which gave fairly good 6ts to the elastic cross-section
data out to large angles, were used in these calculations.
Regardless of the contributions [Eqs. (8) to (11)j
included in the form factor F(r), a good fit to the in-

asymmetry data for the 2+ excitation was not
obtained unless the potential also gave a good 6t to the
elastic polarization data out to large angles. The good-
ness of 6t to the inelastic asyrrnn. etry was much more
strongly correlated to the quality of 6t to the elastic
polarization than to the elastic cross section. This
correlation seems consistent with the theory of Austern
and Blair,"in which the elastic and inelastic scattering
amplitudes are simply related.

Typical results are illustrated in Fig. 4, using the two
sets of optical parameters given in Table I. The "best
cross-section" parameters are the "best-6t" results
from Ref. 9, which were deduced froxn the elastic data
by minimizing (X,2+X''). The "best polarization"
parameters were deduced from the same data, but vrith
greater weights, i.e., smaller errors, AP,„~t,, assigned to
the large-angle po1arization data. The calculations of
inelastic scattering illustrated in Fig. 4 include all the
contributions to the total form factor, with P&

——0.22
and Pnso 1 5P

2'. Eorm Ilactors

The effects of the form factors in the calculation of
the inelastic scattering from 60¹iare shown in Fig. 5 for
the 2+ excitation and in Pig. 6 for the 3—excitation.
This is illustrated for the best polarization potential of
Table I, and again we use Pi"= 1.5 Pi with Pr ——0.22 and
P&——0.18. For both the asymmetries and cross sections,
the dotted curves are for real coupling only, F(r)=fa.(r)+fcE(r). This calculation fails to reproduce
the oscillations observed in both the asyInInetry and
cross section for the 2+ transition. The Coulomb form
factor has a very small effect. Calculations for this
excitation which do not include fop(r) diGer from those
which do by about 10% in the cross section at most
angles and by an amount less than 0.05 in the asym-
metry. The difference is smaller for 3- excitations. The
curves with short dashes in Figs. 5 and 6 were calcu-
lated by adding the spin-orbit form factor to the real
form factor, F(r)=fa.(r)+fez(r)+f, .(r). This in-
creases the absolute value of the asyLIDn. etry but still
fails to reproduce the oscillations in the 2+ data. The
curves with dots and dashes are for complex coupling,
F(r) =fa, (r)+fog(r)+ fr (r). The oscillations are now
larger, but the agreement with the data is not good. The
asynlIIletry is not positive enough, and the oscillations
in the cross section seem too large. Finally, all the terms
are included for the form factor of Eq. (12), which

+N. Austern and J. S. Blair, Ann, physics (N. y) gg
(1965).
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produces the solid curves in these figures and the best
agreement with our data.

For all of the optical potentials tried for 28Si and
"Ni, the large positive oscillations observed at large
angles in the asymmetry data for the 2+ excitations
appear in the calculations only if the imaginary form
factor is included. In the calculations of both 2+ and 3—

asyllllnetries, the contribution fl (r) tends to increase
the magrutude of the oscillations, while f„(r) both
increases the oscillations and shifts the curve to more
positive values. Collective-model calculations of 2+

asymmetries using only real couphng have been made

by Percy'~ for the Saclay Ni data" and by Greenlees"
for the Birmingham "C and "Sidata. These also fail to
reproduce the large positive oscillations observed at
large angles.

The 40-MeV asymmetry data at forward angles,

smaller than about 50' for "Ni, are not reproduced by
deforming the complete potential in the present treat-
ment. Indeed, our calculations for the 2+ state in "Si
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 2+
state in 60Ni also appears to be too low at the most
forward angles, although this is not generally true for
the other 2+ excitations we measure.

Tile 1atlo Pt /PI of tile spill-ol'lnt dcfolmatlon to tllc
central deformation has been taken to be 1.5 for these
and. the rest of our calculations, although this choice is
somewhat arbitrary. The effect of varying the strength
of the spin-orbit form factor is illustrated in Fig. 7 for
the 2+ calculation, using the best polarization potential
of Table I and the complete form factor (12). A slight
but consistent preference for a value of Pl" about one to
two times that of 8~ has been noticed for both the 2+
cross sections and asymmetries at larger angles. As
indicated in Eq. (11),both real and imaginary parts of
the spin-orbit potential are deformed with the same
strength pt". However, since all of our results for the

TABLE I. Optical-model parameters for '~Xi which produce fits to elastic data shown in Fig. 4.
The "best cross-section" parameters are the "best-fit" values of Ref. 9.

V
Potential (MeV)

Best cross section 48.3
Best polarization 52.9

8' 8'gp

(MeV) (MeV)

5.4 1.6
5.5 2.8

18 ~8
(Mgg (Me&)

7.0 0
4.7 —0.7

(F)

1.12
1.06

(F)

0.77
0.87

(F)

1.41

(F)

0.60
0.49

(F)

0.98
1.04

(F)

0.86
0.52
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include the imaginary part of the spin-orbit form factor
diBer very little from those which do not.

Some investigation was made of the e6ect on the
inelastic asynunetry calculation of varying the spin-
orbit geometry parameters from their best polarization
values of Table I.The 2+ calculation for "Ni was made
for values of these parameters in the range 1.0 F&r8
&1.2F and 0.5 F&a8&0.7 F. The rest of the optical
parameters were not readjusted; the 6t to the elastic
data was not preserved. These changes were made
separately (i) in only the form factor f,.(r); (ii) in only
the elastic distortion, i.e., in the optical potential used
to generate the distorted waves; and (iii) in both the
form factor and the distortion. For each change the four
types of form factor of Fig. 5 were used, This produced
no di6erence in the general features of the asymmetry
curves in Fig. 5. Their relative degree of positiveness
and amount of oscillation remained unchanged, and in
no case was the predicted asynunetry negative at the
xl1ost forward angles.

In an attempt to judge further the importance of the
imaginary form factor fr (r), we have tried to re-
produce the observed asymmetry with calculations in
which this form factor is left out and the real form
factor fa, (r) is varied. The distortion was still deter-
mined by the 6t to the elastic scattering, but the real
form factor was no longer given by its collective model
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prescription. In doing this, we used the shape of the
collective model form factor (8) but varied its width
and radial position by changing the parameters Rp and
ap from their collective-model values re'" and u, i.e.,
from the values used for the distorted waves. The
calculations were carried out for the 2+ state in 6PXi

with the distortion given by the best polarization
potential of Table I.At each of the values Ep——0.7, 1.0,
and 1.3 times the collective-model radius (roA'"),
calculations were made for up=0. 5, 0.8, 1, .0, 1.2, Rnd 1,5
times the collective-model diffusivity u. For each of
these, the calculation was made with and without
including the spin-orbit contribution f,.(r). The result
was that for any of the radii Ep, and with or without a
spin-orbit contribution f,.(r), large oscillations in the
inelastic Rsyllnnetry were produced only with the most
sharply peaked form factor having a diRusivity param-
eter ap of 0.5 times the coBective-model value a=0.81.
But with this diBusivity, the asyxnlrletry data were still
not reproduced. For Ep=0.7rpA" Rnd up=0. 5a, the
RsyIIlrnetry calculation wRs negative at lRI'gcI' Rngles
with or without a contribution f„(r) For Ro ——. 1.0roA'"
and ap ——0.5a, the asymmetry became positive, but the
oscillations were almost exactly out of phase with the
data. For Rp=1.3rpA'f3 and up=0. 5a) the angular
interval between oscillations was much less than that
observed. The inelastic cross section was poorly repro-
duced in every case, although the disagreement was less

pronounced than that for the asylrunetry. Except for
the collective-model values of Ep and cp, 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 within the limits of this

study, the contribution fr (r) is essential in reproducing
the oscillations observed at larger angles in the inelastic
asymmetry for this 2+ excitation.

The calculations of inelastic asymmetry e are very
nearly identical to calculations of the inelastic polariza-
tion I' made in the same way. While the difference
I' —& varies considerably with the form-factor options
of Fig. 5, and increases with the magnitude of Q, it was

in no case very l.arge. In the calculations for the 2+

excitations in iron and nickel, we find 0& (P e) &0.005—
at forward angles and 0& (P—e) &0.01 at ba,ck angles.
For the 3—states the di6erence is larger and. usually of
the opposite sign: 0&(e—P)&0.05 at forward angles

and 0& (e—P) &0.1 at back angles. The probability of
spin-Qip is sensitive to thc forxn factor used, Rs is
indicated by thc varlatlon of I' —~ with thc form factor
options of Fig. 5. Angular-correlation measurements

which isolate the spin Rip amplitudes' vould provide
another sensitive test of the deformed spin-orbit

interaction and also of the possible presence of s=4
Rdmlxturcs ln Ilormal parity cxcltRtlons.

3~See e.g. R,ef. ].5. por a 0+~2+~0+ transition, only
m; =~1 contribute when the y detector is normal to the scattering
plane.
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I IG. 8. Comparison to coupled-equations calculation. The solid
curves are two-channel, coupled-equations predictions of elastic
a,nd inelastic scattering using the paraxneters given in the text.
The dashed curves for elastic scattering are one-channel Gts to the
coupled-equations results, produced by varying only the param-
eters lV and 8'~. The dashed curves for inelastic scattering are
DW calculations using the modified parameters.

» See, e.g. , T. Tamura, Rev. Mod. Phys. 37, 679 (1965).
"These calculations were made with the coupled-equations

code of T. Tamura (unpublished).

Z. Distorted Wa-ve Method and Coup/ed Pquatious

The DW calculation was compared to a two-channel
coupled-equations" calculation including the ground
state and the 2+ state of 6PNi. The latter treats the
coupling between the two states exactly, as opposed to
the 6rst-order treatment of the DW method. To make
use of the options readily available in the coupled
equations computer program" at this laboratory, a
complex coupling calculation of the inelastic polariza-
tion (not the asyrrunetry) 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 r8 and u8 are taken
equal to the values rp and u of the real central. term, and
the spin-orbit term is taken to be real, 8'~ ——0. The
solid curves in Fig. 8 are the elastic and inelastic
predictions using a coupling strength of Pi ——0.22 and
the best polarization parameters of Table I, with the
changes ra ——1.06 F, a8 ——0.87 F, Rnd lV8=0.

To compare these calculations to our DVV treatment,
we must 6rst 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. 8 for the elastic cross section
and polarization were produced by searching on the
elastic coupled-equations predictions out to 120' with
the code HUNTKR. Only the parameters F' and 8 ~ were
varied from the values used in the coupled-equations
calculation; the Gts could presumably be improved if
Rll the parameters were varied. One expects the absorp-
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tion to be somewhat larger in the one-channel calcu-
lation of elastic scattering, to compensate for the flux
lost to the 2+ excitation. The new values found were
8~=6.55 MeV and 8'g ——2.25 MeV. Thus, 8' increased

by 20% from the coupled-equations value, but Wn
decreased 20%; the sum W+Wg increased only 6.4%%uo.

The dashed curves in Fig, 8 for the inelastic cross section
and polarization are DW results using the optical
parameters with these "corrected" absorptive strengths.
One-channel calculations were also made using the same
(uncorrected) parameters as in the coupled-equations
method, and the results for both the elastic and in-
elastic scattering were nearly identical to those obtained
with the modi6ed values of 8' and 8'g). The D% 6ts to
the coupled-equations results for the inelastic scattering
are seen to be at least as good as the agreement pro-
duced for the elastic scattering. %e therefore conclude
that the D% approximation is adequate for the present
data, inasmuch as the higher-order sects included in
the two-channel calculation are small.

C. Optical-Model Parameters

After the exploratory studies of "Si and 60Ni, calcu-
lations were carried out for all of our data in a system-
atic fashion. The 6rst task was to find optical-model
parameters for the four targets which would give
optimum 6ts to the elastic-polarization data while
sacrificing the 6ts to the elastic cross-section data as
little as possible. The polarization data for "Si, "Ni,
and "Xi are more extensive, and calculations were 6rst
made for these targets with errors AP, ~t, assigned at
large angles which were smaller than the experimental
uncertainties. Using the results of these calculations as
starting values for the parameters, with the '4Fe

potential taken equal to that found. for "Ni, searches
were made for the four targets using exclusively the
experimental uncertainties to weight X,'+X~'. How-
ever, the "6nal" parameter values were taken at that
point when the search routine would start to sacri6ce
the 6t to the general trend of the back-angle polarization
data in order to achieve a slight improvement in
X,2+X'', as happened for all three targets "Si,"¹and
"Ni. In this way we have emphasized the elastic-
polarization data to some extent, and the optical-model
parameters thus found are somewhat diferent from
those deduced in a previous analysis' of these same data,

one which relied more strongly on the &.'+X~' criterion
using the experimental uncertainties for hI', ~t,.

The resultant fits to the elastic data are shown in
Fig. 9; and the optical parameters, predicted reaction
cross sections og, and values of x'/E are listed in Table
II. The X' values correspond to the experimental
uncertainties. The results were not entirely successful
for "Si and '4Fe, while fairly good 6ts to the data were
obtained. for "Ni and "Ni. Subjectively, the present
6ts to the cross-section data appear very similar in
quahty to those of Ref. 9. For "Fe, the previous cross-
section 6t is slightly better near 90'; for "Ni the present
6t is slightly better near 90'; and for "Si and "Ni the
fits are very much alike. The 6ts to the polarization
data for "Fe are also quite similar, but the present
potentials somewhat improve the agreement with the
large-angle polarizations for "Si, "Ni, and "Ni, without
sacrificing the 6t at forward angles. For "Si, the
previous calculation of the polarization is 20' out of
phase with the data at 110', while the present calcu-
lation is a little closer. For "Ni and "Ni, the previous
calculation (see Fig. 4) gave an extra oscillation near
140' which is not observed in the data, and which is
eliminated in the present calculations. The present
value of X,2+Xp2 is 20% worse for "Si, 5% worse for
~4Fe 10%%u better for 5'Ni and 35% better for 60¹i.TIN
predicted reaction cross section for each target is the
same as the previous value to within 1%for three of the
targets and differs by 2% for "Ni.

The values of the spin-orbit geometry parameters
r8 and a~ vary considerably from target to target and
also between the previous and present results. In the
process of obtaining the present 6ts, however, it was
observed that a rather wide range of these parameter
values produce reasonable 6ts. For "Ni, changing r8
from 1.05 to I.00 F and u8 from 0.5 to 0.7 F, together
with very minor changes in the rest of the parameters,
gave somewhat better 6ts to the cross section with only
a slight sacri6ce of the polarization 6t. In going from
r8=1.00F to ra=0.975 F, and from a8——0.7F to
F8=0.8 F, the last "bump" in the cross section at 160'
begins to come into better agreement at the expense of
the polarization at the same angle. For values of e8
greater than 0.80 F, the polarization 6t becomes much
worse while the cross-section 6t is only slightly im-
proved. This tendency of the polarization data to favor

Tash II. 40-MeV optical-model parameters which produce 6ts to elastic data shown in I"ig. 9.

Nucleus
V ~' ~'L ~s ~8

(Mey) (MeV) (MeV) (MeV) (MeV)
fp

28Sj

"Fe
"Ni

44.61
47.61
51.11
51.59

1.39 4.41 5.84
5.06 0.12 4.41
5.71 0,74 5.19
4.70 3.55 7.03

—0.36
—0.61
—0.24
-0.77

1.134 0.733 1.409 0.537 1.012 0.632
1.104 0.800 1.587 0.583 1.045 0.659
1.080 0.798 1.531 0.430 1.043 0.614
1.081 0.815 1.410 0.525 0.975 0.789

30.1
7.9 20.8 998
6.3 21.1 1019
8.0 8.1 1104
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smaller values of u8 has also been found in an analysis"
of $0-MCV pI'oton dRta. Thc pl cscIlt 1esults have smaller
values of both r8 and u8 than the previous results for
these data. Both results give values for r8 which are
consistently smaBcr than those for the real radius ro.
The present values have an average of ro —ra equal to
0.08 F, as compared with the previous9 average for 11
targets of 0.10 F, and the previous average for the four
targets investigated here of 0.07 F.

The parameters ro' and u' 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 observed that the differential
cI'oss sections foI' 40-McV plotons cRn bc 6tted cqulv-
alently out to fairly large angles by imaginary poten-
tials which may di8er in the nuclear interior but which
are similar in their "tails", say, for r&re'". To
produce a tail with a volume potential (W))Wn) which
is similar to that for a surface form (W((Wn), the
volume potcntlal must hRvc R radius pRI'alTlctcI'

which is larger than that for the surface potential. This

~ G. R. Satchler, Nucl. Phys. A92, 273 (196'j).

is consistent with the values of TaMe II in that "Fe and
"Ni have ro' 1.55 F and 5'»8 g), while "Si and 60Xi

have ro'~1.41 F and more comparable values of S'
and 8'~.

The gl eatest dlfII'crcncc bctwccn thc pI'cvlous Rnd
present 40-MCV potentials is believed to be in the
geometry parameters found for the real, central mell.
For each of the three targets with large-angle polari-
zation data, a significant improvement in the fits to
those data always occurred at a point in the automatic
searching pI'occdulc when thc radius pR1 Rmctcr
became sma11er Rnd the diffusivity u became larger.
When compared with the previous values, the new
results show a consistent decrease of 0.03—0.04 F in the
value of ro for "Si, 58Ni, and 60%i and an increase of
0.02—0.04 F in the value of a. While this is only a change
of some 4% in the parameter values, the preference of
the polarization data for the new values seems quite
strong. However, better. large-angle polarization data
Rnd more extensive analysis will be necessary at 40 MCV
to establish confidently the values of these parameters
to such Rn Rccul acy. Wc note Rlso that thc 1Rdlus

paraIDctcl fo seenls to bc sIQRller fol thc Nl lsotopcs
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than for the other targets, both in the present work and
in the previous analysis of the data for 11 targets.

D. Predictions of Inelastic Scattering

Using the potentials of Table II, we have carried out
DW calculations for all of the inelastic transitions. Each
of the form-factor options, real and complex coupling,
with and without f.,(r), was used again for every
excitation, with the same results as those illustrated in
Fig. 5 and Fig. 6. The new results are not repetitious
since diferent optical parameters are involved. In
particular, the potential for "Ni has almost pure volume
absorption (W=7.7 Wn), while that for "Ni is more
evenly mixed (W= 1.3 Wzz). Yet the DW calculations,
including those with a contribution fz (r) to the total
form factor, are almost identical. It has been verified

by calculation, however, that the inelastic asymmetry
is fairly sensitive to arbitrary changes in the strength or
shape parameters of the imaginary form factor fz~(r)
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 "Ni agree
very closely with those for "Ni in their tails, r&6 F.
However, the form factors fz (r) and f„(r), which
contain the second derivative of the Woods-Saxon
potential, are quite diBerent for the two targets in the
nuclear interior, say, r&5 F. The same is true for the
radial shapes of the imaginary and spin-orbit terms in
the optical potential, in that the terms for "Ni and
' Ni agree well only in their tails. Although the imagi-
nary term in the optical potential for 40-MeV protons is
consistent' with a mean free path in nuclear matter of
about 7 F, it would nevertheless appear that our calcu-
lations of elastic and inelastic scattering are fairly
insensitive to contributions from the nuclear interior.

Distorted-wave calculations of inelastic cross sections
which use the complete form factor (12), with (Pz"/Pz)
= 1.5, and the potentials of Table II are compared with
the data in Fig. 10. The values of the central-well
deformation parameter Pz deduced from adjusting the
normalization of the calculations to match the data are
given in the figure. These are in good agreement with
those found' from the previous Minnesota data. "The
largest discrepancy (30%) occurs for the 1.41- and
4.8-MeV states in "Fe, and is mostly due to the experi-
mental discrepancy noted in Sec. II. The deformation
parameters for the states in "Ni and "Ni agree with
those found in Ref. 3 to within 5%%uo. 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 the 2+ state in "Ni and
the data at angles smaller than 20' for the 2+ state in
"Ni. The latter could be due to a systematic error in
reducing the data, as discussed in Sec. II, but the former
appears to be real. The predictions for the states in "Si
are poor, but little else can be said until a more success-

ful fit is achieved to the elastic data for that target. The
deformation parameters indicated for the "Si data are
tentative at best. The prediction for the 6.9-MeV level
observed in "Si is very bad and does not conMently
identify the multipole order.

The inelastic-asymmetry data and their DW predic-
tions are shown in Fig. 11.The calculations are the same
as those shown for the cross sections in Fig. 10. As was
the case in the exploratory calculations for "Si and
"Ni, the present form of the theory appears to give a
good account of the large oscillations observed at large
angles, but does not appear to reproduce the data at
angles smaller than about 50' for iron and nickel and
smaller than 70' for silicon. The calculations using the
complete form factor were invariably positive at small
angles, while the data for both 2+ and 3 excitations
appear to be negative. The calculations for the two 2+
states in "Fe do not seem to oscillate enough to repro-
duce the minima observed near 90'. This is reminiscent
of the situation for the good cross section potential of
Fig. 4 and leads one to suspect that the unmeasured,
large-angle elastic polarization would not agree well
with the optical-model curve in Fig. 9.

IV. CONCLUSIO5'S

The sensitivity of the inelastic-asymmetry calculation
is leading to re6nements in the collective-model inter-
action investigated for the present data. The fact that
the calculation requires a very careful treatment of the
elastic distortion adds to the credibility of the DW-
method. Based. on this experinece, future inelastic
asymmetry or polarization measurements should pro-
vide valuable contributions to our understanding of the
inelastic scattering of medium-energy protons.

Measurement of the elastic and inelastic scattering at
large angles has proved an essential part of this work.
The elastic-polarization data at large angles demand
new values of the optical-model parameters, and these
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 over-all energy resolution we achieved, were
marginal for the excitations measured. To extend this
study to weaker transitions, considerably better resolu-
tion would be necessary. Polarized proton sources for
linear accelerators and cyclotrons, together with solid-
state detectors or magnetic analysis of the scattered
protons, afford exciting opportunities to explore excita-
tions amenable to a more microscopic description of the
e6ective interaction and nuclear wave functions. As

34 St.'e, e.g., G. R. Satchler, Nucl. Phys. 77, 481 (1966).



FRICKE, GROSS, AND ZUCKER

0
.300

20 40 60 SQ (00 &20 f40 &60 1 SQ
)00

0 20 40
fo

60 eo i|00 )20 &40
$0

5o
ree -~~r

(0

50
"Si, (.7e Mev, p, = 0.&9—

0.2

$00

50
C

20
b

~0

Z T

0.2
~ g ~r

4
I
&.iP"Q

r

'er '
I~

0.)

0.05

0.02

0.0)
Ni, &.M MeV, p2=0.22:.

0.50.5

0.2 0.2

0.5
'AE,

tate oq'e~.
E

~0 &
~b 5 UX

0,05

I e
iE

50 o05W ~~i '4 ~

F,e.878eM, V8=eJO+8

5 0.0

O.O2

Ni, &,45 Mev, iaaf =0'(9—0005

5

Sl 69 Mev~pg"0, 30 2

5 0,5
~ z

'

Q i~~r

~Fe, 4,8 MeV, p&=0.&5 005

Oe 2

0 0.&

5—

5

)0-

0.05

0.02

—=~eeF, S.~ Mev 8,=Oi8:

~~——— 0.5

M0,5—
E

b
)0 O. f

i o05

' 9 Ni, 408 MeVPe=0i7

4
—0.5

— 02

0.5

0.2

io ~. o.i
C

5 ~ 005

Ni 45MeV8e"-0 is= &

x

— 0.8

5

Fzo. 10. Inelastic
cross-section data and
DW predictions using
complex-plus —spin-orbit
coupling and the optical-
model parameters of
Table II.

0.05 0.05 0.05 —~ 0.05
1

0.02 0.02

0.0 & 0.of
o 2o 40 6o eo ~00 ~20 ~40 ~60 teo

ec M (deg)

0.02

0.0)
0

0.0&
20 40 60 SO )00 )20

8cM ldeg~

was mentioned, there is evidence from lower-energy
work'4 that the asymmetries for some low-lying 2+
states in medium-weight nuclei show diGerences which
do not appear to be explained within the framework of
the collective model. Some of these excitations are
fairly enhanced and cou1d be studied at higher energy
with only a modest improvement in the resolution and.

intensity achieved here.
Our Ineasurements of inelastic asymmetry have

distinguished between some coBective-model inter-
actions believed plausible for the present data. In
particular, we 6nd 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 by the collective-
model prescription for the imaginary interaction is
indeed striking. For higher-energy proton scattering,
the impulse approximation" also yields a complex-
valued effective interaction; and it has been suggested"
that a complex interaction may prove necessary in a
microscopic treatment for medium-energy protons, as
well as some two-body spin-orbit or tensor force.

The spin-dependent inelastic interaction of Eq. (11)
has proved remarkably successful for both the ine1astic

"R. M. Haybron and H. McManus, Phys. Rev. j.40, 8638
(&96s).
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asymmetry and cross section at larger angles. But the
poor agreement with the asymmetry data at foward
angles suggests that the interaction is not yet complete.
One might suspect that the proper collective interaction
should also contain the more complicated terms which
would arise from treating the form of the Thomas
potential given in Eq. (13), but it is diKcult to estimate
the eQect of these terms short of carrying out a full
calculation. Such a study is now under way. " Alter-
natively, one could continue to examine the spin-
dependent interaction phenomenologically. One possi-
bility is to explore a de'erent radial dependence for the
spin-orbit interaction than is currently assumed for the
elastic and inelastic scattering.

~6 R. M. Drisko (private communication).
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