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A distorted-wave impulse-approximation calculation for 50-MeV 7 T 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 (7N ) cross section peaks
near this energy, because of the presence of the
A(1232) resonance. The fact that it is much small-
er at lower incident pion energies has formed the
basis for the much used argument? 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.3

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 da (7 *p)/
dQ todo(m~p)/dQ as a function of c.m. scatter-
ing angle, for various incident pion energies, calcu-
lated with the phase shifts of Arndt and Roper.*
Whereas this ratio is quite flat at 7, =160 MeV, it
rises dramatically at 7, =50 MeV, reaching a max-
imum of 400:1. The average value is 20. The con-
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stant factor of =9 between the (7 *p) and (7w 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 P33 =N partial wave,
and the factor of 3 is a Clebsch-Gordan coefficient,
present because (a7 *p) exists in a pure isospin-
5 state, while (7 7p) exists in a mixture of
isospin-% and isospin-% states. At lower incident
pion energies, this overall factor is still present, but
there are three « N phase shifts (.e., §;;=6.72°,
S31 = —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 =N
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FIG. 1. Ratio of (w*p) to (7w p) differential cross
sections from Ref. 4. Solid curve is for T,=50 MeV,
dashed curve for T,=160 MeV, dash-dotted curve for
T.=80 MeV, and dotted curve for T,= 30 MeV.

phase shifts. Thus, it may not be surprising to find
the same sensitivity in resonance-energy pion-
nucleus scattering as in the pion-nucleon case.

At lower pion energies, the simple Kisslinger
model cannot be made to fit the existing elastic-
scattering data without altering its coefficients out-
side the values obtained from =N phase shifts. The
solution is to add extra terms to the potential, to ac-
count for various effects, including absorption and
higher-order terms in the multiple scattering series.
The question then arises as to whether or not the
same sensitivity seen in wN scattering is still
present. In this Letter we present evidence that it
is.

This conclusion is based on the results of a
distorted-wave impulse-approximation calculation
for the inelastic scattering of 50-MeV n ¥ to the
first 2% state in 2°Mg, as well as the experimentally
determined angular distributions. The calculation
employed the full optical potential of Stricker,
McManus, and Carr,® and separate deformation
parameters for the neutron and proton nuclear tran-
sition densities. The results fit the data well, and
show remarkable sensitivity to these deformation
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FIG. 2. Experimental and calculated angular distribu-
tions for 7 * scattering to the 2 state of 2Mg. The solid
curves use the best-fit values of B,=0.655 and
Bn=0.465. The long-dashed curves have 8, lowered to
0.459. The short-dashed curves have B, increased to
0.605.

parameters.

The experiment was performed on the M13 chan-
nel” at TRIUMF. The scattered pions were detect-
ed with the quadrupole-quadrupole-dipole spec-
trometer.® A self-supporting metallic 26Mg target
enriched to 99.4% with a thickness of 300 mg/cm?
was used. The energy resolution of the spectrome-
ter was = 1.1 MeV (full width at half maximum)
which necessitated some peak fitting. Full experi-
mental details will be presented in another paper.
The error bars associated with the data shown in
Fig. 2 include statistical errors, systematic errors
due to uncertainties in peak fitting, and overall nor-
malization errors.

The calculation was performed with a modified
version of the code DWPL® The first modification
involved using the full optical potential of Ref. 6 to
generate the distorted waves. All results presented
in this Letter used the Ref. 6 ‘‘set £’ optical po-
tential coefficients, along with Fermi nuclear matter
distributions with the parameters determined by
Gyles.!® The second modification was involved in
the expansion of the potential into spherical and de-
formed parts. The inelastic scattering is calculated
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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
m z;V(l)=p1[’—bgFA +€b1FD]—2szgpAFA
-1 ~1
+v2l”;p (= coF +€ciFpl— Cor—p ,F,
1
coF4/p1—€c1Fp/p1+2Cop4F4/py
[1+4mN/3(cops/pr—€cipp/p1+ Copi/p) 1

where p p=pn tpp Fpn= aOp,n(app,n/aa ) |"0p,n’
and

FA,D= (BnFn inFp)YOL-

The deformation parameters B8, and B, were
varied in order to minimize the x? of the fit to the
7 ¥ data simultaneously. The solid curves in Fig. 2
represent the calculation with the best-fit values of
B, =0.655 and B, =0.465. The long-dashed curves
are the result of the calculation with B8, reduced by
30%, while the short-dashed curves have B, in-
creased by 30%. The extreme sensitivity of the =+
(7 7) calculation to variations in 8, (8,), its insen-
sitivity to variations in 8, (8,), 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 =  cross sections as

ot _{bp+ZBp+b,,+NB,, ]2
= | b, ZB,+b, NB, |’

g

where b,% are the interaction strengths of 7 *, 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,7/b,”. The results of the cal-
culation are shown as a shaded region because they
have some dependence on the individual values of
B, and B,, 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 « par-
ticles; 0.83 and 0.95 for 800-MeV and 1-GeV pro-
tons; and 3 (%) for low-energy protons (neutrons),
and resonance-energy w~ (w*). 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
Ba/B, with a relatively small uncertainty. Figure 4
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is a contour plot of the x? values for the simultane-
ous fit of the measured =¥ inelastic differential
cross sections. Our result is 8,/8,=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,/ZB,, our
result is M,,/Mp =0.83 +£0.06. The values obtained
with other probes are 0.72 +£0.15 (electromagnetic
decay, mirror nuclei)’®; 0.80+0.17 [(a,a')1%
0.62 +0.14 (resonance-energy = *)!% 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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FIG. 3. Ratio of 7 ¥ total cross sections. Shaded re-
gion is the result of our distorted-wave 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
byt /bt = —25.0.
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FIG. 4. Contour plot of the reduced x? values for the
simultaneous fit of the measured = * differential cross
sections. The minimum is at x>=3.7, and each contour
line represents an increase of 1.0.

of B, and B, 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 8,/8, 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 = * inelastic scattering to other
states and nuclei are presently being analyzed, and
more measurements are in progress. The availabili-

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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