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Systematics of inclusive pion double charge exchange in the delta resonance region
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A systematic study of inclusive pion double charge exchange is reported for nuclei between A = 16
and A =208. The doubly differential cross sections for the A(m. +,~ ) and A(m, m+) reactions in ' 0,

Ca, ' Rh, and 'Pb were measured at incident energies between 120 and 270 MeV at three to five out-

going pion angles. Pion spectra were measured over the energy range from 10 MeV to the kinematic
limit for double charge exchange. Integrating these spectra over outgoing pion energy generated angular
distributions, and subsequently integrating these angular distributions generated total reaction cross sec-
tions. The shapes of the measured spectra are compared with those determined by the distribution of
events in four-body phase space and with those predicted by a model in which the pion undergoes two
sequential single charge exchanges on nucleons in a Fermi gas. The cross sections are compared with

predictions of cascade calculations in which more than two interactions, including pion absorption and

scattering without charge exchange, may occur.

PACS number(s): 25.80.Gn, 25.80.Hp, 25.80.Ls

I. INTRODUCTION

Pion double charge exchange (DCX) provides a direct
means of investigating multiple pion interactions in nu-
clei. Although all pion-nucleus reactions involve multi-
ple interactions between pions and nucleons to some de-
gree, pion double charge exchange requires the participa-
tion of at least two like nucleons whose charges are
changed in the process. The participating nucleons are
not free, and little is known of the intermediate state of
the nucleus during the reaction before the rearrange-
ments necessary to conserve charge and to emit a single
oppositely charged pion are accomplished. A systematic
investigation of inclusive DCX, for which the final ar-
rangement of nucleons is unspecified, has been undertak-
en in a wide range of nuclei to gain insight into the mech-
anisms of multiple pion-nucleon scattering.

DCX reactions leading to discrete final nuclear states
have received considerable attention since 1977, but prior
to the experiments reported here, observation of the in-
clusive reaction has been limited. A few measurements of
DCX in He [1] and He [2—4] were performed whose
major objective was to satisfy persistent curiosity about
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the existence of trineutron and tetraneutron states in the
continuum. None have been found [5]. Owing to the
faint beams, serious backgrounds, and small cross sec-
tions that they encountered, these pioneering experiments
produced only a few complete momentum spectra at iso-
lated incident energies and angles of observation. The
earliest measurements [6] on complex nuclei used emul-
sions with the attendant difficulties. In 1964—1965, Gilly
et al. [3,7] used a simple spectrometer to measure, at 0',
the excitation functions of double charge exchange ini-
tiated by negative pions in He, Be, Li, and C. Unfor-
tunately, these excitation functions do not lend them-
selves to estimation of the cross sections or to a discus-
sion of the systematics of the reaction. The same equip-
ment was used to acquire partial momentum spectra with
very limited statistics from (n, n. ) reactions in Li, Be,
and Na.

The first experiment with good coverage of outgoing
pion energies and angles was the measurement in 1980 of
the cross section for the ' O(m+, m. )X process at 240
MeV performed at the Swiss Institute for Nuclear
Research [now the Paul Scherrer Institute (PSI)] [8].
Doubly differential cross sections were measured with
good statistical accuracy for outgoing pion energies be-
tween 35 and about 200 MeV at 50', 85', and 130'.

A simple model in which DCX occurs by two succes-
sive single charge exchange processes is depicted in Fig.
1(a). We have illustrated the process for He, but any nu-
cleus with two or more neutrons would support the
(sr+, n)reaction j.ust as any nucleus with two or more
protons would support the (sr, n+) reaction. In fact,
most of the previous theoretical calculations of DCX
have been specific to He [9—13] and He [12—18]; their
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FIG. 1. Possible reaction mechanisms for inclusive double
charge exchange. (a) Sequential single charge exchange. (b)
Scattering from exchange pion. (C) Off-shell pion production
followed by absorption of extra pion on a nucleon. (d) Pion pro-
duction followed by absorption of extra pion on a nucleon pair.

extension to heavier nuclei is not clear. Moreover, calcu-
lations based on the mechanism illustrated in Fig. 1(a)
[11,18] and on the alternative mechanisms illustrated in
Figs. 1(b) [15], and 1(c) and 1(d) [19] have not achieved
quantitative success in reproducing the available data
[1,3,4, 19—23].

Until recently, the theoretical literature on DCX in
heavier nuclei was very sparse [24—26]. Batusov, Koch-
kin, and Mal'tsev [25] performed a classical cascade cal-
culation and compared the results with the emulsion
data. They found fairly good agreement with the mea-
sured energy spectra, but not with the observed angular
distributions. Hiifner and Thies [26] used a simple and
elegant approach based on the Boltzmann equation to de-
scribe the propagation and scattering of pions in a nu-
cleus. This model qualitatively reproduces many of the
features of pion absorption and scattering, and predicts
that the total DCX cross section in ' C rises rapidly with
energy, peaking at -225 MeV, well above the
resonance energy. Another interesting prediction of this
model is the relative importance of triple scattering in the
various pion reaction channels. Although insignificant in
other channels, triple scattering can be shown [27] to ac-
count for approximately one-third of the DCX cross sec-
tion in ' 0 at 240 MeV.

In the last few years, Oset and co-workers [28—30]
have embarked on an ambitious program to calculate the
total cross sections for all of the inclusive pion-nucleus
reaction channels simultaneously, in the framework of a
6-hole model, i.e., the excitation of a nucleon into a 6
isobar, leaving a nucleon hole state in the residual nu-
cleus, and the subsequent propagation of this excited nu-
clear state. In the calculations of Oset and co-workers,
the intrinsic probability of each reaction is evaluated in
infinite nuclear matter using many-body techniques; the
probabilities are calculated for finite nuclei through a lo-
cal density approximation. The cross sections are then
estimated by a cascade-style Monte Carlo method in
which pions and nucleons propagate as classical particles
between interactions. Pions are followed until they es-
cape, not necessarily with their original charge, or are ab-
sorbed. Predictions of this model have been compared
[29,30] with some of the results of the present experiment
[27,31].

Because theoretical analysis of pion multiple scattering
is dificult, systematic observation of DCX in several nu-
clei and over an extensive range of kinematic variables is
an important step toward identifying the essential
features of the reaction. We present here a study, carried
out at the Clinton P. Anderson Meson Physics Facility
(LAMPF), designed to yield accurate measurements of
absolute doubly differential cross sections for the DCX
reaction in a series of nuclei from A =16 to 208. The
most nearly complete data were obtained for the
(m+, n. ) and (m, n+) .reactions in ' 0 and Ca over a
range of incident pion energies from 120 to 270 MeV
[27,31]. More limited data have been obtained for ' Rh
and "'Pb.

Extensive data have also been obtained more recently
for inclusive DCX in the s- and p-shell nuclei: He [32],
He [33,34], ' Li, Be [35], and ' C. The results of these

measurements will be reported elsewhere.

II. EXPERIMENTAL METHOD

TABLE I. Properties of the spectrometer used in the DCX
measurements.

Bending radius
Solid angular acceptance
Dispersion
Momentum bite
Maximum momentum
Target-to-detector Aight path
Angular range
Resolution

60 cm
15 msr
2.3 crn/%
9.5%
320 MeV/c
3.6 m
20 -135
6p/p = 1.7 X 10 (intrinsic);
determined in practice by
the momentum width and
spot size of the beam

For most of the kinematic range of the present experi-
ment, detection of a pion of charge opposite to that of the
incident pion provides an unambiguous signature of a
double charge exchange reaction. The probability of suc-
cessive single charge exchanges on separate nuclei is not
competitive with that for a double charge exchange reac-
tion within a single nucleus. The small contribution of
pion-induced pion production [e.g. , (n. , m. m ) ] in limit-
ed portions of phase space will be discussed later.

In this experiment pions of "opposite" charge were
identified by a 180' double focusing magnetic spectrome-
ter [36—38] equipped with multiwire proportional
chambers, a plastic scintillator, and a threshold Cheren-
kov counter as shown in Fig. 2. Some properties of the
spectrometer are given in Table I. This spectrometer, set
for a charge opposite to that of the incident beam, is an
extremely potent filter against other types of events, such
as elastic, inelastic, and quasielastic pion scattering. The
only undesirable particles found to traverse the spectrorn-
eter were electrons and positrons and, when set for posi-
tive charge, protons and other light ions. All of these
particles could be clearly identified by the detection sys-
tem. Because the spectrometer is double focusing, parti-
cles accepted into a relatively large phase space are
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brought to a focus on small, easily shielded detectors,
minimizing the sensitivity to ambient background. 30 cm
of steel below the detectors shielded them from the target
and 15 cm of steel shielded the sides of the detectors.
Cross sections of 200 nb(srMeV/c) ' were routinely
measured with adequate precision, and cross sections of
one-tenth this size could easily have been observed given
sufficient time. This spectrometer-detector system
operated with no detectors in the vicinity of the intense
incident pion beam required to measure these small cross
sections with good statistical accuracy.

Detecting pions with kinetic energy as low as 10 MeV
(54 MeV/c momentum) was a further critical require-
ment for adequate coverage of the phase space of the out-
going pions in double charge exchange, as will be evident
in the data we present here. In many cases a significant
fraction of the pion yield was found to lie at energies
below 30 MeV. This spectrometer-detector system could
efficiently detect pions at these low momenta because of
the relatively short 3.6-m flight path, the almost continu-
ous vacuum between target and focal plane, and the thin
detectors. Corrections to the cross sections for pion de-
cay are relatively small and will be discussed in Sec.
III E 1.

The scattering chamber and spectrometer vacuum
jacket are joined and hold a continuous vacuum from the
target to the focal plane, except for a 30-mm air gap

VERT ICA L
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FIG. 2. Schematic drawing of the spectrometer used to
detect the DCX pions. Position measurements in the multiwire
proportional chambers labeled WC1 and WC2 determined the
momentum of the outgoing pion, and particle identification was
provided by the scintillator and Cherenkov detector, as dis-
cussed in the text. A valid event trigger required a fourfold
coincidence of signals from WCO, WC1, WC2, and the scintilla-
tor; including the wire chamber WCO in the trigger ensured that
the detected particle traveled through the spectrometer.

bounded by two 125-JMm Mylar windows between the two
90' magnets where a multiwire proportional chamber is
inserted. An active shunt bridging the second magnet
reduces its field to compensate for the energy lost by
pions in the midspectrometer vacuum windows and wire
chamber. Beyond the focal plane, particles pass through
a 250-pm aluminum window into the air and through the
remaining detectors.

The system of detectors comprises the midspectrome-
ter wire chamber, a pair of wire chambers immediately
beyond the focal plane (which is inaccessible inside the
vacuum chamber of the spectrometer), a thinly wrapped
1.6-mm-thick plastic scintillation detector, and a fluoro-
carbon (FC-88) Cherenkov detector. The wire chambers
[39] have delay-line readouts of coordinates in two di-
mensions; both the anode and one of the cathode planes
of each chamber are arrays of wires. A quadruple coin-
cidence among the three wire chambers and the scintilla-
tor, timed by the scintillator, triggers the computer to
record the pulse heights of signals from the scintillator
and Cherenkov detector and the delay times of signals
from the wire chambers. The midspectrometer wire
chamber is included in the trigger to guarantee that a
particle traverses the second bend and, hence, to elimi-
nate triggers from the copious background of soft elec-
trons in the vicinity of the focal plane. The timing infor-
mation available from this chamber also distinguishes
pions from very slow protons by establishing the parti-
cles' time of flight between the chamber and the scintilla-
tor.

The scattering chamber was equipped with a remotely
movable and rotatable target ladder that allowed expo-
sure of one of six targets to the beam. The targets, except
for ' 0, were solid foils of natural Ca (96.9% Ca), natu-
ral Rh (100% ' Rh), and enriched Pb (98.7% Pb).
The ' 0 target was liquid H20 contained in a cell with
walls of 50 pm Mylar. The thickness of this target was
measured [27] to be 1.50 gem with the cell walls fully
stretched under vacuum. The Ca, Rh, and Pb targets had
thicknesses of 1.01, 0.94, and 0.57 g cm, respectively.

The incident beam for these measurements was that of
the high-energy pion (P ) channel at LAMPF. Positive
and negative pion beams over a wide range of energies
with fluxes ranging from about 10 to above 10 s ' are
available. For these experiments the beam was transport-
ed through the channel with a momentum acceptance of
2% (4% at low energies where the beam intensity is di-
minished) and brought to an achromatic focus at the tar-
get within a roughly circular spot 1 cm in diameter at the
half intensity points of its profile. The steering and focus
of the beam were observed continuously throughout the
experiment with a multiwire beam profile monitor [40].

The beam intensity was monitored by two devices with
complementary properties. The primary monitor was an
argon-filled ionization chamber located about 1.2 m
upstream of the target, and the secondary monitor was a
simple measurement of pion reactions 2.3 m downstream
of the target. Two scintillator telescopes, one on either
side of the beam line, detected particles emerging at 90'
from a 3.2-mm CH2 target. The ionization chamber
responded to all charged particles in the incident beam,
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and hence its calibration as a monitor of the pion flux de-
pended on the fraction of contaminant particles in the
beam. The downstream telescope monitor, which
responded essentially only to pion reactions with the CHz
target, could not be used for the primary measurement of
the pion flux for two reasons: The flux incident upon the
CHz target depended on the thickness of the target in
place in the scattering chamber upstream, and at small
spectrometer angles, the pion beam was intercepted by
the iron of the spectrometer. Ho~ever, this device did
monitor the stability of the ion chamber response. An
additional check was a measurement of the primary pro-
ton beam current with a toroid placed just upstream of
the pion production target. Occasional corrections of a
few percent based on the ratio of the signals from the two
pion monitors were made to the double charge exchange
cross sections.

Neither of the monitors provides an absolute measure-
ment of the pion flux. Therefore the entire experimental
arrangement, including the beam monitors, target loca-
tion and orientation, spectrometer angular acceptance
and momentum bite, and response of the detectors, was
calibrated as a whole by observing elastic pion-proton
scattering. The ladder in the scattering chamber also
held a thin CHz target for this purpose, as well as a thin
carbon target for background subtraction. Details of this
procedure are discussed below.

III. DATA REDUCTION

A. Particle identification

In addition to the pions of interest, electrons, muons,
protons, and other light ions reach the focal plane of the
spectrometer. During measurements of (n. , sr+) cross
sections, the proton rate exceeded the pion rate by a fac-
tor of up to 100. For most of the momentum range ob-
served in this experiment, the protons lose much more
energy than do the pions in the scintillator and can readi-
ly be identified by their pulse heights alone. Figure 3
shows a pulse-height spectrum for 156-MeV/c particles
where the large proton background is clearly separated
from the pions which have kinetic energy 70 MeV. At
lower momenta the protons only partially penetrate the
scintillator, producing pulse heights comparable to those
of the pions. However, in these cases the velocities of the
particles are sufficiently different such that the time of
flight between the midspectrometer wire chamber and the
scintillator may be used to separate pions and protons.
Figure 4 shows an isometric projection of events versus
time of flight and scintillator pulse height for a case
where the energy-loss information is ambiguous, viz. , 143
MeV/c (60-MeV pions). The combination of energy loss
and time of flight also identifies deuterons, tritons, and
He nuclei.

The baryons can be eliminated event by event. Howev-
er, since pions above 180 MeV/c produce light in the
Cherenkov counter, the pulse-height spectra correspond-
ing to pions and electrons overlap to a degree dependent
on the momentum of the particles. The number of pions
in a sample of events was determined by analysis of these
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FIG. 3. Pulse-height spectrum from the scintillator (see Fig.
2) for a spectrometer momentum setting of 156 MeV/c, which
corresponds to a pion kinetic energy of 70 MeV. The pions are
seen to be clearly separated from protons and heavier charged
particles.

pulse-height spectra. Both the sum and product of the
pulse heights from two phototubes, located above and
below the fluorocarbon radiator, were examined. The
product was found to be less strongly correlated with the
vertical position of a particle's trajectory. The product
spectrum was accumulated for each measurement at a
given spectrometer momentum setting. This spectrum
was then fitted with a linear combination of two func-
tions, one representing the response of the detector to
pions alone and the other to electrons alone, to determine
the relative abundances of the two particles. The pion
response functions for various momenta were determined
from observations of elastic scattering on CHz and quasi-
elastic scattering on C, in which the number of pions
detected overwhelms the number of electrons. The elec-
tron response function, which is independent of momen-
tum, was obtained from spectra at low-momentum set-
tings where only electrons radiate Cherenkov light. For
momenta up to -60 MeV/c, the scintillator pulse height

FIG. 4. Isometric projection illustrating the correlation of
the pulse height in the scintillator with the particle's time of
Aight between WCO and the scintillator for a spectrometer
momentum setting of 143 MeV/c, which corresponds to a pion
kinetic energy of 60 MeV. This information allows the separa-
tion of pions and positrons from protons. (The Cherenkov
detector provides the necessary information for the separation
of pions and positrons, as discussed in the text. )
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also differentiates between electrons and pions. The
electron-pion separation procedure is described in detail
in Ref. [27].

No attempt is made to distinguish between muons and
pions in the detection system. The spectrometer is dou-
ble focusing and has a relatively small momentum accep-
tance, properties that allow muon contaminations to be
determined reliably by Monte Carlo techniques, as will be
discussed later.

B. Trajectory reconstruction

Measurements of the (x,y) coordinates in the two wire
chambers, located at z =15.9 and 24.8 cm beyond the fo-
cal plane, determined the trajectory of each detected par-
ticle at the focal plane. This location establishes the
momentum, and limits on the four-dimensional phase-
space volume x (dx/dz)y(dy/dz) restrict acceptable tra-
jectories to those expected for particles originating from
the target. This restriction reduces the contamination by
particles scattering from the spectrometer vacuum
chamber and by muons and electrons that come from
pion decay inside the spectrometer.

C. Spectrometer and beam monitor calibration
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The dispersion and momentum acceptance of the spec-
trometer were determined by observing elastic pion-
proton scattering. With the incident pion beam adjusted
for a momentum bite of 1%, the spectrometer field was
varied in small steps to move the elastically scattered
pions across the focal plane. This procedure simultane-
ously determined the dispersion and relative acceptance
as a function of position along the dispersion direction of
the focal plane. The acceptance function, shown in Fig.
5, has a momentum width bp/pa =8%, full width at half
maximum, with a "Oat top" of 4%.

The product of the ionization chamber calibration con-
stant and the solid angular acceptance of the spectrome-
ter was determined from the cross section for elastic
pion-proton scattering. For each incident energy and
charge of pions used in the measurement of DCX cross
sections, the elastically scattered pions from the CH2 tar-
get, and the corresponding background from the C tar-
get, were observed at six to eight angles in 10 or 20
steps. Measuring a complete angular distribution both
improves the statistics of the calibration and reveals any
angular dependence in the acceptance of the spectrome-
ter. To obtain the normalization constant, values of the
m-p cross sections were interpolated to energies and an-
gles of interest with an energy-dependent phase shift
analysis [37,41] which reproduces benchmark measure-
ments [42] in the relevant energy range to 1% or 2%.

D. Determination of the doubly differential cross section

Data from each magnetic field setting of the spectrom-
eter were generally used to derive one measurement of
the doubly differential cross section at the outgoing pion
energy corresponding to the central momentum. This
procedure is valid if the cross section as a function of
momentum does not have a strong curvature over the
momentum or angular acceptance of the spectrometer.
At high energies, where the cross section does exhibit a
strong curvature over a full momentum bite, the focal
plane was divided into two or three segments, yielding
measurements of the cross section at two or three rno-
menta and making the effects of the curvature negligible.
The cross section may be written as

d'~
d 0 dE hE N;AQ x

where N is the number of pions that would have been
detected in the absence of pion decay, N; is the number of
pions incident on the target, b 0 is the spectrometer solid
angle, and x is the target thickness. The factor hE is the
mean energy acceptance of the portion of the focal plane
used. The product of the number of pions in the incident
beam and solid angular acceptance of the spectrometer
(N;b, Q) is directly obtained by multiplying the digitized
representation of the total charge produced in the ioniza-
tion chamber by the normalization factor determined
from elastic scattering. A number of factors that must be
considered in relating the measured events to N are con-
sidered in Sec. III E.

E. Corrections

0.20—

0-0.06 -0.04 -0.02 0 0.02 0.04 0.06

FIG. 5. Relative acceptance of the spectrometer plotted
against 5=(p —po)/po. The solid and dotted curves represent
two measurements of the acceptance performed during the ex-
periment.

I. Pion decay

To relate the actual number of events observed to N,
the detected number must be divided by the "survival
fraction. " This correction, which accounts for pion de-
cay, also properly includes the effect of muons that are
counted as pions by the detection apparatus. At the
lowest momentum of observation, more than two-thirds
of the pions decay in the 3.6-m Right path. However,
some of the muons from pion decay still reach the detec-
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tors, which cannot distinguish between pions and rnuons
that fall within the specified phase space. These muons
can be divided into two classes: those arising from pion
decay in the spectrometer and those from decay in the
scattering chamber. The former must originate from
pions within the momentum and scattering angle accep-
tance of the spectrometer, whereas the latter may origi-
nate from pions of very different momenta and traveling
in different directions from pions detected at the focal
plane. All the pion decay and muon contamination
effects are summarized as a single momentum-dependent
survival fraction

F (p. ) =fd+f, (1 fd )+—f,
The first term, the pion decay survival fraction, is simply

fd =exp( mL/p—ocr), where the spectrometer length l.
is 365 cm, po is the spectrometer central momentum, and
cy=780 cm. A fraction f, of the muons arising from the
fraction (1 fd ) of pi—ons that decay in the spectrometer
wi11 still reach the focal plane and satisfy the phase-space
and particle identification constraints. This mornentum-
dependent fraction is estimated by simulating the spec-
trometer optics and phase-space constraints with the
code DECAY TURTLE [43]. It results in a correction to
the measured cross sections of typically 3%.

A sometimes more significant effect of pion decay
occurs in the scattering chamber and in the drift space
before the first dipole. The additional Aux from these
"cloud muons" is estimated with a Monte Carlo calcula-
tion that simulates the geometry of the scattering
chamber. This simulation assumes as input a momentum
distribution of inclusive DCX pions at a desired beam en-

ergy; these pions are allowed to decay in the scattering
chamber. Applying the phase-space acceptance of the
spectrometer as determined from DECAY TURTLE, the
distribution of muons from these pions can be obtained.
The correction f, is then given as the ratio of the number
of muons detected at a given momentum divided by the
number of pions that would have been detected in the ab-
sence of pion decay. This correction, which was found to
be relatively insensitive to the input momentum distribu-
tion, resulted in a 20% increase in the cross section for
the lowest outgoing pion energies. At 30 MeV the
correction is less than 10% and it becomes less than 1%
at the highest outgoing energies. Further details are
given in Ref. [27].

2. Multiple scattering and energy loss in WCO

The spectrometer provides a continuous path in vacu-
urn for scattered particles between the target and focal
plane with the exception of a wire chamber (WCO) and
the associated vacuum windows located after the first 90'
bend. Multiple scattering in this material broadens the
angular divergence of transported particles and thus
reduces the number of particles that satisfy the focal-
plane phase-space constraints. In addition, low-energy
pions will suffer a non-negligible energy loss in the wire
chamber and windows. Accordingly, for pions of energy
less than 30 MeV, the magnetic field in the second dipole
was reduced to compensate for the energy lost. This re-

duced field gives a smaller absolute momentum accep-
tance for the second dipole, further reducing the yield at
the focal plane. A single correction for these two effects
was obtained by a calculation similar to that for the
muon contamination using DECAY TURTLE, assuming the
energy loss and multiple scattering to arise from 49.3
mg cm (1.41 X 10 radiation lengths) of Mylar. The
ratio of the results without and with the "Mylar" in place
is the factor by which the focal-plane yields must be mul-
tiplied to obtain corrected cross sections. The correction
was calculated at several outgoing pion energies and
fitted by the form [1+A exp( Bp)—], where p is the pion
momentum, A =43.3, and B =0.084 (MeV/c) '. For
10-MeV outgoing pions, a correction of 47% was applied;
at 30 MeV, the correction was only 2%.

3. Differential energy loss

Scattered pions lose several MeV in the targets; below
100 MeV, the energy loss becomes strongly energy depen-
dent. This effect not only necessitates a correction to the
measured pion energy, but because the energy spread of a
group of particles becomes larger in passing through the
material, also reduces the number of pions falling into a
fixed spectrometer energy acceptance. As the cross sec-
tions presented here are differential in E, they must be
multiplied by a factor (dE;„/dE, „,), where E;„and E,„,
are the energies before and after the pions traverse the
target. To calculate this derivative analytically, the
momentum loss dp/dx in the neighborhood of a given
central momentum of the spectrometer was parametrized
as dp/dx = Apy. Integrating this expression through a
target of thickness x yields

p. , =[p' y+(1 r)Ax—]'"' "

from which it follows that

dEIn Eout Pinm out m
I

]—y/[] —y+(1)A]]y/([ —yj

out pout in

This correction assumes that all the pions traverse the
same thickness of target material. Since DCX pions are
produced uniformly throughout the target, this correc-
tion should be averaged over the range of possible
thicknesses. The result of this averaging is not
significantly different from that obtained by using an
equivalent thickness equal to half the actual target thick-
ness. The correction may be further refined by averaging
over the momentum acceptance function of the spec-
trometer. The case in which the largest correction must
be applied is that in which 10-MeV pions are detected
from the H20 target when its normal is 40 to the spec-
trometer direction, where the effective target thickness is
2 cm. Here the cross sections must be multiplied by 2.35
and the data point assigned an outgoing pion energy of 15
MeV. With this target configuration, the correction fac-
tor at 30 MeV is 1.22; for all other target angles and ma-
terials, the correction is smaller.
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4. Attenuation of incident
and scattered particles in the target

In addition to causing energy loss, thick targets also
absorb and rescatter the DCX pions. A correction for
absorption, obtained from known cross sections, is
straightforward. However, pions lost from one part of
the spectrum by rescattering can reappear at a lower pion
energy, distorting the measured spectrum in a manner
which depends on the shape of the undistorted spectrum.
In general, a proper correction would involve a Monte
Carlo simulation with the quasielastic and DCX spectra
for each beam energy and target as input. We shall argue
that such an approach is unnecessary.

The major pion-nucleus reaction channels are elastic
scattering, inelastic scattering, absorption, and single
charge exchange. Elastic scattering can be ignored since
it produces very little change in the pion energy and is
forward peaked. There is thus little distortion in the
DCX spectrum or angular distribution due to this pro-
cess occurring either before or after the DCX reaction.
Furthermore, because inclusive DCX is found to be fairly
isotropic, even large-angle elastic scattering should not
appreciably affect the spectra. Absorption and single
charge exchange will attenuate the pion flux both before
and after DCX.

The bulk of inelastic scattering is quasielastic, with
outgoing pions of around half the incident energy. Such
reactions will remove flux from part of the DCX spec-
trum, but may add flux to a lower energy part of the
spectrum. As seen in the present data, the doubly
differential cross section for DCX is usually larger at
lower energies. Thus the relative increase in a low-energy
part of the spectrum will be smaller than the relative de-
crease in the higher-energy part of the spectrum from
which the rescattered pions originated. If a pion under-
goes an inelastic scattering and then DCX, the DCX re-
action will be taking place at an energy lower than the in-
cident beam energy. Because DCX total cross sections
are seen to increase monotonically with energy, DCX re-
actions after inelastic scattering will add less to the spec-
trum than was removed. Therefore inelastic scattering
will also be treated as if it were absorption.

The effect of rescattering in the target can now be es-
timated using the sum of the cross sections for all chan-
nels except elastic scattering. This sum cr,«(E)
=o„,(E)—o, h(E} must be evaluated for the incident
beam energy and for each outgoing pion energy. An at-
tenuation factor may be derived by assuming that the
pion traverses half the target before undergoing DCX.
To correct the cross sections, the yield must be divided
by

1 —[o„,(E;„)+cr,«(E,„,)]%Ox /(2A),

where Xo is Avogadro's number, x is the target thickness,
and A is the atomic mass of the target. The cross sec-
tions are obtained by interpolating experimental results
tabulated by Ashery et al. [44]. The corrections thus de-
rived are always less than 6%.

5. Target frame background

DCX data were taken with an empty target frame and,
for comparison with the ' 0 measurements, an empty
HzO target cell. The pion yields from the empty frame
and empty H20 cell were approximately 1% and 10%,
respectively, of the full-target yields. Therefore these
yields were observed at more widely spaced spectrometer
settings. To derive an interpolation function for these
data, each target-out spectrum was fitted by the product
of a first-order polynomial and a function representing
the distribution of DCX events derived from the volume
of phase space available to a four-body final state. As will
be seen, this latter function approximately reproduces the
observed shape of the DCX pion spectra. The fitted
curves were subtracted from the corresponding target-in
spectra to yield the final doubly differential cross sections.

6. Background reactions

Electron-, photon-, and pion-induced pion production
processes can yield "DCX-like" events. Electrons in the
incident beam interact in the target, and photons from
the decay of n 's (resulting from single charge exchange)
interact both in the target and with the spectrometer ma-
terial to produce pions. Photoproduction and electropro-
duction processes were estimated to contribute less than
1% to the DCX yields and were thus ignored.

At sufficiently high incident energies, pion-induced
pion production can contribute to the observed yield of
low-energy pions because the experiment did not distin-
guish between DCX events with one pion in the final
state and production events with two or more pions. For
the reaction (m, n.+) on ' 0, pion-induced pion produc-
tion on the hydrogen in the water target contributed to
the apparent DCX yield. At 240 MeV the integrated
cross section for the n +p ~m++ vr +n reaction
[36,45] is about 100 pb, which increased the apparent
DCX yield by 3.5%. At lower energies this background
reaction becomes insignificant (the threshold energy is
172 MeV). A correction for this background was applied
to the integrated DCX cross sections, but not to the dou-
bly difFerential cross sections or the angular distributions.

Pion production in nuclei has only recently been stud-
ied experimentally. At TRIUMF, Grion et al. [46] ob-
served the ' O(~+, n+~ ) process at incident energy 280
MeV and obtained an energy- and angle-integrated cross
section of 2250+350 pb. At PSI, Rahav et al [47] ob-.
served the isospin-symmetric reaction (n, rr mr+ ) on ' C
at 292 MeV and obtained an integrated cross section of
978+109 pb. If one assumes that the (vr, 2m } cross sec-
tion in nuclei has the same energy dependence as that for
the p (m, m m+ )n process [36,45] and that it scales ap-
proximately with an effective number of nucleons (N,ft),
[44] then one can estimate from these measurements the
contribution of the (m, 2m) process to the DCX cross sec-
tions measured in the present experiment. Unfortunate-
ly, the TRIUMF and PSI results are not mutually con-
sistent. For example, for ' 0 at 270 MeV, one deduces a
(m, 2m ) cross section of 1.69+0.26 mb from the measure-
ment of Grion et al. [46] and 0.64+0.07 mb from that of
Rahav et al. [47,48]. If one simply takes the free-
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nucleon cross section [36] and multiplies it by N, z, one
obtains [27] 1.1 mb. These cross sections may be com-
pared with the corresponding measured DCX cross sec-
tion of 5.9+0.5 mb. We shall comment further on the
(rr, 2rr) process when the DCX results are compared with
theoretical calculations in Sec. V, but we emphasize here
that pion production contributes little to the yields at in-
cident energies below 240 MeV.

The " Ca" target was in fact natural Ca. The 3%
abundance of neutron-rich isotopes in this target was es-
timated [27] to produce only a l%%uo diff'erence in the

Ca(m+, m. ) cross sections. This correction was ig-
nored.

the total cross section. The total cross section is then
given by

o. =4m.ao .

The relative statistical error in the integrated cross sec-
tion was taken as equal to the statistical error in the 80'
differential cross section, multiplied by (X )'r if this
quantity, resulting from the Legendre polynomial fit, was
greater than 1. The statistical error in the normalization
to elastic scattering, estimated to be 3%, was added in
quadrature.

F. Derivation of angular distributions
H. Systematic errors

The doubly differentia1 cross sections obtained at each
angle were integrated over outgoing pion energy to derive
singly differential cross sections, or angular distributions,
do/dQ. To carry out the integration, each spectrum
was fitted by least squares with the function

(ao+aIE+ +a„E")P(E) .

The quantity P(E) represents the distribution of events
derived from four-body phase space, where the four bod-
ies are the pion, two nucleons, and the residual nucleus.
The polynomial provided sufficient flexibility to allow a
good fit to the data, and the phase-space distribution en-
forced a cutoff' of the function at zero energy and at the
kinematic limit for inclusive DCX. A fourth-order poly-
nomial adequately described most of the data. The fitted
function was integrated numerically over energy E to
yield do/dQ. The relative statistical error in do/dQ
was estimated by dividing the result by &N, where N is

the total number of counts accumulated in the entire
spectrum. This statistical error was increased by adding
a 2% error in quadrature to account for possible long-
term fluctuations in the normalization. An additional
systematic uncertainty arises from constraining the fitting
function to be zero at zero pion energy, whereas the mea-
sured spectra are consistent with different extrapolations
to zero energy. This uncertainty was taken as one-half of
the area under the fitted function between zero and the
energy of the lowest-energy data point.

G. Derivation of total reaction cross sections

The differential cross sections were integrated over an-

gle to obtain the total DCX cross sections. Although no
measurements were made at angles less than 25 or
greater than 130', only 23% of the total solid angle lies in
these regions. Moreover, the measured angular distribu-
tions were found to be smoothly and generally very slow-

ly varying with angle. Accordingly, the angular distribu-
tions were fitted by a series of Legendre polynomials,

der(B)
a, P; (cosB),

i=0

where the number of terms was one less than the number
of measurements of do. /dQ. Varying n between 1 and
this value was found to produce less than a 1% change in

The major systematic uncertainties are those in the
corrections applied to the data which have been discussed
in Sec. III E, corrections which were sizable at low outgo-
ing pion energies. The uncertainty in the pion decay
correction was derived by assuming a 0.25-m uncertainty
in the spectrometer length. The uncertainties in the
energy-loss and multiple-scattering corrections were es-
timated to be one-half of the correction applied. Since
the correction for attenuation of pions in the target is rel-
atively small, its uncertainty was ignored. An uncertain-
ty in the electron-pion separation at low outgoing pion
energies was also included. The combined effect of these
uncertainties on two spectra, one at incident energy 120
MeV and one at 240 MeV, was evaluated. For each out-
going pion energy, the relative uncertainties in all the
corrections were added in quadrature. Spectra with the
resulting uncertainty added and subtracted were created;
these two "worst case" spectra were fitted by
polynomial-times-phase-space functions as described
above. The area between these functions is taken as the
overall systematic error due to the corrections and was
found to be +15% at 120 MeV and +7.5% at 240 MeV.
The systematic error due to the extrapolation of the spec-
tra to zero energy was added in quadrature to the above
error to give an overall energy-dependent systematic un-
certainty of 18% at 120 MeV and 9% at 240 MeV. It is
assumed that this error is the same for all targets and
scattering angles at a given incident energy. Errors for
other incident energies were estimated by interpolating
between these values. Uncertainties in the target
thicknesses were typically 3 —4% for the DCX targets
and 2% for the CH2 target used in the elastic-scattering
normalization.

IV. RESULTS

Doubly differential cross sections for inclusive DCX
have been measured over a broad range of experimental
parameters. For both ' 0 and Ca, the reaction
A (m+, n )X was observed at incident pion energies of
120, 150, 180, 210, 240, and 270 MeV. The A (vr, n+ )X
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reaction was observed in both nuclei at 180, 210, and 240
MeV. For each reaction, spectra were typically measured
at three scattering angles (25', 80', and 130'), although
five angles (25', 50, 80', 105', and 130') were observed for
positive pions at 180, 210, and 240 MeV. For ' Rh and

Pb, data were obtained at three angles with positive
and negative pions at 180 and 240 MeV. At each in-
cident energy and angle, cross sections were measured at
10—15 outgoing pion energies from 10 MeV to the kine-
matic limit of the DCX continuum.

The measured doubly differential cross sections for in-
clusive DCX are shown in Figs. 6, 7 (' 0), 8, 9 ( Ca), 10,
11 (' Rh), 12, and 13 ( Pb). For reference, the spectra
are compared to the distribution of events derived from
four-body phase space. For example, in Fig. 6 the curves
represent the phase-space distribution for the reaction
m.++' O~~ +' 0+@+@.For a given incident ener-

gy, the phase-space distributions have the same normali-
zation for all angles, obtained by matching the curve to
the measured cross section at outgoing energy 50 MeV at
the smallest angle observed.

One sees that for ' 0 (Figs. 6 and 7) at low incident
pion energies and small angles, the spectra resemble the
phase-space distributions quite closely. At higher in-
cident pion energies and/or larger angles, a systematic
deviation appears: The spectra exhibit an excess of low-
energy pions and a deficiency of high-energy pions. At
210 and 240 MeV, there appears to be a slight excess of
high-energy pions at forward angles, a feature to which
we shall return later. Comparison of Fig. 7 with Fig. 6
shows the (n. , m+ ) spectra to be very similar in shape
and magnitude to those for (~+,n. ).

For Ca (Figs. 8 and 9), the same qualitative trends are
seen. However, the deviations of the spectra from the

0 (vr+, ~-) X

T~+ =120 MeV T~+ =)50 MeV T~+= f80 MeV

QJ
2

0

QO

120 180 0 60 120 180

T~-(Me V)

0 60 120 180

QO

FIG. 6. Doubly differentia cross section d o./dQ dE for the reaction ' O(~+, m ) at incident energies 120, 150, 180, 210, 240, and
270 MeV. At 180, 210, and 240 MeV, the spectrum of outgoing pions was measured at a series of angles, 25', 50, 80', 105, and 130',
fewer angles were observed at the lowest and highest energies. The error bars indicate statistical uncertainties only. The curves
represent the distribution of DCX events derived from the volume of phase space available to a four-body fina state. The curves
have been normalized to the data at outgoing energy T =50 MeV at the most forward angle observed.
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FIG. 7. Doubly differential cross section d'o. /d0 dE for the reaction ' O(~, m+ ) at incident energies 180, 210, and 240 MeV and
outgoing pion angles 25', 80', and 130'. The error bars indicate statistical uncertainties only. The curves are as in Fig. 6.
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FIG. 8. As Fig. 6 for the reaction Ca(m. +, m. ).
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Ca (m —,7r+) X

QP 8-

4

0

T~- = leO MeY 8— T~- =2)OMIY
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FIG. 9. As Fig. 7 for the reaction Ca(m. , m+ ).

phase-space distributions (excess at low energy, defrciency
at high energy) occur at lower incident energy and small-
er angles. The doubly differential cross sections for the
heavy nuclei ' Rh and Pb (Figs. 10—13), which were
measured only at E;„,= 180 and 240 MeV, bear very little
resemblance to four-body phase space at any angle.
Moreover, the (n.+,n ) and (n, m+) spectra have very
different shapes. This difference in shape is consistent
with one's expectation from the Coulomb attraction
(repulsion) of the negative (positive) pions. The (m.+,n. )

and (n, rr+ ) cross sections also have substantially
different magnitudes. In these neutron-rich nuclei, one

would expect the (n.+, m ) cross section to exceed that
for (m. , n+), but perhaps not by as large an amount as
observed. %e sha11 return to this point at the end of this
section. The dashed curves shown at 130' are the results
of a theoretical calculation [49] which will be discussed
later.

Figures 14-17 show the angular distributions of the
(n+, n )

.and (rr, n.+) reactions. The angular distribu-
tions for ' 0 are somewhat forward peaked, those for

Ca nearly isotropic, and those for ' Rh and Pb back-
ward peaked. The backward peaking for heavy nuclei
might be a manifestation of the strong interaction of the

Rh (sr+, m -) X

30— T~+ =180 MeV 50- T~+ = 240 MeV

20-

to ~~

0
20-~ o

o.
io

20-

IO

)0

0
20 '-p

0 60 120

T -(Mev)
0 60 )20 t80

FIR. 10. Doubly differential cross section d o /dQ dE for the reaction ' 'Rh{m. , m ) at incident energies 180 and 240 MeV and

outgoing pion angles 25', 80', and 130'. The error bars indicate statistical uncertainties only. The solid curves are as in Fig. 6. The
dashed curve shown at 240 MeV and 130' represents the result of a theoretical calculation [49) as discussed in Sec. V.
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FIG. 11. As Fig. 10 for the reaction ' 'Rh(m, m. +).
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FIG. 12. As Fig. 10 for the reaction Pb(~+, m ).
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FIG. 13. As Fig. 10 for the reaction Pb(m. , m+).
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pions: They will interact primarily in the "rear" surface
of the nucleus, that illuminated by the incident beam,
from which they have a much larger probability of escap-
ing into the backward hemisphere than into the forward

FIG. 14. Angular distributions der/dQ for the reactions
' O(m+, m. ) (circles) and ' O(m. , m+) (triangles). Only the sta-
tistical errors are shown. There is an additional systematic un-

certainty which varies smoothly with incident energy from 17%
at 120 MeV to 8% at 270 MeV. The histograms represent the
results of a theoretical calculation [30] at incident energies 180
and 240 MeV (see Sec. V).

FIG. 16. Angular distributions do. /dQ for the reactions
Rh(m+, m ) (circles) and ' 'Rh(m, ~+) (triangles) at 180 and

240 MeV. Only the statistical errors are shown. There is an ad-
ditional systematic uncertainty of 12% at 180 MeV and 8% at
240 MeV.

hemisphere. The histograms shown in Figs. 14 and 15
represent theoretical predictions for DCX in ' 0 and

Ca at incident energies 180 and 240 MeV [30].
Table II lists the total reaction (angle-integrated) cross

sections for the (rr+, n. ) and (m, n+) pr. ocesses as a
function of the incident pion energy. The (n.+, m ) cross
sections for ' 0 and Ca are plotted in Fig. 18 and are
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FIG. 15. As Fig. 14 for the reactions Ca(m. +,m ) and
Ca(m, n. + ).

FIG. 17. As Fig. 16 for the reactions 'Pb(~+, m. ) and
Pb( m. , m. ).
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TABLE II. Total reaction cross section for inclusive double charge exchange.

T;„, (MeV)

120
150
180

210

240

270

(m+, ~ )

(~+,~ )

(m+, m )

(~,m+ )

(~,vr- )

(~-,~+)
( +, )

(m, ~+ )

( +, )

16O

1 ~ 14+0.22
2.00+0.31
3.30+0.44
3.43+0.46
4.33+0.59
4.51+0.56
5.47+0.54
5.32+0.54
5.86+0.50

g (mb)
"Ca

1.99+0.37
3.51+0.56
5.72+0.74
6.69+0.85
7.52+0. 86
8.68+0.95
9.38+0.90

10.22+0.95
10.64+0.86

'"Rh

16.4+2. 1

6.25+ 1.21

27.5+2.6
11.33+1.01

2osPb

30.8+6.8
6. 14+0.76

72.0+6.5
11.53+1.09

seen to rise monotonically with energy. This behavior is
in marked contrast to that of other inclusive pion cross
sections (e.g., inelastic scattering and absorption) [44]
which tend to decrease or level off above the b (1232) res-
onance energy. However, one must recall that DCX is a
two-step (at least) process. An incident pion of above-
resonance energy can lose considerable energy in its first
interaction so that it is "on resonance, "with a large cross
section, in its second interaction.

The energy dependence of the DCX and other pion in-
teraction cross sections has been treated in a classical cal-
culation using the Boltzmann equation by Hiifner and

l2

~, +---- Ca (m-, 7r+) X40 +

o, a,——'~0 (m-+, m+) X10—

Thies [26]. Their prediction for the ' C(tr+, tr ) cross
section has been multiplied by ( —'„') for comparison
with our results for ' 0 and is shown as the solid curve in
Fig. 18. Although continuing to rise above the 5(1232)
resonance, the theoretical cross section does not repro-
duce the observed energy dependence and underpredicts
the measurement by a large factor for E;„,~200 MeV.
The short- and long-dashed curves represent theoretical
predictions of Vicente et al. [30], which will be discussed
later.

Figure 19 shows the integrated cross sections for
E;„,=180 and 240 MeV, plotted as a function of nuclear
mass A. The (mr+, n ) and (m, tr+) cross sections are
seen to behave quite differently; whereas the former in-
crease monotonically with A, the latter appear to "satu-
rate" at A =40, so that the (m. , tr+ ) cross section for Pb
is about equal to that for Ca, despite the fact that Pb has
4 times as many protons as Ca. It is possible that the
(tr, tr+) cross sections for heavy nuclei are suppressed
by a "screening" effect: The large number of excess neu-
trons, with which negative pions of resonance energies

e r
1QQ

(7r+, ~-)240 Mev

(7r+, vr )1BQ MeV

20—

peak

t I

150
t I

210

T~ (MeV)

270
10—
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b 5—

(vr, 7r+) 240 MeV

(m. , m +) 180 Me V

FIG. 18. Total reaction cross sections vs F.;„, for DCX in ' 0
(open symbols) and Ca (solid symbols) as a function of incident
energy. As in Figs. 14—17, the circles represent (sr+, m ) cross
sections and the triangles (m, sr+ ) cross sections. Only the sta-
tistical errors are shown. The systematic uncertainty varies
smoothly with incident energy from 17% at 120 MeV to 8% at
270 MeV, for all four sets of data. The solid curve is the result
of a classical calculation by Hiifner and Thies [26], as discussed
in the text. The long- and short-dashed curves are the predic-
tions of a cascade-model calculation of Vicente et al. [30] for
DCX in ' 0 and Ca, respectively. The upper branch of each
curve represents the inclusion of pion-induced pion production.

1'
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], . . . , . , I I

20 5Q 1QQ 200

FIG. 19. Total DCX reaction cross sections vs nuclear mass
number A at incident energy 180 and 240 MeV. The error bars
shown include both statistical and systematic uncertainties.
The curves are drawn to guide the eye.



46 SYSTEMATICS OF INCLUSIVE PION DOUBLE CHARGE. . . 1917

prefer to interact, effectively removes the ~ 's before
they can charge exchange with the protons. Since there
are no heavy proton-rich nuclei, this effect is not seen in
the (m.+,~ ) cross sections. A simple classical model,
based on DCX proceeding via two sequential single
charge exchanges in competition with other, more prob-
able reactions, provides a good representation of the A
dependence of both the (m+, m. ) and (m, rr+ ) cross sec-
tions [50].

V. COMPARISON WITH CALCULATIONS

Theoretical analysis of inclusive DCX, or indeed of
other pion-induced reactions in which particles are eject-
ed from the nucleus, has proved to be complicated. Cer-
tain qualitative features of the mechanisms active in this
reaction may be brought out by examining a sequence of
increasingly complex calculations.

The simplest calculation [27] assumes that DCX takes
place via two sequential single charge exchange (SCX) re-
actions on free nucleons in a degenerate Fermi gas
(~k~ k+=250 MeV/c). Requiring that the recoil nu-
cleons each have k &kF enforces Pauli blocking. The
SCX cross sections are assumed to be identical to those
for this process on a free proton. The results of this cal-
culation are compared with the ' O(n+, n )

.data at
E;„,=240 MeV, with arbitrary normalization, in Fig. 20.
The shapes of the calculated spectra (represented by the

T~+ = 240 MeV

130

0 60 120 )80

T~- [Mev]
FIG. 20. Comparison of the doubly differential cross section

d o./dQdE for the reaction ' O(m. +, m ) at 240 MeV with the
prediction of a model [27] in which the incident pion undergoes
two single charge exchanges with nucleons in a degenerate Fer-
mi gas (light solid curves). Replacing the 1+3cos 0 angular
dependence of the free single charge exchange cross section
with an isotropic cross section results in the dashed curves. The
heavy solid curves represent the four-body phase-space distribu-
tion as in Fig. 6. The normalization of the curves is arbitrary.

light solid curves) clearly do not correspond at all well to
those measured. Nonetheless, examining some features
of this model proves interesting. The double-peaked
structure seen at forward angles, of which perhaps a hint
is seen in the data for ' 0 and Ca, is found to be a
consequence of the nonisotropic ( 1+3 cos 0) angular
dependence of the free-nucleon SCX cross section. This
angular dependence, which arises from the p-wave nature
of the pion-nucleon interaction at 5-resonance energies,
favors sequences of SCX reactions in which a DCX pion
appears at a forward angle by means either of two small-
angle SCX's (with small energy loss) or two large-angle
SCX's (with large energy loss). If one employs an isotro-
pic SCX cross section in the calculation, the double peak-
ing disappears, as illustrated by the dashed curves in Fig.
20.

Double-peaked spectra have in fact been observed at
forward angles in DCX on very light nuclei [1,32—34].
One might hypothesize that sequential SCX is indeed the
dominant DCX reaction mechanism and that more com-
plex processes (e.g. , triple scattering) become increasingly
important as the number of nucleons in the target in-
creases, thus obscuring this signature of the elementary
double-scattering process. This hypothesis is consistent
with the location of the average measured strength in the
spectra shown in Fig. 20 at a lower energy than that cal-
culated, suggesting that more than two interactions are
generally occurring in DCX.

A more realistic picture that includes this effect is pro-
vided by an intranuclear cascade model [27], in which the
pion is not limited to two interactions and the competing
processes of absorption and inelastic scattering without
charge exchange are also allowed to occur. The pion is
followed through the nucleus until it either escapes or is
absorbed. The nucleon density distribution is assumed to
be spherically symmetric and is represented by a three-
parameter Fermi function. As in the two-step Fermi-gas
model calculation, the nucleon momentum distribution is
assumed to be unifortn within the sphere

~
k

~

~ kF =250
MeV/c, the free pion-nucleon cross sections are used,
averaged over nucleon momenta, and Pauli blocking of
the recoil nucleon is included. Since pion absorption can-
not occur on a free nucleon, this cross section, in particu-
lar its dependence on pion energy and nuclear density,
must be obtained from a model. Two models [26,51] of
absorption have been employed. In both of them the ab-
sorption cross sections vary as the square of the nuclear
density, but the two treatments have very different energy
dependences [52]. Perhaps surprisingly, the choice of ab-
sorption model has little inAuence on the cross sections
resulting from the cascade calculation. Predictions for
inelastic scattering, absorption, single and double charge
exchange in ' 0 and Ca were all found [27] to be insen-
sitive to the choice of absorption model. The prediction
of the doubly differential cross sections shown in Fig. 21
used the model of Hiifner and Thies [26]. Spectra ob-
tained using the Beder-Bendix model [51] are essentially
indistinguishable from these [27]. The cascade calcula-
tions, represented by the smooth curves, are compared
with the ' O(m+, m. ) data at three incident energies.
Comparing the results with those of the two-step calcula-
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Ref. [27], and the histograms at 180 MeV are taken from Ref'. [30].

tion shown in Fig. 20, one sees spectra in Fig. 21 that do
peak at lower outgoing pion energies. The agreement
with the data is fairly good at incident energy 180 MeV.
However, the calculation underestimates the measure-
ment at forward angles for high outgoing energies. This
effect becomes much more pronounced at 240 MeV,
where the cascade cross section is too low at all angles
forward of 130'~ This underestimate could be due to ei-
ther the effective scattering cross sections in the nuclear
medium being too large (yielding too large a probability
for multiple scattering and thus shifting too much
strength down to lower pion energies) or the absorption
cross section being too large at high energies, depleting
the DCX cross section. The former effect could accentu-
ate the latter: Multiple scattering will cause high-energy
pions to lose energy and to appear in the resonance re-
gion where they have a larger probability of being ab-
sorbed. Evidence of these effects is seen in the calculated
[27] total cross section for inelastic scattering, which is
smaller than the data [53] at 240 MeV, and in the absorp-
tion cross section, which is too large [44,54]. Moreover,
since the probability of multiple interactions will depend
on the amount of nuclear matter the pion has to traverse,
an overestimate of these interactions will produce the
largest disagreement with the data at forward angles, as
is seen in Fig. 21, and also produce angular distributions
that are more backward peaked than those measured, as
is also seen in Fig. 21.

The above comparisons indicate that a more detailed
microscopic treatment is required to produce quantitative
agreement with the DCX data. One obvious defect of
these simple, classical calculations [27] is the approxi-
mate treatment of the effects of the nuclear medium on
the ~N interaction. A more complete treatment would
include the correlation between the nuclear density and
the nucleon momentum and binding energy. Oset and
co-workers [28—30] evaluate the intrinsic probabilities for
pion inelastic scattering, single charge exchange, and ab-
sorption by calculating the imaginary part of the pion-
nucleus optical potential as a function of the nuclear den-

sity. In the framework of the b-hole model, the p-wave
pion-nucleus optical potential in infinite nuclear matter is
expanded in terms of one-particle —one-hole (lplh), 2p2h,
and 3p3h excitations. Probabilities for the various reac-
tions are related to different sources of the imaginary part
of the optical potential; these probabilities are applied to
reactions in finite nuclei by means of the local density ap-
proximation, corrected to account for the finite range of
the interactions. Oset and co-workers [28—30] also calcu-
lated the s-wave contribution to the mN interaction, since
pions can reach the low energies at which this amplitude
is important through multiple collisions. The effect of
neglecting the real part of the pion-nucleus optical poten-
tial (i.e., the elastic-scattering channel) was investigated
and found to be very small for T ~140 MeV. Double
charge exchange in this model occurs via two sequential
single charge exchanges, as in Fig. 1(a). Meson-exchange
mechanisms such as that in Fig. 1(b) are not included.

In their calculations of the inclusive DCX cross sec-
tions, Vicente et al. [30] included pion-induced pion pro-
duction [e.g. , (m+, rt+tt )], using a. model previously
developed by Oset and Vicente [55]. They found that the
cross section for this process increases rapidly with in-

cident pion energy, from about 15%%uo of the DCX cross
section at 240 MeV to one-third to one-half of the DCX
cross section at 270 MeV. This prediction, 1.96 mb for
' 0 at E;„,=270 MeV, is consistent with the experimen-
tal result of Grion et al. [46], but exceeds that of Rahav
et al. [47] by about a factor of 3.

Some of these theoretical results are compared with the
present data in Figs. 10—15, 18, and 21. We first examine
the doubly differential cross sections. The calculations
for DCX in ' 0 at 180 MeV, where there is no contribu-
tion from pion production, are shown as the histograms
in Fig. 21. The agreement with the data is not very good.
Vicente et al. [30] comment that the semiclassical
methods used in their calculation are not suitable for out-

going pion energies below 100 MeV and that at higher
energies one could expect better agreement. Indeed, at

E;„,=270 MeV the calculation provides a rather good
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representation of the data for both ' 0 and Ca at 130',
as seen in Figs. 7 and 8 of Ref. [30]. The comparison of
experiment and theory at 80 (see the same two figures),
however, shows poor agreement: The inclusion of pion
production causes the theory to exceed the data at low
outgoing pion energies, suggesting that this effect has
been overestimated. At high outgoing energies where
this process cannot occur, the theory seriously under-
predicts the measured cross section, suggesting that the
DCX part of the cross section is not correctly modeled.

More recently, the calculations of doubly differential
cross sections have been extended to other nuclei [49].
Predictions at 130' and 240 MeV incident energy for
(m+, vr ) and (n. , n.+) in ' Rh and Pb are shown as
the dashed curves in Figs. 10—13. The agreement with
the measured (n. , n. + ) cross sections (Figs. 11 and 13) is
fairly good, whereas it is quite poor for (n.+,~ ) (Figs. 10
and 12). This is not understood by the authors of Ref.
[49], who speculate that the effect might arise from
different proton and neutron density distributions.

Figures 14 and 15 exhibit the calculated angular distri-
butions [30) for DCX in ' 0 and Ca, respectively, at
180 and 240 MeV; at the higher energy, predictions with
(solid histograms) and without (dashed histograms) in-
clusion of pion-induced pion production are shown. The
calculation does not distinguish between (n. , ~ ) and
(m, n.+) reactions. The agreement at 180 MeV with the
' 0 data is fairly good. It is not clear how to evaluate the
prediction for Ca, as the measured (n.+,n. ) and
(n, n+) cr. oss .sections differ. At 240 MeV, even with
the inclusion of pion production, which may well be un-

realistically large in this model, both the ' 0 and Ca
cross sections are significantly underpredicted. The cal-
culation does not account for the forward peaking of the
angular distribution observed in the ' 0 data.

Figure 18 shows the predicted energy dependence of
the total reaction cross sections for DCX in ' 0 (long-
dashed curves) and Ca (short-dashed curves), with and
without the inclusion of pion production. The calcula-
tion does not reproduce the observed energy dependence
for either nucleus; the discrepancy is worse for Ca than
for ' O. Inclusion of production does allow the theoreti-
cal cross sections to agree with those measured at 270
MeV. However, as mentioned previously, the present
data for the doubly differential cross sections at this in-
cident energy, which the calculation exceeds in the region
of the spectrum in which pion production is kinematical-
ly allowed, as well as the (n, 2m') measurements of Rahav
et al. [47,48], indicate that this effect may have been
overestimated by the authors of Ref. [30].

The detailed comparison of these theoretical predic-
tions with the experimental results that has been present-
ed here makes it clear that further work is necessary.
The calculation must be extended to account properly for
the propagation of lower-energy pions if one is to make a
serious quantitative comparison of its results with the

data. The deficiencies in the calculation of the outgoing
DCX pion spectrum, in which the strength lies predom-
inantly below 100 MeV even for 270-MeV incident pions,
undermines the claim that a large (m, 2n) component is
substantiated by the results of this experiment. The effect
of the Coulomb interaction, which has not been included
in the transition operator, should be investigated. Also,
it would be interesting to see the result of extending the
model beyond the assumptions of the local density ap-
proximation to a more sophisticated derivative expan-
sion, since much of the dynamics takes place at the nu-
clear surface. At present, it is difficult to judge at what
nuclear size the approximation of using corrected infinite
nuclei matter probabilities in finite nuclei should break
down.

VI. SUMMARY AND CONCLUSIONS

An extensive set of doubly differential cross sections
for the inclusive (m+, ~ ) and (m, n+. ) reactions has
been measured for nuclei of mass between A =16 and
208 and for incident pion energies in the b, (1232) reso-
nance region. The systematic behaviors of the doubly
differential, singly differential, and total reaction cross
sections have been examined in terms of the phenomenol-
ogy of the DCX process. A semiclassical calculation
based on a simple sequential model of two single charge
exchange reactions on nucleons in a Fermi gas fails to
reproduce the shape of the observed pion spectra. An in-
tranuclear cascade calculation is somewhat more success-
ful in accounting for the shapes of the spectra, but does
not predict the measured dependence on angle or incident
energy. A more microscopic theory which obtains the
DCX cross sections simultaneously with those for other
inclusive pion-nucleus reaction channels constitutes a
promising beginning, but fails to reproduce in detail the
measured doubly differential, singly differential, and total
reaction cross sections for DCX in ' 0 and Ca. The
present data should stimulate further theoretical work.
Quantitative understanding of this process, in which dou-
ble scattering is the leading term, should be extremely
valuable in advancing our knowledge of the multiple in-
teractions of pions in nuclei.

Tabulations of the doubly differential cross sections re-
ported here are deposited with the Physics Auxiliary
Publication Service [56].
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