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For (rr+, rr ) double charge exchange on Al, an excitation function at 5' has been measured

over a range of incident pion energies from 100 to 293 MeV for transitions to both the ground state
and to a doublet at 1.?5 MeV of excitation in the final nucleus P. The shapes of these excitation
functions are strikingly di8'erent, with the g.s. data exhibiting an interferencelike dip near 150 MeV
and the excited state falling smoothly above 150 MeV.

PACS number(s): 25.80.Gn

I. INTRODUCTION

The pion double charge exchange (DCX) reaction lead-
ing to discrete final states has been studied extensively
over the A33 resonance region. Those data, consisting
of 5' excitation functions and, for several nuclei, forward
angular distributions, permit categorization of the ex-
hibited DCX trends in excitation function and angular
distribution by the character of the transition. All ex-
isting DCX data to low-lying final states may be sepa-
rated into three classes: (1) double isobaric analog tran-
sitions (DIAT); (2) nonanalog ground-state —to—ground-
state transitions with 1, = Jf ——0+ (NA I), and the
remaining nonanalog transitions (NA II) which include
data &om T =

2 targets and transitions to excited states
&om T = 0, 1 targets. The DIAT and NA I transitions
have well-defined, contrasting systematics. Less is known
of NA II transitions, which are the subject of this paper.

All O' DIAT excitation functions are consistent with a
rise in cross section &om T = 180 to 292 MeV. Below 180
MeV there is a range of behavior [1—8]. By contrast, all
NA I excitation functions at 5 exhibit a peak near T
165 MeV, averaging about 80 MeV wide [9—12]. Whereas
the DIAT exhibits simple features above resonance, but
complicated target-related behavior below 180 MeV, NA
I transitions exhibit the same features for difFerent targets
at all energies.

The third and least studied category of DCX reactions
includes both DCX on T =

2 targets and transitions
to excited states from T = 0, 1 targets. Nonanalog
ground-state —to—ground-state excitation functions have
been measured on the T= nuclei Be [11,13]—and C
[11,14]. For low-lying excited states, DCX has been pre-
viously measured for the T = 0 nuclei 2C [15 and 0
[12], the T = 1 nuclei C [4,16] and ~ 0 [1,2], and for
the T =

2 nucleus sC [14,16]. For the DIAT, two analog
sequential charge exchanges to the final state are allowed

and expected, in first order, to dominate. The NA I re-

actions necessarily involve two nonanalog routes in the
DCX transition. However, for the majority of measure-
ments within the NA II category, if T, g 0, nonanalog
DCX can proceed via two sequential single charge ex-

changes (SCX) in which one is an isobaric analog transi-
tion. Unlike DIAT and NA I, 4J values difFerent &om
0+ are permitted and probably dominant for NA II DCX.

II. CURRENT EXPERIMENT

The measurements were performed with the Energetic
Pion Channel and Spectrometer (EPICS) [17] at the
Clinton P. Anderson Meson Physics Facility (LAMPF)
with the standard pion DCX setup [1]. A chemically pure
aluminum target of 1.8 g/cm areal density was used to
obtain data for this experiment at 5' for nine energies
from T = 100 to 293.4 MeV. Electron rejection was fa-

cilitated by using a series of five Cherenkov detectors
in the focal plane filled with isobutane gas. For inci-

dent pion energies &om 140 to 293.4 MeV, muon events
were ranged out via a scintillator placed behind a series
of aluminum and graphite wedges. In addition, time-of-
fl.ight measurements permitted the separation of muon

and electron &om pion events below 140 MeV. In this
manner, background not arising &om continuum DCX
on the Al target was largely eliminated &om the fully

analyzed histograms.
The spectrometer acceptance was measured using rela-

tive yields of inelastic scattering to the 4.44-MeV state of
C. The spectrometer field was varied to move the C

2+ state across the focal plane, covering +10Fo of the
central momentum of the spectrometer. For selected in-

cident energies, measurements of elastic yields on the Al

and CH2 targets were performed at two di8'erent settings
of the central momentum of the spectrometer and under
otherwise identical experimental conditions. A system-
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atic uncertainty of k2.4% was found for the determina-
tion of relative yields obtained at diferent values of parti-
cle momenta relative to the spectrometer central momen-
tum. Absolute normalization was obtained by measuring
the hydrogen elastic cross section with a CH2 target of
areal density 27.7 mg/cm2 and comparing the yields with
cross sections computed from x-nucleon phase shifts [18].
Energy loss in the Al target was measured via elastic
scattering at all points of the DCX excitation function to
determine reaction q values.

Normalized histograms, corrected for target energy
losses and the relative spectrometer acceptance, were fit-
ted to obtain a functional expression for the background
and peaks of interest. A third-order polynomial was used
as an expression for the continuum DCX background.
On average, few background counts were observed in the
region of the ~P ground state, forcing the functional
expression for the background to terminate at an exci-
tation energy of about 1.5 MeV to obtain a good fit to
the data (y2RED 1). Background contributions to the
ground-state cross sections were estimated by averaging
background events for an equivalent energy interval just
below the ground state. Elastic scattering measurements
indicated an experimental resolution of 770 keV. The ex-
cited state in P was found to be best fitted by a line
shape identical in form to the elastic line shape.

III. RESULTS AND DISCUSSION

Data were taken at a laboratory angle of 5 degrees for
nine energies spa»ing the resonance region &om 100 to
293.4 MeV. The spectrum shown in Fig. 1 is the sum of
all data over the region of the 2"P ground state and low-

lying excited state(s). It has been corrected for energy
losses in the target, but not for the acceptance of the
spectrometer or the relative normalizations of the data
runs at different energies. Cross sections to these states
and their measured Q values are presented in Table I.
Those few ground-state events observed at each energy
were consistent with the ground-state q value calculated

from known masses [19]. A spin-parity assignment of 2
for the P ground state is based on comparison with
its mirror nucleus s7Mg. A weighted-average excitation
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FIG. 1. Missing-mass histogram for Al(ir+, m ) P for
the region in Q value of the final ground state and excited
doublet. Data at all incident energies have been summed.

energy of 1.75 MeV (standard deviation 0.12 MeV) was
measured for the excited state in P relative to the cal-
culated ground-state q value of —15.4237+ 0.0035 MeV.
A level diagram for P inferred from 2 Mg identifies the

excited state as ocurring at the location of a 2 doublet

at E~ = 1.7, 1.9 MeV in Mg, separated by over 1 MeV
from neighboring excited states. The variation in the
measured excitation energy of this state is attributed to
its character as an unresolved doublet. Figure 2 contrasts
the 5', 2"Al(vr+, m ) excitation functions to the ground
state and excited state, as measured in this experiment.

Of course, the shape of a 5' excitation function may
reQect an energy dependence of the angular-distribution
shape, so it must be used selectively as a signature for
a class of reactions which embraces transitions of poten-
tially different multipolarities. Though at present the
data set for NA II transitions is limited, there are some
suggestive similarities between excitation functions of a
given transition multipolarity.

The dip in the 27P(g.s.) cross section at T 164
MeV, for example, is reminiscent of the behavior for the
isO(z+, m )isNe(2+, 1.89 MeV) excitation function [1,2],
as displayed in Fig. 2. A smooth curve has been drawn

TABLE I. Q values and 5' cross sections (c.m. ) for Al(s'+, s ) P measured in this experi-
ment. An asterisk signi6es insufficient statistics to establish a centroid at that energy.

T (MeV)
P(g.s.)

-Q (MeV) dn/dA (nb/sr)
P (- doublet)

-Q (MeV) (MeV) do/dO (nb/sr)

293.4
260.4
230
200
180
164
140
120
100

15.37+ 0.18
15.59+ 0.17
15.27+ 0.22
15.16+ 0.30

15.55+ 0.21
15.79+ 0.45

12.7+ 5.1
7.8+ 2.7
4.1+ 2.0
4.1+ 2.4
3.1+ 2.2

&1.4
4.3+ 1.8
8.6+ 5.5

&19.4

17.01+ 0.14
17.24+ 0.15
17.10+ 0.05
17.02+ 0.07
17.39+ 0.06
17.14+ 0.03
17.21+ 0.05
17.24+ 0.06

16.2+ 5.6
12.3+ 3.5
32.3+ 5.1
30.4+ 5.9
74.0+ 10.7
107.8+ 12.7
139.0+ 14.8
137.6+ 22.9

&71

Weighted mean g.s. Q value = —15.445+ 0.089. Value from the masses is —15.424.
Weighted mean excited state Q value = —17.17 with a standard deviation of 0.12 MeV.
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FIG. 2. Excitation functions at 5' to states in the 6nal

nucleus P measured in this experiment. A smooth curve
has been drawn to match the Ne(2+, 1.89 MeV) excita-
tion function, and is compared to the P(g.s.) data without
(solid) and with (dashed) sn energy shift equal to the differ-
ence in Q value between the two reactions. Likewise a smooth
curve has been drawn to match the Ne(0+, g.s.) data, and
is compared to the P(1.75 MeV) data without (solid) snd
with (dashed) an energy shift equal to the difference in Q
value between the two reactions.

to match the Ne data, and shifted in energy by the dif-
ference in reaction Q values to give a comparison of cross
section at identical out-going pion kinetic energy. The
most obvious similarity between the two excitation func-
tions, the minimum near resonance, may be tied to the
fact that AJ = 0+ is permitted for one, but not both,
of the sequential single charge exchanges. The s P(g.s.)
cross section is only about 2.0% of that for ~sNe (1.89).
Some of this reduction undoubtedly arises from distortion
factors; SCX isobaric analog state (IAS) cross sections

4
go as A 3, as do those for NA I transitions. Nuclear
structure, and J and T coupling coeScients, presumably
account for additional reduction. Both transitions are
probably dominated by a d 2 M d 2 analog transition and
a dz m 8& nonanalog step. In Ne, however, the Don-
analog part of the transition also contains an appreciable
d- ~ d —component.5 5

2 2

The 2rP( —,1.75 MeV) data are compared in Fig. 2

to a smooth curve drawn to match the measured 5 ex-
citation function for the NA I O(vr+p ) Ne reaction
[1,8,10,22]. A resonance-like shape to the excitation func-
tion about T 164 MeV, as found for NA I excitation
functions, does seem to fit the P(1.75 MeV) excitation
function when the centroid of the Lorentzian is shifted by
the difFerence in out-going pion kinetic energy between
the sO and 2 Al (m+, 7r ) reactions. We note that the

cross section at the maximum of the 2 P(1.75 MeV) ex-
citation function at T 140 MeV is only about 50%%

of that expected &om the established mass dependence
for NA I cross sections at 5' and 164 MeV [23], perhaps
indicitive of an interfering amplitude in addition to that
which describes a purely nonanalog reaction route.

For 27Al(x+, n ), Fig. 3 illustrates the intermediate
states of two sequential single charge exchanges for reac-
tion paths in which one transition is an isobaric analog
transition. The full expression for this DCX amplitude
is probably dominated by the product of an analog and a
nonanalog term, where more than one multipolarity can
contribute to the latter. Cross sections for 27A1(x+,pro)

SCX to the 2 Si ground state (the isobaric analog state
of the 2 Al ground state) have been measured at four in-
cident pion energies from 100 to 500 MeV [20,21]. The
cross section rises smoothly from 0.15 mb/sr at T
100 MeV to 1.0 mb/sr at 500 MeV. The IAS completely
dominates the low-energy portion of the SCX missing-
rnass histogram. If the DCX on Al proceeds through
two sequential single charge exchanges, one step should
then be dominated by the IAS transition, which might
then determine the shape of the DCX excitation function.
However, neither DCX excitation function measured in
this experiment is consistent with a fourfold increase in
cross section &om 100 to 300 MeV, as measured in the
SCX.

IV. CONCLUSIONS

A 5' excitation function for 2~Al(sr+, 7r ) P from T
= 100 to 293.4 MeV has been measured for transitions to
both the ground state and an excited state at the position
of a doublet in the final nucleus. These cross sections ex-
hibit completeIy different behaviors. The general shape
of the 5 excitation function over the resonance region
for NA II transitions may be correlated with macroscopic
angular momentum transfer. The contrasting SCX exci-
tation function to the IAS for the same target nucleus
indicates the presence of an interfering amplitude in ad-
dition to the one describing the SCX reaction to the IAS.
This amplitude could depend strongly on the wave func-
tions of the intermediate and final nuclear states.

This work was supported by grants &om the National
Science Foundation and the Department of Energy.
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