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Two-proton and three-proton inclusive 7" absorption cross sections were measured for incident
pion energies from 250 to 500 MeV on targets of *2C, *Ni, ®°Zr, 1'8Sn, and 2°Pb using a large solid
angle bismuth germanate detector array. Pion absorption events leading to three or more protons
in the final state were observed to become more significant with increasing incident pion energy and
were dominant at 500 MeV. The total absorption cross sections were inferred from analyses of the

data with uncertainties of approximately 25%.
PACS number(s): 25.80.Ls

I. INTRODUCTION

While the experimental information on pion interac-
tions well above the A(1232) resonance is rather limited,
pion absorption has been observed to be a significant
fraction of the pion-nucleus reaction cross section for all
energies measured up to 300 MeV [1]. The pion absorp-
tion cross section on deuterium decreases from a peak
of 12 mb near 140 MeV to about 0.5 mb by 500 MeV.
Similarly, in 3He pion absorption cross sections show a
marked decrease as the pion energy increases. The ab-
sorption cross section for heavier nuclei, however, does
not appear to decrease as dramatically as for deuterium
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for pion energies between 150 and 300 MeV. The energy
dependences of the absorption cross sections for energies
above 315 MeV for heavy nuclei are unknown.

Early models of pion absorption emphasized quasi-
deuteron absorption (QDA) as the dominant mechanism
for pion absorption in nuclei, particularly near the reso-
nance [2]. However, several experiments at energies both
below and above resonance have given indications that
the process is more complicated and involves an increas-
ing fraction of three-nucleon absorption at higher inci-
dent pion energies. The interpretation of the data is
complicated by the presence of initial and final state in-
teractions (ISI/FSI), which can be substantial, especially
in heavy nuclei.

Kinematically complete measurements of pion absorp-
tion on *He and *He, in which ISI/FSI are expected to
be less important and corrections for them more easily
made, offer the clearest evidence for three-nucleon ab-
sorption processes near resonance [3—11]. A study of the
3He(w*, 3p) reaction at T = 350 and 500 MeV showed
that 45% of the absorption cross section was due to a
three-nucleon mechanism, significantly larger than the
25 £ 10% found near the A(1232) resonance [12]. Calcu-
lations by Oset et al. [13] predict that the three-nucleon
processes should be about 55% of the total absorption
cross section for incident pion energies between 250 to
350 MeV, in approximate agreement with the data. How-
ever, other approaches, such as that of Masutani and
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Yazaki [14], do not explicitly include three-nucleon pro-
cesses and also give a reasonable description of the data.
Another mechanism involving four nucleons, the double-
A(1232) mechanism, has been proposed by Brown et
al. [15]. This would be expected to increase in importance
as the pion energy increased, but its relative strength to
other mechanisms is unknown. Measurements on heavier
nuclei are more difficult to interpret than those on light
nuclei, but studies of both the 2C(n ™, 3p) reaction [16,
17] and the SLi(n*,2p) and (7, 3p) reactions [18] also
gave evidence for three-nucleon processes near resonance.

Pion absorption differs from many experiments in that
the signal is the absence of a particle. In principle, the
measurement can be done by using a 100% efficient 47 de-
tector and rejecting all events in which a pion is present,
or by finding that the total kinetic energy of outgoing
particles is greater than the incident pion kinetic energy
minus the binding energy of the particles. In practice,
detectors cover less than the full solid angle and do not
have 100% detection efficiency for all particles at all ener-
gies. Determination of the total absorption cross section
requires correcting for events containing an unobserved
pion in the final state, a procedure which cannot, in gen-
eral, be done unambiguously.

In the experiment described here, we use a large solid
angle detector with good efficiency for charged particle
detection. This allows the rejection of a substantial frac-
tion of the events with a pion in the final state, and
is combined with a study of the summed proton energy
spectra to determine the m+ absorption cross section.
Pion energies up to 500 MeV were used in order to pro-
vide the first such measurement on nuclei heavier than
“He for pion energies well above the A(1232) resonance.

II. EXPERIMENT

A. Pion beam and targets

The experiment was performed at the Pion Particle
Physics channel (P3) of the Clinton P. Anderson Meson
Physics Facility (LAMPF). Positive pions with energies
of 250, 300, 400, and 500 MeV were used. The pion beam
was defined by a 1-cm-diam lead collimator just upstream
of a 5-mm-square scintillator (B1), 38 cm upstream of the
target, and a 10-cm-square scintillator (B2) with a 5-mm-
square hole, 13 cm downstream of B1l. The incident pion
flux was counted by B1 in anticoincidence with B2. The
average pion flux was kept below 10* /s to eliminate
the possibility of pileup problems in the detectors. The
trigger consisted of a coincidence between B1 with any
two detectors in the ball, in anticoincidence with B2, and
in anticoincidence with a 10-cm-square scintillator 86 cm
downstream of the target.

Before the final bending magnet in the beam line, a
degrader was inserted to minimize protons in the beam.
Using pulse heights in scintillator B1, the relative frac-
tion of pions in the beam was measured. At incident
pion energies of 300 and 500 MeV the pion fraction was
measured as 99% and 76%. The pion fraction at 250 and
400 MeV was taken to be 100% from previous measure-
ments made on the P3 channel.

The targets used in this study were '2C, 38Ni, %0Zr,
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118310, and 2°®Pb with thicknesses of 100, 290, 246, 140,
and 206 mg/cm?, respectively. These areal densities were
determined with uncertainties of about +5%. All targets
were mounted so that they were centered with respect to
the detectors and inclined at an angle of 20° with respect
to the incident beam.

B. BGO ball array

A large solid angle detector, the LAMPF BGO ball,
was used to detect the reaction products for this study.
Detailed information on the BGO ball can be found in
Refs. [18] and [19]. The detectors of the array were of
pentagonal and hexagonal shape and tightly packed to
form a truncated icosahedron of 32 sides. The detectors
were distributed about an inner radius of 6.1 cm from
the center of the array to the center of each crystal face,
and were arranged in six groups centered at laboratory
scattering angles of 8 = 37°, 63°, 79°, 102°, 116°, and
142°. At the time this experiment was performed only
26 of the detectors were available. Two detectors were
missing from the most downstream angles and two were
missing from the most upstream side of the ball at conju-
gate angles. At an incident pion energy of 500 MeV one
of the detectors in the ring with the largest scattering an-
gle was not working. The array in this experiment thus
covered a scattering angle range of about 20°-160° and
a total solid angle of 0.77x4x sr (for 26 detectors). The
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FIG. 1. Pulse heights for the plastic scintillator (AFE)
versus the pulse heights of the BGO scintillator (E), both
calibrated for energy deposited (in MeV), obtained from the
front three detectors for the 71 + '2C reaction at an incident
pion energy of 500 MeV. Major particle types designated by
enclosed regions are (L) low-energy charged particles which
stopped in plastic scintillator; (D) deuterons; (P) protons
which were stopped by the BGO; (T') “turnaround” protons,
which passed through the BGO; () pions; () neutral parti-
cles, which includes photons and neutrons; and (R) protons
which had nuclear interactions in the BGO.
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FIG. 2. Enlarged view of Fig. 1. Particle types are labeled
as explained in Fig. 1. Minimum ionizing 150 MeV pions form
a clump at E =~ 52 MeV. Kinetic energies interpolated for
“turnaround” protons are shown. The neutral particles do
not all have zero energy in the plastic because of pulse shape
differences between photons and neutrons, as discussed in the
text.

time resolution of the detectors was about 1 ns, sufficient
to eliminate hits which came from another beam burst
arising from the LAMPF beam 5-ns microstructure.

Each detector consisted of a 3-mm-thick NE102 plas-
tic scintillator glued to the front of a 5.6-cm-thick BGO
scintillator. Both scintillators were viewed by a single
photomultiplier. Since the decay constant of the BGO
scintillator is much longer than that of the plastic scin-
tillator (about 250 ns vs 1.5 ns), the anode signal was
time sliced to provide a AE and E signal for particle
identification. An example of the output signal of the
plastic scintillator (AE) versus the output signal of the
BGO scintillator (E) is shown in Fig. 1, calibrated for en-
ergy as described in the next section. The events shown
in Fig. 1 were obtained from the three detectors in the
azimuthal ring at § = 37° and for the 7+ + !2C reaction
at an incident energy of 500 MeV. The only requirement
imposed for that figure was that two of the BGO detec-
tors were hit within the time gate with a valid set of
beam counter conditions as noted above. Figure 2 shows
the same spectrum with an expanded AFE scale.

C. Energy calibration of the BGO ball

The energy calibration of the BGO ball was made us-
ing two proton coincidences from the 7d — pp reaction
at several incident energies of the pion beam. The gain
for the output from the plastic scintillator was set to give
the correct energy deposited in the plastic scintillator for
protons with kinetic energy of 50 MeV. The light output
from the plastic scintillator was not linearly proportional
to the deposited energy. This can be seen in Fig. 1, where

the protons and deuterons appear to be passing through
the plastic scintillator at 10.5 and 13 MeV, respectively.
For proton kinetic energies above 50 MeV or so the light
output of the plastic scintillator was approximately a lin-
ear function of the deposited energy [20]. Since the en-
ergy deposited in the plastic was relatively small, the ob-
served nonlinearity in the plastic scintillator response did
not significantly change the estimate of the total energy
of any particle.

At higher energies the total cross section for the 7d —
pp reaction decreases and the protons become sufficiently
energetic such that they are no longer stopped in the
BGO material, making the use of the reaction for calibra-
tion problematic. Hence, for incident pion energies above
250 MeV, the turnaround point at 185 MeV and the pion
minimizing energy point near 52 MeV were used to pro-
vide an energy calibration for the detectors. Runs with
lower incident pion energy where the 7d — pp method
could be used were interspersed among the higher en-
ergy runs to check on the consistency of this calibration
procedure.

D. Interpretation of BGO ball pulse heights

The light output of BGO scintillator depends on the
temperature of the BGO material. To minimize fluctua-
tions in the temperature of the BGO, a tentlike structure
was built to isolate the BGO ball from its surroundings.
With this housing in place, pulse heights were found to
vary by less than a few percent for the energy calibration
runs described below.

As seen in Figs. 1 and 2, a fairly clean separation of
the different particle types was obtained. The separa-
tion was cleaner for lower energy pions, and for more
backward angles. We distinguish seven different regions:
low-energy charged particles, deuterons, protons stopped
in the BGO, protons passing through the BGO, neu-
trals, low-energy neutrals, and pions. Pions, protons,
and deuterons with kinetic energies less than 7.2, 17, and
23 MeV, respectively, were stopped in the plastic scintil-
lator. These same particles were stopped in the BGO
crystals for entering energies of 90, 185, and 280 MeV,
respectively. Because of the short distance from the tar-
get to the detectors, it was not possible to use time of
flight to determine the particle type for charged particles
stopped in the plastic, or distinguish between neutrons
and gammas. Particles which deposited less than 12 MeV
in the BGO scintillator and more than 0.5 MeV in the
plastic scintillator were identified as low-energy charged
particles.

Pions are minimum ionizing for kinetic energies greater
than 150 MeV and deposited about 52 MeV of energy
in the BGO scintillator. Pions with energies between
90 MeV and 150 MeV passed through the detectors and
deposited between 90 and 52 MeV. Since there was insuf-
ficient AFE resolution to distinguish pions with energies
between 90 and 150 MeV from those with energies be-
tween 52 and 90 MeV, measuring the pion energy spec-
trum was not possible. Hence, in this experiment the
pions were only counted and no missing mass spectra
for elastically or inelastically scattered pions were deter-
mined.
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Incident pion energies used in this experiment were suf-
ficient to produce protons which passed through the BGO
detectors. Unlike the pions, there was sufficient AF res-
olution to distinguish these from lower-energy protons.
These protons, which we will call “turnaround” protons,
are seen in Fig. 2. The “turnaround” point at 185 MeV is
clearly seen and particles in the odd-shape box indicated
in Fig. 2 were identified as turnaround protons. Protons
with enough energy to pass through the BGO scintilla-
tor were scattered only to the forward half of the BGO
ball. Therefore, turnaround protons were only identi-
fied for detectors at 8 = 37°, 63°, and 79°. The shape
and location of this cut was determined from previous
measurements of the vd — pp reaction for lower pion en-
ergies, where the proton energy was readily determined
from kinematics.

The observed energy deposited by the turnaround pro-
tons in the BGO scintillator was interpreted in software
to yield the kinetic energy appropriate for a proton in-
cident on the BGO material of the detector. The scale
shown in Fig. 2 illustrates this interpolation. The en-
ergy resolution in the plastic scintillator was not suffi-
cient to completely distinguish turnaround protons from
stopped protons in the region of 140-185 MeV deposited
in the BGO scintillator. Thus, in the worst case, the
energy of a 140 MeV proton could be misinterpreted to
be 200 MeV. To ameliorate this effect a cut was made
in this “turnaround/stopped” proton region so that ap-
proximately half the protons in the region were labeled
as a turnaround. The effect of this cut in the region of
turnaround/stopped region will be discussed in Sec. III,
where we describe the results of this division of events on
the missing mass spectra obtained. Here, we simply note
that the division was found to have no significant effect
on the missing mass spectra obtained.

The energy resolution for turnaround protons wors-
ened with increasing proton energy. Up to about
220 MeV the observed energy decreases about 1 MeV
per MeV increase in the proton energy, while at 400 MeV
the observed energy decreased 1 MeV per 6 MeV energy
increase. Hence the energy resolution was 6 times worse
for protons which had 400 MeV entering the BGO crystal
than those with energies of 220 MeV.

Neutral particles were identified as events in which a
signal appeared only in the BGO scintillator. As seen
in Fig. 2, the neutral line was not straight but curved
upward to higher AFE as the total energy deposited in-
creased. While this behavior is not fully understood,
most of the higher-energy neutrals were probably due
to photons from 7° decays which would have a fast
Cherenkov component; this could explain about one-
third of the effect. The rest may be due to either a
small fast component of light emission from the BGO
scintillator, or interaction of electrons from the shower
in the photo-cathode. In any case, the neutrals could be
distinguished from protons and, since the neutral energy
was not used for the analysis described below, this be-
havior should have no significant impact on the results
reported here. To eliminate photons which arose from
nuclear transitions or noise, events were distinguished be-
tween neutrals with energy deposited in the BGO mate-
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rial above 18 MeV and those which had less than 18 MeV.
However, this distinction did not turn out to be very im-
portant in the final results.

The neutron detection efficiency for the BGO scintilla-
tors used in this experiment has not been measured. The
efficiency was estimated by assuming a neutron-nucleus
inelastic scattering [21] led to detection of the neutron.
This would predict the maximum efficiency for neutron
detection is about 25%. Finally, since the BGO scin-
tillator material in each detector had a thickness of 5
radiation lengths, a photon detection efficiency of nearly
100% was assumed.

E. Consistency tests with =d — pp

Because of the simplicity of its final state and the large
empirical database available for it, measurements of the
wd — pp reaction provided a useful tool for determining
the magnitude of, and assumptions concerning, a number
of corrections. To provide the 7d — pp data, the 2C tar-
get and empty target runs were subtracted from the CD,
target runs. Plots of the total energy of the two protons
from the md — pp reaction are shown in Fig. 3 for inci-
dent pion energies of 150, 200, and 300 MeV. The values
of the full width at half maximum of the deuteron ab-
sorption peak for each of these energies were found to be
15, 18, and 47 MeV, respectively. The resolution became
increasingly worse at higher incident pion energies, prin-
cipally due to the forward-going protons passing through
the BGO scintillator.

Estimates of the reaction loss and missing solid an-
gle corrections were tested using the md — pp reaction.
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FIG. 3. Observed total energy distribution for two pro-

tons for the d(nt, 2p) reaction at various incident pion ener-
gies.
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For instance, at T, = 300 MeV, the peak in Fig. 3 was
integrated and, incorporating the measurements of the
pion flux and target density noted above, an observed
cross section of 0.53 £ 0.04 mb was determined. The
7% uncertainty in the observed cross section includes a
5% uncertainty in the measured pion fraction and a 5%
uncertainty in the measured number of incident particles.

The total cross section for md — pp was then estimated
by correcting for losses due to missing solid angle and
proton detection efficiency. Not all protons entering the
BGO will be identified as such because nuclear reactions
by the protons in the detector material can lower their
deposited energy enough to move them out of the proton
identification bands. From the reaction corrections de-
termined in our previous studies of the md — pp reaction
at lower pion energies, we estimated that, for an incident
pion energy of 300 MeV, the correction for reaction losses
was 1.7 with an uncertainty of about 10%. The correc-
tion for the missing solid angle was estimated using pre-
viously measured angular distributions for 7d — pp [22].
The solid angle correction was found to be 2.1, also with
about a 10% uncertainty.

Applying both corrections, a total md — pp cross sec-
tion at an incident pion energy of 300 MeV of 1.9 + 0.3
mb results, in agreement with the previous measurement
of 2.02 + 0.05 mb [22]. Similar comparisons for other
energies indicated that the absolute normalization of the
cross sections was accurate to within 10%.

III. OBSERVED CROSS SECTIONS

The goal of this experiment was to measure cross sec-
tions and missing energy distributions for pion absorp-
tion leading to two or more energetic protons in the final
state. Though all events in which a pion was detected in
the BGO ball were rejected, unobserved pions in the final
state were a source of concern, including the possibility
of single charge exchange (CEX) yielding a neutral pion
in the final state. The summed energy of the protons
was usually not great enough to guarantee absorption,
due to, for example, absorption events in which not all
particles in the final state were detected, interactions of
the outgoing protons in the detectors, pions which re-
acted in the detectors and were misidentified as protons,
or other possibilities. Thus, to estimate the total ab-
sorption cross section leading to two or more energetic
protons, estimates were made of losses due to incomplete
solid angle coverage, reactions of the protons in the BGO,
and estimates of the fraction of two proton events which
were not due to absorption of the pion.

Because of the possibility that the nonabsorption frac-
tion could be quite large, we will discuss in some detail
our evidence for the magnitude of the corrections. We
will first outline the general features of the events con-
taining two or more protons, then discuss possible ef-
fects of misidentification of the protons and contamina-
tion by nonabsorption processes and finally compare the
observed missing energy spectra with the predictions of
a simple phase space model.
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A. Notation

Because of the large phase space covered, large solid
angle detectors provide a tool to measure cross sections
for many different final states. Such is the case here, and
numerous combinations of particles were observed in the
BGO ball detector array. In this subsection, we outline
the notation used throughout this paper to describe the
various cross sections measured, simulated, or inferred.
Though somewhat cumbersome, this notation provides
an efficient method of summarizing the observables dis-
cussed.

We use several subscripts to indicate the restrictions
applied, to either the data reduction of events detected
by the BGO ball or simulations of the detection system
response, in terms of the particular combination of parti-
cles required in the final state. The subscript v indicates
a requirement of a neutral particle, which may be a neu-
tron or photon. n or v denotes a neutron or photon,
respectively, in the Monte Carlo simulations. An A indi-
cates a requirement of a “hit” in the ball by any particle,
including pions. None of the cross sections include events
which, in the final state, contained an observed pion or
two or more neutrals unless so indicated in the subscript.

Numbers used in conjunction with the foregoing sub-
scripts, such as 2p, indicate multiplicity requirements for
the designated particle. Events with higher multiplicities
of the particle than the number indicated in the subscript
are excluded from the cross section, but, except for the
pion or two neutral exclusion, there is no other restric-
tion on other particles, and the cross sections are in this
sense inclusive cross sections. For example, o3, includes
02pd and 02y, but not o3, or oy4p.

Notation is also used to indicate the corrections or ori-
gin of the given observable. Observed cross sections do
not include corrections for missing solid angle or reaction
losses, but a superscript of “est” is used to indicate that
corrections, discussed in the appropriate section of the
text, have been made to obtain the given cross section.
A superscript of p indicates data from previous measure-
ments. The subscript “abs” indicates that the cross sec-
tion has been corrected not only for missing solid angle
and reaction losses, but also background from nonabsorp-
tion pion events; such cross sections thus represent our
estimates of the absolute pion absorption cross sections,
and are inclusive cross sections except for the aforemen-
tioned exclusion of events with pions or two or more neu-
trals in the final state.

B. Observed cross sections

The observed cross sections 025, 03p, Opd, T2pa, and
O2pv (the last two, as indicated above, are subsets of
02p) are given in Table I. The statistical uncertainties
are generally about 1%. Because the uncertainties in
pion flux and target thickness amount to about 10%, we
have rounded all results to two significant figures and
omitted the statistical error. The observed 4p cross sec-
tions are always small and never more than 10% of the
observed 3p cross section. We have listed two cross sec-
tions which include a deuteron, 0,4 and o3pq4, to indi-
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TABLEI. Observed cross sections measured in this exper-
iment for events with two protons (o2p), three protons (o3p),
a proton and a deuteron (opq), two protons and a deuteron
(02pa), and two protons and a neutral (02py). O2pd and o2ps
are subsets of o2,. Because the systematic normalization un-
certainty is about 10%, while statistical errors are of order
1%, we have rounded results in this and later tables to two
significant figures and omitted that statistical error.

Tx Nucleus O2p O3p Opd O2pd O2py
(MeV) (mb) (mb) (mb) (mb) (mb)
250 12¢ 25 4.0 4.4 1.9 3.3
250 58Ni 96 16 19 6.5 8.8
250 907y 97 14 23 6.8 8.5
250 1185 130 18 36 9.7 9.8
250 208py, 140 14 39 8.7 9.8
300 12¢ 24 4.5 4.4 1.9 4.4
300 58Ni 110 21 22 8.5 14
300 07r 110 20 27 9.2 13
300 118gn 120 19 32 10 13
300 208p, 170 24 49 13 18
400 12¢ 18 3.8 3.3 1.6 5.0
400 118gn 140 30 39 16 23
400 208py, 160 29 50 17 24
500 e 18 4.0 3.4 1.7 5.9
500 58Ni 120 34 26 14 27
500 907y 130 34 36 17 28
500 118gp 150 38 45 21 30
500 208py, 240 52 76 30 42

cate that final states including an energetic deuteron are
significant. However, we see that the observed 2p cross
sections are dominant and most of the discussion in this
subsection will concern them.

Events containing two or more neutrals were mainly
due to charge exchange, as discussed in the Appendix.
Using the techniques and assumptions described there,
cross sections including pions, two neutrals, or various
combinations of low-energy particles were also measured.
Some of these are listed in Tables III and IV. Because of
the trigger requirement of two detectors being hit, pion
elastic cross sections were not measured, but the results
in Tables IIT and IV do provide a measure of the total
reaction cross section, using the observed cross section
for two or more detectors hit. This latter cross section
is listed as 0>z, in Table IV. A comparison with the
total reaction cross section of Ref. [1] is also given at 250
and 300 MeV. Our observed o35 is about 50 + 10% of
the reaction cross section at 250 and about 60 + 10% at
300 MeV. For 2C at 400 and 500 MeV [23], 025 is 60%
and 70% of the reaction cross section. a

C. Missing energy spectra

The observed missing energy spectra for 2p and 3p
events with targets of 2C, 58Ni, and 2°®Pb at various
incident energies are shown in Figs. 4-9, with missing
energy defined as the sum of the incident pion kinetic
energy plus the pion mass minus the summed energy of
all observed protons. We have not included the energy
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FIG. 4. Observed missing energy distributions for the

12C(n™t, 2p) reaction at various incident pion energies. Also
shown are histograms for the calculated missing energy dis-
tributions for 2pn (light line), 2p2n (dark line), and 2p3n
(dotted line) final states from a Monte Carlo simulation with
an arbitrary normalization, as explained in Sec. IV.
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text.
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of deuterons or other particles, in order to make more
reliable comparisons with the simulations discussed be-
low. As is easily seen from Figs. 4-6, the bulk of the
observed 2p cross section has a missing energy greater
than the pion mass energy of 140 MeV, with the fraction
increasing for both increasing incident pion energy and
increasing mass.

Three physical processes can contribute to the large
missing energy region: absorption on more than two nu-
cleons with one or more nucleons unobserved, absorption
with initial state and/or final state interactions leading to
one or more energetic but unobserved nucleons, and non-
absorption events with an unobserved pion. The correc-
tions and assumptions relevant to interpreting the miss-
ing mass spectra for the first two of these processes were
investigated using simulations, as described in the next
section, while the last process is discussed here, along
with a discussion of corrections made for misidentified
pions and protons in the final state.

1. Corrections for pion inelastic and charge exchange

Pion inelastic scattering and CEX events can con-
tribute to the observed 2p spectrum. We have estimated
their contributions to the observed 2p spectrum by first
determining the total cross sections for inelastic and CEX
reactions, as detailed in the Appendix. We then esti-
mated the fraction which contributed to the 2p spectrum
but was not rejected by either observing a pion or the two
photons from w° decay. While the determination of these
cross sections is discussed in detail in the Appendix, here
we note that the total cross sections for inelastic and CEX
reactions estimated from this experiment were in reason-
able agreement with previous data, and at energies where
no previous data existed the cross sections measured here
follow the trend from lower energies.

From our measurements, the contribution to the ob-
served 2p cross section from pion inelastic scattering was
found to be less than 5% for all nuclei and at all ener-
gies. The CEX reaction contributed less than 12% to the
observed 2p cross section for all nuclei and at all ener-
gies, except for 12C at 400 and 500 MeV where the CEX
contribution was 15% and 26%, respectively. In deter-
mining the final total absorption cross section discussed
in the next section, these contributions from nonabsorp-
tion events were subtracted.

2. Corrections for particle misidentification

Consideration was given to several processes within
the BGO material which could give rise to misidenti-
fication of particles. Possible misidentification due to
pion interactions in the detector material were inves-
tigated, the aforementioned energy ambiguity in the
turnaround/stopped proton region, confusion of high-
energy pions and protons, and proton interactions re-
sulting in improper incoming energy assignment. These
are discussed here in turn.

A scattered pion can interact in the BGO in such a

manner as to give a signal which could be interpreted as
a high-energy proton. Based on the cross sections of Ref.
(1], about 30% of the pions at 165 MeV underwent an
inelastic reaction, and 24% of them at 300 MeV did. If
the energy loss of the pion was less than about 30 MeV,
or if the pion lost most of its energy in a transfer to one
or more neutrons either directly or through final state
interactions, it would likely still be identified as a pion.
Even most events with greater energy loss (including ab-
sorption in the BGO) would not be identified as protons,
since most of these will give a AE signal which is too
low, or an energy which does not fall in the relatively
narrow range allowed for the turnaround protons. For
the detectors backward of 90°, no confusion of pions and
protons due to pions interacting in the detector should
occur since the turnaround region for those detectors was
essentially empty for proton events. Further, in these
backward angle detectors, the pion band was not seen at
higher energies for the AFE corresponding to a pion. This,
coupled with the results on pion cross sections detailed
in the Appendix, indicates that such interactions do not
contribute significantly to the observed two proton cross
sections; thus, no corrections were made for such effects.

As mentioned earlier, a shift in the missing energy
distribution could occur if turnaround protons were
misidentified as stopped protons, and thus assigned too
low an energy. To interpret this region, we indicated
above that a cut was made in this turnaround/stopped
region for the proton curve such that about half the
events in that region were labeled turnaround protons,
while the remaining protons were assigned energies ap-
propriate to protons stopping in the rearmost part of the
detector material. If this procedure resulted in a great
number of serious erroneous energy determinations, the
missing energy distributions would be correspondingly
skewed. Simple considerations would suggest that this
ambiguity should have minor effects on the inferred miss-
ing energy distributions. For example, if the interpo-
lated energies for these protons were off by 5%, then the
turnaround protons would have energies incorrect by at
most 25-30 MeV, which should have a negligibly small
impact on the missing energy distribution.

To confirm this assumption, the ambiguity in the
turnaround/stopped region was investigated by using dif-
ferent assumptions for treatment of this region and ob-
serving the changes found in the missing mass spectra.
The histograms in Figs. 5 and 6 at incident pion energy of
300 MeV are the 2p missing energy distributions found
using different assumptions for the treatment of events
in the turnaround/stopped region. If the assumption is
made that all the events in the region were stopped pro-
tons, the histogram indicated by the light line results. If,
conversely, all such protons are assigned energies inter-
polated for turnaround protons, the dark line indicates
the resulting missing energy distribution. Both missing
energy distributions are seen to lie almost within the
error bars of the missing energy distribution in which
about half of the protons with energies above 140 MeV
were identified as stopped protons, the prescription we
have employed. Thus, the procedure described above for
treating the ambiguity in this region has no significant
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detrimental effect on the missing energy distributions dis-
cussed below.

As can be seen in Fig. 2, the deposited energy of
turnaround protons approaches that for pions as the
proton kinetic energy increases. For this work, a min-
imum energy deposit in the BGO material of 75 MeV for
turnaround protons has been assumed, which limits the
interpolated maximum proton energy to around 410 MeV
and the minimum scattered pion kinetic energy to about
100 MeV. For pion beam energies below 300 MeV this
limitation was not important. Protons from the 7d — pp
reaction with a scattering angle of § = 20° had kinetic
energies below 325 MeV, and, even taking into account
Fermi motion in the nucleus, proton energies larger than
410 MeV were unlikely. }

For incident beam energies of 400 and 500 MeV, how-
ever, proton kinetic energies of 409 and 494 MeV, respec-
tively, were expected for the same reaction. For these
energies the cutoff at 410 MeV in proton kinetic energy
would cause some high-energy protons to be identified as
pions. Changing the assumed minimum energy deposi-
tion to 65 MeV would increase the upper limit for in-
terpolated proton kinetic energies of 525 MeV, although
some pions would then be incorrectly identified as pro-
tons. The effects of varying the assumed minimum en-
ergy deposit were tested for the 500 MeV incident pion
energy data, where the effects should be the largest. The
results of that investigation indicated that the observed
inclusive two-proton cross section increased as would be
expected, but by only about 0.5% for all nuclei. Thus,
the exact placement of the cutoff is of little significance.
(We also note that this indirectly supports the contention

that pion interactions in the BGO are not a significant .

factor.)

Protons undergoing nuclear reactions in the detector
might still be identified as protons, but with the incorrect
energy. In the turnaround region the observed energy of
such a proton could be greater or less than the energy of a
nonreacting proton, depending on the reaction. A proton
with an energy less than 185 MeV undergoing a nuclear
reaction will deposit less than its full energy. If that dif-
ference is more than about 50 MeV, it will no longer be
identified as a proton. Otherwise, it will be identified
as a proton but with some energy unobserved, resulting
in a downward shift in missing energy of up to 50 MeV.
This is much less than the difference between the peak
of the missing energy spectrum and zero missing energy.
Thus even if every event contained a proton which had
undergone a nuclear reaction but was still identified as
a proton, the missing energy spectrum would still not
peak at low missing energy. In contrast to protons below
185 MeV, nuclear interactions by the protons which have
enough kinetic energy to pass through the BGO scintilla-
tor are likely to lead to more energy deposited, due to the
higher differential energy loss of the original proton, plus
the energy of any additional protons knocked out of the
nucleus. However, these will have a low-energy deposit
in the plastic and generally fall outside the turnaround
proton cuts. We also estimate that less than 25% of the
high-energy protons should undergo any inelastic nuclear
reaction [21]. We conclude that the general shape of the
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spectrum is not due to misidentification of the proton or
its energy.

IV. TOTAL ABSORPTION CROSS SECTIONS

A. Simulations of corrections
to observed cross sections

As mentioned in the preceding sections, most of the
observed 2p cross section appears to be due to absorption.
To estimate the total absorption cross section for only
two protons in the final state, the observed two-proton
cross sections must be corrected for missing solid angle,
losses due to nuclear reactions in the detectors, and the
fraction of observed two-proton events which contained
one or more undetected protons. Similar considerations
apply to obtaining the total absorption cross section for
final states with only three protons from the observed
cross sections with three protons detected in the ball. As
discussed above, for the 7d — pp reaction, the reaction
and solid angle corrections are straightforward, only two
protons can arise in the final state, and estimates can
be made which are easily confirmed by comparison with
other experiments.

For heavier nuclei, however, there is no unambiguous
way of making these corrections. For this work the angu-
lar and energy distributions of the nucleons in the final
state were assumed to be reasonably described by multi-
nucleon phase space. The characteristics of final states
with various numbers and combinations of protons and
neutrons were studied and compared to the characteris-
tics of the data in order to determine which final states
best described the data. From those comparisons, esti-
mates of the total absorption cross section leading to only
two, only three, or more protons were made. These sim-
ulations revealed that, due to the large solid angle cover-
age, relatively low proton detection threshold, and high
efficiency for proton detection, the correction from the
observed 2p cross section to total absorption cross sec-
tion was relatively insensitive to the final state assumed
in the simulations.

The basic event generator used was the Monte Carlo
phase space program FOWL [24], which in this work was
used to simulate the absorption of a pion on a cluster of
nucleons bound by 8 MeV /nucleon. The use of a clus-
ter to simulate the absorption mechanism does not imply
necessarily that the underlying pion absorption mecha-
nism was dominated by a process involving all the nucle-
ons of the cluster; instead, the cluster approach simply
provided a means of assessing the overall detection prob-
ability. A number of final states containing at least two
protons were simulated: 2pn, 2p2n, 2p3n, 3pn, and 3p2n.
In each case the full phase space distributions of the par-
ticles were used.

After generation of each event, the response of the
BGO ball detectors for the protons and neutrons was
also simulated. For those protons which underwent a
nuclear reaction, an estimated energy loss was predicted
and tested to determine whether the proton remained
in the proton band of the AFE vs E plot. These esti-
mates were based on our previous studies of the 7d — pp
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reaction at lower pion energies. The neutron detection
efficiency was assumed to be zero for neutrons below
30 MeV, to rise linearly from zero to 25% for neutrons
between 30 and 100 MeV, and constant at 25% above
100 MeV.

After this estimation of the detection probability for
each particle was made, the following characteristics of
the simulated final states were examined: the ratio of
events generated to those events in which only two pro-
tons are detected, the ratio of three detected protons to
two detected protons, and the observed missing energy
spectrum for events with two or three detected protons.
These ratios are summarized in Table II for the various
final states noted above. Also estimated, but not listed,
were the ratios of observed 2p2n to observed 2p final
states. These were found to vary from 0.005 at 250 MeV
to 0.02 at 500 MeV, indicating that the observed 2p2v
cross section had little contribution from 2p2n events and
was mainly due to charge exchange.

The correction factors required for the nd — pp
were found using the angular distributions from the
parametrization of Ref. [25]. These are listed in Ta-
ble II under the column labeled “d(w*,2p).” The ratio
of the total number of events to the number of events
with two detected protons generated in the Monte Carlo
simulation was used as the correction factor for the ob-
served 2p cross section to get the total cross section for
each final state. For example, at 250 MeV for the col-
umn labeled 3p2n, which corresponds to the reaction
ntppnnn — pppnn, the observed 2p cross section was
predicted by these simulations to be only 40% (1/2.5) of
the total cross section while the code predicted that the
observed 3p cross section would be 41% of the observed
2p cross section. In other words, if the total cross section
for this reaction were 100 mb, the code would have pre-
dicted an observed cross section oz, of 40 mb of which
16.4 mb would be observed 3p cross section.

It is clear from Table II that the correction factor from
the observed two proton cross section to total absorp-
tion cross section was not very sensitive to the final state
simulated. For instance, at 250 MeV, the 2p correction
factor found for the different clusters ranges from 2.5 to
3.3. The difference between the minimum and maximum
correction factors and the simple average of the two is
generally 15-25%. Since (1) the factors were approxi-

TABLE II. A Monte Carlo prediction of the ratio of the
total absorption cross section to the observed two-proton cross
section for the deuteron [column labeled d(w™,2p)] and vari-
ous combinations of nucleon clusters in the final states. It is
the correction factor for missing solid angle and reaction losses
in the BGO ball for each nucleon cluster. For the 3pn and
3p2n nucleon clusters the value after the slash is the Monte
Carlo prediction for the ratio of the observed 3p/2p cross sec-
tion. See Sec. IV for a description of the simulation.

T. d(n%,2p) 2pn 2p2n 2p3n 3pn 3p2n

250 3.5 3.1 3.1 3.3 2.5/0.45 2.5/0.41
300 3.6 3.3 3.1 3.3 2.5/0.44 2.5/0.41
400 3.8 3.6 3.4 3.3 2.5/0.41 2.5/0.42
500 3.9 4.3 3.8 3.6 2.6/0.36 2.6/0.39
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mately equal, (2) there was no unambiguous method to
weight the various correction factors, and (3) the varia-
tion was about the same magnitude as the various un-
certainties in the simulation, a simple average value from
the factors in Table IT was used as an estimate for the
correction for missing solid angle and reactions.

B. Total absorption cross sections

To obtain the total absorption cross section leading
to two or more energetic protons in the final state, the
associated missing mass spectra were integrated. The ob-
served o, cross sections were integrated over two energy
regions. The first region, designated LE, corresponded
to the portion of the spectra which was below a cutoff
energy T, where T, was equal to 100 MeV plus the two-
proton separation energy. The remaining higher miss-
ing energy portion, labeled HE, was integrated for all
missing energy above T.. The predicted contribution
to observed o3, of nonabsorption events was subtracted
from the HE integrated cross section since nonabsorption
events should contribute primarily to that missing energy
region.

In Table III the integrated cross sections for the
two missing energy regions are listed as 02,(LE) and
053 (HE). These integrated cross sections were then ad-
justed according to the corrections for missing solid angle
and reactions as noted above. In particular, the observed
2p LE cross sections were multiplied by the deuteron
absorption cross section correction factor, while the ob-
served 2p HE cross sections were multiplied by the aver-
age of the maximum and minimum correction factors at
each pion energy as detailed in the previous subsection.
Both integrated absorption cross sections are listed in Ta-
ble III as 0%t (LE) and o8t (HE) and plotted in Fig. 10
for all targets and incident pion energies.

The sum of the two missing energy regions gives the
estimated total absorption cross section leading to two or
more protons (0&*). The values are plotted in Fig. 11(a)
and listed in Table III. Based on the uncertainties men-
tioned above for the pion flux, target density, and all
correction factors noted above, the estimated cross sec-
tions possess uncertainties of about 20% for 250 MeV—
400 MeV, and 30% at 500 MeV, except for '2C, with
an uncertainty of 45%. The main sources of uncertainty
are the subtraction of the contribution of nonabsorption
events from observed o3, and the phase space corrections.

The predicted ratio of 3p/2p can be compared to the
observed values. After correction of the observed 2p cross
sections for nonabsorption events [the sum of o3,(LE)
and o5 (HE) listed in Table III], the ratio of observed
3p to 2p is 10-20% at 250 MeV to 20-35% at higher
energies. The ratios are listed in Table III. In the Monte
Carlo simulation for final states with three protons, the
ratio of observed 3p to 2p is predicted to be about 40%,
and of course, 0% for the final states without three pro-
tons in the final state (see Table II). This indicates that
between 1/3 and 2/3 of the total absorption cross sec-
tion, depending on the nucleus and pion energy, leads to
three-proton final states.

The observed 3p cross sections are listed in Table I. As
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TABLE III.

Total cross sections and ratios determined from integrations of the observed missing mass spectra measured

in this experiment, corrected for reactions and missing solid angle as described in the text. The notation and the LE and HE

est

integration limits are described in the text. (o?, ) are from Ref. [1]. The uncertainty for o}, is estimated at about 20% for =

abs

energies up to 400 MeV and 30% for 500 MeV for all nuclei except **C where the error is 45%.

Tx Nucleus o02,(LE) o5 (HE) 3p/2p o2t (LE) oSt (HE) oS ol o5y
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
250 2¢ 8.5 15 0.17 30 43 73 95422 25
250 58Ni 17 76 0.17 60 220 280 411470 99
250 07r 15 80 0.15 53 230 280 440+105 87
250 118gn 20 107 0.14 70 310 380 112
250 208py, 19 120 0.10 67 340 400 854+166 87
300 2¢ 5.5 17 0.20 20 49 69 64+27 27
300 58N 12 93 0.20 43 270 310 320+62 128
300 07y 11 99 0.18 40 290 330 390+90 122
300 1185 11 105 0.16 40 300 350 116
300 208py, 13 150 0.15 47 450 500 618+170 146
400 12¢ 1.5 13 0.26 5.7 39 45 24
400 118gn 2.9 120 0.24 11 390 400 189
400 208pt, 2.7 150 0.19 10 460 470 183
500 12¢ 0.43 11 0.36 1.7 37 39 29
500 58N 0.76 96 0.35 3.0 330 330 224
500 907y 0.59 110 0.31 2.3 380 380 252
500 118gn 0.64 130 0.29 2.5 440 440 343
500 208py, 0.54 210 0.25 2.1 710 710 378

was done for the observed 2p cross sections, Monte Carlo
simulations were done for 3pn, 3p2n, 3p3n final states
with phase space kinematics to predict the ratio of the
total number of events generated to the number of events
with only three detected protons. This ratio was used to
give a correction factor for each final state. The mean
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FIG. 10. The estimated two-proton inclusive cross sec-

tions (a) o5t (LE) and (b) oSt (HE) for targets of *2C (O),
58Ni (A), °°Zr (©), **88n (O), 2°Pb (). The dashed line is
from a parametrization of the 7d — pp total absorption cross
by Ritchie [25] normalized to the o2i(LE) data.

correction factor for the three final states was found to
be 6.2, 6.1, 6.3, and 7.0 for incident pion energies of 250,
300, 400, and 500 MeV, with the individual correction
factors for the different final states being within 15% of
the simple average value at each pion energy. Again,
this variation is probably smaller than the overall uncer-
tainty of the simulation, and so we have simply used the
mean value of the correction factor to estimate the to-
tal cross section for absorption leading to three energetic
protons in the final state and an error of 25% is assumed.
The estimated total 3p cross sections (crgjf) are plotted in
Fig. 11(b), and listed in Table III. This cross section is
part of the estimated oSt cross section. As a consistency
check, the Monte Carlo simulation can be used to esti-
mate the contribution of the three proton final states to
the observed two proton cross sections. That contribu-
tion can be subtracted from the two proton cross section,
which can then be corrected according to the final states
without three protons. The sum of the corrected two
and three proton cross sections is nearly identical to just
taking the mean of minimum and maximum correction
factors, as described above, and applying it to the two
proton cross section, i.e., without attempting to directly
separate the two and three proton final states.

The simulated missing energy distributions can be
compared with the observed distributions. Shown in
Fig. 4 are the simulated missing energy distributions for
the 2pn, 2p2n, and 2p3n final states. Each curve was
normalized such that its maximum was not greater than
the data; this means that they collectively do not sum to
equal the data. In Fig. 7 are the predictions for the 3pn
and 3p2n final states compared with the 3p missing en-
ergy distribution. As both the incident pion energy and
target mass increase, the number of nucleons required
in the phase space also increases. The three-body final
state, 2pn, is seen to populate the low-missing-energy
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part of the spectrum, and clearly decreases in importance
for both increasing mass and increasing incident pion en-
ergy. The peak of the spectrum is shifted to greater miss-
ing energy than expected from the ratio of observed pro-
tons to total nucleons in the cluster. This results from
the fact that the higher-energy protons tend to be more
forward going, and are thus more likely to be unobserved,
and a higher-energy proton is more likely to undergo a
nuclear reaction and thus not be identified as a proton.
Both effects push the spectrum to larger missing energy,
and both become more important as the pion energy in-
creases. Thus, although the missing energy is great, it
appears to be consistent with the energy being shared
by only three to five nucleons, with one to three of the
nucleons being unobserved.

The total cross section for absorption leading to two
protons and one or more energetic neutrals can be esti-
mated from the o3, cross section. This provides a test of
the consistency of the procedures used above for the pro-
ton spectra. However, the cross sections determined from
2pv events are considerably more uncertain than the pre-

E (E;)—ﬁ ——— ——T I, ]
L i v < " :
Lo 4 5
& R . B & 4
X
G .
>, 1w0e ° 3
] C o o .
S} C ]
o
L o 4
T
o :
4
100 £ 8 B
) g ]
g i ' ]
ﬁé% i : e , O XO o °
¥ J
[ ]
.
10 % . g
. 1
— T
100 200 300 400 500
T (MeV)
FIG. 11. Plotted are the estimated total absorption oSt

in part (a) and in part (b) the total three-proton cross sections
o5y are plotted. The data from this paper are for incident
pion energies between 7 250 to 500 MeV and the symbols
denoting the nuclei are the same as Fig. 10. Also shown in the
parts (a) and (b) of the figure are data from a previous exper-
iment [26] using the BGO ball where incident pion energies
were between 100 to 200 MeV and the symbols for the nuclei
are : '2C (solid circle), ®®Ni (asterisk), '®8Sn (solid squares),
and ?°8Pb (diamond with a cross inside). Shown in part (b)
of the figure are the ">C(n*, 3p) data from Refs. [17] and [30]
which are represented by a cross and a X, respectively.

vious estimates due to our limited knowledge of the neu-
tron detection efficiency, the neutron energy spectrum,
and the contribution of charge exchange events. But, us-
ing the simulation discussed above, values were obtained
which were consistent with the values determined from
the observed two and three proton cross sections, and in
particular were consistent with most of the 2p final states
containing one or more energetic neutrons.

V. DISCUSSION OF THE DATA

A. Comparison to other experiments

Data taken with the BGO ball in a similar setup for
incident pion energies between 50 and 200 MeV for many
of the same targets as in this study have been published
previously [26]. The estimated absorption cross sections
leading to two or more energetic protons o5t from that
experiment are plotted in Fig. 11(a). There is a smooth
agreement between the two data sets.

The total absorption cross sections measured by Ash-
ery et al. [1] are compared to our estimates in Table III.
At an incident energy of 250 MeV the ot for 12C, %8Nj,
and %°Zr are lower than the previously measured total
absorption cross section and for 2°8Pb o0&t is about half
the total absorption cross section given by Ashery et al.
Earlier measurements below 200 MeV with the BGO ball
found a similar discrepancy between o< and the total
absorption cross section, a disagreement which became
worse with increasing mass, but descreased as the inci-
dent pion energy increased. If we assume that the pre-
vious measurements are correct, this discrepancy could
be explained by a reaction product component in pion
absorption, consisting of low-energy protons (less than
22 MeV) and low-energy neutrons, which is undetected
in our 2p measurements. As the incident pion energy in-
creases, the energy of this component may increase and
less of it might be missed in the measurement of the 2p
cross section. By an incident energy of 300 MeV the o5t
cross sections measured here are consistent with those of
Ashery et al., as seen in Table III. Thus, for incident
pion energies above 300 MeV, oS5t appears to be a good
measure of the total absorption cross section.

Exact comparison of the results obtained here with
those from other experiments is difficult because of the
significant differences in experimental techniques. Alt-
man et al. [27] used small solid angle detectors set at
quasideuteron kinematics to measure the (7*,2p) cross
section at an incident energy of 165 and 245 MeV.
For '2C, Fe, and Bi at 245 MeV cross sections of ap-
proximately 11, 24, and 29 mb, respectively, were ob-
tained. These cross sections were associated with the
quasideuteron absorption mechanism unperturbed by ini-
tial and/or final state interactions.

To measure a quantity similar to the data of Altman et
al., the 2p missing energy distributions were integrated
from 0 to 50 MeV plus the two proton binding energy and
multiplied by the quasideuteron correction factor. For
12C, 58Ni, and 2°®Pb at an incident energy of 250 MeV
the cross sections were 17, 27, and 28 mb, respectively.
Therefore, our '2C cross section is about 1.5 times larger
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than Altman et al., while the nickel and lead data are
about equal to the data of Altman et al. Hyman et al. [28]
measured the 1®0(n+, 2p) cross section at incident energy
of 165 MeV and found a cross section a factor of 2.3 larger
than Altman et al. Measurements of the 58Ni(w™,2p)
cross section by Burger et al. [29] at incident energy of
160 MeV were about 2 times larger than the cross section
measured by Altman et al. Measurements of (77, 2p)
cross sections on '2C, %8Ni, and 2°8Pb at an incident
energy of 150 MeV with the BGO ball [26] were also
2-3 times larger than the data of Altman et al. There
thus seems to be a normalization problem in the data of
Altman et al. at 165 MeV, but at an incident energy
of 245 MeV their results, with the possible exception of
12C, are consistent with our measurements.

The estimated inclusive 3p cross sections are plot-
ted in Fig. 11(b) along with earlier 3p cross sections
measured with the BGO ball for incident pion ener-
gies below 200 MeV [26]. Also plotted in Fig. 11(b)
are the 12C(7T,3p) cross section measurements by Tacik
et al. [17] at incident pions energies of 130, 180, and
228 MeV and Briickner et al. [30] at an incident energy
of 289 MeV. The data of Tacik et al. agrees with the
magnitude and shape of the excitation function for data
taken with the BGO ball. The data point of Ref. [30] at
Tr = 289 MeV is lower than the present data, but within
error bars.

In the Cu(nt,p) experiment at incident pion energy of
476 MeV Golubeva et al. [31] extracted from the proton
angular distributions, in a manner similar to the work
of McKeown et al. [32], that five nucleons share the to-
tal pion energy. This is consistent with our phase space
description of the data.

B. Comments on the data

The analysis above demonstrates that the missing en-
ergy spectra have a large fraction of events with large
missing energy. The simulations suggest that the shape
of the spectra can be described by processes distributing
the energy among three to five nucleons, although due to
initial and final state interactions this does not directly
indicate the number of nucleons directly involved in the
absorption. The cross sections for absorption appear to
remain large as the energy increases above the A reso-
nance, with only the cross section for carbon decreasing
significantly. If we assume that oS5t describes accurately
the total absorption cross section, absorption represents
about one-fifth of the total reaction cross section for 12C,
even at 500 MeV (see Tables III and IV). A compari-
son of our data with the total cross sections reported by
Carroll et al. [33] and in Ref. 23] would indicate that the
absorption cross sections are in the range of 10%—20%
of the total cross sections, still a significant fraction of
the total cross section, but less than near the peak of the
A(1232) resonance.

Plotted in Fig. 10(a) (dashed line) are the total cross
sections for the md — pp reaction, normalized to the
current data, from the parametrization by Ritchie [25].
These cross sections drop by a factor about 10 between
T, = 250 and 500 MeV. The energy dependence of the
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cross sections for heavy nuclei obtained here by integrat-
ing over missing energy less than 100 MeV are seen to
have an energy dependence similar to the md — pp re-
action. This is suggestive evidence that QDA is largely
responsible for the cross section with missing energy less
than 100 MeV.

Determination of the origin of the large missing en-
ergy region, in particular the relative contribution of
ISI/FSI, QDA, and multinucleon mechanisms, is a dif-
ficult process, and beyond the scope of this paper. How-
ever, they do not appear to exhibit the energy depen-
dence of the deuterium cross section, in contrast to the
low-missing-energy region. Understanding the energy de-
pendence and underlying mechanisms of pion absorption
which lead to large missing energy will represent an area
of intense interest in the future. Experiments which can
further illuminate the phenomena associated with that
region of the missing energy spectra will be crucial in
further advancing our understanding of pion absorption.

VI. CONCLUSIONS

The first systematic measurements of pion absorption
on a wide range of nuclei for pion energies above 300 MeV
have been presented. These data provide a large body of
empirical data which should permit tests of theories of
the pion absorption mechanism. The total absorption
cross sections remain large and approximately constant
above 250 MeV. The energy dependence of the absorption
cross section derived from the low-missing-energy region
is markedly similar to that of 7d — pp, most likely in-
dicating the dominance of quasideuteron absorption for
that region.

The overall importance of quasideuteron absorption,
the significance of initial state interaction, and the
role played by multinucleon absorption mechanisms in
the pion absorption process on heavy nuclei above the
A(1232) resonance remains unclear. A full understand-
ing of these data will require more complete theoretical
calculations which include both inital and final state in-
teractions, and attempt to separate multinucleon absorp-
tion from two-nucleon processes.

This work was supported in part by the U.S. Depart-
ment of Energy, the National Science Foundation and the
Robert A. Welch Foundation.

APPENDIX

1. Pion inelastic scattering

In addition to the two- or more-proton data, many
events were detected which included a pion and other
particles, primarily low-energy charged particles or neu-
trals. The nonabsorption cross sections and their contri-
bution to the two-proton cross sections are discussed in
this section.

The trigger condition for this experiment required that
at least two detectors were hit, and so a measure of the
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elastic cross section was not obtained. The remaining
events which contained a detected pion in the final state
are all due to inelastic scattering, charge exchange, and
absorption.

Listed in Table IV are the observed cross sections mea-
sured in this experiment for final states containing one
pion. The cross sections labeled o, are for events con-
sisting of only one pion and any number of other particle
types. Those labeled as 0., are for events consisting of
only one pion, one proton, and any number of other par-
ticle types. Both of these pion inelastic cross sections are
primarily due to quasifree scattering. The total inelas-
tic cross sections for m and 7p events can be estimated
from the measured pion angular distributions by correct-
ing the observed cross section for the missing solid angle
due to the knocked-out particle not being detected. In
the (m, 7'p) measurements [34] on C, Fe, and Bi by Piaset-
zky et al. at an incident energy of 245 MeV, the outgoing
proton angular distributions were measured and then fit-
ted with narrow and broad Gaussian shapes at various
pion angles. The fitted Gaussians were integrated over
all space to give the differential (m,7'p) cross sections
(dPo /dS2,) which are listed in Table V at the pion angle
nearest to those measured in this experiment.

In principle, the pion angular distributions for #p
events measured in this experiment could be corrected
for missing solid angle using measurements similar to
those made by Ref. [34]. In that work, narrow and broad
Gaussians were used to determine a correction factor
for the missing proton solid angle at each pion angle.
The threshold for detected proton energy was 30 MeV

TABLE IV. Pion inelastic cross sections measured in this experiment. In the columns labeled ox/05*, orp/0
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in Ref. [34] which is similar to the threshold for this ex-
periment. Unfortunately, the calculation of the correc-
tion factor is complicated by the fact that in Ref. [34]
only the amplitude and width parameters for the nar-
row Gaussian are listed. The widths and amplitudes of
the broad Gaussian were not listed, and there is only
a statement that the widths of the broad Gaussian are
2-3 times the widths of the narrow Gaussian. For our
purposes, the width of the broad Gaussian was assumed
to be 3 times the width of the narrow Gaussian. The
amplitude of the broad Gaussian was determined by in-
tegrating the narrow and broad Gaussians and changing
the amplitude of the broad Gaussian until the differen-
tial cross section listed in Ref. [34] were obtained. From
these parameters for the narrow and broad Gaussians
correction factors for the missing proton solid angle were
calculated for the measurements at each pion angle and
used to correct the measured pion angular distribution.
As an indication of the reasonableness of the assumption
concerning the width of the broad Gaussian, correction
factors were found to be only about 5% different when
the width of the broad Gaussian was assumed to be only
twice the width of the narrow Gaussian and a different
amplitude for the broad Gaussian was determined.

The differential cross sections for (m, 7'p) reactions, la-
beled as do /dS2,; measured in this experiment at 250 MeV
are listed in Table V and, given the uncertainties in mak-
ing these estimates, are seen to be in reasonable agree-
ment with the previous experiment. The same correc-
tion factor used for the mp events was used to correct
the angular distributions of the 7 events and the angular

est
wp» and

On2p/ 055y, the number before the slash is the observed cross section containing an observed 7 in coincidence with any other
particle, one proton, and two protons, respectively. The number after the slash is the estimated total cross section for that
final state. If there is no slash, then estimated cross sections were not determined and only the observed cross section is listed.
See the discussion in the Appendix for a description of how the correction factors were determined. Previous data, denoted by
superscript p, for the total reaction (o%) [1], total (oF ) [33], and total inelastic (of, ) [1] cross sections are inferred from the

systematics of Refs. [1] and [33] for pion energies of 250 and 300 MeV. Previous o% and o7, ; data for '>C at 400 and 500 MeV
are from Ref. [23].

Tr Nucleus O>2h of ol al O/ ol 4 Onp/ Oy On2p/0n2p
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
250 2¢ 180 360 550 55/230 220 25/100 1.9/25
250 58Ni 570 940 1600 130/590 430 54/220 4.5/58
250 %0Zr 650 1300 2200 140/600 680 48/190 3.7/48
250 1185y 910 1500 2600 170/770 820 59/260 4.3/56
250 208pp 1100 2200 3800 200/870 1100 62/260 3.9/51
300 2¢ 180 300 445 62/250 200 26/110 2.8/36
300 58Ni 650 810 1400 160/770 390 68,/300 8.8/110
300 90Zr 710 1100 1900 150/690 580 60/250 6.8/88
300 118gy 820 1300 2400 170/810 700 63/289 7.2/94
300 208pp 1200 1900 3500 230,/1000 1000 79/325 7.5/98
400 2¢ 140 230 380 49 22 3.8/49
400 1189y 860 180 70 13/170
400 208pp, 1100 210 75 12/160
500 2¢ 160 220 320 68 25 5.3/69
500 58Ni 720 220 82 20/260
500 90Zr 830 220 77 19/250
500 1185 940 250 83 20/260
500 208pp 1600 360 120 25/325




2814

M. K. JONES et al.

48

TABLE V. The (m,n'p) differential cross sections (do/d)x) as a function of laboratory scattering angle 6. obtained in this
experiment by integrating over the outgoing proton angular distribution for *2C, *®Ni, and 2°®*Pb nuclei at T = 250 MeV. For
comparison are previous measurements, denoted (dPo/dS2,), by Ref. [34] measured on natural C, Fe, and Bi at T» = 245 MeV
at approximately the same scattering angles.

¢ C ®®Ni Fe 2%°Pb Bi
0. do /dS2e dPo /A do /dS2 AP0 /S, do /dS2 dPo /A
(deg) (mb/sr) (mb/sr) (mb/sr) (mb/sr) (mb/sr) (mb/sr)
63 6.6 6.4+0.8 11.4 10.8+1.3 11.5 12.5%1.5
79 7.0 6.1+0.7 13.5 12.8%+1.5 14.6 15.9£1.9
102 6.9 7.7+£0.9 16.1 14.3£1.7 19.6 19.1£2.3
116 7.8 8.7+1.0 20.1 15.0£1.8 23.9 37.2+4.5
142 10.1 9.5+1.1 29.8 17.6+2.1 39.5 25.6+3.1

distributions for the data at T, = 300 MeV.

The corrected pion angular distributions for (m, 7’') and
(7, mp) events were then parametrized with a Legendre
polynominal series; only the terms up to P,(cosf) were
necessary to provide a satisfactory description of the dis-
tributions. Using this parametrization, the total cross
sections were calculated. The total cross sections for pion
events 0<%t are given in Table IV, with an additional cor-
rection included for pion knockout of neutrons, expected
to be about 1/9 of the proton knockout cross section. The
pion inelastic cross sections of Ref. [1] are listed in Ta-
ble IV. The reasonable agreement with the values of this
experiment and the previous measurements give added
support to the validity of the corrections applied to the
measurements here.

The observed (7, 72p) cross sections (i.e., events with
only one pion, two protons, and any amount of other
particle types) are listed in Table IV. To estimate the
correction factor for the observed (7, 72p) cross sections
due to missing solid angle and detection threshold, an in-
tranuclear cascade (INC) calculation [35] was performed.
The nucleus simulated at each incident pion energy of this
experiment was '2C. Using the results of this simulation,
a correction factor of around 13 for all incident pion en-
ergies was found. This correction factor was then used
to estimate the total (m,72p) cross section o5%, listed in
Table IV.

Ingram et al. [36], in the report of their measure-
ments of 0O pion inelastic quasifree scattering at
T = 240 MeV, concluded that 1/4 of the total inelas-
tic cross section involved multistep scattering, and that
the multistep processes had an isotropic angular distribu-
tion. Using this assumption and the inelastic cross sec-
tions from Ref. [1] (listed in Table IV), the total (7, 72p)
cross sections for C, Ni, and Pb at 250 MeV would be
55, 110, and 280 mb. Using this assumption and the
observed cross sections modified by the INC correction
factor, the estimated total m2p cross sections would be
25, 58, and 51 mb for C, Ni, and Pb. The discrepancy
between the two measurements is a factor of two for C
and Ni and a factor of 5 for Pb. The discrepancy might
be attributable to the corrections assumed here for the
detector threshold for protons in Ref. [1], or validity of
the cascade code correction for final state interactions.

While the estimated total (m,72p) cross sections from
this experiment are lower than those estimated from pre-

vious measurements, we do not believe that the observed
(m,72p) cross sections are equally low. A direct com-
parison of the differential (m,n'p) cross sections do/dQ,
from this experiment to those of Ref. [34] reveal differ-
ences much less than a factor of 2. The same is true for
the comparison between the o< for this experiment and
the values from Ref. [1]. The corrections to the observed
o, and do/dQ), are relatively small when compared to
the corrections needed for o2y, and so the estimated o,
and do/dSQ, cross sections should be more reliable.
Such comparisons between ot and do/df2, obtained
here and previous data indicate that our measurements
of observed cross sections which involve a pion are reli-
able enough to use the observed (m,72p) cross sections
to estimate the contribution of inelastic pion scattering
to the observed (m,2p) cross sections. While there are
significant uncertainties in the estimate of this nonab-
sorption contribution to the (m,2p) cross sections, we
note that the observed (m,72p) cross section is gener-
ally only about 10% of the observed (m, 2p) cross section.
The pion distribution in the (m,72p) events is roughly
isotropic, which would indicate that the cross section for
pion inelastic scattering events in which two protons are
observed and the pion is missed is approximately propor-
tional to the missing solid angle, i.e., about 23% of the
observed (m, 72p) cross section. This would mean that, in
general, only about 2% of the observed (7, 2p) cross sec-
tion is caused by pion inelastic scattering events in which
the pion was not detected. We can make a very conser-
vative estimate of the contribution of the uncertainty in
this value to the uncertainty in the final absorption cross
section estimate by applying the factor of three underesti-
mate of the total (7, 72p) cross section to the estimate of
the contamination and assuming the uncertainty is equal
to that value. After subtraction of this and the CEX
contribution from o3p, this uncertainty translates into a
relative uncertainty in o5t in Table III of less than 10%
at pion energies below 300 MeV, about 20% at 400 MeV,
and 20% for all nuclei at 500 MeV, except for 2C for
which it results in a 30% uncertainty. This is compara-
ble to the uncertainty in the Monte Carlo corrections.

2. Single charge exchange reaction

The #° from the (w*,m°) charge exchange reaction
(CEX) decays immediately (107® s) into two high-



48 PION ABSORPTION ABOVE THE A(1232) RESONANCE

TABLE VI

Observed cross sections for events with two or more observed neutrals. The column labeled o
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est

-0 is the estimated

total (n,w°) cross section. In the final column are estimates of the total (n*,n°) cross sections from Ref. [1].

T Nucleus o2 O2up O2u2p o3, O1u+1 overflow s a®,
(MeV) (mb) (mb) (mb) (mb) (mb) (mb)

250 12¢ 22 8.7 0.97 3.1 0.45 46 47423

250 58Ni 53 19 1.9 7.2 0.86 110 95450

250 907y 64 20 1.7 10 1.2 140 170485

250 1185y 88 29 2.2 13 1.3 190

250 208pp, 102 31 1.9 15 1.7 220 276+140

300 2¢ 23 9.6 1.4 4.3 0.87 55 45422

300 58Ni 59 23 3.0 8.8 2.2 140 98+50

300 907y 67 24 3.0 10 2.3 160 154+80

300 1185y 75 27 3.3 9.6 2.6 170

300 208py, 110 38 3.4 18 3.5 260 304+150

400 12¢ 19 9.8 1.9 4.2 1.6 59

400 1185y 78 34 5.5 14 4.5 230

400 208py, 98 39 5.5 18 6.8 290

500 2¢ 20 10 2.4 6.0 3.2 91

500 58Ni 66 33 7.7 16 9.4 290

500 907 74 34 8.1 17 9.8 320

500 118gn 75 37 8.2 14 9.3 320

500 208pp, 130 55 10 30 17 550

energy photons. Because of the high detection efficiency
for photons, if both of these enter detectors in the BGO
array the probability is nearly 100% that they will be
observed as two neutral hits. Indeed, the event may re-
sult in more than two neutral hits, since a shower close
to a boundary of two detectors can give a signal in both.
Because of the much lower detection efficiency for neu-
trons, we will first assume that all events with two or
more neutrals are due to CEX. This is supported by the
phase space calculations in Sec. IV. We then observe
the fraction of those events which also contain two or
more protons. Next we model the CEX scattering and
estimate the probability that only one or neither pho-
ton is observed and make appropriate corrections to the
observed two proton cross sections.

The observed cross sections for 2v, 2vp, 2v2p, and 3v
(where v indicates a neutral and p an identified proton)
events are listed in Table VI. The 3v events appear to
be mainly w° decays in which the shower from one of the
photons spread into two adjacent detectors. Also given
in Table VI are the observed cross section for 1v + 1
overflow events. It appears that most overflows (in which
the deposited energy is greater than about 220 MeV)
are neutrals, and so the 1v + 1 over flow events should
probably be included as part of the 2v cross section.

To estimate the total (w¥,m°) cross section, a correc-
tion must be made for the missing solid angle of the
BGO ball. This correction was estimated by a Monte
Carlo calculation in which the angular distribution and
energy of the 7° was assumed to be the same as in the
free case, except that scatters in which the recoil pro-
ton had an energy of less than 15 MeV were rejected to
simulate the effects of Pauli blocking. The 7° decay was
assumed isotropic in its center of mass and the fraction
in which zero, one, or two photons hit the BGO ball was
then found. The fractions are given in Table VII for dif-

ferent incident pion energies. There is a strong energy
dependence as both the cross sections and the direction
of the decay photons become increasingly forward peaked
at higher incident pion energies.

The observed cross sections for events with 2v, 3v, and
1v + 1 over flow were added together and multiplied by
a correction factor to give the total (n+, w°) cross section
listed in Table VI. The measurements reported here rep-
resent the first measurements of the total (n+,n%) cross
sections at these incident pion energies on these targets.
However, there estimates have been made by Ref. [1] for
incident pion energies of 245 and 315 MeV for a variety
of targets. A comparison to these estimates is shown in
Table VI. Our values are within one standard deviation
of the estimates of Ref. [1].

From Table VII we see that the ratio of events with
two observed photons to those with either one or both
photons undetected is 1:1, 1:1, 1:1.4, and 1:2 for incident
pion energy of 250, 300, 400, and 500 MeV, respectively.
For 2C the observed 2p2v cross sections are 4%, 6%,
11%, and 13% of the observed 2p cross sections at these
incident energies, respectively. Thus the CEX contami-
nations of the 12C observed 2p cross sections are 4%, 6%,

TABLE VII. Calculated fraction of the total (nt,n°)
cross section observed with two photons (2v), one photon
(1v), and no photons (no <) detected in the BGO ball. The
calculations are described in the Appendix.

Tr 2y 1y no vy
250 0.55 0.39 0.06
300 0.51 0.41 0.08
400 0.42 0.44 0.14
500 0.32 0.49 0.19
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15%, and 26%, respectively. For the heavier nuclei, the
observed cross sections for 2p2v vary from 2% to 6% of
the observed 2p cross sections as the incident pion energy
increases from 250 to 500 MeV, giving a CEX contami-
nations of the observed 2p cross section of less than 12%.
The relative uncertainty of the CEX contamination to
the 2p cross section was taken conservatively as 30% for
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pion energies of 250 and 300 MeV and 50% for pion ener-
gies of 400 and 500 MeV. This contributes an uncertainty
of less than 10% to the estimated 2p absorption cross sec-
tion in Table III for 250 MeV, about 20% for 300 MeV,
and about 30% for 400 and 500 MeV. As with the in-
elastic contribution discussed above, this is comparable
to the uncertainty of the Monte Carlo correction.
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