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Stretched excitations and the spin-dependent part of the pion-nucleon interaction
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The p-wave form of the spin-orbit operator provides the basis for a single scattering
model for the excitation of unnatural parity levels in pion-nucleus scattering in the region of
the 6 resonance. The model is found to give a reasonable description of the m. + and n. ex-

perimental cross sections for the excitation of stretched 4 and 6 states in ' 0 and 'Si. In
the calculations the interaction strength was fixed from the free pion-nucleon data and the

spin transition densities were determined from recent (e,e') and (p,p') data. A schematic
discussion of possible corrections to the model is also presented.

NUCLEAR REACTIONS Distorted wave calculation of 162 MeV

(m, m') cross sections, Si(6 ) and isospin mixed '60(4 ) stretched states.
Impulse approximation for pion-nucleus spin-orbit interaction, energy

dependence of t matrix.

I. INTRODUCTION

In this paper we present a simple single scattering
model for describing the excitation of unnatural par-
ity levels in nuclei via inelastic pion scattering in the
6-resonance region. The model is based on the use
of the short range limit, or p wave form of the spin-
orbit operator' to represent the spin-dependent part
of the effective pion-nucleus interaction. With this
assumption, the spin dependent part of the effective
pion-nucleus interaction is characterized by a single
isospin and energy dependent strength parameter.
Making the impulse approximation and fixing the
strength parameter from the free pion-nucleon phase
shifts, we apply the model, within the framework
of the distorted wave approximation, to the recnt ex-
perimental differential cross section data ' for the
excitation of stretched 4 and 6 levels in ' 0 and

Si taken at E =162 MeV. Information about the
spin transition densities required for these calcula-
tions is taken from the other recent (e,e') (Refs. 6
and 7) and (p,p') (Refs. 8—10) studies of these same
excitations. We also discuss the energy dependence
of the spin-dependent part of the effective pion-
nucleus interaction as given by the impulse approxi-
mation and reiterate the important role of stretched
excitations as a means for isolating this energy

dependence. The latter point is of added signifi-
cance in view of recent discussions of possible
Fermi-motion current corrections"' and 6-hole
capture contributions' to the transition matrix ele-
ments for unnatural parity transitions.

II. THE MODEL

Th~ p wave form of the spin-orbit operator is
given Iin coordinate space by

t N(r)=t sV„5(r)Xp t7N, (1)

where r is the relative-coordinate, p is the momen-
tum of either particle in the center of momentum
frame (c.m. ), t7tt is the nucleon Pauli spin operator,
and t is the strength parameter of interest with
units of MeV fm . This form is minimally nonlocal
and its use is analogous to the Kisslinger prescrip-
tion' for treating the spin-independent part of the
pion-nucleon interaction. Its main advantage is that
it provides a more transparent picture of the spin
dependent effects in pion-nucleus scattering than is
obtained from the more conventional nonlocal
models. ' ' ' The impulse approximation estimate
of t is easily obtained by forming the momentum
space matrix element of Eq. (1) in the n-K c.m.
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and making use of standard representations of f
(Refs. 2, 3, and 17) to obtain:

tLs=tLS+tLS t (4a)

to k, = —,[—a)) —2a3&+a&3+2a33],LS 2
0 c

(4b)

t ~——(k'lt „(r)
I

k&

= —itLscr&. k )& k

employing the usual relationship between the t ma-
trix and the scattering amplitudes f

2'
(3)

Here r=kc0, /k, to is the usual factor required for
transformation from the nN. -c.m. to the pion-
nucleus (m-A) c.m. ,

~7 with k and co representing the
wave number and reduced energy in the latter frame.
The contribution to the pion-nucleus optical poten-
tial from Eq. (5} for targets with spin-unsaturated
shells was discussed recently. ' Only the contribu-
tion for unnatural parity transitions is of interest
here.

For this case the integration in Eq. (5) is most
easily carried out by applying the discretized
momentum techniques of Ref. 20 and methods for
expanding the spin-orbit operator described in Refs.
21 and 22. The final result for a 0+-+J unnatural
parity transition is

U „=Uz(r )[Fg(r )X& ],
LS 2 2 Tfl 1

t) k, = —,[all —a31 —a13+a33],
c

e' sin5
~ &=&2T2J

k 'l

(4c}

(4d)

where UJ(r ) is the reduced radial transition poten-
tial which is essentially the form factor required for
a distorted wave calculation. This is given by

U A r&f I +t ~(r} I
t &. (5)

Here k, and roc are the wave number and reduced

energy in the m.-N c.m. , t is the pion isospin, and
~~ is the nuclear Pauli isospin operator. %'e evalu-
ate Eq. (4) using the phase shifts of Ref. 3. Esti-
mates of t from other dynamical models such as
the intermediate 5-hole approach' would also be
useful. This might require that t be density
dependent.

The incorporation of the interaction of Eq. (1)
into a folding model description of inelastic pion-
nucleus scattering is straightforward. The problem
is simply one of taking a matrix element between the
initial and final states of the target nucleus to obtain
the scattering potential

ert~isk zp.r(k ) (7)

where k„and 4k„are the momentum eigenvalues
on a finite sphere and associated differences, jz is a
spherical Bessel function, a =k, lk results from the
decomposition of

p=~ p.—~~pN

in the n.-A c.m. , and e is 1 for T=O and +1 for
T =1 for m+- scattering which assumes t, =+ —, and

+ 1 for n and m, respectively. The quantity

pJ (k„)in Eq. (7) is the transverse spin transition
density defined by

pj (k„)= J+1
2J+1

1/2
$T"'-'"'- 2J 12J+1

1/2
$T

pJJ+ l(kn 4 (8a)

pit. «.}= &f I I Xjt.(k.rx)l 1't, (4)&«~]'~~
I lt & (8b)

0 ~ 17N' ly Vpf 7Ny (8c)

where the matrix element in Eq. (8b) is reduced in
coordinate space only according to the convention of
Ref. 24. These results show clearly that, at this level
of approximation, pion-inelastic scattering provides
a unique measure of the transverse spin transition
density for an unnatural parity transition. Transi-
tions to states of stretched configuration, i.e, ,

[j„js'] with j~=l + —,, js ——lh+ —,, and J=j~+j»,
are a special class of transitions where the current
transition densities vanish and pJ J+~ in Eq. (8a)
vanishes so that the (e,e'), (p,p'), and (m, m') reac-
tions are related through a common spin transition
density pqJ 1. This has been discussed explicitly in
Refs. 1, 10, and 25 and works cited therein. Modifi-
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cations in this picture due to the effects described in
Refs. 11—13 will be discussed below.

III. APPLICATION

The experimental data of Ref. 4 consist of full
2r+ and n. differential cross sections for the excita-
tion of three levels in ' 0 at E„=17.79, 18.98, and
19.80 MeV which are attributed to the stretched

[1d5/2 —Ip3/2 ']4 configuration. Differences in
the magnitudes of the 2r+ and m. cross sections for
these levels were interpreted in terms of Coulomb
mixing and the mixing matrix elements and relative
particle-hole strengths for the three levels were de-
duced from the n+and . 2r cross section ratios as-
suming 6 dominance [to ——2t

&
in Eq. (4)]. It was

found that the 18.98 MeV level was nearly a pure
T =1 excitation while the 17.79 and 19.80 MeV lev-
els were predominantly T =0 excitations with T =1
admixtures making the lower state more protonlike
and the upper state more neutronlike in character.
It was also noted that the total T =0 particle-hole
strength observed was only about 50% that of the
T =1 strength. No model was applied to calculate
the absolute inelastic pion cross sections in this work
so no estimate was made of the total particle-hole
strength observed. Subsequent work' ' based on
the (e,e, ') and (p,p') data for these same levels '

generally corroborates the results of Ref. 4 and fur-
ther indicates that only about 40% of the T=1
particle-hole strength is being observed. Additional
information about the fragmentation of the
stretched particle-hole strength in ' 0 via 3p-3h
configurations is available from studies of the
' C( Li, t)' O~ reaction. A more complete discus-
sion of these transitions will be given in a forthcom-
ing paper.

The experimental data of Ref. 5 consist of full 2r+

and partial 2r differential cross sections for the

stretched [lf7/2 ld5/2 ']6 T =0 and T= 1 lev-
els in 2sSi at E„=11.58 and 14.36 MeV, respectively.
These were the first stretched levels observed via
pion inelastic scattering. The two levels here are
well separated and Coulomb mixing is not a factor.
In Ref. 5 it was concluded on the basis of a calcula-
tion using the model of Ref. 16 that about 15% and
38% of the total T =0 and T = 1 particle-hole
strength was being observed. As in the ' 0 case re-
sults from (e,e') and (p,p') studies' ' ' were found
to be consistent with the pion results. Additional
supporting evidence is available from a recent low
energy resonant (p,p) experiment.

The primary concern of this paper is to obtain an
absolute estimate of the inelastic pion scattering dif-
ferential cross sections of Refs. 4 and 5 based on the
interaction of Eq. (1). To this end we have assumed
a harmonic oscillator form for the isovector spin
transition density pq J &(k„)and fixed the size and
strength parameters from the most recent electron
scattering data. ' %e neglect possible shape differ-
ences between the isoscalar and isovector spin transi-
tion densities29 and assume that pq J,(k„)is pro-
portional to pJ'J &(k„). With this assumption the
strengths and mixing amplitudes for the spin transi-
tion densities for the T=O excitations in ' 0 were
determined by the same fitting procedure used in
Ref. 4 except that we use the t given by Eq. (4)
rather than that given by the d-dominance assump-
tion. This results in T=0 densities about 10%
larger than those given in Ref. 4. The isoscalar den-
sity for sSi was fixed from the ratio of T=0 to
T =1 strength deduced from the (p,p') data in Ref.
10. The complete spin transition densities are sum-
marized in Table I in terms of appropriate particle-
hole spectroscopic amplitudes.

The results of our distorted wave calculations are
compared with the experimental data of Refs. 4 and
5 in Figs. 1 and 2. These calculations were made

TABLE I. Wave functions used in present calculations.

Target E„(MeV) [J,J~ ']J a(fm ')' Z(r =0)b Z(T =1)b

16O
17.79
18.98
19.80

[ ld5/2 i/3/2 ']4
[ ld5/2 lp3/2 14

[ ld5/2 lp3/2 ']4

0.618
0.618
0.618

0.330
0.001
0.348

—0.077
—0.620

0.075

11.58
14.36

[lf7/2 ld5/2 ']6
[ 1f2/2 —ld5/2 ']6

0.567
0.567

0.310
0.528

'Harmonic oscillator size parameter a = [Mco/A']'/ which has been obtained with the stand-
ard shell model center of mass correction included. This correction has been excluded in a
consistent fashion in the work of Refs. 1, 10, and 25.
'Spectroscopic amplitudes first introduced by Schaeffer and Raynal and defined explicitly in
Ref. 30. These take the value of unity for a pure particle-hole excitation and are the same as S
used in Ref. 1 and W2 smaller than S~I, used in Refs. 10 and 25.
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FIG. 1. Theoretical results ( &( 1.30) for inelastic
scattering of ~+ (left) and m. (right) from the three iso-

spin mixed 4 states in ' O. The 162 MeV data are from
Ref. 4.

with the general inelastic scattering potential code
ALI.WRLD (Ref. 31) which generates the reduced
transition potential defined in Eq. (7) and the pion
distorted wave code MSUDwPI (Ref. 32) which can
handle the derivative operator in Eq. (6). Two dif-
ferent optical potentials were considered. One was
based on the Stricker, McManus, and Carr (SMC)
form with parameters taken from the phase shifts3
and simple estimates of the absorption. The other
used the Kisslinger form' with parameters evaluat-
ed from the phase shifts' at an energy 30 MeV
below the beam energy. The two potentials gave
equivalent fits to the elastic scattering data and pro-
duced essentially identical results. The results
shown in Figs. 1 and 2 can be assumed to come
from either prescription. We also note that the dis-
tortion produced only about 3%o differences in the
m+ and m cross sections, justifying the assump-
tions often made when extracting spectroscopic in-
formation from m+/ir ratios.

All in all the agreement between the theoretical
results and the experimental data is quite good.
Most important is the overall magnitude of the
theoretical cross sections since the relative cross sec-
tions (for ' 0 and Si, separately) have been essen-
tially fixed by the choice of densities. A slight up-

IO I I I l I I I I I I I

20 36 52 68 8+ I 00 36 52 68 84 I 00 I I 6
c.m. ANGLE (deg)

FIG. 2. Theoretical results ( &( 1.15) for inelastic
scattering of m+ (left) and m (right) from the T =0 (top)
and T =1 (bottom) 6 states in Si. The 162 MeV data
are from Ref. 5.

ward renormalization of t (15% for ' 0 and 7%
for Si) was required to produce the agreement
shown. The present results are also in good agree-
rnent with the results of the nonlocal calculations
given in Ref. S. There are some small systematic
differences in the shapes of the experimental ' 0
differential cross sections that are not reproduced by
the present theoretical calculations. These might
reflect inadequacies in the assumption that
pz'z

&
and pz J ~

have identical shapes. The largest
discrepancy between theory and experiment occurs
for the case of ~ excitation of the 6 T =1 state in

Si. The data are rather sparse here and the experi-
mental results that o &o + is difficult to under-

stand in light of the arguments for m. enhancement
advanced in Ref. 29.

IV. DISCUSSION

The energy dependence of the impulse approxima-
tion estimate of t is displayed in Fig. 3. The
points shown with the curves represent the values
deduced from the experimental data above. %e
show these curves in the hope of encouraging experi-
menters with energy dependent data on stretched ex-
citations to make similar comparisons. To under-
stand the importance of this as a means of gaining
an independent estimate of the properties of the
spin-dependent part of the effective pion-nucleus in-
teraction one must note the full complexity of the
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pion-nucleus scattering potential for unnatural pari-
ty transitions that is implied by the considerations
of Refs. 11—13. This may be written in schematic
form as

L,s s dt ls dr I
LS C

U~z —t pJ+ pz+ pJ+ t~~p&, (9)

l I l l

I 20 I 60 200 240 280
lab (MeV)

FIG. 3. Squared modulus of the target independent
strength parameter S~——(~,/2m' )t~ as a function of en-

ergy. The points represent the values required to fit the
60 (open) and Si (solid) experimental data.

state nuclear wave functions discussed in Ref. 13.
The latter is effective only for isovector transitions.
For stretched excitations the last two terms do not
contribute because pJ ——0 and the 6-hole admixtures
in isovector states of high spin are negligible. The
remaining terms serve to determine the spin-orbit
component of the pion-nucleon interaction provided
a reliable estimate of pJ can be made. The simple
structure of the stretched excitations will be useful
in this regard although the full details of the second
term in Eq. (9) are not yet available. In any event
comparisons of theory and experiment for stretched
excitations like that made above will contain useful
information on the energy dependence of t and the
spin-current coupling for unnatural parity transi-
tions in inelastic pion scattering.

In summary a simple model has been presented
for incorporating the spin-dependent part of the
pion-nucleon interaction in distorted wave calcula-
tions for unnatural parity excitations via inelastic
pion scattering in the 6-resonance region. Impulse
approximation estimates of the inelastic differential
cross sections for stretched excitations in ' 0 and
2sSi, based on this model, were found to be in
reasonable agreement with the available experimen-
tal data taken on resonance. These calculations
serve mainly as an illustration of the suggested
parametrization of the spin-dependent part of the
pion-nucleon interaction which, we believe, provides
a convenient basis for summarizing the features of
the experimental data and discussing the spin depen-
dence in various dynamical models for the pion-
nucleon interaction. The importance of extending
this work to study the energy dependence of r s has
been stressed.

where the first term is the coupling to the transverse
spin density under discussion here. The next two
terms represent the coupling to the spin-current and
current densities through the spin-orbit and central
components of the pion-nucleon interaction which
results from the Fermi motion corrections of Refs.
11 and 12. The last term represents the possible
coupling to explicit b-hole components in the final
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