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Ths isoscalar giant quadrupole resonance is studied in " Sn(71', 7l") at 130 MeV. It is
found that the ratio of m. to 7t+ cross sections at their maximum is 1.9 and that 57% of the
energy-weighted sum rule is exhausted in 7t scattering. This large ratio of ~ to m+

cross sections is not anticipated by conventional models, and may be interpreted as
evidence for substantial isovector strength.

PACS numbers: 24.30.Cz, 25.80.Fm, 27.60.+j

The isoscalar giant quadrupole resonance
(GQR) is a fundamental mode of nuclear excita-
tion which has been observed as a general prop-
erty of nuclei with A ) 20. It has been extensive-
ly studied by a variety of hadronic and leptonic
probes, ' and is macroscopically pictured as an
isoscalar collective vibra. tion of the nuclear
shape. On a microscopic level, however, it has
been expected for some time that the GQR should
not be a pure isoscalar response for N &Z nuclei. '
In this paper we report experimental evidence
for such an isospin impurity. This impurity ap-
pears to be significantly larger than anticipated
by calcula, tions' and should serve to constra. in
models of the nuclear giant resonances.

Our procedure is to compare & and &' cross
sections for exciting the GQR at a pion kinetic
energy near the broad pi-nucleon b(1232) reso-
nance. In this region, the pi-nucleon interaction
has the property that the ratio of cross sections
8' =&(& )/o(&') for scattering from a, free neu-
tron (proton) is approximately 9 (—,'). This quali-
tative feature is retained in m-nucleus inelastic
scattering, and gives us the ability to probe the
neutron-proton, or equivalently, isospin degrees
of freedom. It has been extensively used to lo-
cate various isospin anomalies in light nuclei. ~

The GQR has been previously observed in in-
elastic &' and r- scattering, but until now only
&' cross sections have been published. '

This measurement was made at the energetic
pion channel and spectrometer (EPICS) at the
Clinton P. Anderson Meson Physics Facility
(I AMPF). An incident pion energy of 130 MeV
was chosen for complete pion-muon separation
by time of flight. Data were taken on two sepa-
rate occasions about one year apart. In the sec-
ond run, a differential range veto was added for
redundant muon rejection. The target consisted
of 150 + 5 mg/cm' of '"Sn at 97%%d enrichment for
the first run and 270+ 8 mg/cm' for the second.
Data were normalized to v'p scattering from a.

CH, target, measured at one angle, by use of
cross sections determined from the phase shifts
of Carter et al. The total angle-dependent nor-
malization uncertainty was 8/& for the first run
a,nd 7.5/0 for the second.

A sample spectrum is shown in Fig. 1. From
measurements with other probes, the giant reso-
nance region near 14 MeV is known to consist of
the giant quadrupole at 13.2 MeV with a width of
3.8 MeV, ' the isoscalar monopole at 15.5 MeV
with a width of 4. 1 MeV, ' the isovector dipole at
15.6 MeV with a width of about 4.8 MeV, ' and a
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FIG. &. Sample spectrum of "Sn(7t+, m+') at 30'. The

location and width of the GQH and Eo/E1 were fixed
as shown. The assumed straight-line background is
also shown. Excitation energies are in megaelectron-
volts.

smooth continuum. As shown in Fig. 1, the re-
gion was analyzed by fixing the energy and width
of two Gaussians: One with the previously ob-
served parameters of the giant quadrupole and
the other at 15.5 MeV with a width of 4.4 MeV.
Their areas and a straight-line background were
then fitted to the data. The extracted areas were
insensitive to small changes in the widths. A
Gaussian shape was chosen to approximate the
macroscopic envelope of the GQR and to be con-
sistent with alpha scattering. A Lorentzian
shape, which describes isolated resonances and
the giant dipole, did not fit the spectra. A min-
imum uncertainty of 20% was assumed for most
peak areas because of uncertainties in the peak
shape and background.

The angular distributions for r and &' are
shown in Fig. 2. The weighted average of the
cross sections obtained in the two runs was used
at overlap points. The ratio a(m )/o(~') of the
cross sections at 23 is 1.9+0.4. For compar-
ison, the ratio R' for the first 2' state in '"Sn
was also measured and found to be 1.3 + 0.1.

Figure 2 also shows l =2 curves from configura-
tion-space distorted-wave impulse -approximation
(DWIA) calculations. ' Although the calculations
used the complete pi-nucleon interaction, for
this discussion we display only the dominant P-
wave part of the inelastic transition operator

where y =+ 1 for v', p, (p, ) denotes the isoscalar
(isovector) transition density, and A., (A.,) are the
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FIG. 2. Angular distribution for the giant quadrupole.
The curves are DWIA calculations with magnitudes ad-
justed to fit the data.

isoscalar (isovector) parameters determined
from pi-nucleon phase shifts. " We assumed a
macroscopic derivative form for the transition
densities,

where p&, is the ground-state density normal-
ized to 1, and B, and 8, are the isoscalar and
isovector normalization constants determined
from nuclear structure models. The ground-
state density was a two-parameter Fermi dis-
tribution with parameters taken from electron
scattering" and corrected for the finite size of
the proton.

All calculations used B,=Z(PR)~ +N(PR)„
where (PR) is the proton or neutron deformation
length. In order to understand the observed
cross-section ratio, calculations based on three
models were tried. For the first two models we
set (pR)~ =(43R)„=(pR), determined from an iso-
scalar linear energy-weighted sum rule with uni-
form mass distribution. Initially, we considered
the GQR to be a pure isoscalar response and set
B,=O. This implies that R' can differ from unity
only through a difference in & and &' distorted
waves, which we calculated to be less than 5Q
in the region of the cross-section maximum.
This is far less than our observed ratio. Next,
we assumed a hydrodynamic model and set B,
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=Z(pR}~ -N(pR}„. This yielded a ratio of 1.4 at,
23' which is greater than unity but still less than
the observed ratio.

Finally, we used the schematic model calcula-
tions of Brown and Madsen which allow (pR)~
and (pR) „ to differ. Briefly, their calculations
predict that for a closed-proton-shell nucleus the
low-lying Okw 2' proton vibrations should be
damped compared to the neutron vibrations be-
cause of the shell closure, while the 2h~ GQR
should not be subject to this blocking. Their re-
sults include core polarization and are given in
terms of the ratio of neutron to proton matrix
elements, M„/M~ =N( PR)„ /Z( PR)~. For the first
2+ state in ' Sn, their calculation is in reason-
able agreement with our measured experimental
ratio" of 1.3. However, for the GQR their model
predicts" M„/M~ = 1.23, which yields a cross-
section ratio, 8', at 23 of about 1.2, which is
quite different from the experimental value.

We can obtain a measurement of M„/M~ direct-
ly from the data by noting that at 130 MeV, A.o/A. ,
~2 and at 23 the effects of r' and & distortions
are nearly equal. In this situation we obtain the
approximate result M„/M~ ~ o(~ )/o(s'). This
implies that M„/M~ ~1.9 +0.4. This is consistent
with the value of M„/M~ = 2.08 obtained by Kailas
et al. from inelastic medium-energy alpha and
proton scattering to the GQR in '"Sn. '4

For comparison with other probes, we can ex-
press our results as a fraction of the linearly en-
ergy-weighted sum rule, E» = o(measured)/
o(100), with the cross section calculated using
the hydrodynamic model. The sum-rule fraction
was determined by a least-squares fit of the da-
ta by the calculation over the entire angular
range. (57+6) of the sum rule is exhausted in

scattering, which is consistent with the 60
strength observed in inelastic alpha Scattering, '
but only (37+3)Q of the sum rule is exhausted
in &' scattering. Similar behavior is observed
in the low-energy octupole and monopole/dipole
regions. The complete results for these states
will be reported elsewhere. ' This result is dif-
ferent from that of Arvieux et al. ' who found that
the sum-rule fraction for the GQR excited in
"Y(&',~") was in good agreement with other
probes.

Although the data imply the need for a large
ratio of M„/M~, we must consider the possibility
that because the pion is strongly absorbed near
resonance, small surface differences in the neu-
tron and proton transition densities, which were
assumed to have equal shapes, might strongly

affect the calculations. To investigate this, we
used the hydrodynamic model and varied the neu-
tron radius from 5.41 to 5.81 fm. The resulting
change in the calculated s /s' cross-section ra-
tio was 4g We also tried different realistic
ground-state neutron and proton densities
with less than a 2g effect. Of course, realistic
transition densities, based on random-phase
approximation models instead of the simple
derivative model, should be tried. Nonetheless,
reasonable differences between the ground-state
neutron and proton distributions are not suffi-
cient to explain the observed s /w' ratio.

A possible approach to understanding the large
M„/M~ ratio is being considered in a valence-
nucleon collective picture by True and King. "
They assume (pR)~ =(pR)„, but allow the effective
number of neutrons and protons to vary, produc-
ing a M„/M~ different from the hydrodynamic
value. Their results are encouraging and will be
published elsewhere.

To summarize, we have observed a large ra-
ho of o(s )/o(~') for the GQR. This represents
the first direct observation of a neutron-proton
asymmetry in the isoscalar giant resonances,
and can be interpreted as implying a value of
M„/M~ significantly larger than predicted One.
could also interpret this result as implying the
need for a substantial isovector matrix element.
This result should help constrain our micro-
scopic understanding of giant resonances and
motivate further measurements to define the na-
ture of this asymmetry.
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