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Pion-nucleus scattering
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An energy-dependent analysis of elastic scattering ofp1 from 12C, 16O, and 40Ca is made based on
differential cross sections and~in one case! reaction cross sections. A nonlocal optical model is used to provide
the energy variation between data sets. Structure is found in thes- and p-wave phase shifts.
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I. INTRODUCTION

It was pointed out a few years ago@1# that optical models
for low-energy pion-nucleus scattering contain poles in
s-matrix which could lead to observable effects in elas
scattering and reactions. These resonances can lead to
changes in the cross sections for certain reactions, not
pion double-charge exchange@2,3#. At the time of Ref.@1#
only qualitative estimates of the size and location in ene
of possible visible manifestations of these structures p
dicted by the optical model were possible. This work mo
vated a measurement of the reaction and total cross sec
at low energy@4#. No rapid variation in energy was seen
the cross sections measured in this work.

A number of experiments were carried out with the BG
ball @5# at LAMPF ~Clinton P. Anderson Meson Physics F
cility ! with the view of obtaining absorption cross sections
small energy steps. In one experimental setup the ela
scattering from12C was also measured@6# in small energy
steps from 18 to 44 MeV. The BGO ball was not well suit
for the measurement of elastic differential cross sectio
mostly because of the poor angular resolution~individual
crystals were of the order of 30° in extent!. Nonetheless,
these data provide information not available before, rega
ing the question raised above.

In this paper we present~for 12C) an analysis based o
these points plus the previously measured angular distr
tions at isolated individual energies as well as the meas
ments of the reaction cross section@4,7#. For 16O and 40Ca
we present an analysis based on measured angular dis
tions alone.

The interest in such an analysis is~at least! twofold. First,
the properties of the propagation of hadrons in nuclear ma
are fundamental. Second, knowledge of the wave functi
generated by a realistic model of the interaction is neede
predict the reaction cross section in specific channels.
cently it has been claimed@8# that an enhancement seen
measured pion double-charge exchange reactions at low
ergy provides evidence for the existence of a dibaryon. Si
the calculation of these cross sections without the inclus
of a dibaryon@2,3# displays an enhancement in the cro
section in the energy region where the peak in the exp
mental data occurs, it is of great interest to determine if
PRC 580556-2813/98/58~1!/314~6!/$15.00
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data can be reproduced without the need of the extra deg
of freedom implied by the introduction of a dibaryon.
crucial step toward a realistic calculation of the doub
charge exchange cross section is the determination of
wave functions consistent with measured elastic scatte
cross sections. The optical model used in this paper is sim
to that given before@9#, but with the improvements given in
the next section.

We make a fit to each nucleus~for all energies included!
by minimizing ax2 constructed as the sum of the individu
x2 for the elastic data points plus thex2 corresponding to
renormalization factors for the data plus~for carbon only! the
x2 from the reaction data. The values ofx2 obtained are
respectable considering the difficulty of the solution of t
many-body problem and the quality of the data. The pro
lems of the data have, no doubt, deterred researchers
attempting a fit over a wide energy range. As we shall s
there are still problems of inconsistent data and one m
make choices and eliminate points in order to find a use
fit.

II. OPTICAL MODEL

The optical model used in this work@9# incorporates the
effects of the medium including Pauli blocking. It has be
used@10# successfully in describing scattering from the c
cium isotopes in the resonance region. The application
such a model is more challenging at low energies since
pion penetrates deeply into the nucleus.

A new feature of the model, used for the first time in th
work, is the possibility of giving each of the six pion-nucleo
partial waves needed at low and intermediate energies a
ferent off-shell range corresponding to a different spatial
tent of the interaction.

In a recent analysis@11,12# of pion-nucleon scattering i
was seen that the ranges of the potentials correspondin
different spins and isospins were distinct. Previous versi
of the pion-nucleus optical model assumed the same ra
for all partial waves~or possibly two ranges, one fors waves
and one forp waves!.

In the present model we have allowed a different ran
for each of the six partial waves. The pion-nucleon mo
mentioned above allowed two potential terms~thus two
314 © 1998 The American Physical Society
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PRC 58 315PION-NUCLEUS SCATTERING
strengths and two ranges! for each of these partial wave
~although only one was needed in two of the waves! so that
the present model is still restrictive in this sense. Since
pion-nucleon model@12# used an exponential local potenti
and the present optical model is based on a separable Y
gouchi (p-N) potential, it is not expected that the rang
should correspond exactly. However, we might expect
sizes to roughly track each other.

FIG. 1. Fits to the cross sections for12C. The points at 65 MeV
were not included in the fit.
e

a-

e

The technique for the construction and solution of t
optical model has been given elsewhere@13#, and so we
present only a very brief summary here.

The potential for each partial wave is constructed from
first-order optical model given by

Vj~q,q8!5 f j~q,q8!S~ uq2q8u!, ~1!

where f j (q,q8) is the pion-nucleon amplitude for a give
partial wave, labeled byj , with the form

f j~q,q8!5bjv j~q!v j~q8!~q•q8! l , ~2!

wherel is the angular momentum corresponding to the p
tial wave j and

v j~q!5
k21a j

2

q21a j
2

. ~3!

The quantityS(uq2q8u) is the Fourier transform of the den
sity. We calculate separately the neutron and proton dens
and hence can calculate a neutron and proton optical po
tial in the same general manner as in Ref.@10#. Since the
difference in the neutron and proton densities is very sm
for these nuclei, this is not expected to play a significant ro
Calculations were performed for several neutron and pro
densities with the neutron and proton densities being
tained from the same strong-interaction well. Among the
various densities, we chose the one giving the lowestx2. The
resulting radii were close to, but distinct from, the electr
scattering results, unlike in Ref.@10#.

These potentials are then transformed into coordin
space to provide nonlocal potentials and the appropr
spin-isospin sums are taken to provide a pion-nucleus po
tial. The truncated Klein-Gordon equation is then solved
matrix methods as has been explained@13#. This potential
contains a finite-rangep-N interaction and thus might com
under the heading of what has been called a ‘‘momentu
space’’ optical potential, even though it is solved in coor
nate space.
-

ng
FIG. 2. Fits to the cross sec
tions for 16O. The solid curves
show the results of the fit using
the parameters determined for16O
and the dashed curves those usi
the parameters for40Ca.
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FIG. 3. Fits to the cross sec
tions for 40Ca. The solid curves
show the results of the fit using
the parameters determined fo
40Ca and the dashed curves tho
using the parameters for16O.
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The strength parametersbj are calculated starting from
free pion-nucleon phase shifts by including the medium c
rections of Ref.@9#. Since the calculation is very sensitive
these strengths and the medium corrections cannot be
pected to be exact, two multipliers were fit in the analys
one for the strengths arising from the pion-nucleons-wave
and one from thep-wave strength. These multipliers we
found to be of order unity.

The ‘‘true’’ absorption~that arising from the actual dis
appearance of the pion, rather than the excitation of
nucleus! was included with a~purely imaginary! local term
in the potential proportional to the product of the proton a
neutron density. The coefficient as a function of energy w
determined@14# by comparing with measurements of th
pion absorption channel@15#. The form obtained for12C is

Wabs546.35
G2/4

~E2E0!21G2/4
, ~4!

whereE05215 MeV andG577 MeV. The units are fm4

and this factor is to be multiplied by the square~or product!
of densities normalized as

E
0

`

r 2drr~r !51. ~5!

This factor is assumed to scale as the mass of the nuc
squared.

Since this estimation of the strength of the absorpt
term cannot be expected to be very accurate, a constant
tiplier was fit in the analysis. This multiplier was found to b
of order unity.

III. ANALYSIS

In fitting the data, ax2 function was constructed whic
consisted of the sum of two terms. The first was obtain
from the theory and experimental values for the differen
cross section and errors. The second term was derived
r-

x-
,

e

d
s
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n
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d
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the difference of the normalization~considered as a param
eter to be fit and multiplied by the data before the first te
was calculated! compared with unity and divided by the ex
perimental estimate of the normalization error. In the case
carbon there was a third contribution constructed from
reaction cross section data. The theoretical parameters
normalizations to the data were then varied to obtain a glo
minimum in thisx2.

A. 12C

The BGO ball data@6# provide a set of points in smal
energy steps over a substantial energy range below 50 M
These data show a strong excursion toward smaller va
for two to three energies at angles near 90°. The pres
model was not able to reproduce this very rapid depende
in energy and those points were not included in the analy

To supplement these data, previously measured ang
distributions were used at 30@16#, 40 @17#, 50 @16,18,19#, 65
@20#, 67.5 @21#, 80 @20#, and 100@22# MeV.

At 50 MeV a significant discrepancy among measu
ments has existed in the past. The latest data seem to s
agreement and the numbers from Ref.@18# were used.

The two measurements around 65 MeV differ by as mu
as a factor of 2 even though they are separated by only
MeV in energy. The measurement by Amannet al. @21# ~the
higher of the two! has a normalization error of 20% whic

TABLE I. Ranges from the fits to the data.

Partial a j ~MeV! a j ~MeV! a j ~MeV! a j ~MeV!

wave 12C 16O 40Ca Ref.@12#

S1 142 174 147 310.5, 748.9
S3 1128 1533 556 722.9, 487.0
P11 363 389 343 720.4
P31 443 561 237 630.3
P13 313 562 173 528.7, 814.0
P33 1037 1157 1207 891.7, 486.
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TABLE II. Normalizations for the fits to the data.

12C Normalization 16O Normalization 40Ca Normalization

30 MeV 0.90 30 MeV 0.82 30 MeV 0.74

40 MeV 1.00 40 MeV 0.87 40 MeV 0.90

50 MeV 0.93 50 MeV 0.94 50 MeV 1.11

67.5 MeV 1.06 80 MeV 1.35 80 MeV 1.00

80 MeV 1.18 114 MeV 0.84 130 MeV 1.03

100 MeV 0.76 164 MeV 1.00 180 MeV 1.16

BGO ball 0.88
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can explain a part of the discrepancy. Nonetheless, it se
likely that the other measurement is too low and we find t
a renormalization up is required. Since the BGO ball d
consist of cross sections at six angles as a function of ene
the fits were made only at those angles for the other dat
well, with some interpolation being needed. The fits sho
here include the 67.5 MeV data and not that from 65 M
~investigations made with the opposite choice showed s
lar results to those given here!. The reaction cross sectio
data @4,7# at energies 30, 40, 50, and 65 MeV were a
included in the fit. The fits to the six angles are shown
Fig. 1.

Thex2 for the global fit was 142.9 for 89 data points, 6
for 4 reaction cross sections, and 16.9 for 7 normalizatio

The reaction cross section was especially important in
tinguishing fits. A second fit was possible to the elastic d
only, with different parameters for the optical model. Th
second fit had stronger variations in the phase shifts t
those observed in the present fit~see below!, but failed com-
pletely to describe the reaction cross section data. The
mean square radius of the proton density was 2.18 fm to
compared with the~proton size corrected! electron scattering
value of 2.32 fm.

B. 16O

For 16O a larger energy range was attempted, going
164 MeV. We used data at 30@16#, 40 @17#, 50 @16#, 80, 115,
and 164@25# MeV. At the higher energies a fit to the cros
section beyond the third maximum was not attempted~al-
though the points are shown on the graphs in Fig. 2!. Data
points not included in the fit were the largest angle poin
50 MeV and the last five and last seven points at 115 and
MeV, respectively.

The fit was initiated with the values of the paramete
found for the carbon case and only differential cross sec
data were used. The totalx2 was 363 for 98 data points an
22 for the 6 normalizations. Several densities were used w
a minimumx2 being determined for each one. The best fit
shown here and corresponds to a proton radius of 2.44

TABLE III. Scaling factors for the fits.

Multiplier 12C 16O 40Ca

Absorption 0.91 0.87 0.45
s wave 1.50 1.30 1.30
p wave 1.20 1.19 1.16
s
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and a neutron radius of 2.40 fm. The value from electr
scattering is 2.58 fm in this case.

C. 40Ca

In the case of40Ca we attempted a fit up to 180 MeV~see
Fig. 3!. We used data at 30@16#, 40 @17#, 50 @16#, 80 @26#,
130, and 180@27# MeV. Again, cross section points at th
largest angles were not included. Data points omitted w
~a! 30 MeV: 90°, 130°, 140°, and 150°. The point at 90
appears far out of line and the other three points could no
fit within our model~b! 40 MeV: 130°.~c! 50 MeV: none.
~d! 80 MeV: the last 5 points.~e! 164 MeV: The last 6
points.~f! 180 MeV: the last 2 points. Thex2 was 304 for 89
points and 12 for 6 normalizations.

FIG. 4. p-nucleuss-, p-, andd-wave phase shifts for12C as a
function of energy. The dash-dotted curve shows the result of
moving the true absorption.
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IV. RESULTS

The cross sections do not show any rapid variation w
energy, although there is some gentle structure. The sca
ing model would be more useful if there were a universal
of parameters for all nuclei. Since the corrections to
ranges and multipliers are expected~at least partially! to
arise from effects such as Pauli blocking which vary fro
nucleus to nucleus, such a simple notion must break dow
some point. A simple check on this idea is provided by us
the parameters fit to16O to predict40Ca and vice versa. The
dashed curves on the cross section comparisons with the
in these two cases are calculated with the parameters
tained from the fit to the conjugate nucleus. It is seen that
largest differences occur at 40 and 50 MeV.

A. Ranges

The values of the six ranges found by fitting are shown
Table I. The most important ranges~in the sense of sensitiv
ity! were those corresponding to theS1 andP33 waves. The
others were poorly determined. It is somewhat surprising
the S1 is so small and theP33 is so large.

Also included in the same table for comparison are
ranges from Ref.@12#. Since those values were derived fro
p-N scattering with a local exponential potential only,
rough correspondence can be expected.

B. Normalization

The three lowest-energy data sets were taken at a
when the Karlsruhe-Helsinki phase shifts@23# provided stan-

FIG. 5. p-nucleuss-, p-, andd-wave phase shifts for16O as a
function of energy. The meaning of the curves is the same a
Fig. 4.
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dards of normalization. Since these phase shifts were
tained from the Bertin data@24# at 30, 40, and 50 MeV, it
should not be surprising if these nuclear cross sections
out to be somewhat too large. References@11,12# discuss the
new measurements and the discrepancy in the pion-nuc
case.

Shown in Table II are the normalizations found for th
different data sets.

C. Multipliers

The absorption factor multipliers~see Table III! are all
observed to be less than unity, showing that the estim
coming from the absorption cross sections is slightly t
large. The fact that it decreases with increasing mass num
indicates that the scaling with mass squared is too strong
of the right order. This absorptive potential, calculated by
squaring rule, changes by more than an order of magnit
from carbon to calcium.

The factors for thes and p waves are of the order pre
dicted from the ‘‘angle transform.’’ A crude model@28#
would give the multiplier for thep wave to be 11m/m
'1.14 at low energy. Thes-wave multiplier is expected to
be larger~up to a factor of 2! but these estimates are bas
on low-energy considerations, whereas the present fit is o
a larger energy range.

D. Phase shifts

From the representation of theS matrix as

Sl5h le
2id l

in
FIG. 6. p-nucleuss-, p-, andd-wave phase shifts for40Ca as a

function of energy. The meaning of the curves is the same a
Fig. 4.
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PRC 58 319PION-NUCLEUS SCATTERING
with h l andd l real, the phase shifts can be obtained.
Thes-, p-, andd-wave phase shifts are shown in Figs.

5, and 6. The solid curves are calculated with the inclusion
the true absorption contribution to the potential, while t
dash-dotted curves omit it to show more clearly the re
nance behavior. A universal feature of the phase shifts
strong negative trend as the resonance region is approa
This is to be expected, since for a purely absorbing nucl
the wave function must be zero at the surface; hence
phase shifts must resemble those of a hard sphere. Of co
the surface of the nucleus is not sharp; so the compar
with a hard sphere is only qualitative.

Thes-wave phase shifts for all three nuclei clearly show
remnant of the effect suggested in Ref.@1#. The phase shift
starts to rise to pass through zero~which would correspond
to transparency for thes wave at that energy! but then suffers
the influence of the absorption and descends rapidly. In
Argand plot the global behavior is a clockwise moveme
but at around 35–50 MeV~the minimum in the figure! there
is a sudden change of direction to counterclockwise whic
an indication of a resonance behavior. Thep-wave phase
shift shows a clear indication of an inelastic resonan
around 80 MeV for all three nuclei.

V. CONCLUSIONS

We have obtained a fit to data over a substantial ene
range for three nuclei with a nonlocal, finite-range optic
et
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model. The results show highly damped resonance beha
in the s andp waves for all three nuclei.

It is natural to ask if these are the correct phase shifts
pion scattering from these nuclei. To say they are wou
perhaps, be too strong a claim. What is found is that,for this
model, those are the phase shifts. From arguments from R
@1#, where it was shown that these types of resonances
present in a range of Kisslinger potential models~including a
square well and a potential with a diffuse surface!, it seems
that the same type of behavior can be expected for man
the various optical models that have been used to desc
the scattering of pions from nuclei over the years.

To deny the correctness of the qualitative behavior of
phase shifts one must question the validity of the use o
mean field model for the scattering of pions, or at least
use of a Kisslinger-type model to represent the mean fi
These considerations raise more difficult questions and
conventional wisdom is that such mean field approaches
appropriate.

Hence it seems very likely that structures of this type
real. The extraction of their exact position and shape will
model dependent to some extent. The best test of their e
tence may well be the calculation of reaction cross sectio
such as those for double-charge exchange.

This work was supported by the U.S. Department of E
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