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Dominance of the two-nucleon mechanism in 'O(z*, pp) at 115 MeV
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Singles '°O(#*,p) and coincidence '°O(7*,2p)!"*N measurements have been made at T,=115 MeV
over an extended range of the phase space of the two final-state protons. The coincidence measurements
have a missing-mass resolution of 4 MeV. The direct two-nucleon absorption cross section extracted
from the data is 58+8 mb. After corrections for final-state interactions, it was found that the two-
nucleon 7t +np —pp process accounts for about 76% of the total absorption cross section, and thus is
the dominant absorption mechanism. Evidence for absorption on s-p pairs is seen as a broad bump near
32 MeV of excitation. At backward angles the inclusive '°O(7",p) spectra show a distinct absorption
peak, an important feature not previously observed. Comparisons of distorted wave impulse approxima-
tion calculations to both the coincidence data and inclusive data are presented.

PACS number(s): 25.80.Ls
I. INTRODUCTION

One of the most interesting questions in the field of
pion absorption is that of the reaction mechanism;
specifically, the number of nucleons which directly share
the four-momentum of the incident pion. A dominant
two-nucleon mechanism was hypothesized in an early
study [1] of pion absorption. The existence of this mech-
anism was clearly demonstrated in the experiments of
Favier et al. [2] with 76 MeV 7 on a number of targets
ranging from *He to Pb, and of Arthur et al. [3] with 70
MeV 77 on °Li, N, and 0. However, neither of these
experiments attempted to quantify the two-nucleon ab-
sorption yield in comparison to the total absorption cross
section. The dominance of the two-nucleon mechanism
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was questioned in light of the inclusive (7*,p) measure-
ments of McKeown et al. [4] on nuclei ranging from *He
to 8!Ta at energies of 100, 160, and 220 MeV. That
group used extracted nucleon multiplicities and a rapidi-
ty analysis to suggest that the average number of nu-
cleons participating in pion absorption was three to six
depending upon target mass and incident energy. These
results stimulated much of the later experimental and
theoretical work of the last decade. A review of the
status of pion absorption in nuclei is given in Ref. [5].

In light of past confusion we first clarify some of the
terminology used herein. The assumption of a two-
nucleon absorption mechanism does not preclude a prior
7-N interaction in which a nucleon may be removed from
the nucleus, referred to as initial-state interaction (ISI),
followed by two-nucleon absorption. In a similar fashion,
following the two-nucleon absorption, one has the possi-
bility that one or both of the energetic nucleons can un-
dergo a collision with the residual nucleus. This process
we refer to as a final-state interaction (FSI). Such FSI
processes can be further divided into “soft” and ‘“hard.”
The soft FSI is the interaction of two particles occurring
when their vector momenta are nearly equal. Due to the
fact that the nucleons from two-nucleon absorption in
this experiment typically have momenta of 500 MeV/c,
and the fact that the soft FSI populate such a small re-
gion of phase space, we expect the contributions from
soft FSI’s to our integrated yields to be negligible. There-
fore, in the remainder of this paper we will use the term
FSI to refer to hard collisions between the nucleons origi-
nating from absorption and the residual nucleus. For the
proton energies relevant to this experiment, these pro-
cesses correspond primarily to nucleon removal (p,pN)
leading to at least four-body final states. Any realistic es-
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timate of the total two-nucleon absorption cross section
must include the effects of these ISI’s and FSI’s.

A number of groups have searched for direct experi-
mental evidence of an ISI followed by two-nucleon ab-
sorption with apparently contradictory results. Some
workers have sought and failed to find ISI-induced asym-
metries in the angular correlation data on a variety of tar-
gets near the peak of the A resonance [6,7]. However,
Briickner et al. [8] identified a peak in the forward angle
proton energy spectra of their '2C(w*,3p) data for
T,=240, 260, and 289 MeV as being due to quasifree
knockout. More recently, Tacik et al. [9] found less pro-
nounced peaks at forward angles in their proton energy
spectra on a '>C target at 228 MeV. There have also been
several reported observations [10,11] of the reaction
(7~ ,pp) with possible indications of ISI. Silk [12] has
suggested that due to the short mean free path of the pion
in the A-resonance region, it may be unreasonable to ex-
pect any experiment to kinematically distinguish between
ISI-preceded two-nucleon absorption and multinucleon
absorption.

Unequivocal experimental evidence for FSI is also
minimal, although a 90° p-p correlation is indicated in the
(7~ ,pp) data of Yokota et al. [10]. In this case the rela-
tively long mean free path of medium energy nucleons
(~5 fm) [13] means that it is more reasonable to treat the
absorption vertex and FSI as incoherent processes. This
suggests that estimates of FSI contributions based on dis-
torted waves or cascade calculations are more realistic
than for the ISI.

A number of two-nucleon coincidence experiments
have been performed near the A resonance [6,7,14]. In
(7%,2p) measurements on nuclei ranging from '’C to
209Bi, at 165 and 245 MeV Altman et al. [7] find clear sig-
natures of the two-nucleon mechanism. However, when
these authors integrate those data which they believe
arise from pure two-nucleon absorption, they obtain less
than 10% of the total absorption cross section with a
value of 9.2% for '°0. Using internucleon cascade calcu-
lations to correct for the FSI, they estimate that less than
30% of the '%0 absorption cross section is due to two-
nucleon absorption, thereby implying a dominance of
multinucleon (N >2) absorption, in agreement with the
conclusions of McKeown et al. [4]. However, in recent
measurements also at T, =165 MeV, Hyman et al. [15]
obtain cross sections for '°0, a factor of 2.3 larger than in
the work of Altman. Using a distorted wave impulse
analysis (DWIA) to estimate the FSI, they conclude that
at 165 MeV, ~45% of the %0 total reaction cross sec-
tion is due to two-nucleon absorption.

For heavier nuclei Burger et al. [6] measured
B¥Ni(7*,2p) at 160 MeV. They estimate a pure two-
nucleon absorption fraction of about 9% (approximately
a factor of 2 larger than the Fe results of Altman et al),
which they correct for a FSI to ~32%. Thus, the experi-
ments of Hyman et al. and Burger et al. would seem to
indicate that near 165 MeV two-nucleon absorption
yields are <50% of the absorption cross section, and by
implication, establish important contributions from ei-
ther multinucleon (N >2) absorption processes or large
ISI contributions. Concerning the latter, both Altman

et al. and Burger et al. argue that the lack of a pro-
nounced asymmetry in the angular correlation data indi-
cates the ISI are small.

At lower energy, '®O(7",2p) experiments have been
performed with good energy resolution. At 116 MeV the
data are satisfactorily described by normalized DWIA
quasideuteron calculations with L =0 and 2 quasideute-
rons [16]. When extrapolated, assuming a 7*d —pp an-
gular dependence, an assumption confirmed by the
present experiment, Schumacher et al. [16], after correct-
ing for FSI, find a rather larger two-nucleon absorption
yield with approximately 50% of the absorption cross
section in the first 20 MeV of excitation alone. These re-
sults are consistent with the 59.6 MeV results of Wharton
et al. on '°0 [17].

In other measurements well below the A resonance,
Yokota et al. [10] have made measurements of
$7Li(#~,pN) at T, =70 MeV. Unfortunately, due to the
large uncertainty (£50%) in the absorption cross section
on these nuclei below 100 MeV, little can be concluded
about the relative importance of quasideuteron absorp-
tion.

Recently, experiments have been performed in an at-
tempt to measure directly the multinucleon absorption
component. In general these experiments have suffered
greatly from the lack of coverage of phase space, thereby
requiring extremely large extrapolations in order to ex-
tract a cross section. Definitive results await the new ex-
periments being done with 41 detectors. However, the
present experiments provide some interesting indications.
Data for *He [18,19], for incident pion energies around
the A resonance, contain large contributions from two-
nucleon absorption which is reasonably consistent with
expectations of a 3§ n-p pair spectroscopic parentage of
1.5. However, away from the quasifree two-body kine-
matics, the data are consistent with three-nucleon phase
space. The total yield for this three-nucleon process is
obtained by integrating the full phase space distribution
normalized to the data. Although there exist some
discrepancies in the two experiments, the integrated yield
represents up to about 25% of the total absorption cross
section for *He [5]. Furthermore, the data indicate that
this fraction increases with increasing energy over the
range studied.

Kinematically complete experiments of pion absorp-
tion in which three nucleons are detected in the final state
have also been carried out over a very limited region of
phase space on “He at 120 MeV [20] and on '2C at 130,
180, and 228 MeV [9]. These data also suggest a
moderately strong three-nucleon mechanism (perhaps as
much as 20% of the total absorption cross section for '*C
at the highest energy), but rely on phase space to describe
all dependences on kinematic variables in order to carry
out the very large extrapolation necessary to obtain a
cross section. Quantitative conclusions with direct mea-
surements of multinucleon final states await experiments
with a vast improvement in phase space coverage.

Theoretical studies of pion absorption have proceeded
along several paths. The most extensive studies of two-
nucleon absorption are those of Ohta, Thies, and Lee
[21], Gouweloos and Thies [22] and Chant and Roos [23].
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These works have emphasized various aspects including
the m-NN vertex treatment and the treatment of distor-
tion for the incoming pion and outgoing nucleons. The
calculations have had limited success in describing the
magnitude of the available cross section data.

Theoretical studies of the role of multinucleon absorp-
tion have also been carried out. Girija and Koltun [24]
have attempted to attribute the inclusive results to a
two-nucleon mechanism, with very strong ISI. However,
Schiffer [25] has pointed out that such a model would
have difficulty reproducing the measured (7*,p) /(7 ,p)
ratios. Brown et al. [26] proposed a more exotic mecha-
nism involving double A production, which yields four
nucleons in the final state. However, it has been suggest-
ed that such a mechanism would contribute little near the
energies of the A resonance, only becoming important at
significantly higher incident energy [27].

In a different approach Masutani and Yazaki [28] used
an optical model analysis to decompose the various con-
tributions to the 7-nucleus reaction cross section. They
decomposed the absorption cross section into direct ab-
sorption from the elastic channel, and absorption follow-
ing one or more quasifree scatterings. They estimate that
the fraction of absorption not preceded by a quasifree
scattering decreases from about 90% near 50 MeV to
about 35% near 230 MeV. If this estimate is correct, it is
surprising that little, if any, clean evidence for ISI has
been seen in the experiments. Unfortunately, such a
model makes no predictions which would help in
kinematically isolating such processes.

Finally, the calculations of Oset, Futami, and Toki [29]
find increasing contributions from three-nucleon process-
es with increasing pion energy, principally from sequen-
tial A production. They estimate that the two-nucleon
cross section is about 100% of the total cross section at
very low energy, decreasing to about 50% near the peak
of the A resonance. The distinction of this proposed pro-
cess (sequential A production) from ISI and the experi-
mental signature of such processes remains to be deter-
mined.

In the present work we have carried out a kinematical-
ly well-defined study of the reaction '°O(w™,pp)!N.
This experiment was performed with good missing-mass
resolution and covers a large range of the phase space
populated by two-nucleon absorption. The goals of this
exclusive study were twofold: (1) to provide detailed in-
formation on the angular and energy distributions of the
two protons, which will shed light on the dynamics of the
process, and (2) by means of the extensive coverage of the
phase space to obtain a total cross section for the two-
nucleon absorption process which is as much as possible
model independent. Simultaneously, high quality in-
clusive (7%,p) measurements were taken. These data
were taken for comparison with the coincidence data in
order to establish experimentally the FSI corrections re-
quired to obtain a total two-nucleon absorption cross sec-
tion.

In Sec. II we discuss the experiment and in Sec. III we
present the measured cross sections for both the inclusive
and exclusive reactions. Section IV contains the details
of our analysis to extract the two-nucleon absorption
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cross section. Finally, the results are summarized in Sec.
V.

II. THE EXPERIMENT

The experiment was performed in the 7M1 channel
[30] at the Paul Scherrer Institute. A layout of the exper-
iment is shown in Fig. 1. The mean center-of-target pion
kinetic energy during the experiment was 115 MeV. One
of the emergent protons from the 'O(7",2p) reaction
was detected in the SUSI magnetic spectrometer [31] lo-
cated at an angle 0,. The second proton was detected in
a large solid angle plastic scintillator array (AQ =600
msr) centered at an angle 6,. In the following text we will
subscript all kinematic variables associated with the spec-
trometer with a “1” and those in the scintillator array
with a “2”. The scintillator array angle 6, is the angle of
the second proton measured in the reaction plane defined
by =P, XP,, where p_ and p, are the momenta of the
beam and the proton detected by the spectrometer, re-
spectively. The angle B, is the angle of noncoplanarity
measured in a plane normal to the reaction plane, defined
by P, X1, where P, is the momentum of the second pro-
ton.

The detector energy ranges in SUSI and the plastic
scintillator array were approximately 48 to 220 MeV and
30 to 225 MeV, respectively. An overall excitation ener-
gy resolution of approximately 4 MeV was achieved.
Data were taken for five values of 6, from 30° to 133°.
One angle setting (6,) of the plastic array was close to the

Target Station M 590 MeV Protons
i

Plastic Arm

D ITSAZ
c6
Cl—Z==o=—
———— 54

SUST Spectrometer

FIG. 1. The layout of the 7M1 channel and the experimental
hardware.
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angle conjugate to 6, for protons from 7 *d —pp (quasi-
free angle pair). If beam and geometrical constraints per-
mitted, two other settings of the plastic arm displaced
+35° from the quasifree angle were made allowing mea-
surements of the “wings” of the angular correlations. Be-
cause the horizontal acceptance A8, of the detector was
approximately 50°, there was always a significant overlap
(typically one-third of A6,) between the quasifree and
wing settings of the plastic scintillator array.

A. Apparatus

In the 7M1 channel most protons were removed by an
electrostatic separator. The pion beam (Ap /p ~4%) was
dispersed at an intermediate focus onto a 16-element
hodoscope. This hodoscope served to define the momen-
tum of the incident pion to 0.25% (0.5 MeV) and to reject
events with more than one pion within the rf microburst.
Only about 50% of the events corresponded to a single
pion in the hodoscope. The hodoscope efficiency after
selecting single pion bursts was approximately 98%. To
avoid biased sampling, the hodoscope efficiency was
determined using random beam bursts.

Pions leaving the channel vacuum window passed
through a 1 mm thick scintillator (S2) which was used to
monitor the pion flux (4 X 10% 71 /sec) as well as to reject
residual protons by pulse-height analysis, and muons and
positrons by time of flight. Muons arising from pion de-
cay following the final bend in the channel were <10%
of the beam [30]. A good beam trigger was defined to be
(S2-rf) with pulse height and time-of-flight requirements
satisfied.

At the target, the size of the beam spot was 1.0 cm
vertical by 2.0 cm horizontal (FWHM). The target usual-
ly consisted of 4 mm of water (H,0) sandwiched between
50 um Mylar walls held by aluminum frames (20 cm wide
X 10 cm high). A 2 mm thick target was used when ener-
gy losses of the two outgoing protons could not be well
matched. An identical 4 mm D,O target was used for ab-
solute normalization. Frequent measurements of the tar-
gets showed that due to minute holes in the Mylar the
thicknesses were shrinking at the rate of 0.1 mm per
week. The thickness of the 4 mm D,O target was linearly
interpolated between measurements.

The SUSI magnetic spectrometer was used in a
quadrupole-quadrupole-dipole-dipole configuration with
a solid angle of approximately 13 msr. Pulse-height
analysis was used on the spectrometer entrance scintilla-
tor S3 to reject most pion triggers. Because the
minimum momentum accepted in SUSI was 300 MeV/c
and the beam momentum was 213 MeV/c, it was not
kinematically possible for pions to reach the exit scintilla-
tor S4 and generate a SUSI trigger (beam-S3-S4). Time-
of-flight cuts were then used off-line to remove any sur-
viving SUSI triggers not due to good protons ( $0.2%).
Multiple wire proportional chambers MWPC’s) with one
x and one y plane each were placed in front of the first
quadrupole and behind the second quadrupole, enabling
both target spot reconstruction and more accurate recoil
momentum determination. Near the focal plane of SUSI
two x planes of MWPC’s were used in the momentum

determination of the protons. Altogether, six SUSI wire
planes were used in the off-line analysis.

The large solid angle plastic scintillator detector con-
sisted of three telescopes each employing a AE and two E
detectors, which were 0.5, 15, and 15 cm in thickness, re-
spectively. Each of the three telescopes was backed by a
scintillator to flag events which did not stop in the E
blocks. A plastic arm trigger (plastic) was defined to be
(beam-any AE). The solid angle of the three-telescope
system was approximately 600 msr (A6,~48°, AfB,
~124°). Light emitting diodes, pulsed once per second,
were used to help correct short-term gain variations of
the AE and E detectors off-line. The energy resolution
was 3.5 MeV for 100 MeV protons. Two pairs of x-y
MWPC’s in front of the AE detectors enabled both a tar-
get spot reconstruction and improved angular resolution.
The excellent energy resolution for such a large volume
plastic scintillator was only possible because the wire
chamber information allowed us to correct for attenua-
tion of the light in the plastic. Finally the experimental
coincidence event trigger was (SUSI-plastic).

B. Corrections to data

The relative acceptance of the SUSI spectrometer over
momentum was determined from inclusive (1T+,p) data
by demanding consistency between the 4 and 5 overlap-
ping momentum bites taken at each angle. A single ac-
ceptance function was used to simultaneously correct all
five angle settings. Approximately 85% of all tracks lay
within a smooth, easily corrected momentum acceptance
of +12%. The acceptance correction was over a factor of
2 beyond these points; the remaining 15% of the tracks
were excluded. Also rejected were events outside a peak
in the angular correlation between the trajectory entering
and leaving the spectrometer. This amounted to 1% of
all SUSI events.

The largest correction, apart from the beam hodoscope
losses, was due to wire chamber inefficiencies. Altogether
ten wire planes were used, six in the SUSI spectrometer
and four in the plastic arm. Combined inefficiencies were
typically 37.5% due to a zero or multiple hits in any one
of the wire planes. No significant energy and/or posi-
tional dependence of the chamber inefficiencies was
found. We estimate the errors in a typical momentum
sharing distribution, resulting from combining the errors
in the focal plane acceptance correction, the error in
momentum bin size, and chamber inefficiencies, to be
<5%.

Although use of the light-emitting diodes on the plastic
scintillators to correct short-term gain variations im-
proved the resolution slightly, there was a shift in gain
from run to run which was typically less than 2%. This
meant that, in general, the energy calibration for the plas-
tic scintillators had to be redone for each run. As a guide
to locate the expected centroid of the yield, the high reso-
lution missing-mass spectra of Schumacher et al. [16]
were used. That experiment was continuously calibrated
via the reaction w+d —pp.

Linearized AE vs E,,, spectra were used for particle
identification and for rejecting events due to nuclear reac-
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tions in the plastic scintillator. While (7*,pp) coin-
cidences dominated, (77, pd) coincidences were observed
to account for approximately 5% of the yield.

C. Normalization

The data were normalized to the published cross sec-
tions for 7*d —pp using the Legendre polynomial pa-
rametrization [32]. For a quasifree angle setting, protons
from m+d — pp provided coincidences between the mag-
netic spectrometer and the central telescope of the plastic
array. In this configuration the SUSI spectrometer com-
pletely defined the solid angle. At each nonquasifree an-
gle setting of the plastic arm, 7*d —pp normalization
data were taken with a SUSI spectrometer trigger be-
cause the conjugate protons completely missed the plastic
scintillator array. After corrections for nuclear reactions
in the plastic scintillator [33], the normalizations ob-
tained with coincidence and singles triggers were con-
sistent to within +5%.

The uncertainty in the absolute normalization for both
inclusive and coincidence data is due to errors in the
measurement of the D,O target thickness and in the
determination of the ratio of the H,O to D,O target
thicknesses via elastic scattering from °O. The absolute
normalization for the inclusive data had an additional un-
certainty resulting from the background beneath the
mtd —pp peak, while the coincidence normalization
(which had negligible background) has an additional un-
certainty due to the corrections for nuclear reactions in
the plastic scintillator. Apart from statistical errors, the
inclusive measurements are estimated to have overall un-
certainties of <10% and the coincidence measurements
<12%. A more detailed description of the experimental
apparatus and data analysis can be found in Ref. [34].

III. RESULTS

A. Inclusive '*O(7*,p) cross sections

In Fig. 2 are displayed inclusive °O(7*,p) cross sec-
tions d%0 /dQ,dp, for spectrometer angles 8, of 30°, 50°,
78°, 107.5°%, and 133°. The displayed error bars represent
counting statistics only. A broad peak is seen at each an-
gle except 78°. This angle corresponds to 90° in the 7 d
center-of-mass system where the mtd —pp cross section
is a minimum. The centroid of this peak agrees rather
well with the momentum of protons from the reaction
m+d —pp corrected for the minimum Q value for remo-
val of a deuteron from !°0O. To examine the quasideute-
ron aspects of the inclusive data somewhat further, in
Fig. 2 the length of the vertical arrows represent the
7 d —pp cross section at each angle normalized at 30°.
We see that the data are significantly above the arrows
for the intermediate angles (78° and 107.5°). These obser-

vations are consistent with the inclusive data containing a
strong quasideuteron component but with significant con-

tributions from more complicated reaction mechanisms.
At 30° and 50°, the most forward angles, one sees evi-

dence for a rise in cross section at the lowest momenta,

the origin of which is probably the °O(#*,7%p) reac-
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FIG. 2. The inclusive momentum spectra for '°O(#*,p) at
115 MeV. The long vertical upward arrow marks the momen-
tum of a proton from the 7% d — pp reaction, corrected for one-
half of the minimum deuteron binding energy in '°O. The
length of the arrow is proportional to the 7*d — pp laboratory
cross section at 115 MeV, normalized at 30°. The short down-
ward arrow at forward angles marks the kinematic endpoint for
the '*O(7*, 7" p) reaction.

tion. The energetic limit for (7,77 p) scattering is
marked in Fig. 2 at the forward angles by a short arrow
on the momentum scale. Although it is energetically pos-
sible to have protons from the (7,7 p) reaction under-
lying the 107.5° and 133° data, significant (77,77 p)
backgrounds near the peak are very improbable because
the reaction would require a minimum nuclear recoil
momentum of the order of 500 MeV/c. Other sources of
background, which are presumably present at all angles,
are multinucleon absorption mechanisms and initial- and
final-state interactions accompanying the two-nucleon
mechanism.

A survey of previous inclusive (77,p) data [4,35] sug-
gests that while the two-nucleon absorption peak has
long been observed for light targets at forward angles, it
does not seem to be a generally recognized feature of the
backward angle spectra. This is perhaps due to poor en-
ergy resolution near threshold in the previous studies.
Note that the strong angular dependence of the two-
nucleon absorption peak in these data precludes the use
of a rapidity analysis as was performed by McKeown
et al. [4]. Tt is clearly a poor approximation to assume
that these protons arise from a thermalized source of N
nucleons isotropically decaying in its rest frame.

B. Coincidence cross sections

In Fig. 3 we present typical excitation energy spectra
of the residual nucleus N for one spectrometer angle
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FIG. 3. Excitation energy spectra for the 'O(7*,2p)"N re-
action at 115 MeV. Each plot is for a proton angle of 8,=50°,
the angle of the second proton being indicated on the figure.

0,=50° and various scintillator angles 6,. Close to the
quasifree angle of 6,=—107.5° the excitation energy
spectra are dominated by transitions to the 11 3.95 MeV
state, which is largely an L =0 transition [6,17]. Away
from quasifree geometries an unresolved group of states
dominated by L =2 transitions becomes more important,
especially the 0, 7, and 11 MeV states of '*N [16]. The
cross section at low excitation is significantly larger for
6,= —125° than at 6,= —90°. This asymmetry about the
quasifree angle is due to the angle and energy dependence
of the elementary 7' (np)—pp cross section [16,17].
Very far from quasifree angles (e.g., —55°, —150.5°), the
missing-mass energy spectra are much smoother, showing
little or no enhancement at low excitation energy. Above
about 80 MeV excitation the yield shows little angular
dependence.

1. Momentum sharing distributions

By restricting the excitation energy in the residual N
to be less than 20 MeV, we selected a data set which
should be dominated by direct absorption (without ISI or
FSI) on two p-shell nucleons. In Fig. 4 are shown the
cross sections d’o /dQ,dp, for the quasifree angle set-
ting. These data result from integration of d3a/
dQ0,dQ,dp, over the full solid angle of the plastic array
(AQ,~600 msr). An 8% correction to the data has been
made for the yield that fell in the gaps between the AE
counters, but there is no extrapolation beyond the physi-
cal extent of the detector.

The small arrow on the momentum axis marks the en-
ergy end point for coincident protons assuming a plastic
arm energy threshold of 30 MeV and a transition to a lev-
el at 20 MeV excitation in *N. Thus, this arrow indi-
cates the highest momentum for which the full excitation
energy spectrum from O to 20 MeV is above the experi-

mental threshold. The data above this end point are plot-
ted as possibly useful lower limits.

In Fig. 4 we see that the data are characterized by a
peak centered at an energy corresponding to w+d —pp
when corrected for Q value. The momentum distribu-
tions increase in width from forward to backward angles,
which can be qualitatively understood in terms of the
changing recoil momentum acceptance of the coincident
large solid angle plastic detector. One also notes that the
magnitude of the cross section at the peak is largest at
0,=30°, reaching a minimum at 6,=78° and rising to-
ward backward angles. This is reminiscent of the shape
of the 7*d —pp angular distribution. Note that the dis-
tributions at 6,=30°, 50°, and 133° are asymmetric about
the quasifree energy. A quantitative presentation of these
effects will be given in Sec. IV A 1.

We now turn our attention to regions of excitation en-
ergy greater than 20 MeV. Although one expects consid-
erable strength in this region due to absorption on s-p and
s-s nucleon pairs, there are no narrow peaks observable in
this region. Only a broad bump between 25 and 40 MeV
is seen. This bump has also been observed by Schumach-
er et al. [16] in a better energy resolution measurement
and by Hyman et al. [15] at 165 MeV. In those experi-
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FIG. 4. Momentum sharing distributions for the
1%0(7r*,2p)*N reaction at 115 MeV with 0-20 MeV of excita-
tion energy in the residual nucleus *N. One proton was detect-
ed with the SUSI spectrometer set at 8,. The coincident proton
was detected with the large scintillator array ( ~600 msr) cen-
tered at the conjugate angle for the 7*d —pp reaction. The
vertical arrow marks the momentum of a proton from 7*d —pp
corrected for the deuteron binding energy in '°0O. The short
downward arrows indicate the onset of the plastic scintillator
threshold. Data above this point represent lower limits.
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ments, as well as in this one, attempts to enhance the
structure with restrictions placed solely on the magnitude
of the recoil momentum were unsuccessful. However,
DWIA calculations suggested that strong asymmetries
are present in L70 angular correlations and momentum
sharing distributions. (These asymmetries have been
confirmed by Schumacher et al. [16].) In our DWIA
model we expect absorption on s-p nucleon pairs to take
place via an L =1 transfer to the residual nucleus.
Therefore, in an attempt to enhance absorption on s-p
pairs relative to all the background processes, we have
used the predicted asymmetry and placed restrictions on
the scintillator angle 6, and spectrometer momentum p,,
rather than the magnitude of the recoil momentum, to
obtain the excitation energy spectrum shown in Fig. 5.

With this procedure we observe a statistically
significant broad peak about 10 MeV wide and centered
at 3212 MeV of excitation. This peak was also observed
at other angle settings. That this peak corresponds to ab-
sorption on a 1s-2p pair is suggested both by the high ex-
citation energy (indicative of the participation of at least
one 1s-shell nucleon) and by the fact that the transition is
enhanced by placing restrictions on angle and momen-
tum, which have been shown to preferentially select L >0
transitions. Of course, the DWIA calculations predict
asymmetries for all L >0 transfers, so the L =1 nature
(and thus the identification as s-p absorption) cannot be
definitively established.

In Fig. 6 we display momentum sharing distributions
for the 20-70 MeV excitation region which further
demonstrate direct two-nucleon absorption strength at
higher excitations. As before, the small downward arrow
marks the point above which the data are affected by en-
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FIG. 5. Excitation energy spectrum for the 'SO(#*,2p)"“N
reaction. Selections in angle and momentum have been made to
enhance the L#0 two-nucleon absorption process (6,=50°,
p1=416x£50 MeV/c, 6,=125°+7.5°, B,=+23.8°).

ergy thresholds. The behavior of the peak magnitude is
similar to that seen for 0-20 MeV of excitation, again
consistent with the 7 d — pp angular distribution. How-
ever, we find that the location of the centroid is now
shifted relative to 7*d —2p indicated by the upward ar-
rows. In Sec. IV A 1 we shall see that our DWIA calcula-
tions are able to account for this feature, providing more
circumstantial evidence that this region is dominated by
absorption on s-p pairs.

2. Angular correlations

As an alternative presentation of the data, we have
generated angular correlations for the two excitation en-
ergy regions. In particular, for each spectrometer angle
0, we have integrated the triple differential cross sections
d*c /dQ,dQ,dp, over the spectrometer momentum p,.
No extrapolation has been made into unmeasured regions
of p,. The resultant differential cross sections
d%0/dQ,dQ, averaged over vertical strips (in-plane an-
gle AG,==+2° and noncoplanar angle AS,=+23.8°) in the
plastic scintillator arm are presented in Figs. 7 and 8.
Note that the averaging over our very large vertical ac-
ceptance results in significantly lower peak cross sections
than would be seen in a small solid angle experiment.
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FIG. 6. Momentum sharing distributions for the
160(7%,2p)*N reaction at 115 MeV with 20 to 70 MeV of exci-
tation energy in the residual nucleus !*N. One proton was
detected with the SUSI spectrometer set at 8;,. The coincident
proton was detected with the large scintillator array (~ 600
msr) centered at the conjugate angle for the 7*d — pp reaction.
The vertical arrow marks the momentum of a proton from
m*d —pp corrected for the deuteron binding energy in '®0. The
short downward arrows indicate the onset of the plastic scintil-
lator threshold. Data above this point represent lower limits.
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FIG. 7. Angular correlations for the '*O(7*,2p)"*N reaction
at 115 MeV with O to 20 MeV of excitation energy in the residu-
al nucleus "*N. The cross sections are obtained by integrating
over the momentum of the proton detected by the SUSI spec-
trometer (~ 300 to 600 MeV/c) set at 0,. The cross sections are
averaged over an angular range of the second proton of
AB,==2.0° and AB,==£23.8°. The vertical arrow indicates the
location of the 7*d —pp reaction corrected for the deuteron
binding energy in '°O.

Since the angular correlations are 40° to 50° wide, this
reduction is of order a factor of 2.

For both excitation energy regions the angular correla-
tions are strongly peaked near the conjugate angle for
77d —pp. The correlation is broader for the higher exci-
tation energy region. Part of this arises naturally from
the fact that the pion absorbs on the more tightly bound
s-p pairs which have a broader momentum distribution.
The remaining broadening presumably reflects the pres-
ence of more complicated reaction mechanisms.

IV. THEORETICAL ANALYSIS

We have compared the present experimental data with
factorized DWIA calculations based on a quasideuteron
absorption model. These comparisons play an essential
role in helping to identify two-nucleon absorption
strength in the continuum and in the extrapolation of the
results to unmeasured regions of phase space.

Calculations of both exclusive '%O(#*,pp) and in-
clusive '°O(7*,p) were carried out using the distorted
wave impulse approximation (DWIA). The theoretical
formalism has been presented in detail by Chant and
Roos [23]. Due to the large number of calculations re-
quired to compare with the experimental data, we have
made two simplifying assumptions. First, we have omit-
ted the spin-orbit potentials in the outgoing proton opti-
cal model potentials. This omission changes the calcula-
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FIG. 8. Angular correlations for the 'O(7*,2p)'*N reaction
at 115 MeV with 20 to 70 MeV of excitation energy in the resid-
ual nucleus '*N. The cross sections are obtained by integrating
over the momentum of the proton detected by the SUSI spec-
trometer ( ~ 300 to 600 MeV/c) set at 0,. The cross sections are
averaged over an angular range of the second proton of
AO,=+£2.0° and AB,==+23.8°. The vertical arrow indicates the
location of the m*d —pp reaction corrected for the deuteron
binding energy in '®0.

tions by less than 10% [23]. Second, we have factored
out the two-body m+d —pp cross section. As shown by
Gouweloos and Thies [22] and by Chant and Roos [23],
this procedure neglects tensor polarization effects of the
deuteron cluster, effects which give rise to J dependence
in the reaction. However, Chant and Roos [23] have
shown that for closed-shell nuclei, data summed over all
states of a given (j,j,) configuration will not exhibit J
dependence. [This independence with J is modified
slightly by a dependence of the reactions on Q value, but
the effect is small ( S15%)]. Thus, the factorized cross
section treatment should be suitable for the present data,
viz., we assume that '°O is a closed shell and use the
Cohen and Kurath [36] wave functions; the excitation en-
ergy cut of O to 20 MeV exhausts the bulk of the (p )2 ab-
sorption strength; and the 20 to 70 MeV excitation ener-
gy cut contains the (1s1p) absorption strength.

We, therefore, adopt the simple product approximation
[23,27] (SPA), and the present calculations are essentially
identical to those carried out for the high resolution
160(7*,2p ) *N experiment of Schumacher et al. [16]. In
particular, in the SPA the triple differential cross section
for the A(m™,2p)B reaction to a specific final state in nu-
cleus B with angular momentum L (z-projection A) can
be written as

d30' _ do LAI2
dQ,dQ,dE, KF a0 % 754l m
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where KF is a known kinematical factor, and do /dQ is
taken to be the on-shell 7*d —pp cross section [32]. The
amplitude TL% is given by

TEA=CL+1)712 [ ¥ (rxd ) (oxH

X PLAlndr 2)

B,
A
where Y represents distorted waves. For these we have
used the same optical model potentials as Schumacher
et al., i.e., the 77-1%0 optical model potential from Am-
man et al. [38] and the p-'*N potentials from Nadasen
et al. [13].

The quantity ¢; , in Eq. (2) is a microscopic form fac-
tor, as described in Refs. [16] and [23], representing the
center-of-mass motion of the °S, quasideuteron in the nu-
cleus. For the low-lying positive parity states we have
used the p-shell wave functions of Cohen and Kurath [36]
to describe the states in *N. In this model only transi-
tions to the T=0 17(0, 3.95, 15 MeV), 27(7.03 MeV),
and 37 (11 MeV) states can occur. It is the sum of cross
sections of these states for which the SPA is nearly identi-
cal to the more detailed calculations [23].

For absorption on 1s-1p pairs we have used the same
microscopic quasideuteron model which only permits
transitions to the following negative parity states:
(Pipsip )0_,1_ and (p;5s1h )1*,2*' Since these states
are expected to be broad, we have assumed pure
configurations and taken them to be degenerate at 32
MeV of excitation in *N, the location of the broad peak
shown in Fig. 5. Again, the sum of cross sections will ex-
hibit no J dependence. Finally, there is also a relatively
small contribution from (sj3 )+ pairs, which we as-
sumed to lie at an excitation energy of 45 MeV.

In spite of the various approximations and limitations
of the quasideuteron DWIA model [23], the calculations
describe the dependencies of the data on kinematic vari-
ables extremely well. This agreement indicates that
much of the kinematic dependence of the two-nucleon
absorption process is simply contained in the two-body
77 d —pp cross section and the dependence of the ampli-
tudes TL* on recoil momentum. The major discrepancy
between the theory and experimental data lies in the
necessity of applying a rather large renormalization fac-
tor (as much as a factor of 10) to the calculations to bring
the two into agreement. Similar renormalizations are
needed for the data of Ref. [16] for specific final states in
“N. The origin of this discrepancy in magnitude may be
due in part to nuclear structure, due to limitations in the
shell model space, and/or due to the reaction dynamics,
such as the inclusion of only absorption on S, pairs in
the calculation. However, since the model adequately
predicts the dependence on the kinematic variables such
as angle and recoil momentum, we will use the calcula-
tions, renormalized to the data, to integrate into regions
of phase space not measured in the present experiment.

A second crucial role for the DWIA in the analysis is
to provide an estimate of the effect of final state interac-
tions (FSI) between the residual nucleus and the outgoing
protons. To make this estimate we have assumed that the

final-state interactions, which remove yield from the
direct two-nucleon absorption peak, are properly de-
scribed by a complex proton optical model potential.
Thus, we assume that a set of three (renormalized)
DWIA calculations will provide us with the FSI correc-
tion, as well as a test of our treatment of the attenuation
of the outgoing protons. These calculations are the fol-
lowing. (1) Calculations with the full proton optical mod-
el potential for both protons (o) should describe the ex-
clusive (7*,2p) two-nucleon absorption data. These cal-
culations represent our directly observed two-nucleon ab-
sorption cross section. (2) Calculations with the imagi-
nary part of the proton optical potential set to zero for
the undetected proton (o) should describe the two-
nucleon absorption component of the inclusive (7%,p)
data. (3) Calculations with the imaginary parts of both
proton potentials set to zero (o) should describe two-
nucleon absorption with no FSI. It is the ratio (oy)/(o,)
averaged over the proton energy acceptance which we
take as our estimate of the effects of FSI. We then multi-
ply the directly measured two-nucleon absorption cross
section by this ratio to obtain the total two-nucleon ab-
sorption cross section.

The FSI correction factor is very large (~2.5) and
thus has a major impact on our results for the total two-
nucleon absorption strength. Assessment of the accuracy
of the method is difficult. We first note that our calcula-
tions suggest that interference effects between the distort-
ed waves are small, which is consistent with the observa-
tion that the distorted waves for the energetic protons
behave essentially as attenuated plane waves. Thus, the
predicted ratio 0,/0 is nearly equal to (0,/0)* (<4%
difference), and a 20% increase in the imaginary parts of
the proton optical potential leads to an approximately
20% reduction in the cross section o5, in agreement with
mean free path considerations.

Assuming the method to be correct, one can question
the choice of proton optical model potentials. Those of
Nadasen et al. [13] used in this analysis typically lead to
a mean free path of the order of 5-6 fm, consistent with
the theoretical work of Negele and Yazaki [39]. Recent
works suggest the possibility of a somewhat shorter mean
free path. For example, Dirac phenomenological analy-
ses can often lead to a rather deeper imaginary potential.
Also, a microscopic treatment of the propagation of nu-
cleons in matter by Pandharipande and Pieper [40] would
suggest a shorter mean free path, closer to 4—5 fm. The
use of a shorter mean free path in our calculations of the
FSI will clearly lead to an increased correction. For ex-
ample, a reduction in the effective mean free path by
about 1 fm leads to an increase in the FSI correction of
about 20%, a result which was checked with DWIA cal-
culations.

As experimental test of the method and choice of opti-
cal model potential, we point first to the work of Ref.
[41]. Here the same type of calculations, using the poten-
tial of Nadasen et al., are able to predict the ratio of
Ale,e’p) to A(e,e’) at the quasifree peak for a series of
targets to better than 15%. This ratio represents the
final-state interaction correction for the outgoing proton.
(The average energy of the proton was 180 MeV in this
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experiment.) There is an indication that for heavier nu-
clei the mean free path is somewhat shorter than that of
the Nadasen et al. potential.

As a more direct experimental test for the case at hand,
we have in the present experiment obtained inclusive
160(7*,p) data. By isolating the two-nucleon absorption
part of the inclusive cross section, we measure directly
the ratio o,/0, for comparison with the calculations.
This ratio represents the correction for a FSI for a single
proton. These results are presented and discussed in Sec.
IV B and show the general accuracy of our method.

Finally, we note that in our present work we simply
correct the total direct two-nucleon absorption cross sec-
tion by the calculated FSI ratio without reference to an-
gle or angular momentum. This procedure was checked
by carrying out a series of DWIA calculations which
showed that the variation in the FSI correction with an-
gle was less than 2% over the range of the experiment
and the variation with L was less than 10%. We have,
however, taken account of the variation with excitation
energy where the FSI correction increases by approxi-
mately 10% from the 0—-20 MeV excitation energy region
to the 20—70 MeV region.

The error in our FSI correction is difficult to estimate.
However, all of the evidence discussed above suggests
that if anything we have underpredicted the correction.
Therefore, based on these considerations and our com-
parisons to experimental data as discussed, in the total
cross sections we estimate an asymmetric error in our
FSI corrections of roughly —10% and +20%.

In the following sections we present the DWIA
analysis of the data and the results for the total two-
nucleon absorption cross section.

A. Coincidence results

1. Momentum sharing distributions

The curves in Fig. 9 represent L =0, L =2, and the in-
coherent sum of the L =0+ 2 transfers due to absorption
on (1p)? pairs. The DWIA calculations have been in-
tegrated over the acceptance of the large solid angle plas-
tic scintillator centered at the quasifree angle. To simpli-
fy the calculations, effects due to the finite solid angle of
the SUSI spectrometer, the finite size of the beam spot,
and the angular divergence of the pion beam were not in-
cluded. These effects are small in comparison to the
averaging created by the 600 msr solid angle of the plas-
tic scintillator. A reasonably good overall fit to all angles
was obtained by a single renormalization of the L =0 cal-
culations by a factor of 10.0 and of the L =2 calculations
by a factor of 6.0. The L =0 normalization was chosen
by comparing the DWIA calculations to the data for a
small solid angle cut (9°X9°) in the scintillator array cen-
tered at the quasifree angle for 6,=133°. For this case
the L =0 contribution is dominant with the L =2 contri-
bution being less than 10% at the peak. Once the L =0
normalization was determined, the L =2 normalization
was chosen to provide an overall fit to the data at all an-
gles over the full acceptance. We believe it is significant
that the L =0 renormalization is larger than that for the
L =2 calculations, an observation which is confirmed by

D. J. MACK et al. 45

the data and calculations of Schumacher et al. [16]. The
result may be providing information concerning contri-
butions from n-p pair configurations other than 3S,
(n=0). Such terms are expected to contribute more to
the L =0 transitions than to the L =2 transitions.

While the model describes the overall shapes and rela-
tive magnitudes of the momentum sharing distributions
reasonably well (the agreement being poorer for the nar-
rower, forward angle spectra), it is clear that differences
exist in the detailed shape. For example, the data do not
possess the shoulders contained in the sum of the L =0
and L =2 calculations. Although this might be remedied
by changing the mix of L =0 and L =2 contributions,
the L =0 normalization should be well determined by the
small solid angle cuts discussed above.

Although the peak cross sections displayed in Fig. 9
vary by about a factor of 4 from 6,=30° to 78°, the calcu-
lations reproduce the angular dependence quite well. To
show this more quantitatively, we have integrated both
the calculations and the data of Fig. 9 over the range of
data not affected by the detector energy threshold and
displayed the results in Fig. 10. Because the calculation
was normalized to the data, in Fig. 10 we plot the in-
tegrated data with only relative errors of about 5%. The
agreement between the data and the DWIA calculations
is good. The angular dependence of the calculation is
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FIG. 9. Momentum sharing distributions for '*O(7*,2p)"“N
at 115 MeV with 0 to 20 MeV of excitation energy (as in Fig. 4)
compared to DWIA calculations of quasideuteron absorption
on (1p)*3S, pairs. One L =0 and one L =2 normalization have
been chosen as discussed in the text. The short downward ar-
rows indicate the onset of the plastic scintillator threshold.
Data above this point represent lower limits for the cross sec-
tions.
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FIG. 10. Comparison of the cross sections integrated over
momentum for the data and the DWIA calculations presented
in Fig. 9.

dominated by the 77d-—>pp cross section. The
differences between this angular distribution and that of
7" d —pp is almost totally due to the acceptance of our
experiment. For the first 20 MeV of excitation then, the
two-nucleon absorption appears to be dominated by
7+d — pp dynamics.

We turn now to the higher excitation energy region,
20-70 MeV. We have done calculations for absorption
on 1s shell (L =0) pairs and (1s-1p) shell (L =1) pairs as-
suming the (1p)? contributions are negligible based on
the shell model calculations. The L =0 strength is pre-
dicted to be small, and the renormalization was fixed at
10.0, the same as that determined for the (1p 2 L =0
component. A restriction to a *5° region about the
quasifree angle failed to show any peak in the momentum
sharing distributions near the momentum expected for
L =0 transfers, but did show significant asymmetry
about the quasifree point as expected for L0 transfers.
This could be due to there being three times as many
L =1 pairs as L =0 pairs [21].

A renormalization of the L =1 calculations of 9.0 (in
conjunction with the renormalized L =0 calculations)
provided a reasonable fit to the peak cross sections for
50°-133°. The results are shown in Fig. 11. The 30° peak
cross section is not reliable and represents a lower limit
due to the energy threshold of the plastic arm. The cal-
culation is narrower than the data at all angles, but ap-
proximately describes the magnitude near the peak.

These DWIA calculations provide a very natural ex-
planation for the displacement of the centroid position
from the corrected 7"d —pp proton energy expectation
previously seen in Fig. 6. These shifts arise from the
asymmetries in the DWIA calculations due to the angle
and momentum dependence of the two-body 7td —pp
cross section. Although one suspects that there may be
significant backgrounds due to more complicated pro-
cesses such as multinucleon absorption or the FSI, two
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observations appear to be inconsistent with either or both
of these processes dominating the 20-70 MeV of excita-
tion region. First, the magnitude of the peak seems to be
reasonably well described by quasideuteron DWIA calcu-
lations with a normalization factor comparable to the
first 20 MeV of excitation. Second, the centroid is well
predicted, which seems to require L0 transfers and dy-
namics similar to 77d —pp. One would expect FSI con-
tributions to be spread over a much larger region of angle
and energy and, therefore, it would be surprising if the ki-
nematic signatures of two-nucleon absorption remained
so strong following the FSI. It appears then that the data
between 20-70 MeV of excitation for quasifree angle
pairs and our experimental acceptances are dominated by
direct absorption on (1s-1p) pairs. It is impossible to be
more quantitative within the context of our DWIA mod-
el. However, the more careful estimation of ‘back-
grounds” in Sec. IV C yields nearly the same result.

2. Angular correlations

Although the primary comparisons of the DWIA cal-
culations to the data were for the momentum sharing dis-
tributions, DWIA calculations were also carried out for
the angular correlations for the 0—-20 MeV excitation en-
ergy region. In this region, contributions from multinu-
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FIG. 11. Momentum  sharing  distributions  for

160(7™*,2p)!*N at 115 MeV with 20 to 70 MeV of excitation en-
ergy (as in Fig. 6) compared to DWIA calculations of
quasideuteron absorption on (1s-1p) and (15)?3S, pairs. One
L =0 and one L =1 normalization have been chosen as dis-
cussed in the text. The short downward arrows indicate the on-
set of the plastic scintillator threshold. Data above this point
represent lower limits for the cross sections.
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cleon processes are expected to be very small so the com-
parisons are valid. The calculations, averaged over the
experimental acceptance and normalized as in the
preceding section, are shown in Fig. 12. The fits to the
angular correlation data for 0 to 20 MeV excitation are
quite good. The large asymmetry in the L =2 angular
correlation, particularly for 6,=50° is required by the
data, as has already been emphasized in Ref. [16]. As be-
fore the angular dependence in the primary angle 6, is
well reproduced by the DWIA calculations. It is clear
that angular extrapolations of the data beyond the range
of measurements using the DWIA introduce only small
errors.

For the 20—70 MeV range of excitation, a comparison
of the normalized DWIA calculation (normalized as in
the preceding section) to the angular correlation data is
not appropriate. These data contain significant multinu-
cleon background as represented by the greater width of
the momentum sharing data compared to the DWIA
shown in Fig. 11.

B. Inclusive results

By turning off the imaginary part of the optical model
potential for the undetected proton in the renormalized
DWIA calculations and integrating over the entire angu-
lar correlation of the undetected proton, we are able to
predict that part of the inclusive '°O(7™,p) cross sec-
tions, which is due to pion absorption on n-p pairs. Note
that we introduce no new free parameters into the theory.
Differences between the calculation and the data, beyond
those noted in the comparisons to the exclusive data, are
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FIG. 12. Angular correlation for '*O(7*,2p)!“N at 115 MeV
with 0 to 20 MeV excitation energy (as in Fig. 7) compared with
DWIA calculations of quasideuteron absorption on (1p)*3S,
nucleon pairs. The calculations include the experimental accep-
tance and are normalized as in Fig. 9.

then presumed to be due to other processes such as FSI,
ISI, or multinucleon absorption.

In Fig. 13 we see that the direct two-nucleon mecha-
nism accounts for much of the angle integrated strength
near the 7*d —pp proton energy. At 30°, where the
two-nucleon absorption peak stands up most clearly in
the data, the calculation implies little contribution from
other processes. Contributions from (7+,pn) [7] and
(m™*,pd) [37], which contribute to the inclusive cross sec-
tion, but are not included in the calculation, explain the
approximate 10% difference between the calculation and
the data at the peak. At 78°, however, where the peak
disappears, the two-nucleon component is predicted to
account for only about 65% of the strength near the
7d —pp point. At backward angles, where the peak is
again observed, a larger two-nucleon contribution is pre-
dicted. These comparisons suggest that the amount of
two-nucleon strength predicted is approximately correct.

We note that phase space calculations suggest that at
forward angles the two-nucleon component will be fairly
well separated in momentum from any background that
looks like three-nucleon phase space. This is not the case
for backward angles. Furthermore, the rise in the
77d —pp yield at forward lab angles also helps to in-
crease the two-nucleon to background ratio. Therefore,
we take the fact that our calculations essentially repro-
duce the peak of the data at 30° to mean that the attenua-
tion of protons by the optical potentials used is satisfacto-
ry for this light nucleus and the proton energy range of
this experiment. This comparison to the inclusive cross
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FIG. 13. Inclusive '®O(7*,p) cross sections (as in Fig. 2)
compared with DWIA calculations (solid lines) of quasideute-
ron absorption on all 3S; nucleon pairs in '°0. The DWIA cal-
culations are normalized using the coincidence data as discussed
in the text. The short downward arrow at forward angles marks
the kinematic end point for the O(7*, 7% p) reaction.
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section strongly supports our method and the magnitude
of our FSI correction.

C. Estimate of the total quasideuteron absorption
fraction

A primary goal of this absorption experiment was to
determine the fraction of the absorption cross section due
to a two-nucleon absorption mechanism. Above the par-
ticle breakup threshold of '*N, four-body (or more) final
states are populated. In this case it becomes increasingly
difficult to separate two-nucleon absorption in which the
resultant unstable nucleus decays by particle emission
from other processes such as FSI, ISI, and multinucleon
absorption in which the three nucleons are more directly
involved in the reaction. This problem is exacerbated by
the detection of only two of the protons. The extraction
of the two-nucleon absorption strength is therefore model
dependent. In the present experiment we have attempted
to place severe restrictions on the data and the models by
providing extensive coverage of the final states with good
energy resolution. Therefore, extrapolations of the data
to the unmeasured regions based on a model of the reac-
tion are relatively small. Furthermore, corrections for
FSI are checked by a comparison of the exclusive and in-
clusive data, so that again uncertainties should be small.

In the following we have chosen two methods of ex-
tracting the direct two-nucleon absorption contribution.
In the first method the DWIA calculations, normalized
to the momentum sharing distributions, were used both
to extrapolate the results to the unmeasured regions and
for the higher excitation energy region to separate the
two-nucleon cross section from other processes. The
second method does not rely on the DWIA calculations
and is essentially the same method as that used in Refs.
[6] and [7]. In this method fits to the angular correlations
were used to make the extrapolation to the unmeasured
angles, and the size of the background processes were
determined from an analysis of the shape of the integrat-
ed differential cross section do /d ;. In both methods,
after obtaining the direct two-nucleon absorption cross
section, the DWIA results were used to correct for final-
state interactions. Although the two methods are not to-
tally independent, they are sufficiently different that we
believe that a reasonably reliable fraction can be estab-
lished.

1. DWIA based analysis

DWIA calculations were normalized to the momentum
sharing distributions for 0-20 MeV of excitation as dis-
cussed in Sec. IVA 1. Once normalized, these calcula-
tions provide a good description of both the momentum
sharing distributions and the angular correlations. When
integrated the calculations yield 39+6 mb. This result
confirms the angle extrapolated estimation of 38+5 mb
by Schumacher et al. [16] for the same reaction and
beam energy. Note that the DWIA serves essentially
only to extrapolate the data to the unmeasured regions of
phase space, since for the measured regions the integrat-
ed data and DWIA agree to better than 5% (see Fig. 10).

These extrapolations contain 15-40 % of the cross sec-
tion depending on angle, and we have taken an estimate
of one-third of the value of the extrapolation as the error
for each angle. A different mixture of the L =0 and
L =2 contributions as discussed in Sec. IV A 1 has little
effect on this integrated cross section. For example, an
increase in the L =0 cross section by 15% with the ap-
propriate reduction in L =2 to preserve the integrated
yields in Fig. 10 only changes the total cross section by a
few percent.

To proceed further one needs to subtract the FSI and
multinucleon absorption backgrounds present in the data
for the 0-20 MeV excitation region. We believe these
backgrounds to be small, and for this analysis we ignore
the contribution. Thus, in the first 20 MeV of excitation
we find a cross section of 39+6 mb or approximately
19% of the total absorption cross section of 206+33 mb
[42]. This number must then be corrected for losses due
to the FSI which remove particles from the 0-20 MeV
excitation energy range placing them at higher excitation
energy. As discussed in detail above, we use DWIA cal-
culations to predict a FSI correction factor of 2.5. There-
fore, after corrections for the FSI, we find the cross sec-
tion for two-nucleon absorption leading to the first 20
MeV of excitation in *N [due principally to (1p)? pairs]
to be 98+15 mb, which represents 48% of the total ab-
sorption cross section. The error reflects the experimen-
tal uncertainty in the direct two-nucleon absorption cross
section and does not include our estimate of the error in
the FSI correction discussed before.

With 48% of the total absorption cross section corre-
sponding largely to absorption on (1p)? pairs, a naive ad-
dition of the contribution from (1s-1p) and (1s)? pairs
would imply that the two-nucleon mechanism is dom-
inant because slightly more than half of the S, pairs of
nucleons in '°0 involve at least one nucleon in the s shell.
This scaling by 3S, pairs probably overestimates the con-
tribution of the inner shells, because the incident pion
flux is attenuated in the interior. Furthermore, other NN
configurations (e.g., configurations with nonzero oscilla-
tor quanta in the relative motion of the pair) almost cer-
tainly contribute to the 0-20 MeV excitation energy re-
gion, and these additional configurations constitute a
smaller fraction for the inner shell pairs (due to the small-
er number of available oscillator quanta).

We have already seen the qualitative evidence for
significant direct two nucleon strength in the 20-70 MeV
of excitation region. This took the form of a broad peak
near 32 MeV of excitation and asymmetries in the
momentum sharing distributions which were reproduced
by our DWIA calculations. We saw, however, that the
calculated distributions were narrower than the data.

Clearly, the extraction of the direct two nucleon con-
tribution by integrating the DWIA distributions is
suspect when there are significant differences between the
data and the calculations. These differences presumably
reflect contributions from more complicated processes
such as multinucleon absorption and the FSI. Based on
our analysis for the 0-20 MeV region, we expect a cross
section of roughly 60 mb arising from the FSI following
absorption on (1p )? pairs to be distributed into the higher
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excitation energy regions. Our DWIA model provides no
guidance concerning the distribution of these FSI events
in phase space. In the unlikely event that these cross sec-
tions were all concentrated in the 20—70 MeV excitation
energy range, but uniformly distributed in angle, we
would expect constant contributions of less than about 1
ub/sr’> MeV in the 20—70 MeV momentum sharing distri-
butions. The DWIA to data comparison in Fig. 11 would
certainly accommodate this level of background.

For now, in order to proceed we assume that the nar-
rowness of the DWIA distributions will offset the pres-
ence of small backgrounds. We will return to the back-
ground question in the next section. We, therefore, in-
tegrate the DWIA calculations normalized as in Fig. 11.
The result is 2315 mb where the error includes an uncer-
tainty of +1 pb/sr?MeV for underlying backgrounds.
This cross section is a little over 11% of the total absorp-
tion cross section. As anticipated, in spite of the fact that
more S, pairs in ®0 are associated with at least one s-
shell nucleon, we find the cross section to be only about
60% of that for the (1p)? configurations. Again, after
correcting for losses due to FSI, we obtain a cross section
of 64+14 mb for two-nucleon absorption on (1s-1p) or
(1s)? pairs or about 31% of the total absorption cross
section. As before, this error does not reflect the uncer-
tainty in the FSI correction.

Finally, this method of analysis using DWIA calcula-
tions indicates that about 79% of the absorption cross
section is due to direct two-nucleon absorption. One ex-
pects there to be an additional small ( £5%) contribution
from 77 +(nn)—p-+n (Ref. [7]) which was not mea-
sured in this experiment.

2. Angular distribution fit

As an alternative method for extracting the two-
nucleon absorption contribution, we have used fits to the
angular correlation data to extrapolate to the unmea-
sured regions and have used phase space calculations to
estimate the “background” in the integrated differential
cross section do /d ), due to more complicated process-
es. The angular correlations for different spectrometer
angles (6,) shown in Figs. 7 and 8 were taken for two ex-
citation energy regions of *N, 0-20 and 0-70 MeV,
comparable to those regions used for the momentum
sharing distributions. These correlations typically extend
over a range of £60° horizontal by +25° vertical. A
double-Gaussian fit to the more extensively measured
horizontal correlation was used to extrapolate the data to
an angular region of +60° horizontal and £60° vertical.
The fits were used solely for extrapolation purposes
without interpretation of their form. The vertical extra-
polation increased the integrated cross section by about
25% for the 0-20 MeV excitation energy region and
40-50 % for the 0-70 MeV region. For the most for-
ward and backward 8, setting, the horizontal correlations
were incomplete. In these cases a horizontal extrapola-
tion of less than 10% was necessary. The extrapolated
region of acceptance ( ~=+60°) is expected to include all
of the cross section for absorption leading directly to
two-nucleon final states, plus a minimal “background”
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due to multiparticle final states. Integration of the fit to
the angular correlations over this range of angle 6, for
the two regions of excitation energy gave the differential
cross sections do /d€); shown in Fig. 14. No attempt
was made to estimate the cross section missing due to the
energy thresholds (see Figs. 4 and 6). The DWIA calcu-
lations (Figs. 9 and 11) indicate that this contribution is
small.

The differential cross sections were fit by two com-
ponents, the free 7" d —pp cross section plus a normal-
ized phase space distribution to represent background
processes. The background was modeled by the quasifree
process '°O(7*,ppn)®N with a Gaussian spectator
momentum distribution having a width o=80V'3
MeV/c. A justification for this method comes from the
work of Tacik et al. [9] who were able to describe exten-
sive 12C(7*,3p) data. The restriction of our data to exci-
tation energies less than 70 MeV should further suppress
contributions from higher multiplicity final states. Back-
ground events within the region of extrapolation were
generated using the Monte Carlo phase space code FOWL
[43]. The angular distributions obtained did not depend
strongly upon the excitation energy taken for the residual
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FIG. 14. Angular distributions for the '*O(7",2p)"N reac-
tion. (a) Data for 0 to 20 MeV excitation energy; (b) data for 0
to 70 MeV excitation energy. The dashed curves are normal-
ized phase space calculations taken to represent the more com-
plicated reaction processes. The solid curves represent the sum
of the w* +d — pp differential cross sections [32] and the phase
space calculations with normalizations chosen to best reproduce
the experimental data. The relevant normalizations are indicat-
ed in the text.
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TABLE I. Total two-nucleon absorption cross sections extracted from '*O(7*,2p) at 115 MeV.

Total cross sections (mb)

Average Cross

Excitation DWIA analysis Two-Gaussian analysis sections with FSI
energy Unperturbed Including FSI* Unperturbed Including FSI* o (mb) 0 /0,,(%)°
0-20 39+6 98+15 31+5 78+13 88+15 43%
20-70 2315 64+14 2714 74+11 69+14 33%
0-70 6218 162121 58+8 152421 157+25 76%

#The error does not include any estimate of the uncertainty in the FSI correction. This is estimated to

be roughly +20% in the text.
®Assuming o ,,,=206+33 from Ref. [42].

BN system. In fact, the following results would not be
substantially different if an isotropic background were
used.

The region of low excitation energy was expected to be
relatively uncontaminated by continuum background,
and the angular distribution closely follows the cross sec-
tion for 7*d —pp. The fits to the 0-20 MeV region
shown in Fig. 14 used a #*d —pp cross section normal-
ized by 2.6%0.3 leading to an integrated cross section for
the two-nucleon component 0 =31+5 mb or about 15%
of the total absorption cross section. The background
cross section is 2.9 mb. Correcting for FSI losses as be-
fore increases the two-nucleon cross section to approxi-
mately 38% of the total absorption cross section, some-
what lower than the previous DWIA results. The
difference arises partly from the assumption that some
multinucleon absorption background underlies the 0-20
MeV two-nucleon absorption yield.

The full excitation region 0-70 MeV is expected to
contain a more substantial background from multiparti-
cle final states. In this case the fit yields a component
which follows the 7+d — pp cross section with a normali-
zation of 5.0%0.5 leading to a two-nucleon absorption
component of 58+8 mb. The background cross section is
21.5 mb. Correcting for FSI leads to a two-nucleon ab-
sorption cross section of 152121 mb or about 74% of the
total absorption cross section, in good agreement with
the DWIA analysis. Thus, both analyses imply the domi-
nance of two-nucleon absorption at %0 at 115 MeV.

The results of the two analyses for the extraction of the
two-nucleon absorption cross section are summarized in
Table I.

V. SUMMARY AND CONCLUSIONS

The two-nucleon absorption bump is a dominant
feature of the inclusive 'O(7*,p) energy spectra at 115
MeV for both forward and backward angles. Only at 78°
(which corresponds to the minimum of the nwtd —pp
cross section) is the bump reduced to a shoulder. A rapi-
dity analysis of these inclusive data is clearly inappropri-
ate, being useful only when the decay of an N particle sys-
tem is isotropic in its center of momentum. We have
seen that the data in this region are in fact dominated by
a strongly anisotropic 7 d — pp-like cross section.

We have observed evidence not only for pion absorp-

tion on pairs of nucleons in the p shell, but also for the
participation of at least one nucleon in the s shell. The
data at high excitation are dominated by angular momen-
tum L >0, which can be explained by absorption on (1s-
1p) pairs. No strong evidence for absorption on (ls)?
pairs is seen in the 20—-70 MeV of excitation region.

Direct two-nucleon absorption on n-p pairs uncorrect-
ed for FSI constitutes a total cross section of approxi-
mately 60+8 mb. Of this, about 60% comes from the
first 20 MeV of excitation, corresponding mainly to ab-
sorption on (1p )? pairs. For the 0-20 MeV excitation en-
ergy region, extrapolation of the data to unmeasured re-
gions of phase space was made using a DWIA model.
For the 20-70 MeV region, corresponding primarily to
absorption of (1s-1p) pairs, two methods were used to ex-
tract the two-nucleon absorption cross section. One
method relied on normalized DWIA calculations to iden-
tify and pick out the direct absorption strength in the
data. The second relied on the assumption that the angu-
lar dependence of direct two-nucleon absorption is that of
7" d —pp, while other processes produce the rather flat
angular distributions expected for uniform population of
phase space. Within errors both methods yield the same
cross section.

Including corrections for losses due to FSI we conclude
that direct two-nucleon absorption on n-p pairs leads to a
total cross section of 157125 mb. Although large correc-
tions for the FSI were necessary, the fact that the calcula-
tions reproduce the ratio of the inclusive to exclusive
peak cross sections at forward angles suggests that the
magnitude of our corrections is good to better than 20%.
Therefore, most of the uncertainty in the two-nucleon ab-
sorption cross section arises from our poor understanding
of the backgrounds at high excitation due to other pro-
cesses. Including estimates of the 7 +(nn)—np chan-
nel and using the measured total absorption cross section
of 206+33 mb, we conclude that approximately 80% of
the total absorption cross section on '®0O at 115 MeV
proceeds via two-nucleon absorption. This fraction ex-
cludes any contributions from the ISI which could lead to
even larger percentages.

Therefore, we conclude that for this incident pion ener-
gy and target, the two-nucleon mechanism is dominant.
Results for the reaction °O(7",pp) at 165 MeV [15] in-
dicate that this two-nucleon absorption fraction of the to-
tal cross section decreases with increasing energy. Thus,
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an overall picture of the pion absorption mechanism is
emerging in which the two-nucleon mechanism is dom-
inant for medium-light nuclei below the A resonance re-
gion.

Further advances in our understanding of the impor-
tance of the two-nucleon absorption mechanism will re-
quire improved experimental and theoretical treatment of
the high excitation region where a significant fraction of
the direct two-nucleon absorption cross section lies. The
new generation of 47 detectors should help by allowing
kinematically complete measurements of three- or more-
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nucleon final states, as well as providing essentially com-
plete coverage of the two-nucleon absorption phase
space.
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