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1. Introduction

In analysis of the data on inelastic scattering of pions frmmlei we use the microscopic
folding-like optical potential (OP) derived in [1] for elés scattering. This OP has been suc-
cessfully applied for elastic scattering of the K- and pisares on nuclei [2], [3], [4], [5]. Itis
constructed as a folding integral of a nuclear density faotdr and the pion-nucleon amplitude of
scattering. When using this OP at intermediate energiesvuid aroblems inherent in the models
(see, e.g., [6]) based on the Glauber high-energy appraéximéor the scattering amplitudey [7].
Instead, for calculations of cross sections we apply thenk@ordon equation and thus take into
account the relativistic and distortion effects exactl\ysd\ the folding-like OP is presented in a
generalized form by introducing the small axiallity of thistdnce vector of motions, and thus
one can obtain the respective optical poteriiél, {a, , }) depended on the deformation variables
a) inherent in the collective motion of a nucleus. This enables to consider the inelastic cross
sections with excitations of the low lying 2and 3~ collective states of nuclei. The object of this
paper is the detailed analysis of inelastic scattering afigirom nuclei at different energies in the
region of the 33-resonance. It was shown in [5] that at thasegées, the in-medium effects on the
niN amplitude play an substantial role in the pion-nucleust&acattering. So, in this connection
the question arises on the role of this effect in inelastaitscing of pions on the same nuclei and
at the same energies when excitations of their low lyingectie states take place.

In section 2, we present the main formulas for constructiotme microscopic OP for elastic
and inelastic scattering of pions. In section 3, calcutetiof the pion-nucleus inelastic cross
sections are presented and the fitting parameters of thearudéformation and parameters of the
N elementary amplitude are discussed.

2. Basic formulas and calculations

We start with the microscopic nuclear OP [1] given in the gahorm

(HC)BC ‘e—iqr

20k p(q) Fn(g) da, (2.1)

ufr)=-

where . is the ratio of the c.m. pion velocity to the light dneBelow in calculations the pion-
nucleon amplitude of scattering is taken as follows

Fn(@) = pooli+al 1@, f(q=e PT/2 22)

wheref3 is the slope parameteg, anda are the isospin averagewN total cross section and the
ratio of the real to imaginary part of the amplitude of saattg Fn(0) at forward angles, while
p(q) is the form factor of a density distribution function of bamecleons in a nucleus normalized
to atomic numbeA

p(a) = [ & p(r)r. (2.3)

lineq.(2.1), itis used units MeV and fm, and tHer= 197.327 MeVfm. In the other cases we employ the natural
system of units where = c =1, and thu€, T, k, m have the same dimension [MeV].
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Figure 1. Comparisons of calculated differential crossises of rr*-mesons scattered 6fSi at
Tiap=180 and 226 MeV to experimental data from [13]. Left pandbiselastic scattering, right
panel - for inelastic scattering with excitations of thep@stive A = 2™ and (or) 2 states. In
both panels, dashed curves are calculations with parasnetemr, B, of the freeriN amplitudes

at respective energies, solid lines are for those fitted Jind%he data on elastic scattering. The
values of the fitted deformation parameters are shown origheganel.
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Usually in calculations of the pion-nucleus elastic crasgisns the nuclear densities are taken as a
spherically-symmetric functions(r) = p(r). So, in our preceding study [5] of the pion scattering
on a set of nuclei the nuclear densitjg8 ) were taken in the form of the fermi functions with the
known fixed parameters of the radiRend diffusenesa. On the other hand, the parameters of the
amplitude of scattering (2.2) of pions on the bounded nuclaaleons were fitted by comparisons
of the calculated pion-nucleus cross sections with exjstixperimental data, and thus the table of



Analysis of inelastic pion-nucleus scattering within the microscopic optical potential... V.K.Lukyanov

. “Ca(n,n) elastic scattering ~ “°Ca(n,r') inelastic scattering
10 ! I ! I ! I ! I ! I ! I ! ! I ! I ! I ! I ! I ! I !

0, 180 MeV, L=3
B,=0.21

do/dQ, mb/sr
5&

', 180 MeV, L=3'
B,=0.29

—4 l 1 l 1 l 1 l 1 l 1 l 1 1 l 1 l 1 l 1 l 1 l 1 l 1

0O 20 40 60 80 100120 O 20 40 60 80 100 120 140
0 deg

Figure 2. The same as in Fig.1 but for the target nucf€Gs,, the energy of piori§a,=180 MeV,
and experimental data are from [14].

c.m.’

the so-called in-medium parametars a, 3 were established at different collision energies. In
fact, they occur rather different as compared to those éthirom scattering on free nucleons.

In the present study we intend to verify if these in-mediumapgeters would remain their
values as before but for inelastic scattering of pions astme energies on the same nuclei. To
this end we construct the transition potentials for inétastattering starting from the standard
prescription [8] to deform the-surfaces by adding a small axially-symmetric admixture

r=r+Mr), M) = —r/RA2Y ayapu(f), A=23 (2.4)
[

Herea, , are the collective motion variables of a nucleus.
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Substituting (2.4) into (2.3) and then in (2.1), and terrtingatheir expansions at linear terms in
54)(r) one obtains the respective density and its form factor

)=o) + O T ). o) = 1P wrpz s
0]
p(a) = p(a) + pa(a)i* Y Ay Yau(d), (2.6)
0]
where
—an [[jo(an)p(r)ridr.  py(a) = 4 [y (ar) s (1) rer (2.7)

Finally, substituting (2.6) in (2.1) we obtain the directlaransition potentials for calculations
of elastic and inelastic scattering

U =U() +UMr),  UNr) =Uan) S aruau(P), (2.8)
o

U(r) = (zﬁ;\Tl) OnN (aNN + 1) / jo(ar) p(a) f (o) q°day, (2.9)

Ux(r) = (zh;rv) ONN (ONN + i /JA ar) pa (a) f (q) gda (2.10)

In so way the obtained microscopic potential (2.9) shouldniserted into the Klein-Gordon
equation for the case @& >> U with the neglected terms of the order @&f /E)? < 1 and thus
presented in the form of the non-relativistic wave equation

A+ K Y(r) = 2 [U(r) + Ue(r)] g(r), (2.11)

where the relativistic velocity. = Vem /¢ = Kap/[Eian + M&/Ma] is expressed through the total
laboratory energ\E g = (k,zab + m%)l/2 = Tjap + My and momentunkjap and Ma, the mass of
a target nucleus. Here the spherically symmetric part ofGbalomb potentiall.(r) is taken
for the charged sphere with the radils = rcAY3, wherer.=1.3 fm. Also,k is the relativistic
momentum in c.m. systek= MA\/'I]ab lab + 2My;) /\/ (M + Ma)2 + 2MaT ap and the relativistic
reduce masg = myMa/(My+Ma) with m; = /kZ + m& = Tcm + My Finally, the transformed
wave equation (2.11)can be computed using the program DWAJ@Kand thus one accounts for
automatically effects of relativization and distortiorfstioe relative motion wave functions in the
field of a target nucleus. In the program, the spherically regtnic part of the optical potential
Uop (1) = U (r) +Ug(r) provides elastic scattering calculations while thd) (r) + U (r) is the
transition OP used for calculations of inelastic scattpdross sections with excitations of thé 2
and 3 collective states of nuclei. In inelastic processes, thel@uob interaction is incorporated
in the DWUCK4 program in the form of eq.(2.8) but with the @dart

3ZpZ: R
24 +1 A+l

that corresponds to the external multiple decompositidghe@fCoulomb potential for the uniformed
charged sphere. In calculations, the amplitude of inelastattering is taken in the framework of

UcJ\ (I’) =

r>Re (2.12)
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Figure 3. The same as in Fig.1 but for the target nuctéN$ the energy of piond ;=162 MeV,
and experimental data are from [15].

the distorted wave Born approximation (DWBA) where the eetipe matrix element has a linear
dependence on the transition potential while the distostebs in initial and final channelg®) (r)
are calculated using théy (r) = U (r) +Uc(r) potential, and thus

Th= 3 <BlaydA> [ (k) Ur 1)+ Uea (DN () U7 (1 k) dradis.— (2.13)
[

Here the structure matrix elemeatB|a; ,|A > provides the(A u)-transition from the ground to
excited state of a nucleus. In the case of the even-evenimmgéagA >= [la,Ma > (Ia=Ma=
0), < B| =< 1g,Mg| (Ia=A,Ma = p), and the transition matrix element is [8]

< Blayy|A>= (IaA Map|lgMg) < Ig|[axol[la >= (2.14)

= (0AOu|A p) < Allapo|[0>= (1/V2A +1)B)
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Figure 4. The same as in Fig.1 but for the target nuctéN$ the energy of piond; ;=291 MeV,
and experimental data are from [16].

wheref3, (A =2,3) is a deformation parameter to be fitted in our study.

3. Resultsand discussion

In Figs.1-5 we present the experimental and calculatedréifitial elastic and inelastic cross
sections for scattering af*-mesons on the even-even nudsi, “°Ca,*8Ni, and?°®Pb at energies
Tiap = 162, 180, 226 and 291 MeV with excitations of the low-lyinga@nhd 3™ collective states. In
calculations of inelastic scattering we take the same anétemi density parameters for the radius
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Figure 5. The same as in Fig.1 but for the target nuct88Rb, the energy of pion§.,=162 and
291 MeV, and experimental data are from [16].

R and diffusenesa as they were used for theA elastic scattering in [5]. Their values are 3.134 and
0.477 for?®Si[10]; 3.593 and 0.493 fd°Ca [10]; 4.08 and 0.515 f€Ni [11]; 6.654 and 0.475 for
208pp [12]. As to the in-medium parametersa, 8 of the pion-nucleon amplitude (2.2), they were
fitted in [5] when reproducing the respective experimentah data from [13], [14], [15], [16] on
the elastic scattering of pions on the same nuclei at the saergies (see Table 1).

On the left panels of all the Figures we exhibit the curvegtierdifferential elastic scattering
and on the right panel - the respective inelastic scatterings sections. For each nucleus, the
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Table 1: The best-fitin-medium parametessa, 8 and the free oney, ag, Bo for the N elastic scattering
amplitude, and the adjusted deformation parameiggdor inelastic cross sections.

reaction | Tiap,Mev || o, fm? | a | B,fm? || oo, fm? | ag | Bo,fM? || B> B3
T +58Ni 162 10.95 | -0.16| 1.10 | 12.135| 0.369 | 1.065 || 0.18 | 0.16
" +58Ni 8.86 | 0.44 | 0.81 0.175| 0.14
T +208pp 9.69 | 0.34| 1.02 0.12
T +208pp 6.18 | 0.58 | 1.24 0.12
T +28Sj 180 9.33 | 043 | 0.28 || 12.76 | 0.114 | 0.994 || 0.38

" +28S;j 7.75 | 0.76 | 0.49 0.40

m +%0Ca 9.65 | 0.23| 0.28 0.21
m+4Ca 575 | 1.09 | 0.69 0.29
T +28Sj 226 743 | 0.6 | 0.167 | 9.15 |-0.515| 0.698 || 0.35

" +28S;j 5.87 | 1.08 | 0.42 0.37

T +58Ni 291 479 |-0.85| 0.279 | 4.76 | -0.95 | 0.434 | 0.18 | 0.141
" +58Ni 558 | -0.66| 0.354 0.163| 0.133
T +298pp 4.47 | -1.07| 0.672 0.112
T +208pp 552 | -0.46| 0.581 0.118

solid curve for elastic scattering is the fitted cross sactrom [5], and the corresponding solid
curve for inelastic scattering is that calculated usingghme fitted in-medium parameters a,

B from elastic scattering while the only parameter adjusteiti¢lastic scattering is th& (or 33)
deformation for the quadruple (or octuple) excitation ofugleus. For comparisons we show also
the dashed curves calculated by using the "free paramdtergie iN-amplitude of scattering on
free nucleons as they done in [17] and [3]. It is seen, first, i all the cases we obtain the fairly
well agreement with experimental data for inelastic sciatheand that we need not to vary ti
in-medium parameters responsible to elastic scatteriogscsections. Instead, when we take the
"free parameters" then one gets the significant disagretsmeéth the data for both elastic and in-
elastic cross sections. Then, this in-medium effect revieself especially at energies in the region
of 33-resonance with its maximum at 180 MeV while at its bamgdenergy about 291 MeV the
in-medium effect becomes rather weak as is seen in Figs.Hebenthe difference between solid
and dash curves is not too large with an exceptiomth&8Pb scattering. As to the obtained values
of the nuclear deformation parameters, for a definite ngdieey occur almost independent of the
energy of scattered piorrs" or 11, i.e. they are seem to be the really structure parameters.

The work was partly supported by RFBR (under grant No.130060a) and the JINR-Egypt
Cooperation Program.
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