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A distorted-wave impulse-approximation calculation for 50-Mev vr
—inelastic scattering to

the 2&+ state in ' Mg has been performed. The calculation shows greater sensitivity to the
separate neutron and proton deformations than is seen with any other nuclear probe. A fit to
the measured differential cross sections gives the value of 0.83 + 0.06 for the ratio of neutron
to proton matrix elements for this state. This is in agreement with the values deduced with
other probes.

PACS numbers: 25.80.Fm, 27.30.+t

Because of its availability in different charge
states, and its interaction properties, there has been
much hope put on the pion as a probe of nuclear
structure. ' The bulk of the pion scattering data has
been taken at =160 MeV incident pion energy.
The total pion-nucleon (AN) cross section peaks
near this energy, because of the presence of the
b, (1232) resonance. The fact that it is much small-
er at lower incident pion energies has formed the
basis for the much used argument2 that a low-
energy pion has a much longer mean free path in
nuclear matter, and thus should be a much better
probe of nuclear structure. This point of view is in
accord with the results of Friedman.

There is, however, a much more compelling ar-
gument in favor of the low-energy pion as a nuclear
probe. Figure 1 illustrates the ratio of do. (m+p)/
d 0 to do-(m p)/d 0 as a function of c.m. scatter-
ing angle, for various incident pion energies, calcu-
lated with the phase shifts of Amdt and Roper.
Whereas this ratio is quite Aat at T„=160 MeV, it
rises dramatically at T = 50 MeV, reaching a max-
imum of 400:1. The average value is 20. The con-

stant factor of = 9 between the (m+p ) and (m p )
differential cross sections at T =160 MeV stems
from an overall factor of 3 in the ratio of the
scattering amplitudes. At resonance energies,
scattering is dominated by the P» ~N partial wave,
and the factor of 3 is a Clebsch-Gordan coefficient,
present because (m. +p) exists in a pure isospin-

state, while (m p ) exists in a mixture of
isospin- —, and isospin- —, states. At lo~er incident
pion energies, this overall factor is still present, but
there are three AN phase shifts (i.e. , S» ——6.72',
S3~ = —5.36', and P33 6.26') that contribute to
the total amplitude, which are similar in magnitude,
but differ in sign and thus can interfere, and pro-
duce the observed effect.

When one considers pion-nucleus scattering, the
situation is complicated by true pion absorption,
which cannot occur on a single nucleon. Neverthe-
less, at resonance energies, the general features of
pion-nucleus scattering are well described by the
Kisslinger5 optical potential. This potential is based
on a first-order expansion of the multiple scattering
series, and its coefficients are obtained from mN
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from the matrix elements of the deformed part, which we have written as (in the notation of Ref. 6)
/

2E 1 (])V =p] boFg + eb]FD 2p2BopgFit'c' 4~
/

2 p) —1 p2 —1
+& ' [ ~'oF~+~ctFD] —Co PAFA '

2p] p2

os/pt «tFD/p t+ 2CopwFw/P2+V—
[1+4m'/3 (coPA/P 1 EclpD/pl + COPA/P2) ]

where p&D=p„+ p~, F~„=ao~„(tip~„/Ba)l,,
and

F/t, o= (P F„+p F ) Yo.

The deformation parameters P~ and P„were
varied in order to minimize the X2 of the fit to the
m

+-data simultaneously. The solid curves in Fig. 2
represent the calculation with the best-fit values of
P~ =0.655 and P„=0.465. The long-dashed curves
are the result of the calculation with P~ reduced by
30'lo, while the short-dashed curves have P„ in
creased by 30%. The extreme sensitivity of the 7r+

(vr ) calculation to variations in P~ (P„), its insen-
sitivity to variations in P„(P~), as well as the oppo-
site direction of the two effects are evident.

In an effort to quantify this sensitivity, we may
adopt the parametrization of Iversen, " and write
the ratio of total m

+-cross sections as

b~+Z/3~+ b„+NP„

bp ZPp+ b„NP„

where b~+-„are the interaction strengths of m +-, and
are measures of their sensitivity to the protons and
neutrons in the nucleus. Figure 3 illustrates the
results of our DwpI calculation along with curves
computed with the above formula for various
values of b~+/b„+ = b„ /b~ . The results of the cal-
culation are shown as a shaded region because they
have some dependence on the individual values of
P~ and P„, and not just their ratio. It is evident
from Fig. 3 that b„ /b~ = —20 . Bernstein,
Brown, and Madsen' discuss the interaction
strengths for other probes. These are 1.0 for o. par-
ticles; 0.83 and 0.95 for 800-MeV and 1-GeV pro-

1
tons; and 3 (—,) for low-energy protons (neutrons),
and resonance-energy m (m+). Thus, both the
magnitude and the sign of our result indicate that
low-energy pions are more sensitive to relative neu-
tron and proton matter distributions than any of the
above-mentioned probes.

This sensitivity enables us to determine the ratio

P„/P~ with a relatively small uncertainty. Figure 4
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FIG. 3. Ratio of m
—+ total cross sections. Shaded re-

gion is the result of our distorted-~ave impulse-
approximation calculation. Curves are from the formula
given in the text. Solid line uses b~+/b„+ = —5.0; long-
dashed line uses b~+/b„+ = —10.0; short-dashed line uses
bp+/bn+ = —25.0.

is a contour plot of the X2 values for the simultane-
ous fit of the measured m

— inelastic differential
cross sections. Our result is P„/P~=0.71+0.05.
Given that the ratio of neutron to proton matrix
elements for the transition is related to the ratio of
deformation parameters by M„/M~ = NP„/ZP, , our
result is M„/M~ = 0.83 + 0.06. The values obtained
with other probes are 0.72+0.15 (electromagnetic
decay, mirror nuclei) '; 0.80 + 0.17 [(u, a') ]'4;
0.62 +0.14 (resonance-energy n +-)'5; and 0.74
+ 0.12 [800-MeV (p,p') ]' . The present result is

slightly higher than, though not inconsistent with,
all of these.

As seen with other probes, " the separate values
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ty of more data will certainly lead to a better under-
standing of the interaction. The present results in-
dicate that we will be able to exploit the high sensi-
tivity of the pion probe to extract useful nuclear
structure information.
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FIG. 4. Contour plot of the reduced x' values for the
simultaneous fit of the measured m+ differential cross
sections. The minimum is at g = 3.7, and each contour
line represents an increase of 1.0.

of p~ and p„extracted from fits to the data are not
necessarily uniquely determined, but depend on the
optical potential parameters used in the fitting cal-
culation. The present parameter set has a basis
both in theory and in its ability to fit a large set of
elastic-scattering data, which, in our view, justifies
its use. In any case, although an exhaustive study
has not been completed, preliminary investigations
indicate that the extracted ratio P„/P~ is not affect-
ed by minor variations in the optical potential
parameters. An exhaustive study should also in-
clude possible coupled-channel effects.

Data on 50-MeV m+ inelastic scattering to other
states and nuclei are presently being analyzed, and
more measurements are in progress. The availabili-
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