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Nonanalog 4**4Ca(n*, w~)4044Ti(g.s.) reactions at low energy
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We present results of measurements of the forward-angle cross sections for pion double charge
exchange on *°*%Ca to the nonanalog ground states of *®***Ti at incident pion energies from 35 to
80 MeV. The data indicate that a substantial contribution to these cross sections arises from core

polarization and/or cross-shell transitions.

PACS number(s): 25.80.Gn, 27.40.+z

The observation of a large cross section and a forward
peaked angular distribution for pion double charge ex-
change (DCX) to the double isobaric analog state (DIAS)
in the reaction C(n*,77)140(g.s.) at 50 MeV was un-
expected [1,2]. It had been thought that the destruc-
tive interference between the s and p partial wave ampli-
tudes in pion-nucleon single charge exchange would re-
sult in a small cross section with a flat angular distribu-
tion. An excitation function and angular distribution at
low energy for the reaction *2C(n+, m~)*20 showed that
the features seen in the analog transition persist in the
nonanalog case [3]. A later experiment at low energy on
calcium isotopes [4,5] demonstrated gross violation of the
scaling of DIAS transitions with the number of pairs of
excess neutrons, o « 1(N—Z)(N—Z—1), which holds at
higher energy [6]. Other results of DIAS studies at these
low energies have demonstrated that DIAS cross sections
are approximately equal on all nuclei and rapidly energy
dependent. The nonanalog 20 cross section is signifi-
cantly smaller (~ 1) than the analog %O(g.s.), but still
quite large. These results have intensified interest in the
nuclear structure aspects of DCX. In particular, since
the DCX operator is in the simplest case a two-nucleon
operator, and since we are primarily concerned with tran-
sitions to the ground state and to the DIAS, it suffices
(in the case of even-even nuclei) to consider a scalar two-
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nucleon operator [7,8]. For this reason it has been possi-
ble to reapply to this problem the well-understood tech-
nology which was first developed to explain the properties
of nuclear ground states [9].

Following Ref. [8], if we consider 0%, v =seniority =
0 states of pure configurations in a single active shell,
the DCX amplitude at a given angle and energy is shown
to be a linear combination of a monopole amplitude and
a multipole one, denoted A and B, respectively. The
coefficients of these amplitudes are known functions of
the neutron and proton numbers of the target and the
isospins of the initial and final states. So if one knows
|A| and |B| and their relative phase at some angle and
energy, it is then easy to write down the cross sections for
all the g.s. and DIAS transitions (subject to the restric-
tions specified above) for all the nuclei in the specified
shell at that angle and energy. The coefficients of A and
B are such that B alone contributes to nonanalog tran-
sitions, and the DIAS transitions scale with the number
of neutron pairs only if B = 0.

So far the seniority model has had reasonable success
in explaining several of the features seen in the data. We
note two exceptions. First, this two-amplitude model
has trouble fitting DCX data for the f7,; shell nuclei at
high energy (292 MeV [10,11] and above [12]). One can
greatly improve the fits by excluding either the nonanalog
ground-state transitions (whose cross sections are very
small) or the *2Ca DIAS point (and thus allow |B| <<
|A]). Second, the dynamical calculations based on the
model agree only qualitatively with the data, even when
the calculations are corrected for the fact that the states
contain nonzero seniority components.

We have measured forward-angle differential cross sec-
tions for the DCX transitions from %°Ca and 4*Ca to
the nonanalog ground states of 4°Ti and 4*Ti. We con-
sider whether the discrepancies noted above can arise be-
cause of the presence of amplitudes not included in the
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TABLE I. Cross sections for *>**Ca(n™, 7~ )****Ti (g.s.)

205, 4,
Tr (MeV) 0 (deg) do /dQ (ub/sr) T (MeV) 0 (deg) do/dQ (pb/sr)
49.09 30 0.44+0.16 31.99 30 0.92+0.30
50 0.41+0.13
47.54 30 1.4+0.2
64.19 30 0.60+0.16
62.83 30 0.20+0.14
79.26 30 0.38+0.13
78.01 30 0.18+0.11

seniority-model calculations. These are the first mea-
surements, at these low incident pion energies, of the g.s.
transition on 4°Ca. Limited g.s. data exist for 448Ca
[13]. Of course, the simple seniority model mentioned
above does not apply to “°Ca, because the dominant
transitions are expected to be of cross-shell character,
ie. [for (v*,77)], v(sd)? — =(fp)%. Other contribu-
tions can arise from core polarization of the “°Ca(g.s.),
viz., 7(sd)™2 — v(sd)~2 or v(fp)? — w(fp)?. These are
of in-shell type, but by isospin selection rules, their rela-
tive phase should make them destructive. In 44*8Ca on
the other hand, in-shell transitions of the type v( f; /2)2 —
7r(f7/2)2 are allowed, and are expected to dominate.

The experiment was performed at the low-energy pion
channel (LEP) of the Clinton P. Anderson Meson Physics
Facility (LAMPF), using the Clamshell magnetic spec-
trometer. Tracking information is obtained from a set of
four drift chambers. Timing and differential energy loss
signals are provided by thin plastic scintillators S1, S2,
and S3. These are followed by four 1 in. thicknesses of
scintillator, S4 — S7, so that more complete differential
energy loss data may be obtained.

For the pion energies of interest in this experiment
nearly all the negative outgoing pions are stopped in the
scintillator stack, whereas the electrons pass through all
the scintillators with small energy loss. A negative pion
usually produces “stars” at the end of its trajectory, and
so it is desirable to identify the pions using energy loss
in the lower scintillators (S2 — S5, depending on pion
energy). However, the pion energy loss peaks are over-
whelmed by the Landau tails of the electron peaks in
these detectors; the time of flight peak is swamped as
well. Our first step therefore is to reduce the background
of electrons using a tight veto cut on the electron energy
loss peak in the upper detectors, S6 and S7. The elec-
trons are thereby suppressed by a factor of roughly 20
with negligible loss of pion counts. The pion and muon
peaks in the time of flight and differential energy loss
histograms are now clearly visible, and the final cuts are
easily made. We emphasize that pion identification is
made without using energy loss measured near the ends
of the pion trajectories. We thereby avoid the problem
of stars in the stopping detector.

Once the pions are identified, the drift chamber effi-
ciency can be calculated. It was found to be essentially
100%, and so no correction has been applied. We believe
that our identification algorithm is also close to 100% ef-
ficient. Corrections have been made for acceptance and

in-flight decay of scattered pions, but since we normalize
our cross sections by measuring known elastic scattering
cross sections, these corrections (typically within 20%)
nearly cancel in the ratio.

Ground-state DCX cross sections were measured at a
laboratory angle of 30° and three incident pion energies,
viz., 50, 65, and 80 MeV, for targets of “°Ca and *‘Ca.
An additional measurement was made at 35 MeV and
30° for 44Ca, and at 50 MeV and 50° for 4°Ca. The
40Ca target consisted of six sheets of natural calcium
metal (98.94% 4°Ca), 0.597 g/cm? in total areal density.
The #*Ca target was a solid block of **CaCOj3 (enriched
at 98.4% in **Ca) powder held together with a plastic
binder. The total area density was 1.5 g/cm?, of which
0.99 g/cm? was CaCOj3. Hence, the 4Ca areal density
was 0.414 g/cm?. Relative cross sections were obtained
by normalizing to the current in a toroid surrounding the
primary proton beam. Absolute cross sections were ob-
tained by measuring, in the same manner, elastic scatter-
ing of 7% from 2C at each T, and comparing with known
values of these cross sections. For 44Ca, whose Q value is
near zero, the target angle was set at one-half the scat-
tering angle. For 4°Ca, with a large negative Q value, we
used Oigy = Oscat, in order to minimize energy loss of out-
going pions. Thus, cross sections in Table I are listed for
T (center of target)= T} (channel) — AE 4 (Tyx)/2 cos Oyg-

The resulting differential cross sections are given in Ta-
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FIG. 1. Cross sections at 30° from the present work for
double charge exchange on **Ca (solid circles) and *°Ca
(crosses) leading to ground states of **Ti and *°Ti, respec-
tively.
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FIG. 2. Momentum weighted cross sections vs mean ki-
netic energy. Ordinate is |M [ = (ki/ks)do/dQ, where k’s
are momenta; abscissa is T = (T; + T%)/2 =T: + Q/2.

ble I and are plotted in Fig. 1. Three aspects of the data
are noteworthy. First, the cross section for the double
closed shell 4°Ca target is not small compared to that for
the #4Ca target. Second, the 4*Ca excitation function
falls sharply at the higher energies. Third, both excita-
tion functions seem to peak in the energy range measured
in this experiment. In order to remove the kinematic ef-
fects which arise from the different (nuclear) @ values
(—2.9 MeV for #4Ca, —24.8 MeV for “°Ca), we replot the
low-energy data in Fig. 2 in the form

2 k,’ do
(D) = 3 @,
where T; is the initial pion kinetic energy, T = T; + %Q,
and k; (ky) is the initial (final) pion momentum. The
data sets bear a somewhat closer resemblance when plot-
ted in this way, in both energy dependence and overall
magnitude.

Recall that in the simplest models, the ¢Ca cross sec-
tions involve only f;/; nucleons, whereas (again in the
simplest models) *°Ca involves only cross-shell terms.
The substantial cross section on 4°Ca demonstrates the
importance of including cross-shell contributions, per-
haps even for 44Ca.

We might consider whether an amplitude of the mag-
nitude which describes the observed
40Ca(nt,7~)*°Ti(g.s.) cross section can be combined
with a calculated amplitude for **Ca(xt,7~)**Ti(g.s.)
to yield the experimental value for the latter reaction.
As just noted, there is some ambiguity because of the
different Q values. Because the °Ca cross section varies
fairly slowly with energy, these corrections are not criti-
cal. We assume that the kinematic conversion is as given
above. The Q-corrected 4°Ca and 44Ca, cross sections are
now for different values of the mean kinetic energy T (see
Table II). We fit a parabola through the *°Ca data for
the purposes of interpolation.

Because we have only one constraint on a single vari-
able, it is not surprising that it is possible to find a solu-
tion. Of course, the relative normalization of the “4°Ca-

51 NONANALOG “*Ca(z*,77)**Ti(g.s.) REACTIONS . .. 667

TABLE II. Momentum weighted cross sections as a func-
tion of mean kinetic energy.

|M|** (u b/sr)

T (MeV)® °Ca *Ca
30.5 0.94+0.31
36.7 0.51+0.18
46.1 1.3740.23
51.8 0.70+0.22
61.4 0.21£0.15
66.9 0.45+0.14
76.6 0.21+0.12

| M)? = (ki/ks)3Z, where k; and ky are, respectively, incom-
ing and outgoing pion momenta.

PT = (T: + T5)/2 = T: + Q/2, where Q = —2.9 and —24.8
MeV for **Ca and *°Ca, respectively.

like” amplitude in #¢Ca is not known. However, if it con-
tributes with the same normalization in #Ca as in 4°Ca,
it is obvious from Fig. 2 that this amplitude is larger in
44Ca than the f;/; one. With this normalization and a
relative phase of 0° between the two, the resulting f7,,

amplitudes for ‘Ca(g.s.) are (in 4/pb/sr) 0.42 + 0.16,
0.34 + 0.10, at T of 30.5 and 46.1 MeV, respectively.
Thus, in this analysis, the f7/; contribution to the mea-
sured 44Ca cross sections at these two energies is only
(18+14)% and (9+5)%. Larger error bars at the upper
two energies preclude a meaningful extraction, but the
f7/2 amplitude would need to be quite small there.

Alternatively, we can take the fZ predictions for #4Ca
from Ref. [8] and ask by what factor must the second
(i-e., °Ca) amplitude be multiplied in order for the sum
of the two amplitudes to fit the present “*Ca data. The
result is about %, with a relative phase near 0°.

If both amplitudes (the measured one for *°Ca and the
f7/2 one from Ref. [8]) are allowed to be scaled, we find
that the measured **Ca cross section is describable as
having approximately equal contributions from the f7/2
amplitude and the core amplitude. If the relative phase is
90°, no rescaling is necessary, while if the relative phase
is 0°, each amplitude needs to be rescaled by a factor of
about 0.7. Of course, a more serious microscopic treat-
ment of these processes is desirable, one in which the in-
shell (fz/2 — fr/2) and cross-shell (sd — fp) transitions
are treated on an equal footing.

Finally, we note that these g.s. cross sections are larger
than those for 12C [at the upper two energies the average
value of 0(%°Ca)/o(12C) is 2.22 + 0.58], implying that
nonanalog cross sections do not decrease with A of the
target. This behavior is contrary to that observed at
resonance energies, where o goes a A=4/3,
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