
i. It

PHYSICAL REVIEW C JULY 1996VOLUME 54, NUMBER 1

0556-28
First-order eikonal approximation for the elastic scattering of 800 MeV/c pions
from 12C and 40Ca nuclei

Moon Hoe Cha
Department of Physics, Kangwon National University, Chunchon 200-701, Republic of Korea

Yong Joo Kim
Department of Physics, Cheju National University, Cheju 690-756, Republic of Korea

~Received 23 October 1995!

We have extended the first-order eikonal model formalism to include charged pions scattering on nucle
has been applied satisfactorily to elastic angular distributions of 800 MeV/c pions scattering from12C and
40Ca nuclei.@S0556-2813~96!02706-9#

PACS number~s!: 25.80.Dj, 11.80.Fv, 24.10.Jv
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In the past years a number of efforts have been mad
study the interaction of pions with nuclei@1–9#. Precise mea-
surements of the cross sections of 800 MeV/c pions scattered
from 12C and 40Ca were performed@2# at Brookhaven Na-
tional Laboratory. The elastic scattering data were analy
within the framework of the first-order optical model@2# and
within the framework of Glauber theory@3#. Reasonable
agreements between the predicted results and observed
were obtained in both cases. Recently, elastic scattering
were also calculated@8# by using a strong absorption mode
~SAM!. The overall results of the SAM calculation were r
ported to be in excellent agreement with the experimen
data.

In a previous paper@10#, we presented first- and second
order corrections to the zero-order eikonal phase shifts
heavy-ion elastic scatterings based on Coulomb trajecto
of colliding nuclei and it has been applied satisfactorily
the 16O1 40Ca and16O1 90Zr systems atElab51503 MeV.
Hence, it is interesting to extend the formalism of eikon
phase shifts to include charged pions scattering on nuclei
also to obtain potential parameter values applicable to
eikonal phase shift approach for these nuclei. In this pap
we reproduce the elastic scattering angular distributions
the charged pions scatterings on12C and 40Ca nuclei by
using the phase shift analysis based on the Coulom
modified eikonal phase shift and its first-order correction.

The general expression for the elastic scattering amplit
between a spin-zero charged pion and a spin-zero ta
nucleus is given by
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wheref R(u) is the usual Rutherford scattering amplitude an
s l the Coulomb phase shift. In the above equation,k is the
pion wave number in the center of mass coordinate syst
given by
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2 /c2!2mp

2c2
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212mNEp /c
2G1/2, ~2!

wheremp andmN are the pion and nuclear rest mass, respe
tively. Ep is the total pion energy in the laboratory system
In Eq. ~1!, the nuclearSmatrixSl

N can be obtained from the
nuclear phase shiftsd l with Sl

N5exp(2idl). In the present
formulation, the Coulomb-modified eikonal phase shift an
its first-order correction are given by@10#
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Herem is the reduced mass and the distance of closest
proachr c is written as

r c5
1

k
$h1@h21 l ~ l11!#1/2%, ~5!

with the Sommerfeld parameterh. By taking the nuclear
potentialVN(r ) as a complex Woods-Saxon form given by
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TABLE I. Shape parameters of the fitted complex potential from the eikonal phase shift analysis
charged pions elastic scattering on nuclei at an incident momentum of 800 MeV/c.

Zero order First order
Pions Nucleus r v ~fm! av ~fm! r w ~fm! aw ~fm! r v ~fm! av ~fm! r w ~fm! aw ~fm!

p1, p2 12C 0.89 0.50 1.00 0.47 0.91 0.50 0.97 0.49
p1, p2 40Ca 1.03 0.60 1.17 0.48 1.03 0.63 1.16 0.47
429 © 1996 The American Physical Society
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FIG. 1. Elastic scattering angular distribution for positive pio
of an incident momentum 800 MeV/c from 12C. The observed data
are taken from Ref.@2#. The result of the strong absorption mod
~SAM! is taken from Ref.@8#.

FIG. 2. Elastic scattering angular distribution for negative pio
of an incident momentum 800 MeV/c from 12C. The observed data
are taken from Ref.@2#. The result of the strong absorption model
taken from Ref.@8#.

FIG. 3. Elastic scattering angular distribution for positive pio
of an incident momentum 800 MeV/c from 40Ca. The observed
data are taken from Ref.@2#. The result of the strong absorptio
model is taken from Ref.@8#.
with nuclear mass numberAN , we can use the two
Coulomb-modified eikonal phase shifts~3! and~4! instead of
the commonly used eikonal phase shift~3!.

The above eikonal phase shiftsd l
0 andd l

1 have been used
to calculate the elastic scattering cross secctions for 8
MeV/c charged pions incident upon the target nuclei12C and
40Ca. The shape parametersr anda for p1 andp2 ions on
a given nucleus are set to be equal during the fit as given
Table I. In Figs. 1–4, the calculated differential cross se
tions of our model are compared with the results of th
strong absorption model and with the observed data
p6112C andp6140Ca systems. In these figures, the soli
curves represent the cross sections of the first-order eiko
model and the short-dashed curves denote the results of
strong absorption model. The calculated results for12C
(p6,p6)12C elastic scattering are shown in Figs. 1 and 2.
is seen that the agreements of the first-order eikonal mo
with the observed data are satisfactorily good in both cas
compared to the results of the SAM. The results fo
40Ca(p6,p6)40Ca elastic scatterings are shown in Figs.
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FIG. 4. Elastic scattering angular distribution for negative pion
of an incident momentum 800 MeV/c from 40Ca. The observed
data are taken from Ref.@2#. The result of the strong absorption
model is taken from Ref.@8#.

FIG. 5. Elastic scattering angular distributions for the positiv
and negative pions on40Ca nuclei withV05223 and 256 MeV.
Shape parameters and imaginary potential depths of these syst
are given in Tables I and II.
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TABLE II. The complex potential depths, reaction cross sections, andx2/N values from the zero-order
and first-order eikonal phase shift analysis for pion1nucleus elastic scattering atp5800 MeV/c.

Zero order First order
Pion Nucleus V0 ~MeV! W0 ~MeV! sR ~mb! x2/N V0 ~MeV! W0 ~MeV! sR ~mb! x2/N

p1 12C 229 240 196 2.39 236 225 188 2.79
p2 12C 232 255 204 2.88 238 245 199 2.69
p1 40Ca 258 140 446 1.94 256 123 416 1.90
p2 40Ca 224 170 496 2.96 223 162 484 2.73
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and 4. It is seen that the agreements of our model with
observed data are also satisfactorily good in both cases
Table II, we can see that the first-order eikonal model d
creases somewhat the values of reaction cross section c
pared with the values of the zero-order one. Thex2/N values
of the first-order eikonal approach are also decreased in so
degree compared with ones of the zero-order one except
p1 scattering on12C. One of the overall characteristics ap
pearing in Table II is that the values of an imaginary pote
tial parameterW0 for positive pion scatterings are smalle
than the case for negative pions. The value ofW0 for the
p11 12C system is less about 8% than the value forp21
12C, while the difference ofW0 betweenp11 40Ca and
p21 40Ca systems amounts to 24% due to an increase of
target charge. Such differences in the values of the param
W0 are mainly due to repulsive Coulomb fields experienc
by the positively charged pions compared with the neg
tively charged pions. Hence from these decreases in the
ues ofW0 for the positive pions one would expect that re
pulsive Coulomb fields lead to less absorption of the incide
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wave than the case for negative pions as pointed out in R
@8#. Such absorption effects are reflected in the values of t
reaction cross section listed in Table II. We can also see
this table that the potential strengthV0 is almost the same for
p1 and p2 on 12C, but is quite different on40Ca. Such
differences of the real potential depth affect the differentia
cross section as shown in Fig. 5. In this figure, we can fin
that the angular distributions forV05256 MeV are shifted to
the upper part as a whole compared with ones forV05223
MeV.

In this Brief Report we have presented a first-order co
rection to the zero-order eikonal phase shifts for the charg
pions scattering on nuclei. We have found that the overa
results of the present first-order eikonal model are in exce
lent agreement with the observed data for the elastic scatt
ing of 800 MeV/c pions from 12C and 40Ca nuclei.
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