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Cross-section measurements are reported for the ' C(m. +,m )' 0 reaction to the double isobaric
analog state and for nonanalog states at 5 to 10 MeV excitation. The extrapolated zero-degree cross
sections are 2.3+0.5, 3.7+0.4, 2.2+0.3, and 0.9+0.3 pb/sr at 19.0, 29.1, 64.4, and 79.5 MeV, re-
spectively. The nonanalog-state cross sections are found to rise sharply with increasing beam ener-
gy above 50 MeV, in contrast to those of the double isobaric analog state transition. Calculations
with a phenomenological isospin-dependent optical potential must include an isotensor term, which
accounts for transitions through nonanalog intermediate states or other short-range correlations, in
order to describe the energy and angular trends of the data. Microscopic calculations in the
second-order distorted-wave impulse approximation fail to reproduce the cross sections near 50
MeV unless the effects of short-range correlations beyond those contained in the model are incor-
porated.

I. INTRODUCTION

The pion double-charge-exchange (DCX) reaction is of
fundamental interest due to its potential for probing
nucleon-nucleon (XN) correlations in nuclei. Reactions
at low energies are especially important because of the in-
creased penetration of the pion into the interior of the
nucleus. At energies near the P33 resonance the pion in-
teracts at about the 10% density point of the nuclear
medium, while at low energy it penetrates more fully into
the nuclear volume. ' There is also a deep forward-angle
minimum near 50 MeV in the cross section for single-
charge-exchange (SCX) reactions to the isobaric analog
state (IAS) that inhibits the double-forward sequential
SCX scattering through the intermediate analog state.
Thus, processes such as scattering through nonanalog in-
termediate states and mechanisms involving short-range
nucleon pairs may be more readily observable. Re-
cent measurements ' of the double isobaric analog
state (DIAS) transition for ' G, ' 0, and Mg at 50 MeV

showed that the forward-angle cross sections are large, of
order 4 pb/sr at 0', and that the angular distributions are
forward peaked. Several theoretical studies have at-
tributed these features to the significant role of short-
range XX correlations, such as those contained in six-
quark clusters.

We present here a detailed study of the energy depen-
dence of the forward-angle DIAS cross sections for ' C in
the interval 19—80 MeV. Since ' C is the lightest T=1
nucleus, it provides the simplest case for the theoretical
predictions of the cross section. Experimentally, ' C is
well suited since the DIAS transition to the ground state
of ' O is separated by 5.2 MeV from the first excited
state. Therefore, the ' C cross sections are typically the
most accurate and can be measured for nearly any angle
and energy. Along with the extensive single-charge-
exchange data (Ref. 3), they form an exceptionally com-
plete data set that puts strong constraints on the theoreti-
cal models. A large body of DCX data on ' C already ex-
ists at and above 80 MeV. " However, only one previous
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angular distribution at 49 MeV exists in the low-energy
region. '

II. EXPERIMENT
25 C DCX

30 MeV, 45'

The measurements were carried out with the Clamshell
spectrometer at the Low-Energy Pion channel' of the
Clinton P. Anderson Meson Physics Facility (LAMPF).
Pion beams with momentum bites of 0.25 —4 %%uo (full
width) and Iluxes between 5X10 and 3X10 pions/sec
were used. The runs at small angles required lower beam
Auxes in order to keep the singles rates in the scintillator
at the entrance to the spectrometer magnet at tolerable
levels. At higher energies the inherently greater beam
fluxes were reduced by closing the momentum slits of the
channel. Since the first excited state in the residual ' 0
nucleus is at 5.2 MeV, the large momentum bites of
3—4% used at 29 MeV still allowed clean separation of
the ground state from higher-lying states.

The ' C target consisted of two powder-filled-thin-
walled copper cells (5XSX0.6 cm ). The powder was
77% ' C, 14% ' C, and 9% impurities by weight. The
two cells together had a total ' C target thickness of
0.29+0.02 g/cm, and a total copper wall thickness of
0.18 g/cm . Empty copper cell runs were taken but
yielded almost no scattered pions in the region of the
DIAS.

The Clamshell spectrometer is a single magnetic dipole
spectrometer with nonparallel pole faces, a solid angle of
about 35 msr, an average Night path of particles passing
through it of about 2 m, and can achieve a resolution of a
few hundred keV under the best conditions. A small
scintillator at the entrance to the dipole and two large
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FIG. 1. Time-of-Aight spectrum for double-charge exchange
on ' C at 30 MeV and 45'. The peak corresponds to pions from
the DCX reaction and the flat background is due to random
coincidences between the front and rear scintillators.

scintillators near the focal plane provide the trigger for
the system. Two x-y delay-line drift chambers' located
in front of the large scintillators provide the position and
angle of each particle track for both the momentum and
the transverse directions. For the 19-MeV data and for
the 29-MeV data at 130 deg, an additional stopping scin-
tillator was located behind the second large scintillator; it
helped in identifying pions by measuring their total stop-

TABLE I. Measured differential cross sections for the reaction ' C(~+, m )' 0 for the DIAS transi-
tion and for nonanalog states.

T (MeV)

19.0
29.1

49.2'

64.4

79.5

40.5
20.3
45.6
90.8

130.6
20.3
30.4
40.5
50.6
60.7
70.8
80.8
90.8

130.6
20.3
40.6
60.8
90.9
25.4

d~/dgDIAs

(pb/sr)

2.0+0.4
3.19+0.44
3.62+0.49
1.59+0.24
0.93+0.21
3.26+0.23
3.04+0.22
2.48+0. 18
1.97+0.18
1.56+0. 12
1.32+0.32
0.88+0. 11
0.73+0.07
0.65+0. 10
1.70+0.24
1.28+0. 12
0.58+0.08
0.26+0.04
0.44+0. 12

do /d/NAb

(pb/ )

0.62+0. 17

1.78+0. 18
1.68+0. 18
2.36+0.22
1.43+0.39

'From Ref. 8.
Summed cross section for states at 5 —10 MeV excitation in ' O.
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ping energy.
The final particle identification for the DCX reaction

was obtained from a time-of-Bight measurement between
the small front scintillator and the large focal-plane scin-
tillators. Since the length of the particle Aight path and

the particle momentum each vary by a large amount over
the length of the focal plane, about 40% and 50%, re-
spectively, corrections for both of these were made. The
measured time-of-Aight was corrected to the central-ray
value by applying a polynomial in position and angle
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FIG. 2. Missing mass spectra for the reaction ' C(m+, m )'"0 at forward angles for five diA'erent energies. The low-energy accep-
tance cutoft for the 19- and 29.1-MeV spectra are shown by the arrows.
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along the momentum direction. A typical corrected
time-of-Aight spectrum is shown in Fig. 1; it has a resolu-
tion of about 1 ns full width at half maximum (FWHM).
Most of the electrons that would have otherwise ap-
peared in these spectra have already been removed by a
requirement that the pulse heights in the two focal-plane
scintillators exceed a minimum value. The momentum of
the scattered particle was determined by using a polyno-
mial in position and angle along the momentum direction
as measured by the two multiwire proportional chambers.

To identify unambiguously the expected location of the
DIAS peak for the ' C DCX reaction and to provide the
normalization, we took companion runs of m+ elastic
scattering on ' C. The known cross sections for ' C elas-
tic scattering'" were used, with suitable interpolation to
the exact energies at the center of our target.

The relative pion Auxes between the elastic-scattering
and the DCX measurements were monitored by integrat-
ing the primary proton beam current which passed
through a torroidal current monitor placed just upstream
of the pion-production target. The stability of this
method was confirmed by elastic-scattering measure-
ments taken before and after the DCX measurements at
each energy and angle.

The nonanalog transitions for 30-MeV incident pions
produced such low-energy pions (=12 MeV incident on
the focal plane) that they nearly stopped in the first
focal-plane scintillator. Since the second focal-plane scin-
tillator was required in the system trigger, many of these
probably did not trigger and were lost. Thus, nonanalog
cross sections could not be reliably extracted from the
data at 30 MeV and below.

The resolution obtained in these measurements varied
with energy and angle but was usually dominated by the
effect of the large momentum bite in the incident pion
beam. For most of the measurements the energy resolu-
tion was between 1.0 and 1.5 MeV (FWHM), except for
the 29-MeV measurement at 130' which had a resolution
of about 3.5 MeV.

Spectra obtained at each energy are shown in Fig. 2.
The DIAS peak is clearly visible and is well separated
from the first excited state at 5.2 MeV. The yields in the
DIAS peaks and in the nonanalog region of less than 10
MeV excitation were obtained by summing the counts in
the relevant part of the spectra and, where appropriate,
subtracting a nonphysical background whose level was
determined by the number of counts in the region above
the energy of the DIAS peak. The resulting cross sec-
tions and their uncertainties are presented in Table I.
The uncertainties are dominated by the statistics of each
measurement, with an additional contribution from the
uncertainty in the elastic cross sections used for normali-
zation. A further contribution of +10% to the absolute
normalization comes from the uncertainty in the target
thicknesses.

III. RESULTS AND COMPARISONS
WITH OTHER DATA

A. Angular distributions and extrapolations to 0

The DIAS cross sections as measured in this work at
29.1, 64.4, and 79.5 MeV, and as previously measured at
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FIG. 3. Angular distributions for the reaction
' C(m+, m )' 0 (DIAS) at five energies. The data at 49 MeV are
from Ref. 8, and the 5 point at 80 MeV is from Ref. 11. The
curves are fits to the data as described in the text.

49.2 MeV are shown in Fig. 3. Also shown is the 5' cross
section at 80 MeV previously measured at the EPICS
beam channel. " The shapes of the angular distributions,
as established by these data, exhibit a gradual transition
from near isotropy at 29.1 MeV to forward peaking at
high energies.

Since it has been of interest to compare experimental 0'
excitation functions with theoretical calculations, we
used extrapolation procedures to estimate the 0 cross
sections. For the data at 29.1, 49.2, and 64.4 MeV, we
fitted the simple function

doyen= We"-" "+-a,
where 0 is the center-of-mass scattering angle and A, A, ,
and B are parameters. The fitted curves, as shown in
Fig. 3, provide good descriptions of the data. Since there
are insuKcient data at 19.0 and 79.5 MeV for this
method, the extrapolated 0' cross sections at these ener-
gies were obtained by normalizing the theoretical angular
distributions that are discussed in Sec. IV to the available
data points. The 5' cross section at 80 MeV provides a
strong constraint on the corresponding extrapolated 0'
cross section. The theoretical model provides a nearly
isotropic angular distribution at 19 MeV and the extrapo-
lated 0' cross section is only about 15% greater than the
40' datum. To the extent that other reaction models have
similar angular distributions, comparisons may be made
with the 0 cross section.

The extrapolated 0 cross sections at all five energies
are given in Table II. The angle-integrated cross sections
obtained with the above functional form are 23.2+4.3,
15.3+1.6, and 6.3+1.9 pb at energies of 29.1, 49.2, and
64.4 MeV, respectively.
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TABLE II. Extrapolated 0' di6'erential cross sections for the reaction ' C(m+, m )'"0 to the double
isobaric analog state. The extrapolation procedures are defined in Sec. III A.

T
{MeV)

19.0
29.1

49.2'
64.4
79.S

DIAS

(pb/sr)

2.3+0.S
3.7+0.4
3.9+0.S
2.2+0.3
0.9+0.3

'From Ref. 8.

B. Nonanalog transitions

An interesting aspect of DCX reactions at low energies
exhibited by the present data is the rapid increase with
increasing energy of the transition strength to the non-
analog states in the 5 —10-MeV region of excitation in
' O. This feature can be seen in the spectra of Fig. 2,
which have been corrected for the energy dependence of
the spectrometer acceptance function. To quantify this
trend, we summed the counts between 5 and 10 MeV and
obtained cross sections for these yields. The values are
given in Table I. This analysis could only be done for the
data at 49.2, 64.4, and 79.5 MeV where the spectrometer
acceptance was reliably known for the full energy inter-
val. For the 19- and 29.1-MeV data, the acceptance func-
tion falls oC'rapidly between 8 and 10 MeV.

From the cross sections given in Table I, we see that
the DIAS and nonanalog-state cross sections have con-
trasting energy dependence. For example, the 40.5
DIAS cross sections are 2.5 and 1.3 pb/sr at 49.2 and
64.4 MeV, respectively, while the nonanalog-state values
are 0.6 and 1.7 pb/sr, respectively. This result is puz-
zling in view of recent theoretical studies concerning the
role of nonanalog intermediate states in DIAS transi-
tions. These studies indicate that the contribution of
nonanalog intermediate states is much larger at 50 MeV
than at higher incident energies. Here we see that the
population of nonanalog final states (in ' 0) is relatively
small at 50 MeV compared to higher energies.

analog ground-state transition on ' C is shown in Fig. 5.
The ' C excitation function exhibits the resonance shape
found for all T =0 nuclei, with a peak cross section near
180 MeV. This feature is not observed for the ' C DIAS
transition, but is for both ' 0 and ' O. The reason for
this di6'erence between the isotope pairs ' ' C and ' ' 0
is not understood.

The rise in the ' C(m+, m ) cross section at low ener-
gies follows the trend of the ' C DIAS cross section. The
fact that the ' C and ' C cross sections both rise forces
one to seek an explanation common to both types of tran-
sitions. One common factor is the increased pion
penetration at lower energies, and it is likely responsible
for some increase in the cross sections. A second factor,
as given by the theoretical analyses discussed below, is
the enhanced scattering amplitude through nonanalog in-
termediate states at incident energies near 50 MeV. Since
' C has no IAS, nonanalog amplitudes are the only types
available.

$0 I I I
)

f

C. Forward-angle excitation functions

The full forward-angle excitation functions as they are
now known for the BIAS transitions on ' C and ' 0 are
shown in Fig. 4. The present study establishes the shape
of this function between 19 and 80 MeV for '"C. For
these energies the cross sections shown are extrapolated
0 cross sections, as discussed above. For higher energies,
the measured 5' cross sections are shown. The new
feature determined here is the increase in the cross sec-
tion between 19 and 30 MeV, a feature that the calcula-
tions presented below are not able to reproduce.

b
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D. Comparisons to DCX reactions on ' O and ' C

The forward-angle excitation function for the DIAS
transition on ' O is shown in Fig. 4 and that for the non-

FIG. 4. Excitation functions for 0 /S pion double-charge-
exchange reactions to the DIAS for '"C and ' O. The curves are
to guide the eye. The data at 19.0, 29.1, 64.4, and 79.S MeV for
'"C are from this work. The other data are from Refs. 8, 10, 11,
and 1S.
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FIG. 5. Excitation functions for 0'/5' pion double-charge ex-
change to the DIAS for ' C compared to that for the nonanalog
ground-state transition for ' C (from Ref. 16). The curves are to
guide the eye.

IV. THEORETICAL CALCUI. ATIONS
AND DISCUSSION

The data obtained in this experiment will be compared
with calculations obtained. from two theoretical models.
First, we show results from a phenomenological isospin-
dependent optical-potential calculation which exhibit the
need for terms that go beyond the isoscalar and isovector
strengths determined from known elastic and single-
charge-exchange scattering. Then we use a second-order
distorted-wave impulse approximation (DWIA) to
specifically investigate the dynamics and shell-model
dependence of the DCX reaction on ' C. These calcula-
tions demonstrate the importance of nonanalog inter-
mediate states as well as the significant role of nucleon-
nucleon correlations

A. Phenomenological isospin-dependent
optical-potential calculations

The phenomenological iso spin-dependent optical-
model program, PIESDEX of Siciliano and Johnson, ' was
used to calculate DCX cross sections. One set of calcula-
tions is based upon fits, without a phenomenological iso-
tensor term, to pion elastic and single-charge-exchange
data for ' C. A second set of calculations includes a phe-
nomenological isotensor term that was adjusted to give
good agreement with the 50-Me V DCX data. This
optical-model program solves the Klein-Gordon equation
on channels of good total isospin, then projects onto the
physical scattering channels. It is essentially an extension
of the Michigan State University (MSU) approach used
for elastic scattering' with second-order isovector and
isotensor terms added. In the calculations shown here we
have followed Ref. 1, where the isoscalar parameters

50 100

e, (deg)

FIG. 6. Measured angular distributions for the reaction
' C(~+,m ) '"0 (DIAS) compared with phenomenological
isospin-dependent optical-model calculations with (solid) and
without (dashed) isotensor terms as described in Sec. IV A.

were taken from the MSU potential and the one isovector
and one isotensor parameters were chosen to give good
agreement with the 50-MeV '"C SCX and DCX data.
These values are the same as those used in Refs. 1 and 18.
Coulomb effects are not included in the calculation of
double-charge exchange although they are included in
comparisons with elastic scattering data.

The resulting calculations are shown in Fig. 6 where
the dotted curve is with the isotensor strength set to zero
(all sequential DCX through the analog intermediate
state), and the solid curve is the full calculation. The cal-
culations without the isotensor strength have a shape that
is too flat compared to the data, presumably because they
leave out important effects due to nonanalog intermediate
states or related short-range effects. With the energy-
independent isotensor term, the full calculations ap-
proach the data at energies from 29.1 to 64.4 MeV.

B. Microscopic DULIA calculations

The reaction model

A theoretical model has been developed that provides a
microscopic treatment of pion elastic-scattering and
charge-exchange reactions from nuclei. ' In this model,
the free pion-nucleon amplitudes are used to construct
optical potentials that are then used in impulse approxi-
mation calculations of the reaction. The transition
operators describing the charge exchange are consistent
with the piori-nucleon amplitudes that are used to con-
struct the optical potential.

The DCX process is assumed to proceed through two
single-charge-exchange steps on the valence nucleons.
The transition amplitude is described schematically as
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In this expression f is the off-shell pion-nucleon
charge-exchange operator on the valence neutron m, N is
the nuclear shell-model wave function (angular momen-
tum couplings implicit), 1'+ is the pion distorted wave
corresponding to incident sr+, and g is its time- and
charge-reversed partner, e is the reduced pion-nucleus
energy, H& is the total nuclear hamiltonian, and p and U
are the pion-nucleus relative momentum operator and op-
tical potential.

The pion-nucleus propagator is evaluated as follows:
The relatively low-lying intermediate nuclear states are
assumed to be the most important so that the nuclear
Hamiltonian may be replaced by an eftective nuclear en-
ergy which is close to the ground state. This procedure
removes explicit dynamical dependence on the intermedi-
ate nuclear states and is referred to as the closure approx-
imation. It is assumed that the optical potential for pions
scattering on the intermediate (possibly excited) state is
the same as if the nucleus were in its ground state. The
propagation of the pions is described by a finite-range
nonloca1 optical potential which employs large matrices
in coordinate space to express the pion-nucleus potential.
The solution to this linear system of equations (with the
inclusion of the Coulomb potential and appropriate
boundary conditions) gives the pion wave functions. In
the same manner the inversion of the matrix describing
the system (again with appropriate boundary conditions)
provides the Green's function necessary for the evalua-
tion of Eq. (1).

The two single-exchange amplitudes are treated as
operators on the pion-nucleus relative momenta. The
off-shell behavior of these amplitudes is described by
Yamaguichi monopole form factors with a range of 700
MeV/c, while a range of 300 MeV/c was used for the
construction of the optical potential. Double-spin-Hip
amplitudes, whose significant role has been noted by
Bleszynski and Glauber, have been included.

In order to include a correction for pion true absorp-
tion, a pure imaginary term was added to the optical po-
tential of the form 8'p, where p is the nuclear density
(nucleons per fm ). The value of W was determined at
each energy for ' C by comparison of the predicted true-
absorption cross section with the experimental values of
Ashery et al. and Navon et al. ' or with Nakai et al.
Since Ref. 21 contains data on ' C but very little low-
energy data, while Ref. 22 has a fairly extensive set of
low-energy points but only on medium-weight and heavy
nuclei, we have extracted values of 8'as a function of en-

ergy from both of these two data sets. Since there are
discrepancies between the data sets where they do over-
lap (e.g., Al), and since the manner in which the W is
inferred from the true-absorption data is not unique, '

there is considerable uncertainty in the values obtained.
The range of values that are permitted by these pro-
cedures is indicated in Fig. 7. No p-wave term was in-
cluded so that all the pion removal has been lumped into

an s-wave term. However, the resonant nature of the
process is clearly seen as the steep rise with energy. The
normalization of 8'is such that

2coV,b,
= iWp—(r), (2)

where p(r) is normalized such that Jo r dr p(r)=1 and

W( A ) = Wo A, where 3 is the nuclear mass number and
80 is independent of A. To use the data of Ref. 22, the
values of 8' for ' C are obtained by scaling those of Al
by ( 12)2

The final D%'IA calculations used values of 8' that
were near the low end of the range shown in Fig. 7, corre-
sponding to the data of Ref. 21. Since the incident m+

and the outgoing m have roughly the same kinetic ener-

gy in the nuclear interior after allowance is made for the
Coulomb barrier, it is reasonable to use the m+ energy for
evaluating 8' for both the incoming and outgoing pions.
Since closure is used on the intermediate states, the ap-
propriate ~ energy is not well defined. Hence the same
value of W(that for the ~+) was used throughout the cal-
culation.

The nuclear isovector transition amplitudes were ob-
tained from the shell-model calculations of Cohen and
Kurath. The p-shell radial wave functions were ob-
tained as solutions to the Schrodinger equation with a
%oods-Saxon potential whose well depth was chosen to
reproduce the experimental separation energies for the
initial ' C (neutron) and final ' 0 (proton) nuclear states.

50

~30
E

+ 20

20 40 60
(MeV)

80 100 120

FIG. 7. Values of the coefticient 8' of p which represents
pion true absorption. The solid curve is derived from the ab-
sorption data of Ref. 22 and the dashed curve from the data of
Ref. 21.
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2. DRY model results

The results of the microscopic DWIA calculations for
the angular distributions are shown as solid curves in Fig.
8. The short-dashed curves are the results of plane-wave
calculations with the same parameters. The model pre-
dicts a gradual forward peaking of the angular distribu-
tion shape as the energy is raised from 10 to 80 MeV, a
trend that is evident in the data. Although the cross-
section scale is approximately reproduced at the two ends
of the energy range, the calculations fall substantially

below the data in the region between 30 and 60 MeV.
The plane-wave calculations are much less successful in
reproducing the trends with either energy or angle.

The effects of distortion are found to be very significant
throughout the entire energy range. This conclusion is in
agreement with the results of Kobayashi and Karapi-
peris, but is at odds with that of Bleszynsky and
Glauber, who claim a much smaller effect at 50 MeV.
Indeed, the distortion of the intermediate m is found to
be very important, especially in the 30—60-MeV region.
Turning o6' the m distortions reduces the cross sections

x 2

I I

49.2 MeV

~ ~

II

10 MeV

19 MeV

I s

I I l

64.4 MeV

~ s

I)

29.1 MeV

I
1 I

79.5 MeV

I

0 30 60 90 QQ 1M 0 30 60 90 120 150 180
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FIG. 8. Angular distributions for the reaction ' C(m+, m )'"0 (DIAS) at 10, 19, 29.1, 49.2, 64.4, and 79.5 MeV. The curves shown
are obtained from full microscopic D%'IA calculations (solid curves) and plane-wave calculations (short-dashed curves). The dash-
dotted curve at 49.2 MeV represents a DWIA calculation with only a 'So amplitude.
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even further in this intermediate region. The effects of
such distortions are treated in only an approximate "on-
shell" manner in Ref. 7.

The 0' cross sections are shown as a function of energy
in Fig. 9. The solid curve again represents the full calcu-
lation while the long-dashed curve is obtained from cal-
culations in which the double-spin-Aip term is excluded.
This doub1e-spin-Aip term has a relatively small effect
(-20%) at low energies, but makes differences of as
much as a factor of 3 to 4 near 80 MeV. Increasing the
pion absorption will produce worse agreement with the 0
excitation function in the region between 30 and 60 MeV.
It appears, therefore, that important dynamical or struc-
ture effects are not being taken into account in this ener-

gy region.
A clue as to the cause of the disagreements between the

model and the data near 50 MeV is indicated by the
dash-dotted curve in Fig. 9. The corresponding angular
distribution at 49.2 MeV is shown as the dash-dotted
curve in Fig. 8. These curves result from a DULIA calcu-
lation with only a 'So amplitude. This term corresponds
to the maximum- possible correlation between two p-shell
nucleons. This correlation is proportional to the square
of the cosine of the relative angle between the valence
neutrons and leads to a high probability of close XN en-
counters, strongly enhancing the DCX process. Al-
though this calculation is not intended to represent a
proper solution to the problem, it suggests that one may
need to look for additional terms in the model that will
enhance the correlations such as mixed-shell wave func-
tions from an extended shell-model basis or meson-
exchange contributions.

More insight into both distortions and the )VX separa-
tion may be obtained if we divide the DCX transition am-
plitude into its monopole (A) and quadrupole (B) com-
ponents, as was done in Ref. 24. The cross section is then

equal to (k'lk)
~
2 +XB~~, where X depends on the shell-

model configuration (X =1.21 for the Cohen and Kurath
amplitudes, and X =2.0 for the '$0 amplitude) and k (k')
is the initial (final) momentum. In this language, the A
amplitude corresponds approximately to sequential SCX
reactions through the intermediate analog state, while the
8 amplitude corresponds approximately to transitions
though nonanalog intermediate states. In the plane-wave
limit, the A term is not sensitive to two-nucleon correla-
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FIG. 9. Fxcitation functions for the reaction ' C(~+,~ )' 0
(DIAS) at 0. The curves shown are obtained from full micro-
scopic DWIA calculations (solid curve), DWIA calculations
with the double-spin-Aip amplitudes excluded (long-dashed
curve), and DWIA calculations with only a 'So amplitude
(dash-dotted curve).
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FIG. 10. The magnitudes of A, XB, and their relative phase
versus incident pion energy. The meaning of the curves is the
same as for Fig. 9.
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tions and is generally long range, of the order of 2 —4
fm. ' ' The B term contains the principal effects of the
correlations and is of much shorter range, typically about

6, 7, 24

The energy dependences of the A and B amplitudes
and the phase between them, as computed from the
theoretical model used here, are shown in Fig. 10. Again,
the solid curve represents the DWIA calculation, the
short-dashed curve the plane-wave calculation, and the
dash-dotted curve the DWIA calculation with only the
'So term. In each case, the A amplitude is large at low
energies, has a minimum near 50 MeV, and rises slightly
at higher energies. The B term has an inverted behavior
and is comparable to the A term near 50 MeV. Distor-
tion has the effect of reducing the A amplitude below 50
MeV and raising it between 50 and 80 MeV; it has an op-
posite effect on the B term. The importance of the B
term is strongly enhanced near 50 MeV when only the
So amplitude is used, illustrating the fact that this ampli-

tude maximizes the correlations between the two valence
nucleons.

V. SUMMARY AND CONCLUSIONS

We have presented here the most complete study of
low-energy DCX cross sections now available on a single
nucleus. The measurements extend to a lowest energy of
19 MeV where the 0' cross section was found to be ap-
proximately half of that at 50 MeV. The forward-angle
DIAS excitation function for ' C is now well mapped out
from 19 to 300 Me V. Phenomenological isospin-
dependent optical-potential calculations are shown to be
capable of giving a good description of the data between
29.1 and 64.4 MeV, but require the use of an isotensor
term that simulates the effects of transitions through
nonanalog intermediate states or other short-range corre-
lations.

The microscopic second-order DWIA calculations
presented here account in general for the shapes of the

angular distributions, but the magnitude and energy
dependence of the 0 cross sections is not well repro-
duced. The effects of distortions, including those of the
intermediate m, are found to be important at all energies.
Contributions from a double-spin-Aip term are found to
increase rapidly with energy and cannot be disregarded.
Pion true absorption is also found to be important, but is
not well constrained by existing data.

In view of the disagreement between the microscopic
DWIA calculations and the data between 30 and 60
MeV, we must conclude that important physical effects
are still missing from the model. The sensitivity to the
angular structure of the nuclear wave functions suggests
that the solution may involve short-range correlations of
the two nucleons that are not treated in the present calcu-
lations. Thus, amplitudes from the s-d shell in an ex-
tended shell-model description of nuclear structure may
provide additional correlations. Alternatively, dynamical
possibilities include the effects of meson-exchange terms
which involve the charge-exchange scattering of the in-
cident m+ with a virtual ~ from the nuclear medium.

The study of exclusive DCX reactions at pion energies
between 20 and 80 MeV is thus an excellent means for
probing nucleon-nucleon correlations in nuclei which
produce large effects in the DIAS cross sections. The
discrepancies observed here between the data and the mi-
croscopic DWIA calculations require additional experi-
mental and theoretical studies. Such investigations
should enable one to determine whether pion charge-
exchange reactions can be described within a convention-
al framework of nucleons and mesons or will require ex-
otic degrees of freedom.
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