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We present differential cross sections for t3C(sr+, vr )'30(g.s. ) and t3C(n+, 7r )'30(4.21 MeV ) near

the b, 33 resonance. The former exhibits a slowly varying angular distribution between 0' and 50', but the

excited state angular distribution shows diffractive features observed formerly only in J"=0+ to 0+ non-

analog double-charge-exchange reactions,

Most angular-distribution and excitation-function data for
(7r+, 7r ) near the 533 resonance are of the type J;"
= Jf"= 0+. Nonanalog double-double-exchange (DCX)
data on odd A nuclei are limited. The angular distributions
and excitation functions for (tr+, vr ) DCX on T=0 target
nuclei exhibit a common set of features. ' The angular dis-
tributions are forward peaked and possess minima con-
sistent with a (strongly absorptive) diffractive process. The
excitation functions peak at T„=160 MeV and have widths
of approximately 70 MeV, and the target mass dependence
is roughly A ~~ for 12~A ~56. No measurements for
A & 56 have been reported. These characteristics are con-
trasted with the irregular mass and energy dependence, and
nondiffractive angular distributions for DCX on T ~ 1 nu-
clei leading to the double isobaric analog state (DIAS).'3
Some of the analog data have been explained by
phenomenological second order calculations, 4 second order
calculations including core excitation effects, or the in-
terference of an analog and nonanalog amplitude. Howev-
er, the first two approaches do not simultaneously address
nonanalog DCX data.

It became of interest to measure DCX cross sections on
' C, an odd-A target for which data on the neighboring iso-
topes ' C and ' C would also be available. The present ex-
periment on ' C was performed at the Energetic Pion Chan-
nel and Spectrometer7 (EPICS) at the Clinton P. Anderson
Meson Physics Facility. A dipole magnet was installed after
the target, with B perpendicular to the scattering plane. s

This DCX modification to EPICS separates positive from
negative pions in the scattered beam by 20', facilitating
measurements of forward angle cross sections. The

geometry of the targets with respect to the dispersed in-
cident beam is described in Refs. 2 and 8, and the "C data
reported here were collected simultaneously with the
t~C, 26Mg(sr+, m )t~0, 2sSi measurements reported in Ref.
2.

Two ' C targets of 90'/o isotopic purity were used. The
thick target (1489 mg/cm') was used for all of the new
measurements reported. The thin target (706 mg/cm') was
included for the measurements at T = 292 MeV and was
analyzed separately from the thick target data. The cross
sections at 292 MeV are weighted averages of yields from
the thick and thin targets. Normalization of the data was
obtained by measuring tH(sr+, sr+) yields at 50', and com-
paring them to cross sections calculated from the phase shift
analysis of Carter, Bugg, and Carter. 9 The error bars plot-
ted in Figs. 2 and 3 include only the statistical uncertainties
of the DCX and 'H(7r+, 7r+) peak areas. The overall nor-
malization is accurate to +10'/().

Resolutions of missing mass spectra for the thick and thin
targets are 0.9 and 0.5 MeV full-width at half maximum
(FWHM), respectively. Two spectra, containing all data col-
lected with the thick target at T„=164 and 292 MeV, are
shown in Fig. 1. The onset of particle instability —' N+p
and "C+2p above E„=1.53 and 2.12 MeV —is evident in
the spectra. Little else is known about the nuclear structure
of ' O. The T =164 MeV spectrum shows evidence for an
excited state at E„=2.75 +0.04 MeV, in agreement with the
'30 spectrum measured with the t2C(p, 7r )'30 reaction, ta

where a state has been observed at 2.82+0.24 MeV. Our
164 MeV spectrum shows an enhancement at 6.02+0.08
MeV, with a FWHM of 1.2 MeV and may be due to the ex-
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FIG. 1. Missing mass spectra for ~3C(m+, 7r )t30 at T„=164
(top) and 292 MeV {bottom), measured with the target of areal
density 1489 mg/cm2. The spectra are the raw number of counts
summed over all angles for which data were taken and are not
corrected for spectrometer acceptance as a function of outgoing pion
momentum.

citation of more than one state. The state at 4.21 MeV is
the only one to have a large enough cross section to facili-
tate the extraction of an angular distribution —the existence
of the continuum background prevents a reliable determina-
tion of peak areas for the more weakly excited states. There
is no evidence for any of these excited states in the 292
MeV spectrum.

The excitation functions for '3C(m+, m. )'30(0.0 MeV,
4.21 MeV) are shown in Fig. 2. The ' O(g.s.) excitation
function decreases by a factor of 2.5 between 119 and 180
MeV and the new datum at 180 MeV agrees well with the
previous measurement of Ref. 11. The cross sections at
T =164 and 292 MeV are roughly equal, in contrast to the
excitation function for the only other nonanalog BCX
measurement on a T = T target, "'2 9Be(m +, n )9C(g.s.),
which monotonically decreases by a factor of 8 between
T =140 and 295 MeV. In a simple shell model, the
98e(m +, m )9C(g.s.) reaction can proceed via

~ (p3/2 ) 7r (p3/2 ) ~ (p3/2 ) 7r (p3/2 )

while the '3C(m+, vr )"O(g.s. ) reaction must necessarily
change the orbits of nucleons. In the latter reaction, the
relatively large cross section at T =292 MeV is a feature
common to analog DCX excitation functions, while the
9Be(7r +, vr )9C (g.s. ) excitation function resembles those
for (ground state) to (ground state), AJ=O, nonanalog
BCX on T = 0 targets. These features of the data are indi-
cative of interesting nuclear structure or momentum depen-
dence effects.

The excitation function for the E„=4.21 MeV state gives
only upper limits for the cross sections at 119 and 292 MeV
and at 164 MeV exhibits cross sections about twice as large
as that of the transition to the ground state. The energy

O.Q1
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FIG. 2. Excitation function for '3C(7r+, m ) t30(g.s.) for which
the square is from Ref. 11 and the circles are from this work. The
dashed line serves to guide the eye. The crosses are for
t3C(n+, a )'30(4.21 MeV). The solid line is a Breit-Wigner
parametrization of the '2C(m+, 7r )'20(g.s. ) cross sections (Ref.
1), with a width and peak position of 60 and 178 MeV, respectively.
The curve has been scaled down to the '3C(7r+, m. )t30(4.21
MeV) excitation function.

dependence is similar to that measured for '2C (m. +,
)"O(g.s. ) (Ref. 1) as shown in Fig. 2, and

'4C(7r+, n )'40(5.9 MeV) (Ref. 2). Cross sections report-
ed for the latter, a reaction ~here a low lying 0+ state is
strongly excited in addition to the BIAS, are due primarily
to the 02+, 5.92 MeV state. Unfortunately, the resolution of
the spectra in Ref. 2 prevented good separation of that state
from the neighboring 3, 6.27 MeV state.

The 4.21 MeV state cross section at T =164 MeV does
not agree with the experimental A 4~3 mass dependence of
nonanalog DCX on self-congugate targets: a-(5') for the
' O(4.21 MeV) is 0.50 +0.07 times that of the best fit A

parametrization of the data in Ref. 1.
Figure 3 shows the angular distributions for "C(m+,
)'30(g.s.). At 164 MeV, the 0' and 50' cross section

are roughly a factor of 2 lower than cross sections for
5' ~ 9 ~ 40 . Other than this feature there is no strong an-
gular dependence. At 292 MeV, da/dQ is roughly con-
stant for 0'~ 0 ~ 41', and is decreased at 50 . We note
that for the (ground state) to (ground state) transition,
J&"=T and Jf = ~, which allows for the contribution ofe 3

AJ=1 and 2 processes in this transition. More than one
multipole can also contribute to the 9Be(sr+, rr )9C(g.s.)
reaction, for which the angular distribution at T =162
MeV is slowly varying for 5 ~ 0 ~ 36', and has a shallow
minimum near 22 . Since the ground state angular distribu-
tions for both Be and ' C are not forward peaked, and the
excitation functions differ, comparison of their 3 depen-
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FIG. 3. Angular distributions for t3C(rr+, m )i30(g.s. ) are simi-
lar in shape and magnitude at both 164 (circles) and 292 MeV
(crosses). The curves are a. (q) = Nl) (qR) e s", fit to the
'3C (ir+, 7r ) '30(4.21 MeV) data (squares). The long dashed
curve is a best fit to the data: 8 =3.0+0,8, d=0.1+1.1 fm,
X2=0.77, and N=0.39 pb/sr. The short dashed curve has R =2.95
fm, d = 0,61 fm, calculated from the two-tenths density point of a
harmonic oscillator electron scattering parametrization (Ref. 14) of
the charge distribution.

The angular distribution (see Fig. 3) for the E„=4.21
MeV state is clearly forward peaked. The decrease in
da/dQ between 0' and 30' is similar to that observed for
the '2C(m+, m )'20(g.s. ) reaction' at 164 MeV. The data
can be represented by the eikonal form" Jf (qR) e
where q is the momentum transfer, R a suitable nuclear ra-
dius, and d the nuclear surface diffuseness. Figure 3 shows
curves of damped Bessel functions, one with R and d
chosen to best fit the data, the other with R and
d(d= p/p') evaluated at the To- density point of the '3C

charge density, calculated from an electron scattering
parametrization. '" All nonanalog DCX transitions on T = 0
target nuclei have the transition to the ground state being
the strongest transition in the spectrum at forward angles.
In the case of t3C(rr+, 7r )'30, the transition to the 4.21
MeV state dominates at forward angles —in angular and en-
ergy (but not mass) dependence it fits in with nonanalog
DCX on self-conjugate target nuclei.

In conclusion, the t3C(m+, m" )'30(g.s. ) angular distribu-
tions vary slowly between 0' and 50'. The excitation func-
tion distinguishes itself from other nonanalog DCX (ground
state) to (ground state) transitions in that the excitation
function is not peaked near 160 MeV.

The transition to the E„=4.21 MeV state exhibits
features common to 5J= 0 nonanalog DCX reactions. The
excitation function is peaked near 160 MeV and the angular
distribution at 164 MeV has a simple diffractive shape, with
a minimum consistent with the strong absorption radius.
The similarities of the "C(m. +, 7r )"O(g.s.), "C(~+,

)'30(4.21 MeV), and '4C(7r+, 7r )'"O(5.9 MeV) reac-
tions cause us to speculate that the "O(4.21 MeV) state has
J"= ~, thus allowing the reaction to proceed via a 5J= 0m

process. Shell model calculations' using a Cohen-Kurath
p-shell effective interaction' predict the existence of a ~
state at E„=4.0 MeV. Calculations of two-body isotensor
matrix elements between these initial and final states are
underway, and may shed light on the reaction mechanism of
nonanalog double-charge exchange.

dence for 0+ to 0+ nonanalog DCX reactions is difficult.
Comparisons should be made through angle-integrated cross
sections, but existing nonanalog data are limited to
0'~ e ~ 50'.
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