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Pure Neutron and Pure Proton Transitions in Inelastic Scattering of Pions by '3C
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Differential cross sections o„~(9) for elastic and inelastic scattering of 162-MeV pions
from~3C were measured at momentum transfers between 0.6 and 2.1 @ fm . For two
inelastic transitions, enhancement of 0„- over 0~+ and of o~+ over o~- were observed
which are consistent with the values for pion scattering from free nucleons. The results
are discussed qualitatively in terms of simple shell-model and weak-coupling-model
configurations.

In nuclear structure physics, high-resolution
and high-intensity intermediate-energy pion
beams are presently being employed with increas-
ing success. For example, recent comparative
studies' 4 of r' and m scattering at pion energies
near the [3, 3] resonance yielded new information
on differences between neutron and proton ground-
state and transition densities. For inelastic scat-
tering from nuclei with a neutron excess, meas-
ured' 4 cross-section ratios A= o„-(8)/o, +(())

range from 0.8 to 1.9. These values are not as
different from unity as the ratios for pion scat-
tering from free nucleons: R =-,' for protons and
R =9 for neutrons at the [3, 3] resonance. This
result is not unexpected for the collectively en-
hanced transitions in even-A nuclei on which cur-
rent studies have concentrated. ' ' Results closer
to the free-nucleon values may be obtained for
odd-A nuclei in transitions between single-par-
ticle states or between states which differ only
by a particle-hole excitation. The "C nucleus
appears particularly well suited for such a study
since it shows single-particle and collective fea-
tures in a number of low-lying levels. '

W'e have therefore measured differential cross
sections for elastic and inelastic scattering of v'
and n from "C at 162 MeV using the EPICS sys-
tem' at the Clinton P. Anderson Meson Physics
Facility (LAMPF). The target' was a 15-cm x23-
cm sheet of carbon, 210 mg/cm' thick, enriched
in "C to 99c/o, and covered on both sides by thin
(-1 mg/cm') Kapton foils. The energy resolution
for all scattering angles was better than 300 keV
(full width at half maximum).

The most striking result of this experiment is
the very large value, R -9, for the transition to
a state at 9.5 MeV. This result is consistent with
the free &-neutron value of 9. At angles 6),

) 50' and T, =162 MeV (momentum transfers) 15 fm ') we find this state quite strongly ex-
cited by m but so weak in r' scattering that it is
often difficult to discriminate from the background
(Fig. 1). We also observe a significant enhance-
ment of r' scattering over v scattering for a
group of states at about 16 MeV excitation.
Around 21 MeV there are differences in the struc-
ture of the v' and v- spectra [Figs. 1(a) and 1(b)]
quite similar to results of a recent experiment'
on "C. The centroid of this group of states is
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FIG. 1. Summed normalized yield spectra (a) Y~-
and (b) Y + for C(n', n ') at T =162 MeV (&~,b=62',
68, 74, 80, 86 ), and (c) difference between Y„- and
Ym+

1979 The American Physical Society 1091



VOLUME 4$, NUMBER 15 PHYSICAL REVIEW LETTERS 8 OCTOBER 1979

a~+a

+ os.
+ 5 +

~1+

0.0

b -0.4-

IC

'h

5~-
2

5- &2
:82

-0.8—

s I & I I I I I I t f

4 8 l2 IS 20 24

Excitation Energy of C(MeV)

FIG. 2. Values of A=(v~- —o'„+)/(a„-+o'„+) from
3C(~, r ') at 162 MeV. at the maxima of the differential

cross sections. Broken horizontal lines: values of A
for 7t +e and z +p.

shifted towards lower excitation energy in the &'

spectra in comparison with the v spectra as is
apparent in the difference spectrum [Fig. 1(c)].

%e prefer to represent the differences between
the cross sections 0,—and 0, + by the parameter
A =(&,——&,+)/(&„-+ o, +) rather than by the ratio
R= v, —j&, +. Values of A obtained at the maxima
of the differential cross sections are presented
in Fig. 2. For the 9.5-MeV state 8=+0.8~0.2,
consistent with a pure neutron excitation. For
a state or a group of states at E„=16MeV, A.

= -0.6 + 0.2 indicating an almost pure proton exci-
tation. For other states the values of A. range
from about —0.4 to +0.4, more in line with pre-
viously observed enhancement factors. [The
ratio 8=1.86+0.16 for "O(2') (Ref. 2) corre-
sponds to a value of A =+0.30 + 0.04.]

Of the "single-neutron states" of "C known'
from "C(d,P) we resolve the weakly excited 2'
state at 3.09 MeV and obtain A=0.3+0.1. The &'

state at 3.85 MeV was not fully resolved from the
state at 3.68 MeV but we estimate cross sec-

tions from peak fitting and derive A = 0.4+0.1.
These values of A are only about one-half of the
free-neutron value indicating sizable contribu-
tions from the protons or from more complex
reaction mechanisms.

At forward angles ((), ~ 50') the unresolved
triplet at 7.5 MeV is expected to be dominated by
the transition to the collective a state {7.55 MeV).
This state and the & state at 3.68 MeV are often
interpreted as a weak-coupling doublet obtained
by coupling a p,y2 neutron to the first excited 2'

state of "C. At forward angles the 3.68-MeV
state is almost equally excited by v' and m -(A

=0) but the 7.5-MeV triplet is a fa.ctor of 2 more
strongly excited by w' than by & (A = —0.3 + 0.1).
[At larger angles ((), ~50 ) the 7.5-MeV triplet
is nearly equally excited by v' and v .J The dif-
ferent values of A. for the weak-coupling states
imply a state dependence of the blocking of the
quadrupole strength of "C by the extra neutron.
This can be understood in terms of the major
components of the wave functions in simple j-j
coupling. If the excited core (2', T=0) consisted
of only a, (p,~,) '(p, ~,)"one-particle, one-hole
(lp-lh) structure, the addition of a p,~, neutron
would generate 2p-1h states with J'= —,',
and 2 . The isospin structure of the —,', », and

states would be such that only protons could be
involved in the transition. Apparently the "collec-
tive" & state at 7.55 MeV has a large component
of 2p-1h structure leading to the observed r' en-
hancement. Clearly the excited core is not a pure
[(p,g, ) '(p,g, ) "]2+ state {lp-lh) and the experi-
mental value of A for the 2 state (A=-O. 8+0.1)
is smaller than the free-proton value. Thus neu-
trons must also be involved in the transition.
The zy state can be reached by both proton and
neutron excitations even if the core were a pure
1p-1h state. Still, the experimental value of A
=0 requires additional neutron contributions
since the simple 1p-Oh to 2p-1h transitions would
favor proton excitations.

The spin and parity assignment, I'= &, for
the 9.5-MeV state is quite uncertain. "0 '4 In
low-energy electron scattering no Ml strength
could be detected. ' Two- and three-particle-
transfer reactions"'" quite strongly sUggest a
high-spin state at this energy and recent high-
energy electron-scattering data" yield J' = ~2

A +' and a +' state have been predicted around
this energy by Lane" and later by several other
authors (e.g. , Baker" and Jager et al.") as
members of a weak-coupling multiplet based on
a d,h neutron coupled to the first excited 2' state
in ' C. Such a structure is consistent with the
extremely small neutron width from "C+n elas-
tic scattering" and the preferential decay of the
9.5-MeV state in "C or its mirror at 9.0 MeV in
"N by neutron or proton emission, respectively,
to the 2' state in "C (see references in Ref. 12).
The wave function of the + member of the weak-
coupling multiplet has a very large overlap with
the wave function of a 22- state at about 9.5 MeV
predicted by the intermediate-coupling model
(Ref. 18). A a2" state of similar structure wa, s
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also found close to 9.5 MeV in a shell-model cal-
culation. "

We remark that an inelastic transition to the
[(2', T, =0) S(d,i,) j~,+,i, , r,i, weak-coup-
ling states should involve mainly neutrons. The
ground state (g.s.) of "C may be represented by
a mixture of p-shell (m+1)-particle, m-hole
states (m=0, 1, 2). If we assume the excited
"C(2') to be a mixture of p-shell n-particle, n
hole states (n=1, 2, 3, 4) with T, =O, the weakly
coupled d,~, nucleon can only be a neutron. This
means that only the promotion of a p-shell neu-
tron to the d,i, shell can contribute to the transi-
tion if the g.s. and the multiplet states are con-
nected by a single-particle operator. Thus the
strong & enhancement for the 9.5-MeV state and
the +2 assignment from electron scattering" sug-
gest that this state is the the +' member of the
multiplet. The ~2' member is probably the 7.59-
MeV state of the unresolved triplet at 7.5 MeV.
The &' enhancement of the 7.5-MeV triplet is ob-
served only at forward angles {»50'). At larger
angles (~50') the o, +(0) and o,-(8) are quite simi-
lar. This may be due to relatively large contribu-
tions from the &' state which should be enhanced
in & scattering like the 9.5-MeV state.

Since we assume the 2'Sd, g, configuration to
be excited by a one-step process (primarily by
the promotion of one of several p,i, neutrons to
the d,i, shell), the transition can proceed by an
orbital angular momentum transfer AL of at most
3. Thus the minimum total angular momentum
transferred to the target, AJ=4, for the —,

'
transition, is obtained by a spin flip of the neu-
tron. The shape of the angular distribution for
the +' state has the appearance of a AI-= 5 transi-
tion which we obtained from a spin-nonf lip dis-
torted-wave impulse -approximation (DWIA) cal-
culation using the code" D%'PI with a complex
collective form factor. However, angular dis-
tributions for spin-flip transitions are known" to
peak at larger angles than spin-nonf lip transitions
of the same AI.. In fact, our qualitative argu-
ments are being confirmed by recent microscopic
DULIA calculations of Lee and Kurath" which use
intermediate-coupling model wave functions" for
the g.s, and the lowest +' state. These calcula-
tions give a good fit to our data for the state at
9.5 MeV with AI. =3 and 48=1.

States of a 2'@d,~2 configuration can also be
obtained by coupling a d,i, particle to a 2', T, =1
state of the core resulting in isospins T= —,

' or T
The isospin coupling coefficients for the T

= —,
' states are such that the protons should be in-

volved in the transition more strongly than the
neutrons and for the T =

& states neutrons and pro-
tons would be expected to contribute more equally.
We suggest that the rr' enhanced state (or group
of states) at 16 MeV contains components of the

T = ~ multiplet states.
In summary, the inelastic scattering of &' and

on "C yielded a number of striking results.
Two transitions were found to be consistent with

pure neutron and pure proton excitations. Qualita-
tive arguments were presented to explain these
data as transitions to states of principally 2'8d, i,
weak-coupling structure. The weak transitions
to the "single-neutron states" at 3.09 and 3.85
MeV were only moderately enhanced in r scat-
tering suggesting significant proton particle-hole
components in the wave functions or sizable con-
tributions from two-step processes. The excita™
tion of the [2'Sp~, ],i,-,i,- weak-coupling states
showed a state dependence of the blocking of the
quadrupole strength of the "C core. Finally, a
difference in the structure of & and v' spectra
at about 21 MeV was observed, similar to re-
sults' for "C+r', indicating isospin mixing be-
tween T = —,

' and T= & states. The experimental
angular distributions and calculations will be
presented in a forthcoming publication.
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This letter presents a study of a simple way to relax the frozen-configuration assump-
tion in the calculation of the real part of the nucleus-nucleus potential. The proposed
model allows the thickness of the surface layer of each nucleus to vary from the outer
side to the interacting side giving rise to polarized shapes which simulate a neck forma-
tion. The result is compared to other potentials available in the literature.

The calculation of the nucleus-nucleus potential
starting from an energy-density formalism is
very convenient when simplifying assumptions
about the density of the composite system are
made. A common starting point is the frozen-
configuration assumption or the sudden approx-
imation' ' according to which the density of the
whole system is taken as the sum of the asymp-
totic individual densities at any separation dis-
tance between the interacting nuclei. In practice
such a simplification allows one to calculate the
interaction potential between any pair of nuclei
once the densities are known.

In this Letter I propose a way to relax the froz-
en-configuration assumption by trying to maintain
the simplicity of the calculations. Under mutual
influence the nuclei deviate from their spherical
shape and I try to describe this polarization effect
by a gradual change of the surface layer thick-
ness from an equilibrium value a, at the outer
side to a value a at the interacting side of each
nucleus. This value is found by minimizing the
potential with respect to a at each separation dis-
tance s, between the surfaces, with

0= R —Rj —R2

where R is the distance between the centers of
the nuclei, and R, and R, are the nuclear. radii.

In this way I extend the formalism of Ref. 4 ac-
cording to which one defines the nucleus-nucleus
potential V(s„a) as the difference between the
binding energy of the composite system at s, and
the binding energy of the nuclei separated at in-
finity. The Skyrme-interaction density functional
is used to calculate the binding energies. For the
composite system the density is taken as the sum
of the individual densities and the kinetic energy
densities of the composite system and of the in-
dividual nuclei are described by the Thomas-
Fermi approximation. The advantage of these
approximations is that the Skyrme-interaction
energy density IJ reduces to an algebraic function
of the densities p, and p, only. Then the poten-
tial can be written as the volume integral

v(s„a) = f [IJ(p,'+ p, ') -&(p,")
(2)

The parameter a, is the equilibrium value of the
surface layer thickness for an individual nucleus.
As Skyrme-interaction parameters I have chosen
the set' SIl which gives for a semi-infinite slab
a, = 0.48 fm and E,~r = 22.88 MeV/f m' when the
Thomas-Fermi approximation is used for the
kinetic energy density as defined in Ref. 6. At
infinity the densities p, and p2 are described by
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