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Differential cross sections for quasielastic (p, n) scattering from 17-20-MeV bombarding

energies have been measured for Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Se, Zr, and Nb in either
7.5 or 15' steps between 3 and 157.5'. A complex isospin-dependent potential, whose

strengths and form factors are deduced from the Becchetti and Greenless global neutron and

proton optical potentials, gave a good over-all description of the average behavior for the
17-20-MeV quasielastic (p, n) data. In particular, volume real and surface imaginary iso-
spin form factors with strengths of 96 and 48 MeV, respectively, yielded a reasonable fit to
both the shape and magnitude of the Fe and Nb quasielastic (p, n) data. On the other hand,

using a purely real isospin potential requires a surface interaction of strength 126 MeV for
Fe and a volume interaction of strength 107 MeV for Nb. The calculations have been extended

to 30- and 50-MeV bombarding energy and have been compared with the measurements of
Batty et al. At 30 MeV there is good agreement as regards both shape and magnitude; at 50
MeV the shapes are reasonably well described, but the calculated magnitudes are uniformly
higher for most of the targets investigated. It is suggested that the 50-MeV data are consis-
tent with a 30% decrease in the isospin strength in going from 30 to 50 MeV.

INTRODUCTION

In a previous paper' me reported differential
cross sections for quasielastic (P, n) scattering at
-18-MeV bombarding energy. These data (taken
every 15 and occasionally only every 30' for some
targets} were analyzed by Satchler, Drisko, and

Bassel (SDB)' to determine the strength and form
factor for the isospin interaction. Assuming this
interaction to be real, SDB found that an equiva-
lent volume isospin strength of 100+ 20 MeV ade-
quately describes the magnitude of the quasielas-
tic (P, n} cross sections. This strength is consis-
tent with that determined from optical-model anal-
ysis of elastic proton scattering, mhere the
strength of the real potential shows a linear de-
pendence on the symmetry parameter (N —Z)/A.
In addition, SDB found that at 18.5-MeV bombard-
ing energy the data for the nuclei Ti to Cu clearly
favored the surface form for a real isospin inter-
action, while Nb was better fit with a volume form.
The quasielastic cross sections for Sc, Se, Y, Sr,
and Zr at 18.5 MeV and Ti, V, and Fe at 17 MeV
were measured every 30, and mere not complete
enough to choose unambiguously between the two
forms. Another consequence of measurements
taken every 30 was that the uncertainties on the
extracted strength were sufficiently large to pre-
clude a meaningful determination of a possible
shell dependence for the isospin strength. The
present measurements mere undertaken in the
hope that more extensive measurements (taken
either every 7.5 or 15 and for several bombard-
ing energies between 17 and 20 MeV) would lead

to a more definitive determination of the energy
and shell dependence for the isospin strength and
form factor.

EXPERIMENTAL METHOD

The experimental geometry, targets, and elec-
tronics are essentially as described in Ref. 1. The
same targets as described in Ref. 1 were used ex-
cept that Sc and Zr were metal foils instead of
colloidal oxide suspensions. To obtain data at 7.5
intervals four additional holes were drilled into
the target pit wall, thus yielding holes every 15'
between 3 and 135'. The straight-through beam
gave data every 15'; the in-between angles were
obtained by double-bending the beam such that its
angle of incidence at the target was 22.5, thus
yielding data every 15' between 22.5 and 157.5 .
Data from the 10 Pilot B detectors were stored
simultaneously in 10 512-channel subgroups of a
PDP-5 computer analyzer.

EXPERIMENTAL RESULTS

The experimentally measured differential cross
sections for quasielastic (p, s) scattering are pre-
sented in Figs. 1-3 as a function of bombarding
energy. It mill be noticed that V, Fe, and Co are
the three targets most thoroughly investigated as
a function of bombarding energy. In addition,
mhere available, the bent-beam data are plotted
with the straight-through data. At some angles,
data are missing either because of low intensity
at the backward angles making identification dif-
ficult or because the neutron peak coincides with
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y rays from collimators, which occurs mainly at
the forward angles. The errors are compounded
from the statistical counting errors and the uncer-
tainties introduced in drawing a line shape which
subtracts out the continuum neutrons. This uncer-
tainty in the background subtraction introduces
most of the error in the cross section at the back-
ward angle, where the analog (P, n) cross sections
are small, and no appreciable error at the for-
ward angles, where the cross sections are large.
However, in no case is the error in the cross sec-
tions less than 7%, which represents an estimate
of the absolute accuracy of the detector efficiency.

OPTICAL-MODEL CALCULATIONS

For optical-model calculations of quasielastic
(P, n) scattering the computer code LOKI 2AEB de-
veloped by Schwarcz' was used. This code is an
exact solution of the isospin coupled equations'
and has the flexibility of being able to specify dif-
fering neutron and proton potential parameters
and volume-surface mixtures for both the real and
imaginary isospin interaction. Neutron and proton

optical parameters were taken from the work of
Becchetti and Greenlees, ' and are applicable for
mass numbers greater than 40 and bombarding en-
ergies less than 50 MeV. The global proton po-
tentials' were:
Real:

VR
= 54.0 —0.32E + 0.4Z/A i~0 + 24.0(N —Z)/A,

rR -1.17, aR = 0.75;

Imaginary:

8'v= 0.22E —2.7 or zero, whichever is greater,

Wqp = 11.8 —0 25E+.12.0(N —Z)/A

or zero, whichever is greater,

r& ——1.32, a&
——0.51+0 7(N Z)./A;—

Spin orbit:

Vso = 6'2u iso = 1.01~

a„=0.75, and F. = lab energy.
The corresponding neutron potentials' were:
Real:

VR = 56.3 —0.32E —24 0(N Z}./A, -

E&=17.1 MeV E&=17.3 MeV E)=17.7 MeV
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FIG. 1. Measurements and calculations of quasielastic 0},n) angular distributions at 17.1-, 17.3-, and 17.7-Me7
bombarding energies. Solid curves are the predictions using the Becchetti and Greenlees complex isospin strengths,
while dashed curves are optimum fits obtained by varying these strengths.



160 WONG, ANDERSON, McCLURE, POHL, AND WESOLOWSKI

r& =r,.= 1.26,

Spin orbit:

a) = a1 ~ = 0.58;

Vso= 6 ~ 2 r, =1.01, a„=0.75.

The dependence of the above real and imaginary
proton and neutron potentials upon the symmetry
parameter (IV —Z)/A (+ for proton and —for neu-
trons) implies a complex t 7. interaction: The real
isospin strength is 96 MeV with a volume form fac-
tor identical to that of the real potentials, while
the imaginary isospin interaction is of a surface
form with strength equal to 48 MeV and with a
form factor identical to that of the imaginary sur-
face potentials. In evaluating the real and imag-
inary strengths for insertion into LOKI 2AEB, the
symmetry term (N- Z)/A is neglected, since LoKI

rR =1.17, aR =0.75;

Imaginary:

Wv=0. 22E —1.56 or zero, whichever is greater,

Wgp = 13.0 —0.25E —12.0(IV —Z)/A

or zero, whichever is greater,

2AEB calculated this dependence via the diagonal
matrix elements of t ~. Since the radius and dif-
fuseness parameters for the imaginary neutron
and proton potentials were slightly different, an
average of these quantities was used. Finally,
it should be mentioned that the proton and neutron
energies at which the values of the optical param-
eters were evaluated differ by the Coulomb dis-
placement energy.

The calculations for 17-20-MeV bombarding en-
ergy are shown in Figs. 1-3 as solid lines along
with the corresponding measurements. It is ob-
served that the optical parameters of Becchetti
and Greenlees, and more importantly the complex
shell- and energy-independent isospin strengths
and form factors deduced therefrom, provide a
good over-all description of the average behavior
for the 17-20-MeV quasielastic (p, n) angular dis-
tributions. The angular-distribution shapes, par-
ticularly the location of maxima and minima, are
well reproduced by the calculations. Except for
Zr and a few cases at the backward angles, the
calculated cross-section magnitudes are also in
good agreement with the measurements. The over-
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FIG. 2. Measurements and calculations of quasielastic (p, n) angular distributions at 18.0-MeV bombarding energy.
See Fig. 1 caption for significance of the solid and dashed curves. Size of the symbols is an indication of the errors
for those measurements without error bars.
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Ep-18.7 IeV K„=19.T leV

all agreement is remarkable when one considers
that no adjustment in any parameter was made.

Examination of Fig. 2 reveals that the angular
distributions for f„,-neutron nuclei "Sc, 'Ti, "V,
and "Cr all show the same discrepancy between
measurements and calculations in that the calcula-
tions are low at the backward angles. For f», —

and P„,-neutron nuclei "Mn, ' Fe, and 'Co, the
calculations are sj.ightly low at the forward max-
imum. These observations imply that the higher
even multipoles do not contribute significantly to
the quasielastic transition for odd nuclei, and also
suggest that better agreement can be obtained by
introducing a shell-dependent isospin interaction.
This latter point was verified for 'SMn, 6Fe, and
"Co at 18 MeV, where a search routine yielded
a very good fit to the forward maximum (see
dashed curve in Fig. 2 for MFe), with a minimum
g' for equal real volume and imaginary surface
isospin strengths of 76 MeV compared with the
original strengths of 96 and 48 MeV, respectively.
For f„,-neutron nuclei the optimum strengths at
-18 MeV were 65 and 106 MeV, respectively (see
dashed curve in Figs. 1 and 2 for "V). Calcula-
tions for "Fe at 17.1 MeV (dashed curve in Fig. 1)

and "Mn at 17.3 MeV showed that the fits were
significantly improved if the equal real volume
and imaginary surface isospin strengths of 76 MeV
were increased by 10%. These results confirm
that better agreement over the Becchetti results
can be obtained by introducing a shell dependence
and a slight energy dependence for the isospin
strengths. Nonetheless, the energy- and shell-
independent Becchetti isospin strengths provide a
good over-all description of the average behavior
for all nuclei between 17 and 20 MeV.

Calculations were done for the most abundant
isotope even though measurements were made on
targets with naturally occurring abundances. This
procedure introduces the greatest error for ¹i
and smaller errors for Se and Zr. Normalizing to
the average neutron excess (which is a very good
approximation, especially for the even isotopes)'
shows that the ' Ni and Zr calculations should be
increased by 50 and 12/&, respectively, while the
"Se calculations should be decreased by 8% to
yield the predictions for natural Ni, Zr, and Se
shown in Figs. 1, 2, and 3.

Calculations were also performed for Fe and Nb
at 18-MeV bombarding energy assuming the iso-
spin interaction to be real. In this case, the sym-
metry dependence of the imaginary potentials is in-
cluded in computing the imaginary proton and neu-
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FIG. 3. Measurements and calculations of quasielastic
(p, n) angular distributions at 18.7- and 19.7-MeV bom-
barding energy. See Fig. 1 caption for significance of
the solid curves.
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FIG. 4. Measurements and calculations of quasielastic
(p, n) angular distributions for Fe and Nb at 18-MeV bom-
barding energy. Solid lines are predictions using the com-
plex isospin interaction. Dashed and dotted curves are
predictions using a real volume and a real surface iso-
spin interaction, respectively. Different symbols for the
Fe measurements refer to different experimental runs.
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tron strengths for inclusion into LOKI 2AEB. Fig-
ure 4 shows the calculated angular distributions
for Fe and Nb using a surface real isospin inter-
action of strength 126 MeV, a volume real isospin
interaction of strength 107 MeV, and a complex
isospin interaction deduced from the Becchetti pa-
rameters. For Nb, the predictions using a com-
plex and a real volume isospin interaction are very
similar. For Fe, the complex interaction yields
a shape intermediate between the surface and vol-
ume predictions, with the best agreement being
obtained with a surface real isospin interaction.
Figure 4 shows that, in agreement with SDB,I a
real isospin interaction requires a surface form
for Fe and a volume form for Nb. Our volume in-
teraction strength of 107 MeV for Nb (a =0.75 and
r, = 1.17) is to be compared with the value of 100

MeV deduced by SDB for Nb (a =0.65 fm and r,
= 1.25 fm). The close agreement in the strengths
is explained by the fact that our smaller radius
parameter is partially offset by the use of a larger
diffuseness. For Fe our surface interaction
strength of 126 MeV (a =0.57 and r, =1.29) is to
be compared with the value of 75 MeV found by
SDB (a = 0.65 and r, = 1.25) and which is obtained
from Table I of Ref. 2 using n =2. It is not obvious
why our strength for Fe is so much larger, since
the smaller diffuseness is to first order offset by
the larger r I weighting in the volume integral be-
cause of the use of a larger radius parameter ro.

Calculations were also made at 30- and 50-MeV
bombarding energy using the complex isospin in-
teraction and compared with the measurements of
Batty et al. ' The 30-MeV calculations and mea-
surements are displayed in Fig. 5. It is seen that
the isospin strengths and form factors deduced
from Becchetti and Greenlees provide a good de-
scription of the measurements. In particular, the
cross-section magnitudes and the zero-degree
dependence of the cross sections with mass num-
ber are reasonably well predicted. The change in
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FIG. 5. Measurements and calculations of quasielastic
(p, n) angular distributions at 30.4-MeV bombarding en-
ergy. Calculations were performed using a complex iso-
spin interaction, while measurements were taken from
the work of Batty et al.
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FIG. 6. Measurements and calculations of quasielastic
(p, n) angular distributions at 49.4-MeV bombarding en-
ergy. Solid lines are the original calculations reduced
by a factor of 2, while measurements were taken from
the work of Batty etaL.
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shape between "Fe and "Fe is not correctly pre-
dicted. This is not unexpected, since optical-mod-
el calculations only predict average behavior with

energy and mass number and not detailed differ-
ences between isotopes. The 50-MeV calculations
and measurements are displayed in Fig. 6 and

again reasonably good agreement is obtained. The
solid curves shown are the original calculations
reduced by a factor of 2. Since the calculated
cross sections vary as the square of the isospin
strength, this implies that the strengths must be
reduced 30% in order to fit the measured cross-
section magnitudes at 50 MeV. Figure 6 shows
that the angular distribution shapes, and, in par-
ticular, the zero-degree dependence of the cross
sections with mass number, are reasonably well
predicted. In addition, Figs. 5 and 6 show that
the changes in shape between 30 and 50 MeV for
Al, Nb, Sn, and Pb are reasonably well predicted
with the Becchetti and Greenlees complex isospin
interaction.

CONCLUSIONS

Although improved fits can be obtained by intro-
ducing a shell- and energy-dependent isospin in-
teraction, the shell- and energy-independent Bec-
chetti complex isospin interaction nonetheless
provides a good over-all description of the aver-
age shape and magnitude of the 17-20- and the

30-MeV (p, n) quasielastic angular distributions.
The good over-all agreement implies the consis-
tency of the Becchetti and Greenlees optical po-
tentials with the average measured charge-ex-
change cross sections at -18- and 30-MeV bom-
barding energies. At 50 MeV the angular-distri-
bution shapes are reasonably well predicted; how-

ever, the cross-section magnitudes suggest that
the isospin strengths should be decreased by 30%.
Evidence that the isospin strength decreases with

energy has been presented by Satchler, o who con-
cludes that the Thurlow' analyses of the 94-MeV
quasielastic (P, n) data'~ show that the strength is
a factor of 4 lower at 94 MeV compared to that at
18 MeV.

Since the (p, n) quasielastic angular distributions
can also be fitted by assuming the isospin inter-
action to be real, but with varying surface-to-
volume mixtures (as has been demonstrated by us,
by SDB,' and by Schwarcz~), the present work
does not indicate conclusively that the isospin in-
teraction is complex. However, the assumption
of a real isospin-dependent interaction requires
a surface form for Fe and a volume form for Nb.
The complex isospin-dependent interaction, with
volume real and surface imaginary form factors,
yields reasonable fits to both Fe and Nb without
having to invoke arbitrary surface-to-volume mix-
tures.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.
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