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Abstract

Data on the elastic scattering of plons by nuclei between 20 and

230 MeV Is analyzed In an almost model-independent fashion. The real

part of the potential, which is described by a bias-free Fourler-Bessel

series, Is found to have the typical Kisslinger or Laplaclan-llke shape

between 30 and 80 MeV.

(submitted to Physical Review Letters)
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With the availability of accurate and extensive experimental results

on the elastic scattering of low to medium energy plona by nuclei1'9 It

has become feasible to analyze such data with pion-nucleus optical poten-

tials. 10~114 The pion-nucleon Interaction In this energy region is

dominated by the (3,3) resonance and, therefore, analyses have been per-

formed using the Klssllnger potential15 or some variants of It, with

generally reasonable success. This potential is usually written In terns

of the densities of neutrons and protons In the target nucleus (and their

derivatives), and It contains as many as 13 parameters which cannot

all be determined from the scattering and reaction data. Therefore,

several assumptions are often made and xz fits to scattering data as well

as to plonlc atom data1**' 16~18 provide the value* of the remaining paraa-

eters of the potential. Obviously, making a fit to the data with the

help of a model doe* not necessarily reveal the true information content

of the data; some information could be masked out in auch a procedure or

alternatively one may be led to conclusions which result from the model

itself rather than from the data. This problem Is particularly interest-

ing in the case of the pion-nucleus interaction because of the peculiar

properties of the Klsallnger potential which could have pathological

behavior under quite realistic conditions.19

In this letter I report on a "model-Independent" analysis of elastic

scattering of pions by nuclei between 20 and 230 MeV. With very little

a_ priori assumptions on the shapes of the potentials, complex optical

potentials together with their uncertainties are constructed from fits to

the data over the interesting region from the lowest energies feasible to

just beyond the (3,3) resonance.
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So-called "model-independent" methods have been most successful in

analyse* of the elastic scattering of medium energy protons and alpha

particles by nuclei,2"~23 where one determines either strengths and shapes

of optical potentials or shapes of nuclear densities by performing x2

fit* to elastic scattering data. In the latter case a specific Interac-

tion aodel must be Introduced In order to relate the optical potentials

to nuclear densities. These analyses of hadron scattering follow similar

studies of electron scattering24"25 where the interaction Is known and

only the shape of the charge distribution Is obtained from fits to the

data. In the present work one looks for an optical potential U which is

Inserted Into the Klein-Gordon equation,

*2c2(72+k2)i - [2E(u+Vc) — V^ ]• ,

where Vc Is the Coulomb potential due to the finite charge distribution

of the nucleus, E and *nk are the total energy and momentum of th«s pion,

respectively. Quadratic terms Involving the potential U are usually10'14

excluded. The real part of the optical potential Is parametrized in

terms of a Fourier-Bessel (FB) ssrles 20.21 as follows:

ReU(r) - V anj0(n*r/Rc) ,

where R,. Is a cut-off radius beyond which ReU is set to zero. The

imaginary part of the potential is parametrized as a conventional Woods-

Saxon potential

ImU(r) - -W/[l + expfd-R^/a!}]

so as to avoid the undesirable occurrence of a flux-creating potential

over some regions of the nucleus, as occasionally happens with the

Klsslinger potential. The free parameters of the potential (W, Rj, aj
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and the coefficients an) are determined by a x
2 fit procedure. An

attractive feature of the FB method20'21 Is the possibility to calculate,

from the covariance matrix, the uncertainties of any quantity which la

obtained from the coefficients an and in particular the uncertainty of

ReU(r) as a function of position.

In the present work fits were started with no nuclear potential at

all and Rj was kept close to the radius of the nuclesr charge distribu-

tion at the initial stages of the parameter searches. It is emphasized

that as the real potential was zero at the beginning of the fit procedure

it could converge to whatever shape was required in order to fit the

data. Calculations were made for several values of the cut-off radius

Rc and several number of terms N, to ensure convergence to a well-

defined potential. Typical values of Rc were between 4.5 and 10 fm

(depending on the target nucleus) and the number of terms was usually 3

or 4. Some fits were also made with different choices of initial values

to ascertain that the final potentials did not depend on the procedure

used.

The data analyzed consists mostly of published results1~5>7>8 but It

includes also some unpublished data,6>9 particularly for ir~. The nuclei

studied are 12C, l60, 'l0Ca, Fe, 90Zr and 208Pb at energies between 20 and

230 MeV. The quality of the fits was always very good, with values of x2

per degree of freedom In the range of 0.5-2. Figure 1 shows an

example for the dependence of the resulting optical potential on the bom-

barding energy for *+ elastically scattered from 12C. The error bars

for the real potential are obtained from the covariance matrix of the

least-squares fit procedure.20"21 The imaginary potential Is shown by

the continuous curves and is plotted with its sign reversed, for clarity
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of display. The local spread In Its values Is typically within 10%. It

la seen that at 30 MeV the real part of the potential Is poorly

determined, but It becomes better determined as the energy Increases.

The shape of the potential Is completely different from the shapes of

optical potentials found for nucleons and light ions over the same energy

range, and It has the characteristic shape of the Klssllnger or Laplar.ian

potentials, resulting from the p-wave tern In the pion-nucleon Interac-

tion. The absorptive part of the potential is seen to increase with

energy in this energy range, as expected. Figure 2 shows the potentials

for w+ and *~ scattered fro* "*°Ca. At 65 MeV the real potentials have

the characteristic shape mentioned above, with evidence for an energy

dependence observed via the Coulomb effect. Similar energy dependence is

observed also la other cases. At the two higher energies for which

results are shown, the absorption becomes very strong and the real poten-

tial, as extracted from the scattering data, loses Its unique shape. It

appears that the scattering below 80 MeV is dominated by the real

potential whereas at higher energies the imaginary potential is dominant.

The last point may be made clearer by considering a mean free path

derived from the optical potential, X - -fi2c2k/2EImU, with 4k the local

momentin and disregarding for this argument corrections due to effective

mass and nonlocality. It Is seen from Figs. 1,2 that below 80 MeV the

penetration into the nucleus is indeed determined by the real potential.

In fact, at the lowest energies it is United by repulsion and not by

absorption. The situation is reversed at the higher energies. Ine above

picture is reflected also in the values of the reaction cross section

OR (the total reactive content) calculated fron the best fit potentials.

An unusually large sensitivity of OR to the details of the real potential
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is observed at the lower energies. For the very few cases where experi-

mental results for OR are available,26 using these In the x2 fits

greatly Improves the accuracy of the deduced real potential. Extending

measurements of o^ to low energies could Improve our knowledge of the

real part of the plon-nucleus optical potential.

The question of how auch residual dependence on the procedure Is

present in these potentials is a difficult one. Because of the finite

number of terns In the FB series there obviously Is some coupling between

the values of ReU at different radii (as can also be verified with the

help of the covarlance matrix). The two figures shown are typical of the

results obtained In all the other cases and this applies to the detailed

shapes as well as to the uncertainties. Where In the nuclear Interior the

accuracy *s lost is not precisely determined.

Another important question is the relationship between the poten-

tials obtained In the present work and those obtained when fits to the

data are cade using potentials which explicitly depend on some theoreti-

cal considerations. The most widely used is the Klssllnger potential15

Uk(r) - (f.
2c2/2E)[q(r) + J-a(r)V] ,

where q(r) and a(r) are the components resulting from the s-wave and

p-wave terms in the pion-nucleon interaction. This potential can be

transformed27 into an equivalent local but energy-dependent potential

Ueff - (fi2c2/2E)[q - k2a - i

and Ueff could be Identified with U, at least for the purpose of calcu-

lating elastic scattering. (Ueff is obtained for the transformed
27 wave

function $ « (l-a)1'2^.) However, the imaginary part of Ueff does not

have the smooth shape assumed for lull and it often changes sign thus
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creating flux locally. U cannot be used directly In distorted waves cal-

! culatlons because It provides i> and not <i. This last difficulty does

not arise in the Laplaclan interpretation of U because then $ - <P (and

J also the 1-a denominator as well as the terms with (?<x)2 do not appear In

In conclusion, "model-Independent" analyses of elastic scattering of

pions by nuclei show, for the first tine, that the typical shape of the

pion-nucleus optical potential expected from the p-wave te.i of the pion-

nucleon Interaction Is indeed obtained from the data without any prior

assumptions regarding its existence. This is so for energies below

"80 HeV where the penetration of plons Into the nucleus is determined by

the real potential. Further studies of these potentials, which are

rather well determined experimentally near the nuclear surface, could

provide new Information on the pion-nucleus interaction.

I wish to thank Professor E. Vogt for the warm hospitality at TRIUHF

and for stimulating discussions and Professor M. Blecher for communicat-

ing experimental results prior to publication.

References

(^Permanent address.

Mj.J. Malbrough et al., Phys. Rev. C 17, 1395 (1978).

2M.A. Moinester et al., Phys. Rev. C N*. 2678 (1978).

3S.A. Dytman et al., Phys. Rev C 19, 971 (1979).

^i. Blecher et al., Phys. Rev. C 20, 1884 (1979).

5B.M. Preedom et al., Phys. Rev. C 23_, 1134 (1981).

^.H. Daw, Thesis, New Mexico State University, Las Cruces, NM, August

1981 (unpublished).



- 8 -

7P. GretlUat et al., Nucl. Phys. A364, 270 (1981).

8S.H. Dam et al., Phys. Rev. C 25, 2574 (1982).

'hi. Blecher, private communication; H.J. Leitch et al., Intern. Conf.

Nuclear Physics, Berkeley, California, August 1980.

10R.A. Eisensteln and G.A. Miller, Coaput. Phys. Conaun. 6, 130 (1974).

nK. Strieker, H. McManus, and J.A. Carr, Phys. Rev. C 19_, 929 (1979).

12K. Strieker, J.A. Carr, and H. McManus, Phys. Rev. C 22_, 2043 (1980).

13J.A. Carr, H. McManus, and K. Strieker-Bauer, Phys. Rev. C 25, 952 (1982).

UR. Seki et al., Phys. Lett. 97B, 200 (1980).

l5L. Klsslinger, Phys. Rev. 98, 761 (1955).

16C. J. Batty et al., Nucl. Phys. A322, 445 (1979).

17E. Friedman and A. Gal, Nucl. Phys. A345, 457 (1980).

l8C.J. Batty, E. Friedman and A. Gal, to be published.

19T.E.O. Erlcson and F. Myhrer, Phyu. Lett. 74B, 163 (1978);

E. Friedman, A. Gal, and V.B. Mandelzweig, Phys. Rev. Lett. 41, 794 (1978);

V.B. Mandelzw*ig, A. Gal, and E. Friedman, Ann. Phys. 12±, 124 (1980).

20E. Friedman and C.J. Batty, Phys. Rev. C r7_, 34 (1978).

21E. Friedman, H.J. Gils, and H. Rebel, Phys. Rev. C 25, 1551 (1982).

2 2I. Brissaud and X. Caapi, Phys. Lett. 86B, 141 (1979).

23For further references to the various methods see Ref. 21.

2\J.L. Friar and J.W. Negele, Nucl. Phys. A212, 93 (1973).

25B. Dreher et al., Nucl. Phys. A235, 219 (1974).

Z6I. Navon et al., to be published.

Z7M. Krell and T.E.O. Ericson, Nucl. Phys. Bll, 521 (1969).



- 9 -

Figure Captions

1. The real part (dots with error bars) and the negative of the

lnaglnary part (smooth curve*) for the ir+-12C optical potential. The

data used are fron Refs. 4,5,9.

2. The ir^^Ca optical potentials. See also caption to Fig. 1. The

data used are fron Refs. 7,8.
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Fig. 2


