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Angular distributions have been measured for 3?S(n,n) and '*C(n,n) at E,=30.3 and 40.3 MeV.
Coupled channels analyses of these and lower energy data have been performed and the resulting po-
tentials compared with those from similar analyses of proton scattering. Data for 2*Si and *°Ca are
also reanalyzed in the same manner. After correcting for purely Coulomb effects, twice the differ-
ences between the neutron and proton volume integrals per nucleon of the real potential, 2(J,—J ),
are as follows: 0+24 (2C), —30+11 (3}Si), —29+16 (°2S), and 8+14 (**Ca) MeV fm’. These results
are used to put limits on charge symmetry breaking in the nuclear mean field.

I. INTRODUCTION

Whether charge symmetry is broken in the nucleon-
nucleon interaction, and if so by how much, has long been
a question of interest to nuclear and particle physicists.!
From theory*? several sources of charge symmetry viola-
tion are predicted, the most important ones caused by the
mixing of mesons of different isospin (in particular 7°-n
and p”-» mixing), two pion exchange, 7%y exchange, ra-
diative corrections of meson-nucleon coupling constants,
and by the electromagnetic mass differences of baryons.
More fundamentally, the difference in the up and down
quark masses has been shown* to make the interaction be-
tween two neutrons slightly more attractive than that be-
tween two protons. Quark-level descriptions of the 3He-
3H system have recently been extended>® to show an alter-
native view of charge symmetry breaking (CSB) at the ha-
dronic level, basically because the mass difference between
a six-quark bag formed from two protons and that formed
from two neutrons is not equal to twice the proton-
neutron mass difference.” In fact by using a hybrid
quark-nucleon model in which nucleons can form multi-
quark bags at short distances, the 3He-*H mass difference
can be resolved.” Koch and Miller® suggest that a sub-
stantial fraction of the Nolen-Schiffer anomaly (see below)
for other mirror nuclei may also be explained in this way.
Thus from a variety of standpoints there is a clear predic-
tion that the force between two protons, vy, is not equal
to the force between two neutrons, v,,. In other words,
there exists a charge asymmetric interaction which
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preserves symmetry with respect to the interchange of nu-
cleons in isospin space (the third kind of nucleon-nucleon
interaction in the classification of Henley and Miller?).

On the experimental front, measurements on the two-
body interaction have become more precise; the 'S,
scattering lengths, a,, and a, for the two-neutron and
(Coulomb-corrected) two-proton systems, are now thought
to be equal within 1 to 2 fm and the effective ranges r,,
and r,, to be equal within approximately 0.2 fm.
Currently the best experimental values, ap,=—17.1+£0.2
fm (Ref. 8) and a,,=—18.6+0.5 fm (Ref. 9), indicate a
small violation of charge symmetry. However, ambigui-
ties associated with the techniques for removing the pure-
ly Coulomb effects from r,, and a,, remain. More so-
phisticated experiments involving measurements of the
analyzing power in np collisions are in progress'®!! and
may be able to put limits on charge asymmetric interac-
tions which are not symmetric under the interchange of
nucleons in isospin space (class IV interactions,? which af-
fect the np system only).

Evidence concerning charge symmetry breaking in the
nuclear mean field is far less extensive. Perhaps the most
persuasive example is the so-called Nolen-Schiffer or
Coulomb-energy anomaly,'? that the binding energy of
mirror nuclei (e.g., *'Ca and *'Sc) differs by 5—10 % more
than one would predict based on simple theories taking
into account the effects of the Coulomb interaction. This
anomaly is of long standing and remains in spite of sub-
stantial theoretical effort.!> Many detailed corrections to
the simple theory have been calculated but they are gen-
erally small and tend to cancel. Following a survey of the
situation, Negele!* concluded that the simplest explana-
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tion was that the single particle potential felt by a valence
neutron is more attractive than that felt by a valence pro-
ton. The difference required to explain the anomaly, cor-
responding to a volume integral of about 20 MeV fm?
(Ref. 15), was consistent with existing limits from the
two-nucleon interaction. The anomaly remains perhaps
the best evidence for CSB in the nuclear mean field.

Another phenomenon which might exhibit CSB is the
difference in scattering of neutrons and protons from an
isospin zero (N =Z) target such as **Ca. Given Negele’s
estimate, and assuming that the difference is of the same
magnitude at the positive energies characteristic of
scattering, a simple folding model indicates that the real
potential felt by a neutron should be about 5% deeper
than that felt by a proton. Such differences are compar-
able to the accuracy obtained in the extraction of real op-
tical model potentials from state-of-the-art proton and
neutron scattering data. Noting this fact, DeVito et al.'®
compared their neutron scattering data from “°Ca with
proton scattering data. After correcting for the purely
Coulomb interaction, they found that the proton potential
was slightly deeper than the neutron potential; opposite to
the direction of the effect assumed by Negele and dif-
ferent from it by about three standard deviations. A
check of this result by the comparison of neutron and pro-
ton scattering data from other N =Z targets is important,
especially now that quark-model estimates may explain
the Coulomb energy anomaly and presumably lead to CSB
forces in scattering as well.'” Furthermore, the lower
mass targets studied here could yield tighter limits on
CSB since the contribution from Coulomb effects will be
smaller.

A weakness in the analysis of DeVito et al.'® is their
neglect of channel coupling to the 3~ state at 3.74 MeV in
“0Ca. It was argued that this neglect was justified since
coupling effects should be similar for proton scattering
and neutron scattering and would cancel in the difference.
A numerical test appeared to validate this assumption.
However, one of the more surprising results reported in
the present paper is the significantly different effect of
coupling to the low-lying collective states for proton and
neutron scattering. Some reasons underlying this differ-
ence are discussed in the Appendix.

In this paper we first present experimental results for
the elastic scattering of 30.3 and 40.3 MeV neutrons from
targets of 32S and '?C. These data, together with data at
lower energies, are then analyzed in a phenomenological
coupled channel optical model and the resulting potentials

are compared with those obtained in similar analyses of
available proton scattering data. Similar comparisons are
carried out for previously published data on “°Ca and 2%Si.
After correcting for purely Coulomb effects (Sec. IIIA)
and particle-core polarization (Sec. IIIC), the remaining
difference between the proton and neutron real potentials
is identified with charge symmetry breaking (CSB).

We regard this as a preliminary investigation to deter-
mine whether one can expect to obtain CSB information
from present neutron and proton scattering data. We find
that reasonably tight limits on CSB can be set, but more
refined calculations are necessary to obtain a truly defini-
tive result.

II. EXPERIMENTAL PROCEDURES

The measurements were performed using the Michigan
State University (MSU) beam swinger time-of-flight sys-
tem as modified for neutron scattering.!®* Neutrons pro-
duced by the "Li(p,n)"Be(g.s. + 0.429 MeV) reaction were
scattered from a cylindrical target and detected in a liquid
scintillation counter with an overall time resolution of
about 1.0 ns. This yielded an energy resolution for the
elastic peak of better than 1.0 MeV FWHM, sufficient to
resolve the first excited states of >C (4.44 MeV) and S
(2.23 MeV). Pulse shape discrimination was utilized to
eliminate the y-ray background. The neutron detectors
were 7—8 m from the scatterer and situated in a room
separated from the swinger vault by a 1.8 m thick con-
crete wall, except for a hole to transmit the scattered neu-
trons. Additional shielding against neutrons coming
directly from the neutron production target was provided
by a movable 1.1 m long iron shadow bar. A monitor
time-of-flight detector was mounted rigidly to the beam
swinger so as to measure neutron flux from the produc-
tion reaction at a fixed angle near 22°. This monitor was
used to normalize the flux from run to run. Air scatter-
ing background was accounted for by measuring target-in
and target-out spectra at each angle; a small correction
was made to account for the fact that some of those air
scattered neutrons originating behind the sample were ab-
sorbed by the sample on their way to the detector. Obser-
vation of the "Li(p,n) flux at 0° measured the product of
incident neutron flux and detector efficiency and yielded
the absolute normalization to within +3%. Corrections
also were made for dead time and neutron source aniso-

tropy.

TABLE 1. Experimental parameters.

Target Target Target Chemical
E, AE, size? mass purity®
(MeV) (MeV) (cm X cm) (g (%)
i2c 40.3 0.95 3.40x2.64 33.077 >98
23 30.3 0.8—0.9 2.86x3.17 42.417 99.9
328 40.3 0.95 2.86x3.17 42.417 99.9

aTargets are right circular cylinders of dimensions (height X diameter).
bAll targets have the naturally occurring isotopic abundance of 98.89% '*C for carbon and 95.0% *’S

for sulfur.
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FIG. 1. Time-of-flight spectrum for neutrons scattered from
a 328 target before subtraction of air-scattered background. The
incident neutron energy was 30.3 MeV, the detection angle was
40° (1ab).

The sulfur target was produced by pouring molten
sulfur into a Pyrex beaker in layers thin enough so the
solidification could be monitored to ensure that no holes
were being formed in the target. When the desired
amount of material was solidified, the beaker was heated
so as to melt the outer surface of the sulfur mass and was
then cooled; best results were achieved with fast cooling in
a water bath. The glass beaker was then broken away
from the sulfur, yielding a target with a hard surface.
The target used in the experiment was broken apart after
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FIG. 2. Center-of-mass cross sections for 3?S(n,n)*?S at 30.3
and 40.3 MeV. Relative uncertainties are typically 4% and are
shown when larger than the point. In addition there is a nor-
malization uncertainty of +3%. The curves are CC fits to the
data as discussed in the text.
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FIG. 3. Center-of-mass cross section for 2C(n,n)!2C at 40.3
MeV. Relative uncertainties are typically 4% and are shown
when larger than the point. In addition there is a normalization
uncertainty of +£3%. The curve is a CC fit to the data as dis-
cussed in the text.

the experiment was complete and no voids were
discovered.

Further details of the experimental procedures and
analysis may be found in Ref. 18 and Table I. A typical
spectrum is shown in Fig. 1 and resulting angular distri-
butions in Figs. 2 and 3.

III. ANALYSIS AND RESULTS

A. General procedure

Our general procedure for estimating the size of any
CSB potential follows that of DeVito et al.'® Proton and
neutron scattering data are analyzed with an optical
model (OM) code for as wide an energy range as practical.
For our purposes, the bombarding energy should not be so
low that compound nuclear effects are significant and not
so high that a linear approximation to the energy depen-
dence of the local potential is no longer valid. The
volume integrals per nucleon of the real optical potentials
for the protons, J,,/A4, are plotted against the incident en-
ergy and the best straight-line fit is found (see, e.g., Fig.
4). This linear function is subtracted away from the
volume integrals of the real optical potentials found for
the neutron scattering data, J,/A4, and the average of
these differences, (J, —J,)/4, is found.

Before this average can be related to possible CSB ef-
fects, it is necessary to correct for a trivial consequence of
the Coulomb force, namely that the protons are slowed
down by Coulomb repulsion. Then, because the (local)
optical model potential (OMP) is energy dependent, de-
creasing with increasing energy, the protons feel a
stronger nuclear attraction than neutrons of the same in-
cident energy.!® To determine this correction for 2Si we
follow the procedure described by DeVito et al.'® whereby
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FIG. 4. Volume integrals per nucleon of the real potential for
proton and neutron scattering from 32S plotted versus incident
energy. The data are from the following sources: squares,
present work; diamonds, Ref. 27; crosses, Ref. 29. The lines are
least-squares fits. The neutron results were fitted assuming the
same slope as obtained for protons.

a series of elastic proton scattering calculations with dif-
ferent energies are compared with a given neutron scatter-
ing calculation. The Coulomb shift, AE, is taken as the
difference in energy which results in the diffraction maxi-
ma and minima occurring at the same angle. In practice,
only two minima and one maximum fall in the range
under consideration, 20° < 0, ,, < 150°, and these are often
broad and ill-defined. In order to sharpen the peaks and
valleys, the calculations were repeated with the spin-orbit
potential, V,, turned off and a more consistent set of
values was obtained. An average of the results for 2Si
gives AEq(?8i)=5.7+0.4 MeV, which is somewhat less
than the average Coulomb energy (6.03 MeV) of a proton
in the electric field of %Si. A change in this direction is
expected since absorption prevents some projectiles from
reaching the center of the nucleus where the Coulomb po-
tential is largest. Combining AE. for 2!Si with that ob-
tained earlier for °Ca, AE(**Ca)=7.0+0.6 (Ref. 16), and
assuming a functional form of Z/A4'/* (Ref. 20), yields
estimates of AEc(*S)=6.110.6 MeV and AEc('2C)
=3.240.4 MeV.

To relate the differences between real optical potentials
to the CSB potential of Negele!*!® a simple folding model
is used. Denoting the volume integrals of the two-body
PP, pn, and nn interactions by JPP, JP" and J™, we have

Jy =ZJPP 4 NJP
Jo=ZJ" 4 NJ™

where J,, is the volume integral for proton scattering
corrected for the Coulomb shift as described above. De-
fining the CSB interaction as JSSB=J"_ JPP and since
here N =Z = A /2, we obtain

JSB=2(J,—J})/A .

Many spherical OM analyses of nucleon scattering
from the target nuclei under consideration here have been
reported in the literature. For example, both 2Si(p,p)
(Ref. 21) and %%Si(n,n) (Ref. 22) have been analyzed using
similar geometrical parameters and one might consider

using those results here. However, because of the strength
of the coupling to the first 2% states in some of these nu-
clei, for example in 2Si B,= —0.4 (Ref. 23), it seemed
prudent to analyze the data using the coupled channels
(CC) formalism. We anticipated that the individual
volume integrals might be affected, but that the change in
(Jo—Jp) would be insignificant. The code ECIS (Ref. 24)
was used for the CC analyses; these are discussed in more
detail in subsection B.
A deformed nucleon potential of the form

U=—Vf(r,R,,a,)—iWyf(r,Ry,a,)
+4a,iWp 7;1; f(r,R,,a,)

5 2
+ | —

1d
Vsol's-; —d7f(r,Rso,aso)

was used. For simplicity the geometries of the volume
and surface absorption terms were kept equal. The form
factor f is of a Woods-Saxon type

f(rRy,a;)={1+exp[(r —R;)/a, ]},

where R, (Q) is a potential radius dependent on the angle
made with the symmetry axis. The nuclei 12¢, 28§, and
32§ were assumed to be rigid symmetric rotors with quad-
rupole deformations. Thus

R,=r, A[1+8,Y3(0)] .

In the case of proton scattering, a Coulomb potential
Vc(rc) was included (see below). All the potentials, real,
imaginary, spin orbit, and Coulomb were deformed, with
the same deformation assumed for each.

The starting parameters for the Woods-Saxon OM po-
tentials in the searches were taken from the literature. In
general, the geometrical parameters of the real and imagi-
nary wells were kept fixed during the searches and were
assumed to be the same for neutron and proton scattering.
Only the well depths were allowed to vary. It seems
reasonable to use fixed geometries considering the rela-
tively small energy range covered (15 to 40 MeV in gen-
eral), but, because of core polarization effects, it is not so
clear that the geometries used in the analysis of neutron
and proton scattering should be the same. In subsection C
we make an estimate of the (small) change expected in our
results due to the difference in proton and neutron distri-
butions.

In all calculations, the spin-orbit potential (assumed to
be real) was set to values, or averages of values, reported
in the literature for cases where polarization data were in-
cluded in the input data to a search code. The central po-
tential parameters are rather insensitive to the spin-orbit
potential.

The Coulomb potential was taken to be that of a uni-
form charge distribution with a radius

Re=rcAV[1+ B8, Y (Q)] .

The values of r¢ found in various OM parameter sets in
the literature (typically ro=1.2 fm) are clearly arbitrary
to some degree; normally one is insensitive to effects of
the magnitude involved here (~1% in V). We therefore



33 MEASUREMENTS OF ELASTIC NEUTRON SCATTERING FROM . .. 5

have used instead values of r¢ related to the experimental-
ly measured rms charge radius, R, of the target nucleus.
These values were obtained from Ref. 25, where the rela-
tionship R =(r?)!2=v3/5R_, is assumed; they are
noted in the respective tables of results. The consequence
of the use of those values rather than ro=1.2 fm, say, is
J B values typically 8 MeV fm® more negative.

Since we are concerned with deformed potentials, the
definition of the volume integral per nucleon used here is

J/d= [ U(r,Q)dr/4 .

These integrals were evaluated numerically.

In regard to the estimation of uncertainties in our anal-
yses, we have not used the error estimates on the optim-
ized values of the potential depths which are given by the
search code (ECIS); instead, equal weight has been given to
each energy point during the fits to the proton and neu-
tron results and uncertainties on J B have been evaluated
from the standard deviation of the points around these
fits. The reasons for choosing not to use the uncertainty
estimates from the search code were the following: (i) to
avoid biasing because of possible different error estimates
on angular distributions taken from different sources, and
(i) to avoid undue weighting on searches which gave a
poor fit (viz., large X? per degree of freedom) but an ap-
parently well-determined parameter (presumably indicat-
ing that the X? surface was steep for small changes of that
parameter in the search). The error estimates from the
search code, although not used, are listed in terms of er-
rors on Jy /A in Tables II—-VI for comparison purposes.

B. Specific calculations

We now discuss the calculations for each target in more
detail.

1. 328 analysis

In addition to analyzing the new data for 328(n,n) at
30.3 and 40.3 MeV, we have essentially repeated the CC
analysis by Tailor®® of lower energy ’S(n,n) data from

Ref. 27 and **S(p,p) data from De Leo et al.,?®? but with
the Coulomb radius parameter taken as rc=1.327 fm in-
stead of 1.25 fm. Apart from this, the same geometrical
parameters as in Refs. 26 and 29 were used and only the
parameters ¥ and W) were searched upon. The volume
imaginary well depth W) was fixed according to the form
given in Ref. 29 (see Table II). As did Tailor, we assumed
a simple rotational model for 32S, coupling only the
ground state and 27 first excited state at 2.23 MeV. Al-
though in a more extensive coupling scheme, *2S is better
described by a vibrational model, detailed analyses?®3°
show no significant difference in the ground state poten-
tial between the two models. A quadrupole deformation
parameter of + 0.283 (Ref. 29) was assumed throughout.
The results of the searches are given in Table II.

Following the procedure outlined in subsection A, a
straight line was fitted to the ’S(p,p) real volume in-
tegrals using an unweighted least squares procedure (Fig.
4). This yielded

—~J,/A =490.2—2.45E, MeV fm’

or, correcting for the Coulomb shift (6.1 MeV) discussed
above,

—~J; /4 =475.2—2.45E, MeV fm’ .

The fit with the same slope to the neutron results (which
is equivalent to finding the average deviation of J,/A4
from the fitted proton line) yields

—J,/A =489.8—2.45E, MeV fm> .
Then, following the definition in subsection A, we find
JSB=2(J,—J})/A=—29£16 MeV fm*,
where the uncertainty comprises contributions from the
fits to the (p,p) and (n,n) volume integrals and from AE..

The procedure is presented graphically for all targets in
Fig. 5.

TABLE II. Results of the CC analysis for *’S. The geometrical OM parameters were the following:
r,=1.158, a,=0.703, r,=1.215, a,=0.640, r,,=1.03, a,,=0.66, and rc=1.327 (all in fm); in addi-
tion, Wy, =0.0 for E <19 MeV, Wy=0.4E —7.96 MeV for E> 19 MeV, and V,,=6.1 MeV.

E v W —Jy/4 —Jw/A
(MeV) (MeV) (MeV) X*/N (MeV fm?) (MeV fm?)
(a) Proton scattering

18.24 48.69 5.13 19.8 437.3+ 5.6 84.2

20.37 51.81 6.89 21.7 465.3+ 5.0 114.9

23.24 44.08 4.96 48.4 395.8+11.3 94.3

24.95 49.53 6.80 59.8 444 8+11.3 131.2

26.55 4791 5.47 23.7 430.2+ 5.9 115.6

29.64 46.75 4.11 20.7 419.8+ 9.5 104.3

35.20 4473 2.83 28.5 401.7+ 9.8 105.8
(b) Neutron scattering

30.3 46.43 4.35 8.4 416.9+ 5.4 111.7

40.3 43.63 2.64 6.5 391.8+10.4 122.5
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FIG. 5. Differences of the real volume integrals per nucleon
for proton and neutron scattering from “Ca, 3?8, 288i, and !’C.
The points are the differences between the fitted line for protons
(Figs. 4, 6, 7, and 9) and the measured values for neutrons. The
solid lines are the averages of these differences in each case, the
error bars on the points show the standard deviation about this
mean. The dashed lines within the shaded regions are the aver-
ages with their associated uncertainties after correcting for
Coulomb effects.

2. Analysis of 12C

Proton scattering data from Refs. 31 and 33 and neu-
tron scattering data from Ref. 32 together with the data
presented here for 40.3 MeV have been analyzed assuming
a similar rotational model as for 32S, with only the ground

and 2% (4.44 MeV) states included. A quadrupole defor-
mation parameter of —0.6 was used throughout (De Leo
et al.’® suggest that the 4% state at 14.08 MeV in !>C is
primarily populated by two-step processes and that if B, is
set to 0.0, B, should be approximately —0.6). The
geometry of the optical potentials was taken from Ref. 33
and, as done in that work, W) was set to zero. If W,
was allowed to vary during the searches, its behavior was
erratic with negative values for a few low energy points.

The resulting volume integrals are tabulated in Table
IIT and plotted in Fig. 6. A linear fit to the proton results
yields

—J,/A4=583.1—4.09E, MeV fm®,

or, correcting for the Coulomb shift,

—J, /A =570.0—4.09E, MeV fm® .

The lower energy '’C(n,n) points (20.8 and 22 MeV)
display anomalously small values of J,,/A. The reduced
X? of the fit to the experimental angular distribution at
20.8 MeV is unusually large [more than twice those for
the other (n,n) values]. There is therefore good reason to
disregard this point. We then obtain

—J,/A =570.0—4.09E, MeV fm?3
which leads to
JCBS=0+24 MeV fm? .

This is the situation shown in Fig. 5 and discussed hereaf-
ter.

TABLE III. Results of the CC analysis for 2C. The geometrical OM parameters were the following:
r,=1.064, a,=0.623, r,=1.20, a,=0.60, r,=1.0, a,,=0.6, rc=1.394 (all values in fm). In addition,
V. =6.0 MeV. W was held fixed at 0.0 MeV during the searches.

E vV Wy —Jy/4 —Jw/A
(MeV) (MeV) (MeV) X*/N (MeV fm?) (MeV fm?)
(a) Proton scattering

15.9 58.79 3.22 98.0 513.4+17.6 72.4
17.4 56.65 3.81 154.9 494.8+24.5 85.6
18.5 56.16 3.99 1149 490.4125.7 89.6
20.0 59.66 3.81 48.1 521.1+£33.2 85.5
22.7 57.51 3.83 47.1 502.31+21.2 86.1
24.7 54.30 5.96 80.2 474.3+28.4 134.0
273 57.98 482 30.5 506.4+18.3 108.4
289 52.78 4.20 22.7 461.0t£16.3 94.3
299 53.53 5.12 15.4 467.5+13.2 115.1
30.0 52.21 5.24 27.0 456.0£10.9 117.7
33.2 52.32 5.11 219 456.9+15.9 114.8
35.2 51.32 4.66 13.1 448.2+10.1 104.8
35.2 47.16 3.64 12.1 411.8+ 8.9 81.7
399 47.13 4.23 23.8 411.6x14.4 95.1
(b) Neutron scattering
20.8 49.36 5.11 18.0 431.1+17.8 114.9
220 51.51 4.79 8.9 4499+ 8.9 107.7
24.0 55.09 4.07 6.7 481.2+ 7.9 91.5
26.0 53.02 475 34 463.1+ 7.0 106.8
40.3 48.88 6.71 8.3 426.9+11.6 150.6
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FIG. 6. Volume integrals per nucleon of the real potential for
proton and neutron scattering from '*C plotted versus incident
energy. The data are from the following sources: square,
present work; diamonds, Ref. 32; diagonal crosses, Ref. 31; vert-
ical crosses, Ref. 33.

3. %Si analysis

For the 2%Si target the geometrical parameters of the
OMP were taken from De Leo et al.?! In most cases,
only the 0% ground and 2% (1.78 MeV) states in 23Si were
coupled, a fixed coupling constant, 8,=—0.4 (Ref. 23)
was used, and only elastic scattering data were searched
on. As a check, several cases were run for both (p,p) and
(n,n) with coupling to the 4% (4.62 MeV) state included
(B4 was fixed at + 0.15, 3, free to vary) and data for the
2% excitation used as additional input to the search. The
results of this check are listed in Table IV. Generally, the
results for 0*-2%-4* coupling differ by less than the un-
certainties on the points from the basic 0*t-2% searches,
showing that the quadrupole deformation and the elastic
scattering data dominate the calculation.

The real and imaginary potential depths obtained in the
0*+-2% searches are listed in Table V. From fits to the
proton real volume integrals, we find

—J,/A4=503.5—2.92E, MeV fm’

or, correcting for the Coulomb shift (5.7 MeV) discussed
in subsection A,

—J}, /A =486.9—2.92E, MeV fm* .

The fit with the same slope to the neutron results gives
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—J,/A =501.9—-2.92E, MeV fm?
which gives
JB=_30+11 MeV fm?

(see Figs. 5 and 7).

Because the data are somewhat more extensive than for
the other deformed nuclei studied here, we have chosen
this case for an examination of differences induced by
channel coupling. To this end searched potential depths
from spherical analyses of 2!Si(p,p) data by De Leo
et al.?! and %Si(n,n) data by DeVito ez al.?? are compared
with equivalent CC analyses in Fig. 8 (note that separate
CC calculations were performed with rc=1.2 fm in order
to make a fair comparison with the spherical values). It is
seen that the introduction of coupling decreases the mag-
nitude of the real potential depth for proton scattering but
the opposite effect occurs for neutron scattering. This has
been shown not to be an effect owing to the different
weighting of data points in the (p,p) and (n,n) angular dis-
tributions by restricting the range of the proton data to
< 100° where the relative errors are all similar for both
cases. The difference in behavior of the proton and neu-
tron OMP’s when coupling is turned on is clearly impor-
tant with respect to the deduced value of (J,—J})/4 and
hence JB. Indeed, the result for the spherical OM
analyses is JB=_1+9 MeV fm®. This point will be
discussed further in the Appendix.

4. *°Ca reanalysis

In view of the 2%Si result—in particular, the substantial
shift to more negative values of JSB when channel cou-
pling is introduced—a new analysis of the *“°Ca data
within the CC model was clearly called for. Accordingly,
we have used the procedure outlined above for coupling
between the 0% ground and 3, 3.74 MeV states in *°Ca.
A vibrational model with a one-phonon (octupole) excita-
tion to the 3~ state and coupling strength 8;=0.24 (Ref.
34) was taken to describe the scattering. Three “°Ca(p,p)
and five *°Ca(n,n) angular distributions quoted in Ref. 16
were reanalyzed. The same OM geometrical parameters
as in that analysis were used, with the usual exception of
rc for which the value of 1.314 fm (Ref. 25) was used
rather than 1.2 fm. The results are given in Table VI and
Fig. 9.

TABLE IV. Comparison of 2Si results with 0*-2+ coupling to test calculations with 0*-2*-4+ cou-
pling. OM geometries as in Table V except rc=1.2 fm.

—J/A4 (0*t2+) —J/A (0F2t4+)p Difference

Calculation (MeV fm?) B° (MeV fm?) (MeV fm?)
20 MeV (n,n) 455.3+7.7 —0.41 460.2+ 7.2 49+10.5
26 MeV (n,n) 421.6+£5.0 —0.40 425.5+10.5 39+11.6
20 MeV (p,p) 442.4+3.7 —0.34 439.5+ 5.5 —3.0% 66
37 MeV (p,p) 393.3+5.8 —0.35 400.3+ 2.3 7.0+ 6.2

*Results of normal procedure with only the 2+ state coupled to the ground state and a fixed 8,= —0.4.
Results of test calculations with 2+ and 4* states coupled to the ground state, B, free to vary, and a

fixed B4= + 0.15.
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TABLE V. Results of the CC analysis for 2!Si. For all searches the geometrical parameters were
kept constant at 7,=1.17, a,=0.673, r, =1.33, a,,=0.575, r,=1.07, a,,=0.78, rc=1.328 (all in fm).

E V Wy Wp Vo —Jy/A —Jw/A
(MeV) (MeV) (MeV) (MeV) (MeV) X*/N (MeV fm?) (MeV fm?)
(a) Proton scattering

18.2 48.92 2.38 3.55 8.77 18.2 456.7+ 4.6 93.5

20.2 46.92 0.94 4.29 5.41 17.3 438.1% 3.6 89.4

22.7 47.60 1.74 3.64 6.01 35.5 4444+ 6.2 87.4

254 46.64 1.54 3.75 8.49 225 4354+ 7.5 86.9

29.5 43.77 3.35 2.41 7.00 42.3 408.7+12.1 84.7

30.5 42.80 3.01 2.36 6.49 32.2 399.6+10.8 79.6

31.5 43.78 3.27 2.38 5.96 18.0 408.7+ 8.0 83.1

34.7 43.89 6.01 0.79 5.58 5.7 409.8+ 4.8 87.6

37.2 41.85 6.03 0.60 5.42 6.7 390.7+ 5.7 84.4

40.2 42.31 6.38 0.60 4.88 9.1 395.0+ 6.6 88.7
(b) Neutron scattering

20.0 48.76 6.63 1.12 6.00 1.75 455.3+7.7 101.2

26.0 45.15 5.55 3.35 6.00 2.50 421.6+£5.0 128.6

30.3 44.74 8.60 1.37 6.00 5.15 417.8+8.2 129.8

40.0 39.98 7.41 1.29 6.00 4.19 373.3£7.0 113.8

TABLE VI. Results of the CC analysis for ““Ca. The geometrical parameters were the following:
r,=1.152, a,=0.692, r,=1.309, a,=0.549, r,,=1.01 fm, a,,=0.75, rc=1.314 (all in fm); in addition

Vio=6.2 MeV.

E | 4 Wy Wp —Jy/A4 —Jw/A
(MeV) (MeV) (MeV) (MeV) X/N (MeV fm?) (MeV fm?)
(a) Proton scattering

30.3 49.37 0.65 6.69 74.8 416.814.1 104.6

40.0 45.36 —2.08 9.06 20.8 383.01£9.4 109.3

61.4 40.48 0.27 7.31 14.5 341.7+8.5 109.5
(b) Neutron scattering

11.0 52.10 0.55 5.52 13.5 440.0+ 3.0 86.5

20.0 48.51 0.91 6.66 7.5 409.5+11.5 107.0

26.0 48.86 0.61 7.66 5.0 412.5+ 5.4 118.3

30.3 48.47 —1.63 9.32 11.3 409.2+ 8.5 118.0

40.3 4091 2.66 441 9.5 3454+ 8.1 933

A linear fit to the proton results gives

—J,/A =483.0—2.34E, MeV fm’

or, correcting for the Coulomb shift, 500 T T T "7

—J}, /A4 =466.7—2.34E, MeV fm’ .

X protons
475 — — — <0 neutrons ]

The fit with the same slope to the neutron results gives
—J,/A =462.9—2.34E, MeV fm® .

450

-I/A (MeV fm?®)
-
]

TABLE VII. Volume integrals of Hartree-Fock potentials (in

MeV fm?) calculated with a Skyrme interaction from Ref. 39. a50 |
15 20 25 30 35 40 45

1 1 | |

Core Jp/A Jn/4 Energy (MeV)

2c 525.9 528.4 . .

28g; 475.3 479.1 FIG. 7. Volume integrals per nucleon of the real potential for
g 479.0 4836  Proton and neutron scattering from **Si plotted versus incident
©0Ca 476.7 481.3 energy. The data are from the following sources: squares, Ref.

22; diamonds, Ref. 27; crosses, Ref. 21.
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FIG. 8. Comparison of real potential depths obtained from
searching 2Si(p,p) and ?%Si(n,n) data with spherical and CC
codes. The OM geometry was that of De Leo et al. (Ref. 21)
(with r¢=1.2 fm). In the CC analysis, 8,= —0.4. The spheri-
cal results for protons have been taken from Ref. 21, and those
for neutrons from Ref. 22.

Then the value of JB from the present analysis is
7.6+14.4 MeV fm>, to be compared with the spherical re-
sult'® of 14+10 MeV fm>.

C. Correction for core polarization

There is an effect due to the mutual Coulomb repulsion
of protons in a nucleus which may give rise to a measur-
able difference between proton and neutron scattering
even if no charge symmetry breaking is present in the
nucleon-nucleon force. The difference between the proton
and neutron distributions is significant, with protons
pushed to larger radii®® [in the context of bound nuclei,
this is known as the Auerbach, Kahana, Weneser’’
(AKW) effect]. Since neutron projectiles interact mostly
with protons in the target and vice versa (V,~4V,),
and absorption limits the likelihood of the projectiles be-
ing found in the central region where neutron densities are
higher, core-polarization effects enhance J, relative to J,,.

In Table VII we compare the volume integrals of
Hartree-Fock potentials for bound protons and neutrons
calculated®® with a charge-symmetric Skyrme interaction
(SGII) of van Giai and Sagawa.® It is seen that
| Jp/A | < |Jy/A | for all targets, as expected. This
would give an apparent charge symmetry breaking poten-
tial of negative sign. From the differences in these

Energy (MeV)

FIG. 9. Volume integrals per nucleon of the real potential for
proton and neutron scattering from “’Ca plotted versus incident
energy. The data are from the following sources: squares, Ref.
16; diamonds, Ref. 27; crosses, Ref. 35.

volume integrals, one can obtain rough estimates of the
correction to JB for core-polarization effects (Table
VIII). The uncertainty on these estimates has been taken
to be the maximum deviation when either Skyrme interac-
tions SIII or SVI from Beiner et al.* are used instead. It
is not clear, however, how the core polarization correction
for nucleons in the scattering states should be compared
with these values—this uncertainty may therefore be un-
derestimated.

IV. DISCUSSION AND CONCLUSIONS

The final values of JSB are listed in Table VIII. The
results for the four targets are only marginally consistent:
the mean (—9+7 MeV fm® has a X? of 5.5 which corre-
sponds to a confidence level of 13%. It seems likely ei-
ther that the quoted uncertainties are underestimated or
that some target-dependent effect has been omitted. One
test of the uncertainty estimates on the fitted parameters
is to repeat searches with somewhat different OM
geometries. This was done for the ®Si data; the geometri-
cal parameters for the real and imaginary wells from Fa-
brici et al.*! were used:

r,=1.148 fm, a,=0.663 fm ,
rp=1.330 fm, a@,=0.600 fm ,

TABLE VIII. Adjustments to J<® and final values (all in MeV fm?).

Uncorrected Core Final
Target value polarization® JcsB
28 —29+16 +9.21+0.9 —20+17
2c 0+24 +5.1+£0.4 5+24°
285 —30+11 +7.5+0.8 —23+11
“Ca 8+14 +9.1+0.5 1714

2Estimate of change in J® when core polarization is taken into account (see the text).
®From the fit to neutron data with E, >21 MeV. If the 20.8 MeV data are included, we obtain a final
JSB of 22429 MeV fm’.
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FIG. 10. A comparison of volume integrals of the real poten-
tial for nucleon scattering from ?%Si analyzed using two different
sets of geometrical OM parameters. The values plotted are the
difference between the volume integrals calculated using the
geometry of Ref. 41 and those calculated using the geometry of
Ref. 21 for various incident energies and projectile types. The
error bars correspond to the uncertainty on the searched poten-
tial as given by the computer code.

|

with the same spin-orbit and Coulomb potential parame-
ters as before. The differences in the volume integrals re-
sulting from searches with this geometry and those previ-
ously obtained are shown in Fig. 10. There is a systematic
dependence of the individual volume integrals on the par-
ticular choice of geometry chosen, but the differences for
proton and neutron scattering are equal within errors
(mean values of 9.8+4.5 and 13.2+4.9 MeV fm’, respec-
tively). It is less simple to evaluate possible target depen-
dent effects.

The '?C result is probably the least reliable of the four.
We have noted earlier that the lower energy '2C(n,n) po-
tentials were less deep than those for 24 and 26 MeV
(Table III). In addition, one observes some marked fluc-
tuations in the '2C(p,p) points between 20 and 27 MeV.
Gaillard et al.*> and Lowe and Watson** have shown that
resonance phenomena in the p+ '>C compound system in-
fluence this energy region. However, we note that the
present results are not altered significantly if the fit to the
proton data is restricted to those points above 27 MeV. In
general, the fits to the 2c angular distributions are
markedly worse than those for the other targets—the
large deformation (3,= —0.6) may have made the calcu-
lations inaccurate, or perhaps other states should have
been coupled in explicitly. On the other hand, one might
argue that there are too few nucleons in '2C for such an
‘““average” concept as the optical potential to work well at
the required level of accuracy.

Although the only type of data used to determine the
optical potentials has been differential elastic scattering,
test calculations with inelastic data included have not
shown any significant differences. In addition, we have
compared the potentials with total neutron cross sections
and reaction cross sections from the compilations of Refs.
32, 44, and 45. The difference for *2S and 22Sj is less than

4%, which is acceptable. For 12C and “Ca the difference
is about 8%, which may indicate some deficiency in the
optical model geometry in these cases.

In any case, the initial hope that the study of nuclei
lighter than “*Ca might provide tighter limits on charge
symmetry breaking has not yet been fulfilled. The
Coulomb shift for 2Si contributes less to the uncertainty
than that for “°Ca, but the effect of coupling to strongly
excited states in the deformed sd-shell nuclei is a major
complication. The difference between proton and neutron
scattering in the behavior of the real potential depth when
coupling is introduced was unexpected. The relationship
between coupling and the real potential depth is by no
means straightforward and the observations made here are
not fully understood (see the Appendix). Nevertheless, it
seems a fact for nucleon scattering from 2%Si that when
coupling is introduced, |J,/4| exceeds |J,/4],
whereas the two are equal within uncertainties when a
spherical OM analysis is made.

If one assumes, as is usually done, that the CSB is
negligible, then these measurements yield an estimate of
the so-called Coulomb correction. This correction, denot-
ed AUc, is defined by AUc=U,(E)—U,(E) where U,
and U, are the optical model potentials describing proton
and neutron scattering from the same nucleus at an ener-
§y E. Previous measurements of these quantities for 160,

8Si, 32S, and “°Ca are available from spherical OM analy-

ses.*$2227 Onpe of the consequences of the present results
is that the values of AU deduced from the CC analyses
for 328 and 2!Si are much smaller than those values ob-
tained in the spherical OM analyses. This is partly due to
our use of more realistic values of the Coulomb radius pa-
rameter, but the effect of coupling to the first excited
states is the major difference.

It appears that analyses in terms of standard
phenomenological OMP’s are subject to systematic uncer-
tainties too large to permit an accurate determination of
charge symmetry breaking effects in the mean field. Pos-
sible improvements might include the use of a folding
model to determine the geometry of the real potential (the
Woods-Saxon shape is not expected to be accurate for
these light nuclei) or the use of model-independent analy-
ses as is done for electron scattering. It is clear that ef-
fects of core polarization for unbound nucleons must be
included in some fashion, since we have found that its ef-
fects for bound nucleons are comparable to any CSB ef-
fects. One might also need to consider the effects of cou-
pling to the deuteron channel: the effects of the (p,d,p) re-
action on Jy have been shown not to be negligible.*’

Whether CSB in the nuclear mean field is a viable ex-
planation of the Coulomb energy anomaly remains an
open question. Our analysis for *’Ca, including coupled
channels effects, still yields a CSB potential inconsistent
with this explanation at the two to three standard devia-
tion level. As “°Ca is the heaviest target studied and is
subject to the smallest channel coupling effects, the **Ca
result is perhaps the most reliable reported here. On the
other hand, the results for the other targets certainly
reduce one’s confidence in the “°Ca value. Indeed the
mean for the three more reliable cases (**Ca, 3?S, and 2%Si),
including the rough correction for core polarization, is
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—11+8 MeV fm?3, which is consistent with the value of
JB proposed by Negele (—19 MeV fm?) to account for
the Coulomb energy anomaly.

Despite the marginal consistency between the results
for different targets, it does seem possible to use them to
place limits on the magnitude of any CSB term in the
mean field. We place a “tight” limit (exclusive of uncer-
tainties on each point) of

—23 MeVIm*<JSB< 17 MeV fm?

and a “loose” limit (inclusive of the one standard devia-
tion uncertainties) of

—36 MeVfm*<JB <31 MeVfm? .
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APPENDIX

In the course of the 2!Si analysis we found that the real
OM potential depths in proton and neutron scattering
were affected in opposite ways when the effects of strong-
ly coupled excited states were included (see Fig. 8). One
observes that the introduction of coupling makes the pro-
ton potentials somewhat shallower whereas the neutron
potentials are deepened. This has a substantial effect on
JOSB (which is given by twice the difference between the
neutron and proton scattering volume integrals) as noted
in Sec. III B.

While it is clear that the imaginary OM potential ought
to be reduced when coupling to an inelastic channel is ex-
plicitly introduced, the effect on the real potential is less
obvious. Perey® investigated this effect in a computation-
al experiment where the output from a CC calculation
was fed into a spherical OM search code and the depths
of the real and imaginary potentials, V" and W*P" were
adjusted until the smallest value of X?> was obtained. His
result for proton scattering on *’Fe was that VP! and
W*Ph both increased in proportion to 8% The dependence
on f? is understandable if one regards the spherical OM as
representing in some approximate way all terms in the CC
expansion:

U= U, +U;,G Uy + -+, (1)

where Uy, is the potential for the elastic channel, U, is a
potential for scattering from channel p into channel v,
and G, is the appropriate Green’s function (which in-
cludes Coulomb excitation). Both U;, and U, are pro-
portional to the coupling strength, hence the dependence
of the effective U on 32

We have carried out computational experiments similar
to Perey’s but for both protons and neutrons scattered
from 28Si and 32S. We have also repeated the proton
scattering with the Coulomb coupling turned off. The po-
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FIG. 11. Equivalent spherical OM well depths fitted to CC
calculations as a function of the square of the coupling strength
for nucleon scattering from 32S. The (p,p) calculations are for
23 MeV, the (n,n) calculations are for 30 MeV. The crosses are
the results without Coulomb excitation. The lines are to guide
the eye.
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tential parameters for these tests were the same as listed in
Table V except that only a surface term was used in the
imaginary potential. The results for *2S are shown in Fig.
11 (those for 2%Si showed the same trends but were slight-
ly more scattered). An approximately linear dependence
on B? (except for large B) is indeed observed, but the real
potentials for proton and neutron scattering display oppo-
site behavior. A direct comparison of this result to the ef-
fect observed in searches with actual data (Fig. 8) is not
strictly possible. If one takes the actual data to be “real-
ly” CC in nature, Fig. 8 shows the results of spherical and
CC searches on CC input, whereas the computational tests
(Fig. 11) are for spherical searches on input that ranges
from spherical to CC. Nevertheless, it is clear that there
is a rather curious difference in the way that real potential
depths change when channel coupling is introduced, and
we have shown that this is not caused by possible differ-
ences in the experimental data. It is also seen from Fig.
11 that Coulomb excitation is responsible for a significant
part of the difference, but not all of it.

To investigate the cause behind the above observations,
we have compared the CC angular distributions for
*S(p,p) and *S(n,n) as the coupling is increased in
strength (Fig. 12). Perey? observes that for Fe(p,p) the
higher diffraction minima move toward smaller angles; it
is therefore of interest to see whether the diffraction mini-
ma for neutrons scattering move toward larger angles. In
order to enhance the diffraction pattern it was necessary
to increase the imaginary well depth to 9.5 MeV (Perey
used 11 MeV). With this modification it is possible to see
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FIG. 12. A comparison of the effect of the coupling parame-
ter B on the calculated elastic angular distribution for proton
and neutron scattering on *2S.

a similar shift of the diffraction minima as Perey ob-
served for 3S(p,p) and (but perhaps to a lesser extent) for
32§(n,n). Thus there does not seem to be a clear difference
in the qualitative behavior of the (p,p) and (n,n) angular
distributions as the effects of coupling to excited states are

increased. This seems to imply that the difference ob-
served in the searched potential depths for proton and
neutron scattering lies in the way the spherical OM poten-
tial has to simulate the effects of coupling, rather than
those effects themselves. To investigate this, one might
consider the real part of Eq. (1):

VPh=Re[ U*P"]
~Re[U;]+Re[U,G, Uy ]+ -,

but the Green’s function G, and the scattering potentials
U,; and U,, are complex quantities, and it is not possible
to disentangle the various contributions with the present,
simple approach.

In summary, searches with a spherical OM code on cal-
culated CC angular distributions have revealed differences
between proton and neutron scattering which are similar
to the differences observed when searching on actual data.
Thus one can probably rule out possible variations in the
quality of (p,p) and (n,n) data as a cause. Coulomb excita-
tion has been shown to account for a significant part of
the difference; the reason for the remaining part is not
clear at present.
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FIG. 5. Differences of the real volume integrals per nucleon
for proton and neutron scattering from *Ca, 328, 28i, and '*C.
The points are the differences between the fitted line for protons
(Figs. 4, 6, 7, and 9) and the measured values for neutrons. The
solid lines are the averages of these differences in each case, the
error bars on the points show the standard deviation about this
mean. The dashed lines within the shaded regions are the aver-
ages with their associated uncertainties after correcting for
Coulomb effects.



