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The branching ratio~BR! for stopped negative pion induced single charge exchange was experimenta
determined for CH2,

27Al, 31P, 32S, 45Sc, and115In. The BR for CH2 agrees with a previous determination; the
others can be understood in terms of the shell model structure of the targets. These results will facilitate st
of the effective pion-nucleon isovector interaction in nuclei at threshold energies.

PACS number~s!: 25.80.Gn, 13.75.Gx
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Nuclear single charge exchange~SCX! induced by
stopped negative pions can provide information on isove
pion-nucleon~pN! interactions in the nuclear medium
threshold energies. With that information, one can set s
gent constraints on the effective isovectorpN amplitude
needed for low-energy pion-nucleus optical models. It
worth noting that the investigation of such SCX reactio
near threshold is complementary to studies of pionic a
formation, where the isoscalarpN interaction plays a domi
nant role.

In the present experiment, we have determined
branching ratio~BR! for p2-induced SCX close to threshol
on selected targets. Because of the dominance of the
absorption channel at this low energy and other experime
problems, only a few attempts to measure this BR have b
reported in the literature. One such attempt resulted in up
limits for seven targets fromA56 to 208 @1#. In other ex-
periments, BR values on five targets fromA52 to 27 and
estimates on four more targets fromA547 to 408 were ob-
tained@2,3#.

We used a 50 MeVp2 beam from the low-energy pio
channel at LAMPF. The pions were slowed down to 461
MeV in a graphite degrader, so that they came to a comp
stop in the target~Fig. 1!. The beam contained 40%p2,
about 50%e2, and about 10%m2 @4#. The p0’s were de-
tected with the LAMPFp0 spectrometer described in Re
@5#. The two photons emitted in thep0 decay were detecte
in coincidence in the two spectrometer arms. Each arm c
tained a thin scintillator counter to veto charged parti
events, three conversion planes, and an array of to
absorption Pb-glass blocks. Each conversion plane cons
of an active Pb-glass converter, three multiwire proportio
chamber~MWPC! planes, and a trigger scintillator. When
photon converted in one of the three planes, the conver
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coordinates were determined from the MWPC informatio
and the energy deposited in the converters and in the g
blocks which contained the full shower was measured. T
total p0 energy was calculated from the opening angle
tween the decay photons and the asymmetry between
energies deposited in each arm. The spectrometer was
with the g-g opening angle between the two arms in t
horizontal plane. That angle was set at 162° as required
the kinetic energy of thep0 in the laboratory system, which

FIG. 1. Schematic top view of experimental setup. Scintillato
S1 andS2 define the beam. To avoid background counts from th
content of the scintillators,S2 was housed inside a Pb collimato
and the veto counterS3̄ was removed during data collection.
811 © 1996 The American Physical Society
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varied from 1.33 to 3.66 MeV, depending on the reactionQ
value ~see Table I!.

Targets of31P, 32S, and45Sc were chosen for the expecte
relatively high BR for SCX, arising from the good overla
between the nuclear wave functions of the initial and fin
nuclei. Targets of27Al and115In were chosen for the expected
small BR that results from the mismatch of the initial an
final nuclear wave functions. Two other targets,1H and12C,
were employed to check our measurements. The1H target~in
the form of CH2! was chosen because a large BR was e
pected, the12C target~in the form of graphite! because en-
ergy conservation forbids SCX near threshold. The targets
27Al, 45Sc, and115In were self-supporting metal targets. Th
31P and32S targets were in pressed form. All targets we
made just thick enough to stop the negative pions.

The numberNp2 of p2’s that come to rest in the targe
was determined before and after each data run with the s

tillator combinationS1-S2-S3̄ ~Fig. 1!. Typical rates were of
the order of 105 p2/s. During the data runs, the anticoinci

dence counterS3̄ was removed to avoidp0 background from
the hydrogen content of the scintillator. The relative bea
intensity during each data run was monitored with a toroid
current monitor through which the primary proton bea
passed. The absolute normalization of the pion intensity w
established before and after each data run by measuring
11C activity induced in scintillator disks. Although the cros
section for12C~p2,pN!11C has been measured down to th
energy with which the pions enter the degrader@6#, it is not
known at the lower energy with which the pions leave th
degrader. Hence the activation measurements were made
rectly in front of it. The uncertainty in the beam flux dete
mination, which included errors due top2’s either decaying
in flight betweenS2 and the target or leavingS2 at such a
large angle that they missed the target, varied with the tar
size from 8.5% for CH2 to 12.5% for45Sc. Knowledge of the
p2 flux was sufficient to normalize the experiment, becau
them2/e2 contamination could not producep0’s.

The number ofp0’s produced,Np0, and thep0 energy
spectrum were determined in one or more data runs on e
target. The CH2 target was run for periods of 1 h, the other
for periods of 3–30 h, depending on the yield. Target-o
runs showed that there was no background due top2’s re-
acting in the air in front of the target. Appropriate shieldin
prevented background events from in-flightp2’s that reacted
in the components of the setup. Neutrons from~p2,2n! re-
actions could not produce a background, because such n

TABLE I. Branching ratios of~p2, p0! reactions near threshold.

Target
nucleus

~p2,p0!
Q value
~MeV!

No. of
~p2,p0!
events

Branching
ratio

~31025!

12C 29.31 0 0
CH2 3.3 950 869678
27Al 1.42 3 ,0.43
31P 2.51 174 4.7961.29
32S 2.28 127 19.466.2
45Sc 3.66 45 4.7062.44
115In 2.90 1 ,0.21
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trons produce signals that are below the threshold of th
spectrometer arm calorimeters. Contributions to the SC
yield from thosep2’s that enter the target with finite energy
and interact before they are completely stopped are expec
to be small, because the known experimental~p2,p0! cross
sections decrease rapidly with incident pion energies. Co
rections for such contributions cannot be made because
vere experimental difficulties prevent~p2,p0! cross section
measurements below 20 MeV.

Typical histograms showingNp0 vsp0 kinetic energy are
shown in Fig. 2. Results of Monte Carlo calculations of th
energy spectrum are shown for comparison. Such histogra
were obtained for each data run. For these Monte Carlo c
culations, Gaussian distributions were used and isotropicp0

emission was assumed. The BR of~p2,p0! was calculated
from the relation

BR5(
i51

n Np
i
0

Np2e totDV
4p, ~1!

where i is the number of bins in the histogram,Np
i
0 the

number of counts per bin,Np2 the number of stoppedp2 in
the target,etot the total efficiency, andDV the geometrical
solid angle. That angle was calculated with a Monte Car
program, with errors ranging from 2 to 8%. The errors con
tributing to etot were about 2%.

Comparison of the experimental histograms with th
Monte Carlo results allows an estimate of the contribution t
thep0 yield from incompletely stoppedp2’s in the target. In
the Monte Carlo calculation, thep2’s are assumed to be
completely stopped, so that the calculated distribution is ce
tered around ap0 kinetic energy determined by the reaction
Q value~Table I!. The experimental distributions are shifted
to higher energies; the highest detectedp0 energy is about 4
MeV above the Monte Carlo centroid, which is consisten
with the energy of thep2’s when they entered the target. The
BR for ~p2,p0! determined in this experiment is, therefore
the BR for incident energies between 0 and 4 MeV. Th
difficulty of excluding events produced by incompletely
stopped pions in the target is systematic and was present a
in all previous BR determinations near threshold.

FIG. 2. Histograms showing the number ofp0 spectrometer
counts vsp0 kinetic energy for targets of CH2 and

32S. The results
of the Monte Carlo simulation~shaded area! are also shown.
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Our results are shown in Table I@7#. The BR~p2,p0! for
CH2 has been previously measured in the course of deter
nations of the pion capture rate,

W5BR~p2,p0!1BR~p2,g!.

Experiments at CERN@8#, Nevis@9#, and Dubna@10# yielded
BR~p2,p0! values equal to ~850670!31025,
~10706110!31025, and~6406100!31025, respectively. The
Dubna value was obtained by us from their value forW and
from the Panofsky ratio~PR! value @11#

PR5BR~p2,p0!/BR~p2,g!51.54660.009. ~2!

Clearly, these earlier results are incompatible with one a
other. Our result,~869678!31025, favors the CERN result.
The pion capture rateW for CH2, calculated from our mea-
sured BR and the PR value, Eq.~2!, is ~14.361.3!31023.

TheQ values shown in Table I were calculated from th
equation

Q5mp21mA1En2~mp01mB!, ~3!

where En is the negative energy of thep2 bound in an
atomic orbit having principal quantum numbern andmA and
mB are, respectively, the mass of the target and product
clei. The most populated pionic orbit in the nuclei studie
hasn53. TheQ value for CH2 is that for the elementary
reactionp(pstop

2 ,p0)n because the reaction on12C is ener-
getically forbidden. Indeed, we did not observe any SC
events for12C.

To understand qualitatively our other results, it suffices
examine charge exchanges due only to stopped pions wh
as can be seen from Fig. 2, represent the majority of
events. Before undergoing a charge exchange, thep2 is cap-
tured into an atomic orbit having an orbital angular mome
tum L. Because the producedp0 has a very low energy, the
final pion-nucleus system is in ans-wave state,l50. Con-
sequently, the angular momentum transferred to the nucl
is DL5L2 l5L.

We have carried out a cascade calculation to estimate
probabilities of pion capture into different atomic orbits i
the nuclei27Al, 31P, and32S. Using the set-B parameters of
Tauscher@12# and the set-~a2! parameters of Seki and Ma-
sutani@13# for the pion-nucleus optical potential, we foun
the capture probabilities in the 1s, 2p, and 3d orbits to be
about 6%, 91.5%, and 2.5%, respectively, in27Al and about
3%, 90%, and 7%, respectively, in both31P and32S. Hence,
in 31P and32S there are about half as many pions captur
into the 1s orbit as into the 3d orbit. The situation is, how-
ever, reversed in27Al. Since theDL51 transition will lead to
J2 nuclear states and since there are no low-lying negati
parity states in this nucleus, the pions captured into thep
atomic orbit do not contribute to threshold SCX. On th
other hand, the pions captured into the 1s and 3d orbits
have, respectively, angular momentaL50 and 2 and will
lead to positive-parity states viaDL50 and 2 transitions.
The spin and parity of27Al is Jp55

2

1
. TheDL50 transition,

arising from pions captured into the 1s atomic orbit, leads to
5
2

1
states in27Mg. Because the52

1
states have excitation en

ergies higher than the reactionQ value ~1.33 MeV!, the
DL50 transition is energetically forbidden. TheDL52 tran-
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sition can lead to12
1

~g.s.! and 31
2 ~0.98 MeV! states in27Mg.

Shell-model calculations indicate that only the transition

the 3
2

1
state has an appreciable matrix element. Since o

the pions captured into the 3d atomic orbit can contribute to
threshold SCX in27Al while pions captured into both the 1s
and 3d orbits can contribute to threshold SCX in31P and32S,
the effective number of pions captured by27Al is only a
fraction of those captured by31P and32S. This fraction can
be calculated from the ratio of the corresponding capt
rates and is given byx[2.5%/~3%17%!50.25. We have
also used the other sets of pion-nucleus optical potential
rameters in Refs.@12# and@13# and have found that for those
potentialsx50.2–0.35. In other words, with respect to31P,
the small reactionQ value for27Al reduces, in the main, the
effectiveness of pion SCX by a factor of 4. Our measur
data~Table I! show that SCX in27Al is about a factor of 10
smaller than in31P. A similar small BR for27Al has also
been observed in a previous experiment@3#.

Thus we can understand why the SCX yield in27Al is
much smaller than in31P. A Clearly, quantitative microscopic
theoretical investigations are needed in the future in orde
understand this additional factor of 2 reduction. It can
expected, for instance, that a difference between the effec
isovector pion-nucleon interactions and the proton dens
distribution tails in31P and27Al might account for this factor
of 2. To this end, we would like to recall that one of ou
motivations of the present investigation is indeed to obt
data to facilitate such theoretical analyses.

The Jp of 31P is 1
2

1
. Given the reactionQ value of 2.51

MeV, the only state in31Si that can be reached by aDL50

transition is 1
2

1
~0.75 MeV!. Those that can be reached b

aDL52 transition are32
1

~g.s.!, 5
2

1
~1.69 MeV!, and 3

2

1
~2.32

MeV!. Shell-model calculations indicate that only th
31P→31Si~g.s.! transition has a large one-body transition m
trix element. TheJp of 32S is 01. TheDL50 transition leads
to the 01 ~0.51 MeV! state and theDL52 transition to 21

states in32P. There are two low-lying 21 states that can be
reached by the available reactionQ value ~2.28 MeV!, 21

~0.078 Mev!, and 21 ~1.32 MeV!. Shell-model calculations
show that the matrix element for the transition to a 01 state is
very small, while the matrix elements for transitions to bo
21 states are large and equally important. Consequently,
number of favored transitions in32S is twice that in31P. In
addition, the isospin coefficient for SCX in31P is about half
of that in 32S, reflecting the fact that in31P there is only one
proton in the dominant~2s1/2! wave-function component on
which SCX takes place, while in32S there are two. This
agrees with our result that the BR for32S is 4 times larger
than that for31P.

The BR observed for45Sc can be understood in a simila
manner. We note that there is only one least bound proto
45Sc and that for all possible transitions to low-lying states
45Ca only the45Sc→45Ca~g.s.! matrix element is important.
Thus the BR for45Sc is expected to be similar to the BR fo
31P, which is indeed the case.

Finally, 115In has its least bound proton in the 1g9/2 orbit.
The reactionQ value enables the produced neutron to o
cupy states mainly in the 3s1/2 and 1h11/2 regions in the final
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nucleus. Because the spatial parts of these states are n
orthogonal to that of the initial proton state, the BR for115In
is expected to be very small, which agrees with our expe
mental result.

In summary, we have experimentally determined t
branching ratios for single charge exchange induced by ne
tive pions close to threshold in CH2,

31P, 32S, and45Sc, and
we have established upper limits for27Al and 115In. We have
found our results to be in qualitative agreement with cons
erations based on the shell-model structure of the target
product nuclei and with previous work where compariso
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are possible. Theoretical calculations with which our resul
can be compared are called for. They are expected to lead
values of the parameters for the isovector part of the pio
nucleon optical potential at very low energies.
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