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Energy Dependence of Pion Elastic Scattering from Nuclei across the (3,3) Resonance

W. B. Cottingame ' and D. B. Holtka, mp
University of Texas, Austin, Texas 78712, and University of California,

Ios Alamos Scientific Laboratory, I.os Alamos, New Mexico 87545
(R,eceived 2 June 1980)

Improved agreement between calculation and & elastic-scattering data across the
(3,3) resonance is obtained by assuming the r-nucleon collision energy, ~, to be = 30
MeV less than the incident pion energy. This effect has been observed for nuclei ranging
from Be to 208Pb.

PACS numbers: 25.85.+f

A reliable model of elastic scattering is essen-
tial for a clear interpretation of nuclear structure
from pion scattering experiments. The on-sheQ
impulse approximation to a first-order optical
model has been extensively applied to pion elastic
scattering. Although this approximation accounts
for the main features of the elastic differential
cross sections, it fails to reproduce the observed
energy dependence, in particular the character
of the diEractive minima. To more closely re-
produce the elastic data, several approaches
have been used (see, for example, Hefs. 1-6).
However, these methods are either uneconomical
in terms of computation time, or they fail to re-
veal any systematics in the fitted parameters.

We have attempted to develop a purely phenom-
enological method that preserved an energy-inde-
pendent density distribution and furnished optical-
model parameters with a predictable energy de-
pendence. The unconstrained density distribution
parameters that we obtained were consistent with
electron scattering, ' and the P-wave optical-mod-
el parameters had the general energy dependence
of those predicted from the free m -iV (pion-nucle-
on) phase shifts but were shifted in energy from
that of the incident pion (see Fig. 1). Since the
impulse approximation consists of taking the m -A
(pion-nucleus) t matrix, ~(E =E,+E„), to be the
7t Nt matri-x, t(to =to, + &u„), where ~ represents
the m -N collision energy as seen in the m-A c.m.
(center-of-mass) system, the optimal choice for
~ will reQect the fact that the nucleon is embed-
ded in the nuclear medium. ' Hence, it appeared
possible to use conventional input parameters and
search on the kinematic shiR in energy, &, in
co, from the incident pion energy, E,. The re-
sults for ~C with & = —28+ 4 MeV are shown in
Fig. 2 by the solid curve. The dashed curve rep-
resents calculations with & =0 MeV. Although
the results at back angles are less than perfect,
the overall improvement throughout the energy
range is evident.
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FIG. 1. Results of a search on the P-wave optical-
potential coefficients, b, , for & + 'C. The curves
are the predictions for the optical-potential coefficients
from the free &-K phase shifts.

This one parameter fit was performed with a
modified version of the computer code PIHK, '
which solves a Klein-Gordon equation in coordi-
nate space, linked to an optimizing package,
MINUIT. " All calculations use a Kisslinger opti-
cal potential'~ and ground-state densities from
electron scattering, ' which are modified to re-
move the finite charge size of the proton. The
m-A t matrix was constructed using the m-N phase
shifts of Rowe, Salomon, and Landau. The infi-
nitely-heavy-nucleus approximations used by the
code to calculate the n-A t matrix were replaced
by the exact c.m. relations. The most significant
modification was to calculate the on-shell w-N to
m-A c.m. transformation, y, exactly. The ap-
proximation method of Auerbach, Fleming, and
Sternheim" was replaced with an on-shell equiva-
lent of Goldberger and Watson, '4

P =40~ CON f 40~(d@~g/

where &u„(&o„) is the collision energy of the pion
(struck nucleon). Except for the superscripted
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FIG. 3. Same as Fig. 2 hut for ' Si with A = —27
MeV.
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FIG. 2. P&RK calculations for ~' + ' C. The dashed
curves are ~ = 0 calculations and the solid curves are
calculations with 4 = —28 MeV. The displayed calcula-
tions have not been renormalized.

asterisk denoting the m -X c.m. system, all varia-
bles are in the m-A. c.m. system. The m-A t ma-
trix in the impulse approximation is then given by

~(E) =&KG(~) = 2~r&k,*(~*)IfRs(~*)lk.*'(~*)&,

(k,*) =)k,* ),
where the factor 2~ makes the connection between

the Klein-Gordon (KG) and the relativistic Schro-
dinger (RS) equations, "and the kinematic varia-
bles (Q„k„*,~~, cu„*, ur,*, and ~„) are trivially
related by the on-shell relations. The form fac-
tor does not depend upon w, and the correspond-
ing coordinate space calculations use the unshift-
ed m-& c.m. momentum and energy, E The kin-
ematic energy shift, 4, is incorporated by the
relation cu, =E„+& affecting only the values of the
S- and P-wave optical-madel parameters used in
the coordinate space calculations. Previous at-
tempts to introduce a single energy shift were
not successful on more than one nucleus or at
pion energies greater than 150 MeV, presumably
because of their choice of kinematics. ""

This method has been extended beyond "C, and
the systematics still apply. ' Figures 3 and 4

display similar results for pion elastic scattering
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4'Ca, ' Fe, and "Ni. All of these indicate a value
for 6 of about —30 MeV. Typical values for the
reduced y' are about 2.0 to 20.0 for calculations
renormalized within systematic experimental er-
rors. Inclusion of the energy shift also leads to
better agreement with the available pion total-
cross-section data for C and O. From our
investigation of the possible sources for this ef-
fect, we conclude that the shift in energy prob-
ably is a result of Fermi momentum of the struck
nucleon. The inclusion of an energy shift due to
Coulomb effects or of a suitable off-shell- model
and an angle transformation in momentum-space
calculations" does not change the value of A.

These results indicate that calculating the g-N
t matrix at 30 MeV less than the incident pion en-
ergy improves agreement with the data for a wide
range of target nuclei. The simplicity and appar-
ent generality of this phenomenological kinematic
parameter are suggestive of an underlying phys-
ical process that can be simply incorporated in
the on-shell impulse approximation. It further
suggests that many of the higher-order correc-
tions either fortuitously cancel or may not oe as
important as is presently proposed for pion elas-
tic scattering in the region of the (3, 3) resonance.

This work was supported in part by the U. S.
Department of Energy and the Robert A. Welch
Foundation.
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FIG. 4. Same as Fig. 2 but for Ca with ~ = —30
MeV and Pb with 6 = —26 MeV. To avoid obscuring
the effect of 4 on a first-order optical potential, cor-
rections for Pb (which is not self-conjugate and has
a large Coulomb barrier) have not been included.

rom "Si, "Ca, and "'pb. The single-parameter
fits (solid lines), resulting in a value of & = —27

26+4 Me' 'Pb respectively, are a dramatic improvement
compared to the unshifted calculations (dashed
lines). We obtained similar fits for p' elastic
scattering from all the nuclei that we investigat-
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Mass Dependence of the Yrast-Yrare Interaction and Backbending
in the Light Osmium Isotopes
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Yrast states with spins up to about 22+ have been identified in Os, Os, Os, and
Os. In each case anomalies are observed in. the yrast sequence. The yrare extensions

of the ground-state and Stockholm bands in Os and Os are also observed and the mag-
nitude of the yrast-yrare interaction matrix elements extracted and discussed.

PACS numbers: 21.10.Re, 21.10.Hw, 27.70.+q

In most deformed nuclei in which the yrast
states have been identified to high spin, backbend-
ing phenomena are observed. Particularly pro-
nounced anomalies are known in "„'Os, ",,Os, and
"„'Os,"and it is now accepted that a band cross-
ing between the rotation-aligned (i»i,)' neutron
configuration (the Stockholm or s band) and the
ground-state band (gsb) is the cause of the back-
bending. ' Although the neutron Fermi level in
these heavy osmium isotopes is high among the
s g3/2 orb&tais, ™plyingreduc ed Coriol is effects
and therefore reduced rotation alignment, a criti-
cal role is played by the large hexadecapole de-
formation which enhances the Coriolis mixing. '
Since the hexadecapole deformation is expected
to vanish as the neutron number is decreased, a
study of the high-spin states in the lighter osmium
isotopes is of considerable interest. Systematic
studies over a wide isotopic range are of crucial

importance given the recent cranking-model pre-
dictions of an oscillating interaction strength be-
tween the s band and the gsb, as a function of neu-
tron number. ' '

We have populated high-spin states in the osmi-
um isotopes from ',",Os to ",,'Os using ("0,4n)
and ("O, 5n) reactions on metallic erbium targets
and "0beams from the Australian National Uni-
versity 14 UD Pelletron accelerator. For each
osmium isotope, high-resolution y-ray measure-
ments included singles excitation functions, y-y
time-coincidence experiments, and y-ray angu-
lar distributions with a Compton-suppressed
Ge(Li) spectrometer.

The partial level schemes showing states asso-
ciated with the high-spin yrast cascades are
shown in Fig. I. The yrast sequence in "„'Os,
the only case previously studied to high spin, has
been extended to spin 245. In the other cases
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