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Lowwnergy pion double charge exchange on Ca isotopes
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DifFerential cross sections for the double-isobaric-analog-state transition in the ax~Ca(n+, n )
reactions were measured at an incident energy of 35 MeV and 40'. The 42Ca cross section
(2.0~0.5 ttb/sr) is nearly as large as those of the lighter T 1 nuclei and only slightly smaller
than that previously measured for ~Ca (2.4+0.7 ttb/sr). The cross section for ~Ca (1.1 ~0.3
pb/sr) is half of this amount. These results are surprising when compared with simple expecta-
tions and point to the importance of the nonanalog route contribution at low energies.

Pion doublewharge-exchange (DCX) transitions to
double-isobaric-analog states (DIAS) are of fundamental
interest since the process must involve at least two nu-
cleons in order to conserve charge. These reactions are
therefore directly sensitive to the magnitude and nature of
two-nucleon correlations in nuclei. Earlier theoretical
work' 3 has pointed to the particular sensitivity of low-
energy DCX reactions to the short-range properties of
these correlations.

Previous measurements of DIAS transitions at 50
MeV on the T 1 nuclei '4C, 'sO, and ssMg showed that
the angular distributions and the 0' cross sections are
nearly nucleus independent. It was therefore expected
that the ~Ca DIAS cross section would be the same as for
the other T 1 nuclei, while that for 4sCa would be sub-
stantially larger due to its greater number of uncorrelated
neutron pairs. In contrast, a recent measurement of the
4sCa DIAS cross section at 35 MeV showed it to be about
equal to that of the T 1 nuclei. s

In view of this unexpected result, we have measured the
DIAS cross sections for 42Ca and ~Ca. The data point to
a large role of nonanalog intermediate states and are con-
sistent with recent theoretical treatments of DCX reac-
tions in which shell-model correlations are explicitly in-
cluded. s

The measurements were made at an incident beam en-
ergy of 35 MeV and a scattering angle of 40' using the
Clamshell spectrometer on the lowwnergy pion channel at
the Clinton P. Anderson Meson Physics Facility
(LAMPF). The Clamshell spectrometer is a single-
dipole magnetic spectrometer with nonparallel pole faces,
a flight path of about 2 m, and a solid angle of -40 msr.
After passing through a 1.6-mm scintillator, the outgoing

pions were momentum analyzed in the magnetic field and
were detected in an array of three scintillators of
thicknesses 6.4 mm, 6.4 mm, and 10.2 cm, and two
preceding X-Y drift chambers in the focal plane. The
drift chambers were used to determine the trajectory, and
hence the momentum, of each particle. Since the pions
stopped in the scintillators, their total stopping energies
were also determined from the measured pulse heights.
The event trigger was provided by a coincidence between
the scintillator at the entrance of the spectrometer and the
first scintillator in the focal plane.

The DCX capability of the Clamshell rests upon the re-
jection of background events with low pulse heights in the
first two scintillators (primarily electrons) and the selec-
tion of proper time of Bight between these scintillators.
Further reduction of background was accomplished using
a comparison between the determinations of the pion en-
ergy from the trajectory in the magnetic field and the total
stopping energy. The software cuts on time-of-Bight and

stoppinlI energy were determined from tt elastic scatter-
ing on 2C with the same outgoing energy as the DIAS
transitions. Since the tt from DCX will star upon stop-
ping the cut was opened from that for tr+ at large stop-
ping energy.

The acceptance of the spectrometer across the focal
plane was determined by measuring the yields of tt+ elas-
tic scattering from '2C as a function of magnetic field
strength. Relative pion fluxes were measured by means of
a toroidal current monitor through which the primary pro-
ton beam was passed. The absolute cross sections were
determined with respect to tt+ elastic scattering from
12C 7

The Ca target consisted of two 5.15&5.15 cm plates
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of CaCO3 with polystyrene binder. The total areal densi-

ty of the two plates was approximately 0.805 g/cm, of
which 0.286 g/cm was Ca (93.65% enrichment). The
~Ca target was a single 5.0x10.0 cm plate of CaCO3
with polystyrene binder. The total areal density of this
target was approximately 1.564 g/cmz of which 0.422
g/cm was Ca (98.44% enrichment). The energy at the
center of the targets was 33.6 MeV for Ca and 32.0
MeV for Ca.

The Q values for the DIAS transitions on the calcium
isotopes are essentially equal. The DIAS transition on
2Ca proceeds to the ground state of zTi, with a Q value

of —12.40 MeV. In the case of Ca, the ground-state Q
value is —2.90 MeV while that for the DIAS is —12.33
MeV. Thus, the DIAS appears at an excitation energy of
9.44 MeV in Ti. For +Ca, the ground-state Q value is
5.29 MeV and the DIAS Q value is —11.84 MeV and the
peak appears at an excitation energy of 17.13 MeV. The
measured spectra for the three calcium isotopes [A 42,
44, and 48 (Ref. 5)j are shown in Fig. 1. The observed
structures appear at the expected position in the spectra
and are consistent with the shape of a single peak. The
widths of the peaks are the result of the energy resolution
and are dominated by energy-loss straggling in the tar-
gets. It is clear that for Ca the overall energy resolution
is not enough to distinguish the DIAS from the nearby
nonanalog transitions. Nevertheless, within the errors dis-
cussed later, there are several reasons that justify assign-
ing the full strength of the observed peak to the DIAS
transition. First, the energy resolution and shape of the
peak are consistent with what is expected from a single
peak located at the expected DIAS excitation energy.
Second, as can be deduced from the other two spectra as
well as from measurements with better energy resolution
on '~C, the nonanalog final state strength at this energy
is small.

The measured differential cross sections are given in

Table I. The cross sections were calculated by integrating
the area of the observed peak after the background was
subtracted. The background was assumed to contribute
one count per channel. The statistical uncertainties are
13% for Ca and 11% for Ca. The systematic uncer-
tainty of 16% is dominated by errors from normalization
to the elastic scattering (11%), background subtraction
(4%), acceptance correction (5%), and the software cuts
(10%). The total uncertainties are about 25% for 4zCa

and 20% for ~Ca. The relative uncertainties appropriate
for comparing the different isotopes are smaller and are
given in the table.

The Ca cross section is nearly as large as those of the
light T 1 nuclei. Although much of the data for the
lighter nuclei is about 50 MeV it has been seen that the
cross sections for ' C and 'sO are fairly constant in the 30
to 50 MeV energy range, so a comparison of this 35 MeV
data with the 50 MeV data on lighter nuclei is not un-
reasonable. This result establishes that the A dependence
of low-energy DIAS cross sections for T 1 nuclei from
' C up to Ca is very weak. The differential cross section
for sCa is only slightly larger than that for zCa and that
for Ca is only about half of this amount. These results
are surprising when compared to the simple expectation
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that the DIAS cross section will increase as the total num-
ber of excess neutron pairs is increased.

One may compare our results with those from the (p,t)
reaction within a model in which a J 0 neutron pair is
converted to a proton pair. The DCX cross sections would
then be proportional to the square of the ground-state
(p,t) cross sections for the same target. Since the latter
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FIG. 1. Missing mass spectra for DCX reactions on ~ Ca
at 35 MeV and 40 . The ~Ca data are from Ref. 5.
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Isotope
T+

(MeV)
der/do
(pb/sr)

Relative uncertainties
(pb/sr)

4'Ca

Ca
"Ca

33.6
32.0
34.2

2.0+'0.5
1.1 +' 0.3
2.4+ 0.V'

(~ o.3)
(~ o.is)
(+ o.6)

'Kinetic energy at the center of the target.
Relative uncertainties appropriate for the isotopic comparison.

'Reference 4.

are known to be approximately in the (f7/2)" shell-model
iatio of 1:1.5:1 for the three calcium isotopes, the corre-
sponding (x+,x ) cross sections would then be, within
this simple model, in the ratio 1:2.25:1. Although the
near equality of the 2Ca and 4sCa cross sections is
correct, the ratio for ~Ca is inverted from the data.

The forward-angle DIAS excitation functions for
s2 ~ 4sCa are displayed in Fig. 2. Contrary to the data at
low energies, at high energies the Ca cross section is
much larger than for 4zCa and that for Ca is between
the 2Ca and 4sCa values. At these high energies the
DIAS transition is thought' to proceed predominantly by
sequential scattering through the intermediate isobaric-
analog state (IAS). At energies near 50 MeV a nearly

10
l t l I

~ Ca (e+ ~) Tl {DIAS)

4 aca (~+g-)~~Ti (DIAS)

~ Ga (e+,~-) Ti (DIAS)

fO
1.0

TABLE I. The measured laboratory cross sections for the
calcium isotopes at a laboratory scattering angle of 40'.

complete cancellation between x —N s and p waves pro-
duces a deep minimum in the forward-angle SCX cross
sections to the IAS on nuclei. ' This leads to a suppres-
sion of the analog route for the DIAS transition and a cor-
responding increase in the importance of transitions
through nonanalog intermediate states.

Our results can be understood in terms of the shell-
model description of DIAS transitions given recently by
Auerbach, Gibbs, and Piasetzky. The model is restricted
to seniority-zero initial and final states within a single j
shell. The DIAS cross sections can be represented in
terms of two amplitudes A and 8 by the expression

do n(rt —1) (2j+3—2n)
d 0 2 (n —1)(2j—1)

The A term represents the L 0 multipolarity of the two-
body transition operator, while the 8 term represents sums
over all Lse0 even multipoles. The 8 term vanishes in the
absence of two-nucleon correlations and, in that case, the
A term largely corresponds to sequential single-charge-
exchange transitions through the IAS.s The factor in
front of the 8 term is +1 for 2Ca, + —,

' for ~Ca, and
——,

' for 4sca.
The atnplitudes A and 8 are complex. Therefore, three

data points are required to empirically determine their
values to within an overall phase. We have extracted
values from the present 35-MeV data and these are given

in Table II. These phenomenological A and 8 values are
not physically unreasonable as confirmed by the prelimi-

nary results of plane-wave impulse calculations by Kauf-
mann and Gibbs. '4 The magnitude of 8 is nearly four

times that of A. However, the weighting factor for the 8
term greatly suppresses its infiuence on the Ca and Ca
transitions, whereas for zCa the 8 term dominates the
cross section. Thus, this model off'ers a natural explana-
tion for the seemingly anomalous cross-section ratios
across the Ca isotopes and supports the explanation that
the relatively large Ca cross section is due to a much

larger role of short-range nucleon-nucleon correlations for
this nucleus.

In summary, the cross sections for pion DCX reactions
on the calcium isotopes at 35 MeV are not monotonically

increasing functions of the total number of excess neutron

pairs. Instead, the data require a treatment of shell-model

correlations. A seniority-zero model of j" configurations

can produce agreement with the present data. The data
we have presented point to the energy region, near 35
MeV, where nonanalog intermediate state contributions
are especially important, and where further studies, both
theoretical and experimental, should be performed. Such
studies will improve our understanding of the reaction
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300 TABLE II. Empirical magnitudes of the A and 8 amplitudes,
and the relative phase angle p between them.

FIG. 2. 42Ca, ~Ca, and ~Ca cross sections at forward angle
vs incident pion energy from 35 to 290 MeV. The lines are to
guide the eye. The 35 MeV data is at 40 . The 42Ca data
above 3S MeV are from Ref. 10 and the Ca data from Ref. 11
(for a laboratory scattering angle of S ').
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mechanism and the correlations between the neutrons that
undergo the transition.
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