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Differential cross sections for proton elastic scattering by "N, "0, Mg, and "Ar were measured at
several proton energies between 14 and 44 MeV. Previous data on ' C, ' 0, Mg, ' Si, and Ca have also
been considered. Evidence has been found for a strong enhancement in proton emission at backward angles
for scattering by spherical nuclei at incident energies higher than 06 MeV. A phase-shift analysis of all the
differential cross sections showed that the partial waves involved are those near grazing. Optical-model fits
of good quality have been obtained for collective nuclei, while for spherical nuclei the cross sections at
backward angles are not reproduced. The disagreement is not substantially modified when nonstandard
radial dependences are given to the optical potential.

NUCLEAR REACTIONS Proton elastic scattering on N, E& =18.1-44.2 MeV;
O, Ep =14.7—44.1 MeV; Mg, Ep =35.2—44.1 MeV; Ar, Ep =20.9-44.1 MeV.

Measured 0(P). Comparison with phase-shift and optical-model analysis. De-
duced optical-model potentials.

I. INTRODUCTION

For incident nucleon energies above 20 MeV the
optical model has been shown to give a.satisfac-
tory description of elastic scattering on heavy and
medium-weight nuclei. ' This model has not en-
joyed the same success in its application to light
nuclei. Published systematic studies involve
mainly proton scattering at energies up to 30 MeV.
While any single angular distribution can be re-
produced, the optical-model parameters required
for different energies very often display marked
fluctuations. This behavior may indicate that re-
sonant processes are important for light nuclei
also in the 20-30 MeV energy range. ' "

For some nuclei the agreement between experi-
ment and calculation improves at higher energies,
although this is not true for doubly magic nuclei
such as "P and "Ca. For the latter, in 1967
Gross et al,."had already shown that in the 30-45
MeV range it is impossible to fit the cross section
at backward angles with standard sets of optical-
model parameters. The same authors also showed
that is very difficult to obtain fits simultaneously
to both the polarization and the cross section and
that the quality of the fits can be easily improved
by making only a slight adjustment in the reflec-
tion coefficient associated with the grazing partial
waves. Moreover the phase shifts resulting from

their analysis give no indication of resonant pro-
cesses.

Most of the exhaustive elastic scattering studies
have been motivated by the search for average op-
tical-model potentials suitable for nuclear reaction
calculations. Even at fairly high excitations the
level density for light nuclei is low and hence nu-
clear structure effects are not sufficiently aver-
aged out. Consequently it was commonly accepted
that resonance effects could be present and that
they should be more important at those angles for
which the potential scattering is small. Therefore
in the analyses whose goal was the extraction of
average potentials, the quality of the fits obtained
at backward angles was generally disre-
garded.

The recent progress made in folding model cal-
culations of optical-model potentials" " and a bet-
ter understanding of the role played by the coup-
ling between elastic and reaction channels"'"
have stimulated renewed interest in more detailed
knowledge of proton elastic scattering on bght nu-
clei.

We decided to investigate the situation further
by examining the following points: (i) The pos-
sibility that "unconventional" shapes of differen-
tial cross sections could be present for other nu-
clei besides the well known cases of "P and ~'Ca,
(ii) the energy dependence of these "unconvention-
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al" effects, and (iii) their correlation with any
simple nuclear property.

This paper, hereafter referred to as I, con-
cerns the energy dependence between 15 and 44
MeV of proton elastic scattering on a limited num-
ber of target nuclei with a mass number A ~40.
An accompaning paper, referred to as II, will be
devoted to proton elastic scattering mass depen-
dence, between A =9 and 70, at a fixed bombard-
ing energy of 35.2 MeV." In these two papers
special stress is laid on the phenomenological
aspects resulting from the systematic measure-
ments we have performed. The calculations,
done in the framework of a conventional optical
model, are used mostly as a reference in clas-
sifying the data. Moreover, to gain further insight
into the problem, a phase-shift analysis was car-
ried out on a substantial part of the data. Exten-
sive comparison with more recent theories, such
as folding model for optical potentials and the
evaluation of two-step contributions, are the sub-
ject of a study now being done.

II. EXPERIMENTAL METHOD

+0.9' for the different slit systems used for solid
and gas targets and for the different telescopes.
Solid angles varied from 4.10 ' to 6.10 ' sr. .

Differential cross sections were measured at
13 incident energies between 18 and 44 MeV for
' N, at 16 energies between 14 and 44 MeV for
"Q and at 9 energies between 20 and 44 MeV for
"Ar. Data were collected at scattering angles
from 10'-15 to 165 -170 in steps of about 5 .
Gas targets were used for these nuclei; "N and
"0gases were isotopically enriched to 95%. Pre-
vious data' on Mg were supplemented in this
experiment by further measurements in the en-
ergy range 35-44 MeV. In the latter case a solid
target 1.03 mg/cm' thick and enriched to 99.9%,
was used.

The uncertainty in absolute cross section values
was estimated to be about 4/0. Statistical errors
were generally negligible. A more detailed dis-
cussion of the errors affecting the present mea-
surements is given in paper II. Numerical data
on differential cross sections reported here and
in paper II together with further details on the
experiment are given elsewhere. "

The experiment was performed using the energy
analyzed beam of the Milan sector-focused cyclo-
tron. Where beams with energy between about 20
and 44 MeV were available, lower energies were
obtained by means of Be absorbers placed in the
first part of the beam channel. The 120' analyzing
magnet allows energy resolutions ~/E up to
2-3 x 10 ', although nE/E values of about 10 '
were typically used in these measurements.

The scattered protons were detected by silicon
surface-barrier detectors, stacked in two or
three counter telescopes placed on a plate cooled
to about -5 C and rotated by remote controls.
Both solid and gas targets were used. Solid target
areal. densities were determined by weighting me-
thod. The gas pressure was measured using a
precision dial manometer with scale divisions of
0.005 kg/cm' and absolute accuracy of the same
order. The gas pressure, generally about 0.5
kg/cm', was corrected for the temperature vari-
ations. The gas cell consisted of a brass housing
with a 1.8 mg/cm' thick Kapton foil window.

To ensure beam alignment with the counter set-
up, the same counter was routinely positioned on
either side of the beam itself and the counting
rates for elastically scattered protons were com-
pared. The overall energy resolution, which in-
cludes the counter resolution, the incident beam
energy spread, the kinematic broadening and the
effect of target thickness, varied from 70 to 100
keV depending mainly on target thickness. The
overall angular resolution varied from +0.3 to

III. EXPERIMENTAL FEATURES OF THE DATA

The data considered in the following, which have
been taken also from previous studies, ' """'""
are listed in Table I. Besides those collected in
this experiment the most relevant are those given
by Gross eP al."and van Qers" for "Ca and by
some of us for "C, "N, "Q, "Mg, and
"Si"'""'"Qther studies on "C and "Q have
been also taken into account."

The new measurements" at 35.2 MeV on "C,
"Q, "Mg, "Si, and "Ca constitute a. useful test
of the agreement between the present and previous
measurements taken at our laboratory and others.
The polarization data, when available, have also
been considered. Although taken into account
only at some incident energies, these data provide
a valid tool when reducing the ambiguities of best
fit procedures in optical-model and phase-shift an-
alyses.

The above target nuclei were selected in order
to have systematic data for elastic cross section
energy dependence on four spherical nuclei ("N,
"0, 4'Ar, and 4'Ca), on a slightly collective nu-
cleus ("0), on a deformed nucleus ("Si) and on
two strongly deformed nuclei ("C and "Mg). In
fact, during this study it immediately became ap-
parent that collective properties are indeed a sen-
sible index for classifying the target nuclei with

respect to the effects studied here.
The differential cross sections for proton elas-

tic scattering on "N, "Q, ' Mg, "Ar, and ' Ca
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TABLE I. Data selection for proton elastic scattering optical-model analysis.

Nucleus

12g

&SO

Mg

28S;

4'Ar

4'Ca

Incident energies for cross sections (MeV)

(15.9-17.35-18.5-20.0-22.65-24.65-26.1-27.3-28.85-29.9-33.15
35.3) -40.0

18.1-20.0-(22.4-24.5-26.0) -28.1-30.0-32.1-35.2-37.1-39.2
41.7-44.2

14.7-16.3 -17.7-19.1-20.6-22.3-(22.5-24.5) -26.2-28.2-30.5
32.76-35.2-37.3-39.5-41.4-44.1

(15.5-16.5-17.2-18.5-19.5-20.5-21.6-22.5-23.6) ~ -25.2 -26.5 ~

30.5 ' -35.2-39.5-44.1-49.5 j

(14.26-15.34-15.83-16.3-16.8-17.24-17.67-18.18-18.73-19.23
19.7-20.17-21.32-22.7-23.6-24.24-25.44-26.34-27.3-28.7-29.4-7

30.5-31.5-32.4-33.7-34.7) -35.2-(35.97-37.21-38.6-40.21)

20.9-23.5-26.3-29.3-30.4I' -32.2-35.2-38.2-40.7-44.1-49.4I'

(21.1-.23.5-26.3-48.0) "-30.3' -35.2-(35.8-40.0-45.5) '

Incident energies for polarizations (MeV)

(20.2-22.6-24.1-26.2-27.1-28.3) -40.0

(22.4-24.5-26.0)

(22.5-24.5) '

17.5 -20.3 -49.5 &

20.3 -25.2" -30.3

(30.4-49.4) ~

26.3 ' -(30.3-35.8-40.0-45.5) '

' Reference 6.
Reference 21.
Reference 22.
Reference 23.' Reference 24.
Reference 25.

~ Reference 8.
Reference 7.

' Reference 26.
' Reference 27.

~ Reference 28.
Reference 29.
Reference 10.

" Reference 30.' Reference 31.
t' Reference 32.
~ Reference 33.
' Reference 11.
' Reference 34.

are given in Figs. 1 to 5. To show the energy de-
pendence of the diffraction pattern more clearly
the angular distributions were drawn displaced
proportionally to energy increments. The curves
given in these figures are the result of a phase-
shift analysis (see Sec. VI). Equivalent compre-
hensive figures are given in Refs. 5 and 6 for "C
and in Ref. 4 for "Q.

The evolution of the diffraction pattern becomes
fairly regular above 25 MeV. In the ease of "N,
' "0, 'Ar, and OCa, a pronounced maximum at
angles larger than 140' which stands out from the
pattern appears at about 25-26 MeV. This maxi-
mum is stiQ present at 4$ MeV for "N and "0
and has been evidenced for "0 up to 52 MeV.' It
seems to disappear between 40 and 45 MeV in the
cases of "Ar and "Ca. It is difficult to indicate
an upper energy limit for this backward enhance-
ment due partly to lack of data and partly to the
fact that the above maximum disappears slowl. y
at high energy and probably merges into another
maximum which, at least for "Ar at 44.1 MeV,
looks like a normal maximum in the diffraction
pattern (Fig. 7).

To evaluate the lower limit more clearly, the
angular position of the above maximum can be
plotted against the incident energy. These plots
are given in Fig. 6; data for '4N have also been

included. '9'"'" The maximum shifts rapidly to-
wards larger angles at the energies at which it
appears or is still increasing and stays practically
fixed after that. This trend is probably the main
cause of the failure of conventional optical-model
calculations to reproduce differential cross sec-
tions at incident energies above 25-30 MeV for
many light nuclei. In fact, in the region in which
the backward peak changes rapidly in the angular
position, attempts to fit the full angular distribu-
tion lead to corresponding abrupt large variations
in both the geometrical parameters and the well
depths. This contrasts with the uniform slow
variations of the same parameters with the iri-
cident energy which are expected in the optical
model. The dashed lines on the ~ Ca data in Fig.
6 show the peak position energy dependence pre-
dicted by an optical-model calculation. A more
detailed comparison with optical-model. predic-
tions will be given in the next section.

For the medium collective nucleus "Si, a back-
ward peak with the energy dependence of the type
described above appears, with a very limited
magnitude, only around 33-34 Me& (Fig. 7), the
energy at which the effect is the largest for other
nuclei. For "C (Figs. l and 2 of Refs. 6 and 6,
respectively) and for the other strongly collective
nucleus "Mg (Fig. 3) the backward effect has not
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FIG. 1. Differential cross sections points) for pro-
tons elastically scattered from ~5N, together with the
results of a phase shift analysis (solid lines). The ang-
ular distributions are drawn displaced vertically in pro-
portion to incident energy increments. True cross-
section values are obtained by multiplying by
expt0. 296+& -18)).
been found.

A concluding remark is therefore that for all
the spherical or slightly deformed nuclei, but for
these nuclei only, an enhanced yield appears at
backward angles at about the same incident ener-
gy, that is at 25-26 MeV, becoming clearly evid-
ent between 30 and 40 MeV.

IV. OPTICAI MODEL ANALYSIS

The data have been analyzed in terms of the op-
tical model, to help evidence their typical behav-
ior. The analysis was done using the SNOOPY'

code which allows a best-fitting procedure by ad-
justment of the optical-model parameters or,
directly, of the phase shifts. The optical poten-
tail was of a conventional type, i.e., local and
with standard radial dependence:

V(r) = —Vo f(xo) —iW, f(x„)+4iWa(d/dx )f(x )

+ V,(r,R,) + V„(h/m, c)'(1/r)(d/dr}f(x„),

44.1

I I l I I I I I I I I I I I I I I

60 120 ~ 180
ve.m.

FIG. 2. Differential cross sections for proton elastic
scattering on 0; see caption for Fig. 1. The normal-
ization factor is expf0. 3?g& -1?.?)].

where f(x, ), with x, =(r R, A"')/a„-are Woods-
Saxon form factors and V, is the Coulomb poten-
tial of a uniformly charged sphere of radius
z A"'

Owing to the above mentioned difficulties in fit-
ting the complete angular distributions, only data
up to an angle (generally 100'-120 ) were chosen
in order to remove the backward maximum from
the search. Compound nucleus contributions are
expected to be largest for light nuclei at low en-
ergies. Hauser and Feshbach cross sections were
evaluated at 16 MeV for "C and found a factor of
10 lower than the experiment at the most unfavor-
able angles. This factor increases with energy
and target mass." These contributions have
therefore been disregarded in the subsequent an-
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FIG. 3. Differential cross sections for proton elastic
scattering on Mg; see caption for Fig. 1. The normal-
ization factor is exp[0.37 (E& —18.54)].

FIG. 4. Differential cross sections for proton elastic
scattering on Ar; see caption for Fig. 1. The normal-
ization factor is exp[0.37+& —20.9)].

alysis. The fitting procedure was started by al-
lowing all the optical-model parameters to be
routinely in search in groups of 4 or 5. Emphasis
was placed on obtaining good quality fits by using
parameters with a smooth energy dependence. As
a consequence of the nonlocality of the optical-
model potentials, the geometries of the local-
equivalent potentials are known to be energy de-
pendent. "'"'" However, over the energy interval.
considered, the predicted variations are probably
too small to be determined directly from the ex-
periment, also because several geometrical para-
meters are correlated to the mell depths, mhich
are more strongly energy dependent. For these
reasons and also because no clear cut evidence
to the contrary has been found, we chose energy-

independent average values for the radius and
diffuseness parameters. The spin-orbit strength
was fixed considering polarization data.

The energy-dependent average potentials thus
obtained are given in Table II. For comparison
the y' values obtained using previous"'
energy-averaged potentials are also given in the
last two columns. These are generally larger
especially in the angular range considered in the
search. The potentials obtained for "C and 4 Ca
are almost equal to those determined in Refs. 5
and 11, respectively. In the case of collective nu-
clei, such as "C, "Mg, and "Si, the quality of
the fits can sometimes be very poor at low ener-
gies, where contributions corning from resonant
processes are evident, ' "although it becomes
satisfactory above 30 MeV. These potentials,
deduced mainly from cross section data at forward
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FIG. .5. Differential cross sections for proton elastic
scattering on Ca; see caption for Fig. 1 and Table I.
The normalization factor is expt0. 37(E& -21.0)].

FIG. 6. Angular'position of the backward maximum in
the angular distribution plotted against the incident en-
ergy. The error bars give the estimated uncertainty,
while the solid lines serve only to guide the eye. The
dashed lines, given for Ca, show the energy depen-
dence predicted by an optical-model calculation.

angles, also correctly reproduce the polarization
data and the cross sections at backward angles
(Fig. 8). In the case of spherical or slightly de-
formed nuclei, such as "N, iso 40Ar, and 't a,
acceptable fits at backward angles are obtained
for polarizations but not for cross sections (Fig.
9).

The potentials in Tables II show several fea-
tures similar to those obtained in conventional'
optical. -model analyses of heavier nuclei, as may
be seen especially by comparing global properties,
such as root mean square radii or volume integ-
rals for the different potential terms. These
quantities, which are generally well determined
in a phenomenological analysis, ' "are given in
Table III. The radius of the potential well, as
already ascertained in previous analyses, ' " '

displays a marked decrement with decreasing
mass number. The values for the rms, (r )«"',
deduced in the present analysis are given in col-
umn 4 of Table III. These can be compared with
the corresponding values for the electric charge
distribution'9 given in column 5. The difference
& = ((r')« (r')~)"-', which should be connected
with the range of the nucleon-nucleon force, is
given in column 6. The resulting values are sim-
ilar to those determined for heavier nuclei. '

The volume integrals for the real and imaginary
central parts are also given in Table III and are
plotted as solid lines in Fig. 10. The dots in this
figure show the values obtained with the geomet-
rical parameters fixed at the values in Table II
and searching on the well depths; The fluctuations
relative to the average trend are generally about
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1-2% for the real part and about 3-5 % for the
imaginary term. For most cases the energy de-
pendence of the real well depth is in good agree-
ment with that of heavier nuclei. Similar agree-
ment is found also for the absolute values of the
volume integrals per nucleon. The larger value
for this quantity in the case of the lighter nuclei
can be explained as a consequence of the finite

FIG. 7. Differential cross sections for proton elastic
scattering on Si; see caption for Fig. 1. The normal-
ization factor is exp(0.554(E& —14.26)].
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FIG. S. Proton elastic scattering cross sections at
incident energies of 30 35 MeV and optical-model fits,
obtained with standard energy averaged optical-model
potentials (Table II). The agreement is typical of de-
formed nuclei.

-0.5 I

60 120 180
.m.

range and density dependence of the effective
nucleon-nucleon force."'" At E,=35 MeV, for
instance, J„/A results to be 443 and 405 MeV fm'
for "C and 'Ca, respectively, in reasonable
agreement with folding model predictions. ' The
volume integrals for the imaginary terms 8 /A

given in column 3 of Table III, are in satisfactory
agreement with the value of 115+15 MeV fm' given
by Agrawal and Sood" for nuclear masses A = 40
-208. The increment predicted by folding model
for lighter nuclei is also verified in this case.

A few anomalies are however apparent. The

FIG. 9. Proton differential cross sections and optical-
model fits, at 35 MeV, given as examples of elastic
scattering on spherical light-medium-weight nuclei.
The solid lines give the fits obtained by using standard
parameters (Table II), whQe the dashed lines give the
results obtained using nonconventional potentials, char-
acterized by a large value for the imaginary and spin-
orbit well radius (sets I to 4 in Table IV).

real part of the optical-model potential for "N
shows a weaker energy dependence than that gen-
erally found. The radius for the imaginary term
for the same nucleus turns out to be rather large.
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TABLE III. Volume integrals per nucleon J„/A and Jq/A for the real and imaginary central
parts of the optical-model potentials given in Table II. The optical-model and electric charge
rms radii also shown. The quantity & is defined by the relationship & = ((~ )OM- (r ),h)

Nucleus
Jy/A.

(MeVfm )

J~/A.
(MeVfm ) (~2} f/2 (fm) (~2} i/2 (fm) (fm)

f2'
15N

ISO
24Mg
28S.

4'Ar
40Ca

560(1-5.93 10 'E)
513(1-4.31 10 'E)
525(1—5.05 10 E)
502(1—5.36 10-'E)
482(1- 5.35 10 'E)
501(1—5.07 10 E)
502(1- 5.52 10 'E)

127+ 0.15E
106+ 0.71E
134+ 0.67E
100—0.08E
100—0.04E
131-0.17E

94+ 0.30E

2.99
3.12
3.43
3.62
3.66
4.11
4.07

2.45
2.65
2.76
3.04
3.12
3.47
3.47

1.71
1.81
2..04
1;97
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FIG. 10. Values for the volume integral per nucleon of the real and imaginary central parts P„/A, J /A) of the pro-
ton optical-model potentials as a function of the incident energy. The solid lines are from the energy-averaged opti. —
cal potentials in Table II.
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In the next section it will be shown that a large
radius for the imaginary well can improve the
agreement between calculated and experimental
differential cross sections, when "unconventional"
shapes are found. In paper II it will also be shown
that for spherical nuclei in the oxygen region the
enhanced yield is not limited at backward angles.
Finally, the volume integral of the imaginary
terms for "Mg and "Q proves to be relatively
large also in comparison with the lighter nucleus
"N. This large value is found also, for all the
strongly deformed nuclei in the 2s-1d shell, as
is shown in paper II.

For several features, the potentials listed in
Table II are very similar to those determined by
phenomenological analyses of proton scattering
on medium-weight or heavy nuclei. The differ-
ences found can be justified in most cases on the
basis of the results of folding model calculations.
It can therefore be concluded that for light nuclei
the differential cross sections at forward angles,
where the potential scattering is large, can al-
ways be fitted by a conventional optical-model
calculation. The cross sections at backward
angles instead are reproduced reasonably well
only in the case of collective nuclei. In this con-
nection it would be interesting to ascertain wheth-
er or not this failure of the model for spherical
nuclei is dueIto some peculiar assumption, such
as the analytical form taken for the radial depen-
dence of the potentials.

V. NONCONVENTIONAL OPTICAL-MODEL POTENTIALS

One of the constraints of conventional optical-
model analyses concerns the radial dependence
assumed for the different terms of the optical
potentials. Efforts to improve the fits to scatter-
ing data for light nuclei by using nonstandard
form factors have already been reported in early

studies. " The Woods-Saxon radial distributions
have generally been retained, while attempts were
made by using nonstandard values for the para-
meters, usually the radii of various terms. In
Fig. 9 the dashed curves, which are in satisfact-
ory agreement with thy differential cross sections,
were obtained by assuming a very large value for
both or at least one of the radii for the imaginary
central and spin-orbit terms (Table IV). How-
ever, as already pointed out, the same calcu-
lation fails to fit polarization data. It can be ob-
served that a very large spin-orbit radius does
not have any clear physical meaning and that its
use is probably an indirect way of introducing a
sizable l dependence into the optical potential.

,An l dependence can be justified as due to strong
coupling with particular reaction channels. " A

large value for the radius in the absorptive part
of the optical potential can be justified instead by
folding model calculations. "

Free choice of the analytic formula describing
the radial dependence of the different terms in the
optical potential could cause new ambiguities that
would be too large. An indication, which has been
tested successfully for the anomalous large angle
scattering (ALAS) of alpha particles, "can be tak-
en from the folding model. The form factor for
the real central term turns out, in fact, to be
more diffused" than conventionally assumed and
can be better described by a squared Woods-Saxon
distribution, i.e.,

Tl(r) = V (10+exp(r R,A"-')/na, )
" with n =2.

A further indication concerns the imaginary
term which, at the incident energies that are most
significant for the present study (25-40 MeV),
can be reasonably well described by a simple
Woods-Saxon distribution, which, however, has
a radius larger than that usually assumed. "
Moreover the radial distribution of the spin-orbit

TABLE IV. Nonconventional optical-model potential parameters.

Energy Form Vp Rp
Set Nucleus (MeV) factor (Me V) (fm)

ap Wv Wa R~ a~ V so R 80

(fm) (Me V) (Me V) (fm) (fm) (Me V) (fin)
a so

(fm)

1
2
3.
4
5

7

10

i~N

180
4'Ar
4pCa

4pea

35.2
35.2
35.2
35.8
21.1
26.3
30.3
35.8
40.0
45.5

sw
Sw
SW
sw
SS'
Sw1ot5

SW2 P

Sw2-P

sw"
SW2.P

47.7
49.0
51.34
48.15
48.53
50.0
50.94
51.44
49.63
45.46

1.095
1.108
1.127
1.137
1.234
1.317
1.373
1.310
1.370
1.330

0.523
0.746
0.773
0.823
0.682
0.568
0.486
0.496

. 0.578
0.552

4.98
4.03
4.26
8.80
1.23
2.44
2.61
4.63
3,79
3.41

8.11
2.43
3.63
3+37
6.20
2.72
3.89
0.73
1.41
0,23

1.066
1.611
1.352
1.303
1.371
1.556
1.479
1.572
1.536
1.668

0.373
0.579
0.767
0.356
0.600
0.584
0.605
0.600
0.702
0.554

6.02
2.92
3.89
3.77
5.83
5.83
5.83
5.83
5.83
5.83

1.643
1.154
1.284
1.459
1.050
1.050
1.050
1.050
l.050
1.050

0.766
0.463
-0.540
0.509
0.700
0.700
0.700
0.700
0.700
0.700
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term, as resulting from folding model calcula-
tions, does not differ very much from standard-
type form factors. "

We therefore decided to use only radial distri-
butions suggested by the more complete folding
model calculations and to test our calculations on
complete sets of experimental data, including po-
larizations, as available for "0 and "Ca. Stand-
ard type radial form factors were used for the
spin-orbit and the imaginary term. For the lat-
ter, however, a large value for the radius up to
R =1.7 fm, was allowed in the search. The spin-
orbit term was fixed at an average energy-inde-
pendent value. The real term was assumed to have
the form of an exponential of a Woods-Saxon dis-
tribution. The search for the best fit exponent
was made by analyzing a grid of possible values.
For each exponent value n, readjustments are
needed of the other parameters, especially large
readjustments for the well depth V, and diffuse-
ness a,. A description is being given here of the
results of the analysis of "Ca data which can be
considered only partially successful. The follow-
ing indications were obtained: (i) The results for
polarization data are not appreciably affected.
(ii) No modification of the radial shape is required
at 21.1 MeV, while exponents between 1 and 2
give limited improvement at 26 MeV, as shown in
Fig. 11. (iii) An increased yield, leading to ap-
preciable improvement in the fits at backward ang-
les in the energy range 30-35 MeV can be obtained
with an exponent n=2 at the expense, however, of
the quality or the fits at forward angles. (iv) No
improvements are obtained at higher energies.
The latter failure is connected with the same dif-
ficulty encountered in conventional optical-model
analyses. As stated in Sec. III, it is very difficult
for these calculations to reproduce the energy
independence of the angular position of the back-
ward maximum. The very large adjustment of
the imaginary radius and the real well diffuseness,
made by using a squared Woods-Saxon form fact-
or, produces improved fits over a sizable, but
still limited, energy range. The fits to energy
dependence thus obtained are moreover not sub-
stantially improved in comparison to those ob-
tained with no adjustable parameters in a recent
folding model calculation by Brieva."

FIG. 11. Ca differential cross sections, polariza-
tions, and optical-model fits. The solid lines show the
results obtained by a conventional energy-averaged
optical-model potential given in Table II. The dashed
lines are the fits obtained by a least-squares procedure
to cross-section and polarization data, performed at
each incident energy by using Woods-Saxon exponential
form factors for the real well and a 1.arge radius for
the imaginary well (sets 5 to 10 in Table IV).

VI. PHASE-SHIFT ANALYSIS ANn ANGULAR —MOMENTUM
LOCALIZATION

This analysis, which is model independent, was
performed to ascertain if some particular partial
wave could be held responsible for the effect ob-
served. The starting sets of phase shifts used in
the search were obtained from the average optic-
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al-model potentials of Sec. IV. To minimize am-
biguities, which could be further reduced if polar-
ization data were available at each incident ener-
gy, other average optical-model potentials""
were also used to obtain additional starting sets
of phase shifts. Moreover the partial waves for
each I. value up to 9 were first searched separate-
ly, so that, for every nucleus and incident energy,
those waves could be found which have the largest
effect in decreasing the initial g'. Curves like
those in Fig. 12 are obtained. As can be seen,
the minimum y' value reached is of the same ord-
er for all the nuclei. For the nuclei which show
the effect, the starting values are much larger
and consequently the decrease in p' values ob-
tained in the best fit search is much more marked.
For energies above 26 MeV the corresponding
variations in the real part of the phase shifts are
of the order of 1 or 2 . Larger variations, up to
20%, arefoundfor thefactors v= exp(-2Pz, ), where

p~ is the imaginary part of the phase shift; their

signs change for different L, values and starting
potentials. No regular behavior respect to the
incident energy seems to emerge.

Then, for each angular distribution, every par-
tial wave was allowed to vary, starting with the
one with the largest effect in y' and proceeding
in order of decreasing effect. The fits obtained
in these searches are really excellent (Figs.
1-5, 7). The waves involved start being L =3
for "N below 26 MeV and gradually shift to I = 5
and 6 as the energy and mass increase. In this
connection it can be recalled that at 35 MeV, for
instance, the angular momentum of the grazing
wave rises from about I =3 to about L= 5 while
going from "N to 4'Ca. If the average angular
momentum is defined as (L) = (Z, L,/X, ')/(Z, l/y, .'),

40
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FIG. 12. Results of a best fit procedure to the ex-
perimental elastic cross sections, for the nuclei indi-
cated in the figure, at 35.2-Mev proton energy. The
partial waves for eachL value up to 9 have been sep-
arately searched on to find out which waves have the
largest effect on the initial y2 value (indicated with In
in the figure).

I
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PIG. 13. Average (see text) angular momentum &L &

of the partial waves involved in the backward yield.
The average values are compared with the angular mo-
mentum of the grazing wave L =kR«(solid lines). The
dashed lines interpolate the &L & values between 26 and
44 MeV.
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where y,.
' is the chi-square value reached by vary-

ing the phase shifts for the partial waves with

J, =L, +-,' and the (L) are plotted against the incid-
ent energy, the graphs in Fig. 13 are obtained.
The uncertainty in these values is of the order of
one or two units since low chi-square values are
usually reached by more than one partial wave.
The (L) values can be compared with kR„, where
0 is the incident proton wave number and R„ is
the uniform sphere equivalent radius defined as
R„'=R,'A [I+ (va, /R, A"')2] in which Ro and a,
are the radius and diffuseness parameters for the
real well in the optical-model potential used in
the search to give the starting set of phase shifts.
Below 26 MeV the (L) values are larger than kR„
and fluctuate strongly, probably also because of
resonant processes. ' " The dashed lines, which
interpolate the (L) values between 26 and 44 MeV,
follow the kinematic increase rather closely. It
shouM be noted that the quality of the agreement
between the (L) values and kR, , which is always
fairly good in view of the above mentioned uncer-
tainty in the (L) values, does not differ for nuclei
in which the backward effect is or is not present.
In spite of the ambiguities which cannot be avoided
completely in this kind of analysis, we can fairly
confidently draw the following conclusions: (a)
Values of y' that are also an order of magnitude
smaller are obtained with small adjustments of
the phase shifts concerned. (b) two or more par-
tial waves with I. values close to the momentum
of the grazing wave are involved. (c) resonant
processes entailing a specific intermediate state
are ruled out. It can be stated here that a similar

conclusion is obtained in the analysis of the data
collected as a. function of the mass (see Paper II).

VII. CONCLUSIONS

Angular distributions, similar to those found
in the past for "Q and "Ca, are also displayed by
the cross sections for proton scattering on other
neighboring nuclei such as "N, "Q, and "Ar. A

deep minimum followed by a very pronounced
maximum appears in the angular distribution at
backward angles at a proton energy of about 26
MeV. The effect, present for all the spherical
nuclei studied, is more evident at 30-40 MeV and
determines an angular distribution shape which
cannot be reproduced by optical model calculations
with standard geometries. For this model it is
especially difficult to account for the energy de-
pendence of the effect, since the experimental
angular position of the backward maximum vir-
tually does not depend upon the incident energy.

An extensive phase shifts analysis confirms
that only small changes of the phase shifts are
required to reproduce the effect. These small
adjustments concern mainly the grazing waves.

Finally, the difference between the phenomeno-
logical aspects of proton scattering on spherical
("N, "0, "Ar, 4'Ca) and deformed nuclei ("C,
"Mg, "Si) is so large as to make clear the value
of further systematic studies of proton scattering
on light nuclei at an energy of about 35 MeV.
These have been performed and are described in
paper II.
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