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It has recently been shown that the spin-orbit part of the optical-model potential, taken to be a surface-
gradient force, is displaced about 0.141/3 F inside the central well. For the shell-model potential this feature
arises very naturally from the Brueckner many-body theory, the spin-orbit force being strongly density-
dependent while the central force saturates at nuclear densities.

ECENTLY, improved experiments on the polari-
zation in proton-nucleus scattering have allowed
refinements in the fitting of optical-model potentials.
Goldfarb, Greenlees, and Hooper,! in particular, have
made careful fits employing wells of the usual type with
Woods-Saxon central and surface-derivative (1/7)df/dr
spin-orbit potentials. Paying particular attention to
forward angles, where the differential cross section is
well understood, they show that a good fit to the polari-
zation angular pattern can be obtained only by allowing
the radius Rpg of the shape factor f(r) for the spin-
orbit force to be smaller (about 1.14/3 F) than the cor-
responding radius of the central well (about 1.24/2 F).
A number of similar studies?>~* have obtained values of
Rys between 1.06 and 1.14Y/3 F. The significant fact
seems to be that this radius parameter is less than or
just equal to the half-density radius ¢=~1.10 F of the
nuclear-density distribution as determined by electron-
scattering experiments.® On the other hand, it is well
known that the central well extends beyond the nuclear-
density distribution, a fact usually ascribed to the finite
range of the two-nucleon force but never calculated in a
convincing manner.® For the related case of the shell-
model potential, these opposite tendencies arise very
naturally from the Brueckner theory.

We use the local-density approximation (LDA) of
Brueckner, Gammel, and Weitzner,” according to which
the effective two-body interaction inside a nucleus is
the G matrix taken from nuclear matter at the local
density. This approximation may involve about a 109
inaccuracy, but is believed adequate for the qualitative
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point at issue. Wong® has recently shown that the
LDA can be made very accurate by using an effective
density extending slightly beyond the actual density.
We used the G matrix from our recent nuclear-matter
calculations® for the Hamada-Johnston potential (which
gave 11 MeV/A4 binding at a density kr=1.35 F9)
to construct the (nonlocal) spin-orbit amplitude
(*'/Grg/r). A method can be found in Ref. 7. In the
T=1 state, we find that G.g is very nearly equal to the
free-nucleon potential V1 s(r), except right at the edge
of the hard core. This agrees with the procedure of
Brueckner and Gammel.!® The T'=1 tensor force con-
tributes negligibly to the spin-orbit interaction.

In our nuclear-matter calculation, we treated the
states with J<2 and the 3D;-*G; system exactly, and
used the Born approximation to the one-pion-exchange
potential (OPEP) for the remainder. The spin-orbit
amplitude then arises from the P(T'=1) and 3D(T'=0)
waves. It would be somewhat arbitrary to assume that
the higher waves contribute precisely zero, so for sim-
plicity, we assumed separately for =0 and T=1 that
each multipole of the force is equal. This replaces the
angular dependence Py, of the nonlocality by §(Q—%’)
+6(2+Q'), making the force “local in angle” but still
nonlocal radially.

To deduce the one-body or shell-model spin-orbit
force, we consider a closed-shell 41 nucleus. The
method of Blin-Stoyle! was extended slightly to cover
the case of a nonlocal two-body interaction, with the
result

1dp
Vsio-l=—K-—e-1,
r dr

K=%K1+%Ko+(—->(K1—K°)’ (1)
44

2
K'.r-1=-3—/drdr' (r7")3GLs(r, ¥, T=1).
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TaBre I. The coefficient Kz of (1/7)dp/dv in the shell-model
spin-orbit force, as a function of density. p is measured in F~3 and
Kr is tabulated in units of F*3. Multiplication by 41.469 gives
K in MeV Fb5.

AND P.

ke (F7Y)  (p/po) Kra Kro $K,+3iKo ;(Ki—Ky)
1.43 1.16 4.131 —1.111 2.820 1.310
1.36 1.0 4.114 —1.292 2.762 1.352
1.23 0.74 4.093 —1.896 2.595 1.497
1.10 0.53 4.056 —2.600 2.391 1.664
0.90 0.29 3.962 —4.230 1.913 2.048
0.80 0.20 3.920 —5.454 1.576 2,344
0.70 0.14 3.871 —7.165 1.112 2.759

The angular locality of Grg has been used. For a
radially local two-body interaction [6(r—7#")/77"], we
have twice his" result. In the actual work, the 7 and
7’ integrations were done analytically, and only one
integration over a relative momentum % was done
numerically, greatly improving the accuracy. The T'=1
and T'=0 coefficients are given as functions of density
in Table I. The T'=0 contribution arises largely from
a two-body tensor force. It is seen to have the wrong
sign and to be highly density-dependent, being small
near normal nuclear density. This reflects the saturation
property of the tensor force. We have remarked that
K, arises almost entirely from the two-body spin-orbit
potential, and is quite independent of density. The re-
sulting K increases with density. Thus, in the local-
density approximation, our one-body spin-orbit force
is very roughly —Cp(1/7)dp/dr, and can be seen in Fig.
1 to look very like the usual force but with a shift
inside the density distribution p(r). The strength is
equivalent to about 20 times the ‘“Thomas term.” Using
oscillator single-particle wave functions with oscillator

(Mev) | v ‘\ \

/
N—T n L e 1 L L s

.5 1.0 20 r 3.0 (F) 4,0

Fi16. 1. The one-body (shell-model) spin-orbit force calculated
as described in the text is the solid line marked 1. For comparison,
the dashed line 2 is a constant times (1/7)dp/dr. Line 4 is the
Fermi density distribution p appropriate to Ca*f, while 3 is the
local value of the central potential taken from nuclear matter at
the local density. Note the shift in the opposite direction to the
spin-orbit force. The vertical scale refers only to lines 1 and 2.
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parameters close to fiw=414""3 MeV, experimental
values of spin-orbit splittings are well fitted!? from O
to Pb2%8, This agrees with the more exact calculation of
Kuo and Brown!® for O, but our method, being simpler,
can be applied to more cases.

Also shown in Fig. 1 are the Fermi density distribu-
tion for Ca* and the central potential in the LDA. The
latter extends well beyond the density, because of the
saturation property of the central field (making it vary
slowly with density). Such a simple approximation is
not reasonable for the central field, but it does show that
the tendency is just the reverse to the spin-orbit case.

Greenlees, Pyle, and Tang!* proposed a different ex-
planation of the effect, based on the premise that the
range of the two-body spin-orbit potential is much less
than the range of the two-body central force. However,
the intermediate-range part of the central force (the
part effective in smearing the optical potential beyond
the nuclear density) is actually of range about 3%/m.C,
which is the same as the range of the spin-orbit poten-
tial in the Hamada- Johnston force used here or of other
modern potentials. The new effect suggested here oper-
ates independently of these force ranges. Furthermore,
it seems doubtful that the high-energy approximation
referred to by the above authors can be relied upon down
to energies as low as 10 MeV.

In conclusion, the one-body spin-orbit force of the
shell model can be represented to good approximation
as a surface-gradient force, at or just inside the nuclear-
density distribution. The shift inside by about 0.054 /3 ¥
is due to the strong density dependence of the 7'=0
contribution. For the central force, the tendency is to
shift the potential beyond the density distribution be-
cause of the saturating character of the central field.
The one-body spin-orbit force calculated here gives
good agreement with experimental single-particle level
splittings over a wide range of nuclei.

The density distribution in question might possibly
be the “effective’ local density of Wong,® which extends
slightly beyond the nuclear charge density by about
0.094 1. In either case, however, our work provides a
mechanism for the spin-orbit radius Ryg to be smaller
than the central-well radius, since they shift in opposite
directions from the nuclear density. From Fig. 1 it is
seen that the diffuseness parameter arg is about the
same as for the density, while the local-density central
well has greater diffuseness. These points are in qualita-
tive agreement with a recent optical-potential fit to
30.3-MeV proton scattering and polarization.*®
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Note added in proof. The single particle level splittings
referred to above? were inadvertently multiplied by
two before comparison with experiment. This disagree-
ment is incidental to the main point of the paper, but
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it does weaken the conclusion pending a satisfactory
calculation of the spin-orbit force. We thank H. A.
Bethe and C. W. Wong for correspondence concerning
this difficulty.
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The BC (a,#)1%0 total cross section has been determined for the incident a-particle energy range 1.95 to
5.57 MeV using a 47 neutron detector. The total cross section of the inverse reaction 0 (7,e)C has been
calculated by applying the reciprocity theorem. The total level widths for 16 levels, and the partial widths
T', and I',, along with the reduced widths v,2 and v,? for the levels corresponding to the 2.68, 2.81, 3.72, and

4.62-MeV resonances, have been determined.

I. INTRODUCTION

HE measurement of the 3C(e,7)'%0 reaction cross
section is important for studying the level struc-

ture in the compound nucleus 0. The cross section in
the range E,=1.95 to 5.57 MeV gives information
about the levels in the excitation energy range of about
7.8 t0 10.6 MeV. The elastic sacttering of « particles by
13C, neutrons by 90, and the radiative capture of a
particles by 1*C are other possible reactions leading to
this range of excitation energies in 70. No direct meas-
urements of the total 13C(e,7)%0 reaction cross sections
are available, whereas there are many previous measure-
ments of the differential cross sections of this reaction.
Becker and Barschall! and Walton ef al.2 have measured
the differential cross sections for the incident a-particle
energy range 2-3.5 MeV and Bonner et al.? for the energy
range 2-5 MeV. Barnes ef al.* have measured the
13C(a,0)3C differential cross section from E,=2 to 3.5
MeV. A useful aspect of the total-cross-section measure-
ment of 3C(a,n)'%0 reaction is the calculation of the
total cross section for the inverse reaction, %0 (s,a)3C,
using reciprocity. The %0(n,x)*C reaction cross sec-
tions are useful for reactor calculations. Direct measure-
ments of this cross section have been made by Seitz
and Huber,® Davis et al.,® and Lister and Sayres.” From
the 13C(e,n)1%0 differential cross-section values, Walton
et al.? have obtained the total (a,%) cross section for this
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reaction up to 3.5 MeV. A direct measurement of this
reaction cross section has been done at Trombay for the
incident a-particle energy range 1.95-5.57 MeV using
a 4m geometry neutron detector.

II. EXPERIMENTAL METHOD

Singly ionized helium ions from the 5.5-MeV HVEC
Van de Graaff Accelerator at Trombay® were used to
bombard an electromagnetically enriched (enrichment
~30%)1C target® deposited on a 0.25-mm-thick tan-
talum backing. The neutrons were detected by a cali-
brated 4= detector built according to the design of
Marion et al.,'® the *C target being mounted at the
center of the counter. The counter consists of an inner
and outer set of BFs counters embedded in a block of
paraffin. The efficiency of this counter, as a function of
the neutron energy, was obtained from the measurement
of the neutron yields from the "Li(p,n)"Be reaction.!!
The cross section of this reaction has been determined
by Gibbons and Macklin.!? The efficiency curve was
extended up to 5-MeV neutron energy by using a 50-
millicurie Ra-a-Be neutron source. The efficiency curves
are shown in Fig. 1.

The number of *C nuclei per square centimeter pres-
ent in the carbon target was determined by measuring
the neutron yield at 3.5 and 4.1 MeV from the 3C-
(p,m)®N reaction using the same neutron counter and
comparing the results with the previous cross-section
measurements of Gibbons and Macklin.!2 From the ex-
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