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Results of Glauber model calculations of elastic and inelastic scattering from C, 0, Ca,
and Ca of pions having energy of 300 to 1200 MeV are presented. Experimental m'N phase
shifts including l=0 through 5 are used in the calculation. The f wave is important above
300 MeV and the g and h wave above 900 Mev. ENects of spin-Rip are included. The model
reasonably reproduces the 800 MeV/c data of Marlow although the inelastic scattering of the
2+ of C requires an enhancement of the quadrupole component consistent with the effective
charge. The previously observed anomaly in C in which a much larger oscillator parameter
was required in pion scattering than in electron scattering disappears at higher energy. The
o(x n) to o(x+n) ratio is found to be appreciably different from expectations based on pion
scattering from free nucleons.

I. IXTRODUCTIOX

Recently, the study of pion-induced single- and double-
charge exchange reactions in the energy regime of 300
to 550 MeV has begun at I AMPF. Results from elastic-
and inelastic-scattering reactions will become available
shortly; these reactions will also soon be studied at even
higher energies at KEK. And there already exists data
from an experiment at 800 MeV/c with which we may
compare calculations.

As one increases the pion energy and moves away from
the dominating efFect of the 433 resonance, other xN
resonances are encountered. The o (x n) to o.(7r n) ratio
for these new resonances will be much difFerent from that
of the A33,. such resonances will provide an additional
useful tool for investigating single-proton or -neutron ex-
citations. Their study will shed additional light on the
propagation of mesons in a nuclear medium. As one
moves through the several resonances, the amount, of spin
flip will also change, thereby allowing a study of the role
of the spin degrees of freedom.

In the region of the A33 resonance the ratio of o(~ n)
to o (vr+n) for free nucleons is 9:I. Among the initial re-
sults from pion-induced inelastic scattering from nuclei
was the discovery that this does not necessarily apply
to single-neutron transitions. Thus, in the inelastic ex-
citation of the 2+ of 0, the observed ratio was ap-
proximately two rather than the nine predicted from
scattering on free nucleons. This phenomena found an
explanation in the concept of the isoscalar efFective
charge already familiar from studies of E2 transitions.
A pion may inelastically excite one of the many possi-
ble three-particle one-hole states. Since a proton may

equally well be excited from the core as a neutron, this
has the efFect of reducing the ratio from the pure neu-
tron case. It was found the magnitude of the isoscalar
efFective charge needed in pion-induced reactions was of
approximately the same magnitude as that required in
electromagnetic transitions. More recently, an extensive
work on 0 comparing (e, e') and (n. , z') has arrived at
a similar conclusion.

Whereas models of pion reactions in the region of the
433 resonance need include only s and p waves, cal-
culations of pion-nucleus reactions in this higher-energy
regime require the inclusion of several more n N par-
tial waves. Parnell and Ernst have included d waves
in their study of charge-exchange reactions and, hence,
their model is thus valid only to around 400 MeV. In a
recent theoretical study of pion-induced double-charge
exchange it was found that the f wave becomes signif-
icant above 400 MeV, the g wave above 700 MeV, and
the h wave above 1000 MeV. The efFects of including the
higher partial waves must also be checked in elastic and
inelastic scattering; these transitions tend to be less sen-
sitive to small details than is double-charge exchange and
one may be able to use fewer partial waves.

Recent work on pion-induced elastic scattering has cen-
tered on an analysis of the 800-MeV/c data of Marlow
et a/. Both Mizoguchi and Toki and Arima and Seki
employed a version of the Glauber model to calculate
the elastic and inelastic scattering. In the former case
the amplitudes were modified to fit the elastic data and
were then applied to calculate the inelastic scattering. In
our work we shall show the unmodified amplitudes give
quite good results when compared with experiment.

In this paper we employ the Glauber model~3 for which
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the only input required is the free vrN phase shifts and
a shell-model description of the nuclear wave functions.
It has the advantage of being microscopic yet has been
found to provide reliable estimates of cross sections at
resonance energies. With increasing pion energies, the
model should be increasingly accurate as the xN cross
section becomes increasingly forward peaked. At the
pion energies with which we are dealing, the pion is less
strongly absorbed than at the A3 3 resonance and details
of nuclear structure can be important. Finally, the effects

I

of higher partial waves may be explicitly included.
In the next section we briefly review the formalism and

details of our version of the Glauber model. In Sec. III
we present results for elastic scattering and in Sec. IV
results for inelastic scattering.

II. GLAUBER MODEL

The amplitude for (x, vr') on a nucleus of A nucleons
in the Glauber approach may be written as

F~~~, (q) = d be' (JqTgMg~ q. —
A

(1 —r, ) ~J;T;M~)
2

where b is the impact parameter, k the incident pion
momentum, q = k —k' is the momentum transfer, and
I'z is the single-particle profile function

I' (b —s.) = . d'q h(q)e '~&~ "&1

2vrik

in which sj is the projection of the vector position of
a bound nucleon on the impact parameter plane. The
variables k and q in Eq. (1) are the laboratory variables
while those in Eq. (2) refer to the xN c.m. system.

Equation (1) may be rewritten as

In Eq. (5), the superscripts s and v refer to isoscalar
and isovector amplitudes and the operators 0 and a are
isospin operators for the pion and nucleon, respectively.
The TrN amplitudes h(q) are calculated using the usual
partial-wave expansion rather than the commonly used
exponential depending on q . ' ' This avoids the ap-
proximation of choosing a parametric form for h(q) and
fitting its parameters to experimental data. The non-
spin-flip amplitudes are obtained from

f = ) [(l+ 1)fi+ +1f( ] Pj(cos0)
E=O

F ( 2) y iAMqr/2
t d& J~M(ql) FM, Mf(t)), and the spin-lip amplitudes from

g = ) [f)+ —fi ]Pi'(cos 0)—sin 0.
E=1

where

I'M M, (t)ei~M&b

JJTgMg 1—

do 1 2 2

dn
=

2Z;+1
M, ,Mg

(4)

The single-particle profile function of Eq. (2) is ob-
tained from the xN amplitude:

h(q) = f&'&(q) + o f~" (q)

g&'~(q) + O ~g&"&(q) ~ n.

In Eq. (3) AM = Mi —M~, P(, is the azimuthal angle of
b, and I'M M,. (b) is the nuclear profile function resulting
from evaluating the nuclear matrix element. For zero-
degree transitions, q = 0 and the Bessel function in Eq.
(3) is one for AM = 0 and zero otherwise. The integral
then reduces simply to an integration of the profile func-
tion over impact parameter. One may thus ascertain the
spatial origin of contributions to the angular distribution.
The angular distribution is calculated by averaging over
initial and summing over final states:

The ~N phase shifts and inelasticity parameters used
are those of Amdt's 1987 analysis. The xN amplitudes
were calculated including partial waves up to an E of 5.
We have not included the effects of Coulomb scattering in
this calculation. For 12C and isO the effects are relatively
small; for heavier nuclei it becomes more appreciable
but as the energy increases Coulomb effects become less
important.

The initial and final nuclear wave functions were calcu-
lated as a sum of Slater determinants using a version of
the Glasgow shell-model code. is Because the wave func-
tions are expressed in terms of Slater determinants, the
many-body matrix elements of the Glauber operator, Eq.
(1), may be expressed as the sum of A x A determinants.
However, there is a complication that arises were charge
exchange (T(+n ~ 7rop) allowed to occur. Clearly, the
intermediate x cannot scatter off a nucleon until it has
been created through an earlier charge exchange. Thus,
there must be a time ordering implied. In the small-angle
approximation, this is equivalent to

) (1 Fl)(1 F2) ' ' ' (1 FA)
perm

x0(Z2 —Zi) . 0(ZA —ZA 1).

One can easily demonstrate that if the I'j commute,
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one need not worry about the time ordering and one can
simply use Eq. (1). In general, one does not have

[r, , r, ]=0, ig~
because the pion isospin operator 0 does not commute
with itself. Since the isoscalar parts of the operator mu-

tually corrimute, one could ignore time ordering if one
were to retain only the isoscalar part.

It is known that the charge-exchange part of the mN

amplitude is much smaller than the nonexchange term.
The contribution of two charge exchanges leading back to
the original charge were estimated to be small in Ref. 19
and a recent evaluation by Franco and Schlailei shows
them to be negligible. We thus approximate the operator
O a in Eq. (5) by O, r, . This precludes the possibility of
any charge-exchange processes but it allows the pion to
interact difFerently with neutrons and protons or m+ to be
difFerent from a scattering. There is then no diKculty
with the time ordering.

With the inclusion of spin-Hip, the evaluation of the
A x A determinants then reduces to evaluating two
smaller, block-diagonal determinants rather than four as
in our previous work. Our method of evaluating the
scattering amplitude has the virtue that the efFects of an-

tisymmetry, or Pauli correlations, are explicitly included.
No free parameters (other than the oscillator parameter
n ) enter into the calculation.

The wave functions for mass twelve were obtained us-

ing the matrix elements of Cohen and Kurath. For isO

three model spaces were used to test the sensitivity of the
inelastic scattering to the structure of the wave function.
The model spaces included the 1d5~2, 1d5~& and 28&~2
orbits and, finally, the complete sd basis. In the for-
mer two cases, the two-body interaction used was that of
Arima et a/. which was determined by fitting levels in
the A=18—20 mass region. Calculations in the complete
basis used an interaction calculated by Kuo from the
Reid nucleon-nucleon interaction.

Oscillator parameters obtained from electron scat-
tering~s are a2 = 0.39 fm s for 2C and 0.319 fm
for isO. These values include corrections for the pro-
ton finite size. We have varied the oscillator parameter
for i~C to investigate whether the anomaly previously
observed ~s (a large n~ required to fit the data) in
the resonance region persists to higher energies. The os-
cillator parameters for ~OCa and "sCa was simply ob-
tained from the usual formula a = 0.978 ~ fm

The matrix elements of the profile functions were eval-
uated as described in Refs. 19 and 27. Analytic expres-
sions have been obtained for the single-particle profile
function. However, in the case of using an effective
charge P g 1, the right-hand side of Eq. (2) is expanded,
the quadrupole component is enhanced by a factor of P,
and the integral is performed numerically.

III. RESULTS: ELASTIC SCATTERINC

Results obtained with the Glauber model for elastic
scattering of pions on a nucleus depend primarily upon

gross details of the nucleus such as the radius rather than
on fine points of nuclear structure. Thus, elastic scatter-
ing can give some estimate of the accuracy of the Glauber
model. In addition, it should determine, at least in prin-
ciple, the oscillator parameter n (which is the only un-
determined parameter in our calculation) that should be
used for inelastic scattering.

Historically, the first application of the Glauber model
to the problem of medium-energy pions elastically scat-
tering from nuclei was by Wilkin24 and Schmit. 2s He as-
sumed for the pion-nucleon amplitude h(q) an exponen-
tial function depending on q . The model was applied
to C for medium-energy pions and could successfully
reproduce experiment only if a value for o, of 0.46 fm
was used which was much larger than the value suggested
by electron scattering. A similar efFect was obtained by
Lee and Kurath using an optical model although they
preferred an even larger value, 0.51 fm . In our earlier
work on elastic scattering we also noted that data for
160 MeV pion scattering on C was better reproduced if
0.51 fm were used. Wilkin attributed this discrepancy
in the value of o, to deformation, while Lee and Kurath
suggested it was due to higher orders of the density p
in the optical potential. Although higher-order pieces of
the optical potential are obviously missing in these ap-
proaches, the case of i2C was particularly problematic,
thus, the suggestions that at least part of the difFiculty

lay with nuclear-structure efFects, most likely deforma-

tion.
As one moves away from the region of the A33 reso-

nance, the nucleus becomes more transparent and higher

powers of p should become less important. Indeed, the
higher-order corrections in the region of the A33 reso-

nance were mostly tied to Pauli blocking and absorption
corrections. ~ However, as one increases the energy, the
Pauli blocking efFects become negligible and pion absorp-
tion, as shown in Ref. 27, also becomes progressively less

important. However, the deformation remains although
these efFects may not be of the same magnitude as at
lower energies. Indeed, we know that around resonance,
because of the strong absorption, the reaction is rather
peripheral, while at higher energies one will get a greater
volume contribution. Hence, we might expect the efFects

of deformation to be more apparent near the resonance
than at higher energies.

In Fig. 1 are shown our results for elastic scattering
of 800 MeV/c incident pions compared with the data of
Marlow et al.3 The calculation used a value of 0.39 fm
for o. , similar to the value given by electron scatter-
ing. The calculated angular distribution agrees remark-

ably well both in shape and magnitude with the data,
particularly if one notes we have fixed all parameters
a priori and not varied any in order to achieve a better
agreement with experiment. The experimental results
are slightly higher than theory for small angles and the
theoretical minimum is deeper than experiment. How-

ever, no Coulomb efFects that would mitigate the dis-

crepancies have been included in this calculation. One
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FIG. 1. Differential cross section in the center-of-
mass system assuming partial waves through /=5 for

C(7r+, s+) C scattering for 80O MeV/c pions; the exper-
imental data are from Marlow et al. The contribution from
spin-flip is included.

may observe there appears to be no acct of the defor-
mation at these energies. These results agree very well
with those obtained in Ref. 11 before the mN amplitudes
were varied to obtain a better fit with the data.

In Fig. 2 is shown the effect of adding additional partial
waves in the xN amplitude on elastic scattering of pions
from i C. The results include the contribution from spin-
fiip. The f wave becomes significant above 400 MeV. Un-
like single-charge~7 and double-charge exchange, io how-
ever, the g and h wave only begins to have an apprecia-
ble contribution above 900 MeV. We have also observed
that these partial waves become important for inelastic
scattering to the 2+ state of i~C at essentially the same
energies as the charge-exchange reactions.

In Fig. 3 are shown the zero-degree cross sections for
n+ on i2C, isQ, 4oCa, and 4sCa as a function of the
pion energy. The value of the cross section at zero de-
grees is appreciably aft'ected by the Coulomb interaction
which is not included in the calculation; thus the figure
gives only the results due to the nuclear interaction and
is a guide to the general systematic behavior with en-

ergy. The predicted energy dependence should remain
unchanged after inclusion of Coulomb interaction. It is

interesting that the cross section has minima around 500
and 700 MeV and local maxima near 600 and 850 MeV.
These two peaks appear to reAect the two peaks that are
clearly visible in the ir N cross section at these energies
and which appear approximately at the energies of the
¹(1440)and 1V'(1650) resonances. Unlike the case of
pion-induced double-charge exchange, there is no indi-
cation of a reduction in the cross section near 1.2 GeV
confirming that the deep minimum predicted in double-

4s( /,—'/
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12c(~ ~)12c
10

! I I I I I I I I ! t I & I I

200 500 800 1100 1400
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FIG. 2. DifFerential cross section at 8 = 0' in the labora-
tory system for the C(s+, s+) C reaction as a function of
the pion kinetic energy showing the contribution of the sev-
eral partial waves. The solid line is the result including all
partial waves up to 8 = 5. EfFects of spin-flip are included.

(7T+,sr+)

I I I I I I I I

200 600 1QOO
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1400

FIG. 3. DifFerential cross section at 8 = 0 in the labora-
tory system for the (s, s ) scattering as a function of the pion
kinetic energy for C, 0, Ca, and Ca targets.
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FIG. 4. DifFerential cross section in the centerof-
mass system assuming partial waves through 8=5 for

Ca(s.+, s+) Ca scattering for 800 MeV/c pions. The con-
tribution from spin-lip is included. The experimental results
are from Marlow et a/. The data for both 7r+ (o) and s (x)
are shown.

charge exchange is due to cancellation among the isovec-
tor amplitudes.

In Fig. 4 are shown angular distributions for x+ scat-
tering on oCa at 800 MeV/c; the experimental results
are from Marlow et al.3 The data for both sr+ and x
are shown. The theoretical curves were obtained using
the oscillator parameter n = 0.28 fm . The calculation
reproduces the data remarkably well. The two minima
are calculated to be at the same angle as experimentally
observed. However, the theoretical results are system-
atically a bit low. Nevertheless, these results are quite
remarkable if one recalls there are no free parameters to
vary, free xN phase shifts were used, and no Coulomb in-
teraction was included. Clearly, one could obtain results
nearer to experiment were one to vary the parameters of
the xN interaction. Using the Gaussian form for the xN
interaction and the parameters suggested by Mizoguchi
and Toki, one does indeed find somewhat better agree-
ment, particularly in the region of the second and third
maxima and shallower minima occasioned by the use of
a larger imaginary contribution to the interaction.

Figure 5 presents results of calculations of angular dis-
tributions for four energies that span the possible range of
pion energies that could be obtained at KEK and PILAC.
As expected from the presence of the Bessel function of
order zero in Eq. (3), the angular distributions have the
usual shape. The minima occur at decreasing angle as the
pion energy increases. However, the actual magnitude of
the cross section and the depth of the minima depend

10

MeV

-2

20
0 (deg)

40

FIG. 5. Differential cross section in the laboratory sys-
tem for (s, s) scattering on C for four different pion kinetic
energies. The oscillator parameter used was n =0.39 fm
ER'ects of spin-flip are included. Partial waves up to l = 5
were included.

sensitively upon details of the nuclear profile function
I'Mz~, (b). At all energies, Iml'~ M (b) has the shape of
the nuclear density. The magnitude of Rel M I (b = 0)
decreases with increasing pion energy until around 600
MeV after which it varies only slightly with the bom-
barding energy. The ImI'M M (b) is largest near 300 MeV
at which energy it peaks near the nuclear surface. This
reflects a substantial distortion at these energies which
suppresses the contribution from small impact parame-
ters. As the pion energy increases it becomes smaller
until near 1 GeV ImI'M ~, (b) is an order of magnitude
smaller than Rel I ~, (b) and is roughly constant inside
the nuclear surface.

The effect of including spin-flip on elastic scattering
results is small. For pions incident on 0, at 300 MeV
spin-fiip afFects the zero-degree results by less than one
percent and in the region of the first minimum, it de-
creases the result by only two percent. At 1.2 GeV the
efFect of adding spin-flip is less than one percent for all
angles less than 25' but begins to have a small effect in
the region of the second minimum. The largest effect is
around 600 MeV incident energy. Spin-fIip decreases the
forward angle scattering by approximately one percent
and decreases the cross section in the region of the first
minimum by 10%.

In summary, the results for Ca and the ones de-
scribed above for C provide convincing evidence that
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a zero-parameter Glauber model can give reliable esti-
mates of elastic scattering for energies above the 433
resonance.

'IX
)0i n =0.34

P 15 .39

IV. RESULTS: INELASTIC SCATTERING

Unlike the case of elastic scattering, inelastic scattering
is sensitive to details of nuclear structure. In particular,
it is known s that the magnitude (but not the shape) of
the predicted cross section depends upon the size of the
model space. In electromagnetic transitions the missing
strength is taken into account through the mechanism
of an effective charge. The physical picture is that the
nucleon-nucleon interaction induces particle-hole excita-
tions from the closed 0 core and the gamma ray may be
emitted from one of the many possible 3p-1h states. Sim-
ilarly, a pion may inelastically excite such states. Since
a proton may equally well be excited from the core as
a neutron, this has the effect of reducing the ratio from
the pure neutron case. Although we could include such
excitations explicitly into the model space, the result-
ing basis would be too large to be manageable. Instead,
we enhance the quadrupole component in each single-
particle profile function by a factor of P just as one does
with the effective charge in electromagnetic transitions.
The salubrious effects are twofold: it increases the calcu-
lated cross sections to a value consistent with experiment
and in the region of the resonance it reduces the o (~ n)
to o(7r+n) ratio. It was found that the magnitude of
the isoscalar effective charge needed in pion-induced re-
actions was of approximately the same magnitude as that
required in electromagnetic transitions.

In Fig. 6 are shown results for excitation of the 2+
of i2C by 800 MeV/c pions. The data are from Marlow
et al.3 Only results for x+ scattering are shown; because
the Coulomb effects are small, the results for 7r dif-
fer by very little. Since the calculation does not include
Coulomb and i2C has isospin zero, the theoretical results
for x+ and x are identical.

Results of three calculations are given. The first em-

ployed no quadrupole enhancement and a value of o.~

(0.39) identical to that used for elastic scattering. This
calculation seriously underestimates the data. The sec-
ond calculation employed the same value of n~ but used
a quadrupole enhancement of 1.5. The resulting curve is
much closer to the data although there is still disagree-
ment for the most forward angles. Finally, the third cal-
culation used a smaller value of a (0.34) and an enhance-
ment of 1.5. Although we have not attempted to fit the
data, of the three this last curve most nearly follows the
experimental points. The use of a smaller a~ may simply
be compensating for the tail of the harmonic oscillator
wave functions; use of Woods-Saxon single-particle wave
functions would have the same effect as using a smaller
value of o, . However, there is still disagreement for the
most forward angles. The shape of our calculated angular
distribution is similar to that of the original calculations

co 1

4IQ

10

800 MeV/c

10 20
0, (deg)

40

described by Marlow et a/. who used the distorted-wave
Born approximation to describe the reaction. Their re-
sults were slightly larger than are ours and thus were
closer to the forward-angle data although still too low.
Our results describe the intermediate-angle data some-
what better. We could essentially reproduce their curve
were we to use a slightly larger value of the quadrupole
enhancement.

In Fig. 7 are plotted angular distributions for four
pion energies. The characteristic shape of these angular
distributions —in which there is a shallow minimum at
small angles followed by a maximum and then a much
deeper minimum —arises from the two different contri-
butions to the angular distribution. From Eq. (4) one
sees that for a J=Q target the sum over the My com-
ponents result in contributions from LM = 0,1, and 2.
The AM = 1 terms can arise only from spin-Rip and for
small angles, these are 2—3 orders of magnitude smaller
than the contributions from AM = 0 and 2; we shall not
discuss them further. (This smallness arises in part from
the fact the wave functions for Q are nearly pure S =
0. Transitions in nuclei for which the ground state has
S g 0 could have appreciable contributions from spin-
Qip. These will be discussed elsewhere. ) The relative
weights of the AM= 0 and 2 contributions depend upon
the nuclear matrix element or profile function I'.

Typically, the imaginary parts of the LJ=2 profile

FIG. 6. Differential cross section in the center-of-mass
system for (x, n. ') inelastic scattering to the 2+ level of ' C
for 8GG MeV/c pions; the experimental data are from Ref. 3.
The theoretical curves are for n = G.39 fm (dash-dotted
curve), P = 1, n = G.39 fm, P = 1.5 (dotted curve) and
n = G.34 fm, P = 1.5 (solid curve). Partial waves up to
l = 5 were included.
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FIG. 8. Ratio of the forward-angle cross section for x
to x+ excitation of levels in 0 as a function of bombarding
energy. EfFects of spin-orbit are included.

FIG. 7. DiR'erential cross section in the laboratory system
for the (s, x') excitation of the 2+ level of C for four different
pion kinetic energies. An oscillator parameter a =0.39 fm
and an enhancement of P=1.5 were used. Effects of spin-flip
and partial waves up to l = 5 were included.

function are much smaller than the real parts. Rel'~M(b)
peaks near the nuclear surface, the AM=2 profile func-
tion being a factor of 2 larger than the AM=0 func-
tion. In addition ReI'~~ p(b) is—negative near the origin
and positive near the surface so that in the integration
over b, there are significant cancellations that result in a
small AM=0 contribution to the small-angle cross sec-
tion. When the quadrupole component is enhanced, the
profile functions are merely scaled in magnitude.

In Fig. 8 are plotted the ratios of 0(s n) to o(x+n)
for inelastic pion scattering to the lowest 2+ and 4+ of
isO as a function of the pion kinetic energy. The angular
distributions for m' and for x+ are nearly identical and
the result plotted in Fig. 8 is the ratio at zero degrees.
The curve labeled P = 1 represents results assuming no
additional effective charge and the curve labeled P = 1.5
was obtained using a value for the quadrupole enhance-
ment consistent with the results of both E2 transitions
and pion inelastic scattering.

Vfe only show one curve for the excitation of the 4+;
when the quadrupole component is enhanced with P =
1.5, the ratio for the 4+ changes by less than 20%. The
use of the effective charge reduces the ratio at 300 MeV
for the 2+ from 13 to 4. At higher energies one obtains a
similar result: using an effective charge always moves the

ratio nearer to unity —just as our physical picture would
suggest. For both curves the ratio has a peak near 300
MeV after which it rapidly decreases. From 600 MeV
until 1.2 GeV the 2+ is seen stronger in x+ scattering
than in m, a reversal of the familiar situation around
the resonance. Above 1.2 GeV the calculations suggest
that the ~+ and the x should have similar cross sec-
tions. However, one should be aware that the xN phase
shifts in this region are very poorly known. When more
precise xN data for this energy region becomes available
we anticipate the calculated results will change.

It is interesting to note that above T =550 MeV the
ratio becomes smaller than one. The large values at the
A3 3 peak simply show that the a n system is entirely
in the T =

&
channel whereas the ~+n is a mixture of

T =
&

and T = &. However, at the peaks seen in the
elastic cross section around a pion kinetic energy of 600
MeV and 900 MeV —attributed to the X* resonances

the ratios should be smaller than one since only the
x+ system has components in the T =

&
channel. This

is seen in Fig. 8 where one can observe some valleys, or
relative minima, in this ratio at the place of the peaks of
the elastic cross section.

In Fig. 9 we show the dependence of the results on
the model space employed in the calculation. Each curve
is the ratio as a function of energy of two calculations
of the zero-degree cross section for m+ excitation of the
designated level in O. The erst calculation employed a
model space restricted to only the ld5~2 orbit while the
second employed also the 2s~g2. As mentioned above the
elastic cross section is unafkcted by the choice of model
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FIG. 9. Ratio for two choices of the model space of the
forward-angle cross section for m+ excitation of levels in 0
as a function of bombarding energy. The curves show the re-
sults obtained with a (ld5g22sry2) model space divided by the
results obtained with pure (1dq~2) wave functions. Effects of
spin-orbit are included.

space; this is consistent with the curve in Fig. 9 for the
0+. As already observed in double-charge exchange,
the inclusion of the 2s~~2 can greatly increase the cross
section for certain transitions. In particular, the 2+ tran-
sition is enhanced by 30 to 40'%%uo although the transition
to the 4+ is less affected. This latter result is because the
4+ wave function is pure (1d5~2) in our model; however,
the 2s&~~ is part of the 0+ ground state and as such can
affect the transition to the 4+.

A reason the 2s~g~ is important is the absorption of the
pion. The 2si~2 single-particle wave function has a node
and therefore more of its tail is outside the surface than
for the 1d5g&. Thus, near 200 MeV where the absorption
is the largest, the enhancement caused by inclusion of the

2s~~~ is at, a maximum. The inclusion of the 1d3~~ in the
model space has virtually no additional affect on these
transitions.

V. CONCLUSION

In view of imminent experiments on pion-nucleus re-
actions above the delta resonance region, we have per-
formed calculations of elastic and inelastic cross sections

up to 1400 MeV pion kinetic energy. The tool used to
study these reactions was Glauber theory, which requires
the knowledge of only the elementary pion nucleon ampli-
tude. We have used a partial-wave expansion including
all partial waves up to 8=5 where good convergence was
found. We have used nuclear wave functions antisym-

metrized with respect to all the nucleons by expanding
the wave functions in terms of Slater determinants using
the Glasgow shell-model code.

The results for elastic scattering at 800 MeV/e —for
which data are available —agree quite well with exper-
iment. This suggests that previous disagreements found
at energies around resonance should be attributed in part
to the need of higher-order pieces of the pion-nucleus op-
tical potential rather than to peculiarities of the nuclear
wave function. On the other hand, we also noted that ef-
fects of intrinsic deformations that manifested themselves
at resonance energies are not visible at higher energies
because the scattering at these higher energies empha-
sizes the volume of the nucleus; this is in contrast to
the resonance region where the strong absorption of the
pion made the reaction very peripheral. The good results
obtained here rely upon the elementary pion-nucleon am-
plitude and no need for a modification of this amplitude
is observed. Our results imply that Glauber theory be-
comes more reliable as the energy increases. This is also
supported from the fact that the higher energies make
the eikonal approximation more reliable and on our pre-
vious findings that pion absorption, the most character-
istic of the higher-order corrections, becomes negligibly
small as the energy increases and Pauli blocking becomes
equally negligible. All this indicates that the high-energy
region offers a cleaner ground for investigation of nuclear-
structure details than does the delta resonance region.

As a function of energy the elastic differential cross
section at zero degrees grows nearly monotonically with
energy, although showing some peaks that suggest N'
resonances are clearly visible in x p scattering. The
inelastic-scattering cross section seems also to be well
reproduced but it requires a renormalization of the
quadrupole components to account for core polarization,
in the same way as was needed to account for the elec-
tromagnetic E2 transitions.

The dominance of the region of T = 600—1000 MeV
by the ¹ resonances has an immediate repercussion on
the ratio of ~ to m+ inelastic scattering on nuclei with
valence neutrons. This ratio is much bigger than unity
around the delta region showing the T =

&
character

of the x n amplit, ude. In the N* dominated region it
is the vr+n amplitude, which has a T =

&
component,

that dominates, and we find values much smaller than 1
for the ratio. The values of this ratio for the excitation
of the 2+ component of a nucleus like ~sO are, however,
appreciably changed when the quadrupole component is
renormalized. The experimental investigation of this ra-
tio as a function of the energy will undoubtedly provide
interesting information on the mechanisms of core polar-
ization.

Another finding of this work is that while the elas-
tic cross section is rather insensitive to nuclear-structure
details, inelastic scattering is rather sensitive and there
is also an interesting energy dependence in the effects
caused by modifications of the wave function.

One of the original goals of the pion factories which
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produced a wealth of data around the delta resonance re-
gion was to investigate details on nuclear structure. Soon
we learned that this task was not easy because the renor-
malization of the delta properties inside the nucleus was
very important. With time we have learned much about
this renormalization and about the interesting but corn-
plicated reaction mechanisms, but these complications
in many cases blurred the possibility of obtaining clear»

and relevant information on nuclear structure. On the
contrary, we are now in a region where the one-body
mechanisms seem to dominate, and simple and intuitive
pictures like Glauber theory can provide a good account
of the reaction mechanisms. This region oA'ers a cleaner
ground to explore details of nuclear structure. On the
other hand, by going to higher energies we move away

from the T =
&

dominated region and enter a regime
dominated by the T =

2 resonances. This has drastic
eA'ects on the ratios of x to x+ inelastic cross sections.
The strong energy dependence of this ratio and other
quantities still to be explored calls for a systematic ex-
perimental exploration of the whole energy range studied
here.
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