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The (7*,2p) and (7, pn) reactions were studied by coincidence detection of the outgoing nucleons
on C, Fe, and Bi at 165 and 245 MeV and on !0 and *0 at 165 MeV. The quasideuteron com-
ponent is identified and found to account for only about 10% of the absorption cross section for car-
bon down to about 2% for bismuth. With corrections for the final-state interaction of outgoing nu-
cleons it amounts to at most 40%. The data indicate that quasideuteron absorption following pion
scattering is not likely. The absorption on T =1 nucleon pairs is about 4% of that on quasideute-

rons.

I. INTRODUCTION

Pion absorption on a nucleon pair is the simplest mode
of pion annihilation in nuclei. The question of whether
this is also the dominant mode has created much contro-
versy in recent years. The fact that it has a free counter-
part in pion absorption on the deuteron has made the
“quasideuteron” model a convenient framework for the
theoretical study of pion absorption. Some theoretical cal-
culations' —3 were able to reproduce reasonably well exper-
imental data of total absorption cross sections, assuming
only absorption on nucleon pairs together with the contri-
bution of initial-state interaction of the incoming pion or
followed by final-state interaction of the outgoing nu-
cleons. The concept of two-nucleon absorption motivated
the setup of a number of experiments aimed specifically to
study this mechanism.*~3 It has also influenced the way
in which pion annihilation traditionally enters the pion
nucleus potential. At threshold, the imaginary part of the
optical potential is assumed to be proportional to the
square of the density.” In the (3,3) resonance region the
interaction between the pion and the nucleus is described
through formation of the A resonance and one introduces
a A-nucleus “spreading” potential proportional to the den-
sity,!” which also implies a basic two-nucleon process.

Soon it was realized, however, that pion absorption on
complex nuclei displays features which do not reflect in
an obvious way the assumed ‘“‘quasideuteron” mechanism.
Already in a bubble chamber experiment of Bellotti
et al.,'! events where two fast protons escape with essen-
tially all the available energy contributed only a small
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fraction (~10%) of the total absorption cross section on
12C at 130 MeV. In most cases the energy is distributed
among more nucleons or heavier fragments. The con-
clusion of this early work was that capture on an a-like
“cluster” plays an important role in pion absorption.
Later, coincidence experiments by the authors of the
present work!? of the (7*,2p) reaction on and above the
(3,3) resonance on '2C showed the same features, namely a
contribution of about 10% to the total absorption cross
section. The total two-nucleon absorption cross section
with two fast outgoing protons may be larger if final-state
interaction of the outgoing nucleons is considered.
Inclusive single-arm measurements of proton spectra
following pion interaction with nuclei'® show a high ener-
gy peak, characteristic of the absorption on a nucleon
pair, only for very light nuclei and at forward angles. It
has been suggested that more complicated processes take
part in the absorption reaction; based on rapidity analysis
of single-arm proton spectra, it was concluded that on the
average about four nucleons are involved. Furthermore,
the ratio R of proton yields, following 7+ and 7~ interac-
tion, R=Y,(7%)/Y,(77), is found to be around 4,
whereas the “quasideuteron” absorption through a AN in-
termediate state would suggest a ratio larger than 10.
More exclusive pion absorption experiments probing the
two-body mechanism on light nuclei'* show that the ratio
R is indeed large and about 1 order of magnitude larger
than expected from inclusive data. A series of coin-
cidence measurements to study the (77,2N) reaction on *He
has been performed at resonance energy at LAMPF (Ref.
15) and SIN (Ref. 16) and at low energy at TRIUMF
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(Ref. 17). All these experiments show a ratio
R =0’He(r*,2p)/c*He(7,pn)

between 15 at low energy and 35 at the A-resonance ener-
gy. These ratios are much larger than those observed in
the inclusive single-arm data.

Secondary interactions such as final-state interaction
and rescattering of the two outgoing nucleons following
absorption by a nucleon pair do not supply a satisfactory
explanation for all the observations mentioned above, for
two reasons. First, the mean free path of ~100 MeV nu-
cleons in nuclear matter is large, typically 5 fm;!* there-
fore, very large rescattering effects are unlikely—
especially in very light nuclei. Second, the velocity distri-
butions of protons coming from 7+ and 7~ absorption on
medium to heavy nuclei are very similar.!®> This behavior
would be hard to understand if initial two-body processes
together with secondary interactions were important, since
the protons in the 7% absorption can result from primary
and secondary interactions, whereas most of the protons
from the 7~ absorption must be secondary ones.!* Trans-
port calculations,'® which invoke a considerable amount
of pion scattering—including charge exchange—prior to
absorption, can partly reproduce the results of the rapidity
analysis.

The purpose of this work was to shed more light on the
problems discussed above. We report results on the cross
sections of the (7+,2p) and (7*,pn) reactions on '2C, 'O,
130, Fe, and Bi at 165 and 245 MeV. Angular correla-
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tions of the two outgoing nucleons, as well as differential
and integrated cross sections were obtained. We list in
Table I the reactions and targets that were investigated,
and the incident energies and angular ranges at which
these investigations were done.

II. THE EXPERIMENTAL METHOD

The experiment was performed at the mM3 channel of
the SIN accelerator at bombarding energies of 165 and
245 MeV for positive and negative incident pions. The
outgoing nucleon pairs were detected in coincidence.
Natural targets of C, Fe, and Bi of thickness 2, 2.5, and
4.5 g/cm?, respectively, were used. For '°0 and '*0 we
used H,'%0 and H,'®0 (99.1%) targets. The water was
contained in 50X 50 10 mm? plastic containers with 0.5
mm thick windows while an empty identical box was used
for background measurements. The experimental setup is
shown in Fig. 1. The pion beam hit the target after pass-
ing through two plastic scintillators, P, and P,. The tar-
get was fitted into a 5X 5 cm? hole in the center of a large
plastic scintillator P,. An anticoincidence with this col-
limating scintillator and a coincidence with the two scin-
tillators P, and P, were required for beam monitoring
and data acquisition. Protons present in the beam were el-
iminated by degraders positioned inside the beam trans-
port channel. Muon and electron contaminations in the
beam were measured by time-of-flight technique.

The protons were detected by three telescopes, each

TABLE 1. Targets, incident energies, and angular ranges for which the various reaction modes were

studied.
Detected angular®
Detected angular range of p, for Incident
Target range of p; each p, angle 7T energy
nucleus Reaction (deg) (deg) (MeV)
2c (7m*,2p) 50—140 > 100 165
50—140 > 100 245
150 (7+,2p) 90—140 > 100 165
50 (r,2p) 90—140 > 100 165
Fe (m+,2p) 50—140 > 100 165
50—140 > 100 245
Bi (7*,2p) 50—140 > 100 165
50—140 > 100 245
12c (7~ ,pn) 120—140 > 100 165
120—140 70 245
2c (7*,pn) 120—140 40 165
120—140 50 245
16180 (7~,pn) 120—140 70 165
(7*,pn) 120—140 40 165
Bi (r~,pn) 120—140 > 100 165
120—140 70 245
Bi (7*,pn) 120—140 40 245

#Centered around the angle conjugate to Gpl.
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consisting of two 5X 5% 5 cm® cubes of plastic scintilla-
tors with 5 mm thick scintillators in front and back of the
cubes (the back detector is not shown in the figure). The
front surface of the telescopes was 50 cm from the target
and their centers separated from each other by 10°. Fast
protons that passed through the front counter of a tele-
scope were identified by the combination of their energy
losses (AE1, AE2) in the two scintillators. Particles that
passed through both counters were tagged by the scintilla-
tor positioned behind the telescopes (not shown in Fig. 1).
Slow protons that stopped in the front counter were iden-
tified by the combination of their energy losses (AEj,
AE1) in the front thin detector and in the first thick scin-
tillator. The energy loss measurements, therefore, identi-
fied protons over the whole energy region above a thresh-
old of 30 MeV. The proton energy spectrum in the tele-
scopes was not measured. The nucleons, in coincidence
with protons in the telescopes, were detected with an array
of twenty 5X 100X 10 cm® plastic scintillator bars, ar-
ranged in two layers covering an area of 1 m? and a total
thickness of 10 cm. The front surface of the first layer
was 111 cm from the target (Fig. 1). The array could be
moved so that the angular range between — 140° and 30°
relative to the beam direction could be covered continu-
ously. The vertical angular range from —20° to 20° was
covered simultaneously. A 1 mm thick scintillator was
placed in front of the array to separate neutrons from pro-
tons. Pulse height and time-of-flight information was
recorded for each scintillator in the array. The time
difference between pulses in the phototubes mounted at
the ends of each scintillator was used to define the vertical
position of the detected particle. The information was
sufficient to identify protons and neutrons and to measure
their energy (using the time-of-flight information) with
moderate resolution. Fast protons that passed through
one of the front bars were identified by combining their
energy losses in the front and back bars. Particles which
stopped in one of the front bars were identified by their
position in the energy versus time-of-flight spectrum.
Neutrons were identified by lack of signal in the thin scin-
tillator in front of the array and by their position in the
energy versus time-of-flight spectrum. This method en-
abled the separation of neutrons from y events as illus-
trated in Fig. 2. The neutron detection efficiency was cal-
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FIG. 1. Experimental setup.
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FIG. 2. Time of flight vs energy spectrum for neutral parti-
cles in the detector array.

culated with a code originally written by Kurz'® and

modified at the University of Karlsruhe.® The code
reproduced well previously measured neutron detection ef-
ficiencies of the same array.’!

Protons from pion absorption on the deuteron in a D,0O
target and protons from pion scattering on the hydrogen
in a CH, target were detected in coincidence at several an-
gles to provide proton energy calibration in the bars. The
overall energy resolution measured with the D,O target
(including kinematic broadening, energy losses, and elec-
tronics) was 30 MeV for protons of 200 MeV. The
mtp—m*p and m*d— pp reactions were used also for ab-
solute normalization by using previously measured cross
sections.”>?3 The angular resolution for nucleons detected
in the array was 5° in the horizontal (reaction) plane and
4° in the vertical plane.

For each position of the proton-detector array, the tar-
get angle was fixed so that the proton path in the target
was minimized. Corrections were applied to account for
loss of protons and neutrons in the target due to secon-
dary reactions as well as to the stopping of low energy
protons in the target and the air. The combined muon
and electron contamination was 0.5% and 4% for =™,
and 2% and 7% for w~ at 245 and 165 MeV, respective-
ly. All these corrections were included in the absolute
normalization.

III. THE »+*,2p REACTION
A. Results

For the study of the (7*,2p) reactions angular correla-
tions were measured at nine positions. The protons in the
telescopes were detected in the angular range of 50°—140°
in steps of 10° (excluding the position at 80°). For each
such detection angle, protons in the array were detected
over an angular range of about 100°, centered around the
angle of the #*d—pp kinematics, and covering simul-
taneously a vertical angular range —20°<¢<20°. A
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three-dimensional display of the proton-proton angular
correlation, integrated over the particle energies, is shown
in Fig. 3 for protons in the telescope detected at 140° and
for incident kinetic energy of 245 MeV. A pronounced
peak is observed at the angle corresponding to the
kinematic condition of the w+*d—pp reaction superim-
posed on a “background.” Figure 4 shows a slice of this
correlation along the reaction plane, with a vertical width
Ap+6°, for 12C, 10, 130, Fe, and Bi at 165 MeV. The
data are integrated over the outgoing proton energies
above a cutoff set 80—100 MeV below the peak of their
energy spectrum (e.g., Fig. 5). The angular correlation in
the vertical plane was found to have a similar shape. This
is illustrated in Fig. 6, where we display a cut through the
data in the vertical plane together with the data and the
fit (see below) done for the horizontal (reaction) plane.
The result indicates that the spatial distribution of the ob-
served peak is approximately symmetric in all dimensions
about its center.

The errors shown in the figures contain statistical and
angle-dependent systematic uncertainties. There is an ad-
ditional overall normalization uncertainty of 9%.

Each p-p angular correlation was fitted by a least-
squares method to a sum of two two-dimensional Gauss-
ian functions (the solid curve in Fig. 4). The peak posi-
tions, amplitudes, and widths of these functions were
treated as free parameters. We obtained, for all cases, one
narrow and one broad Gaussian. The peak of the narrow
Gaussian was always found to be very near the angle cor-
responding to the m*d—pp kinematics. These results
suggest the identification of the narrow Gaussian com-
ponent in the angular correlation with a direct absorption
on a p-n pair. This may exclude processes in which the
pion scattered (on the energy shell) before absorption or
the outgoing protons interacted in the nucleus before em-
erging. The broad Gaussian (the dashed curve in Fig. 4) is
attributed to a background generated by a final-state in-
teraction on the outgoing protons, initial-state interaction
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FIG. 3. Three-dimensional display of a proton-proton angu-
lar correlation.
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FIG. 4. Slices of the p-p angular correlations along the reac-
tion plane with vertical width of A¢=+6° for C, '°0, '%0, Fe,
and Bi. The solid curves are results of two-Gaussian fits to the
data. Dashed curves are the broad Gaussian background. The
arrows mark the angle for the 7+td— pp reaction
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of the incoming pion, and perhaps by more complex ab-
sorption mechanisms. The broad Gaussian may also con-
tain some amount of absorption on quasideuterons which
are in /540 with respect to the core, as recently suggested
by Ritchie et al.* This contribution should be, however,
small, as shown by the distorted-wave impulse approxima-
tion (DWIA) calculations of Ref. 24. A further analysis
of the broad Gaussian is not pursued in this work for the
following reasons: (1) Unlike the narrow Gaussian, the
magnitude and shape of the broad Gaussian are sensitive
to the energy cutoff which is applied. (2) It is not clear
that a Gaussian form is justified for the purpose of extra-
polation into the unmeasured part of the phase space. (3)
Proton multiplicity of more than 2 may contribute to this
component. We therefore concentrate on understanding
the properties and physical significance of the narrow
Gaussian. In Table II we present the parameters of the
narrow Gaussian function resulting from the fit described
above.

We examined our results to determine whether a p (pn)
component'? could be included in our p-p quasideuteron
results. In this kinematical case a proton and a neutron
are going out in the same direction as if they are a single
particle in coincidence with another proton. Such a com-
ponent yields proton energies 40 MeV higher than those
from quasideuteron absorption and should be seen as a
peak at the higher part of the proton spectrum (e.g., Fig.
5). No such peak was observed but the data cannot rule
out a small contribution from this process.
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FIG. 5. Proton energy spectrum from the '2C(7*,2p) reac-
tion measured at —82.5° in coincidence with protons detected at
70°. The long arrow marks the proton energy for the
7+ +12C—2p+'°B g.s. The short arrow marks the proton ener-
gy for the 7+ +'>C—p + (pn)+°B. In both cases the residual
nucleus is assumed to be at rest.
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FIG. 6. A slice (A6==5") of the C(#*,2p) angular correla-
tion in a plane perpendicular to the reaction plane (crosses) to-
gether with a similar slice (A¢=+6") in the reaction plane
(squares). The solid and dashed curves have the same meaning
as in Fig. 4.

B. Discussion

1. The shape of the angular correlation

The width of the narrow Gaussian is expected to be
determined by the momentum of the outgoing proton and
that of the absorbing pair with respect to the rest of the
nucleus. In an impulse model, if o is the standard devia-
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FIG. 7. pstan(o) vs 6, lab; the solid and dashed lines
represent the average Py values for 165 and 245 MeV, respec-
tively. (See text for definitions of p,, Py, and a.)
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TABLE II. The parameters of the narrow Gaussian (quasi-deuteron), the angle for the free 7*d—2p
reaction and the integration of the narrow Gaussian over 6,, namely the differential cross section for
the (7*,2p) reaction. The errors are only statistical. The results are presented for 165 and 245 MeV.

Parameters of the quasideuteron

Gaussian
9,,] Standard p, angle d a/dﬂ.p1
lab Amplitude deviation Peak angle from 7wd—2p lab
(deg) (mb/sr?) (deg) (deg) kinematics (deg) (mb/sr)
T,=165 MeV
C 50 5.48 17.1 104.2 105 3.06+£0.40
60 5.36 13.6 92.7 93 1.90+0.30
70 3.99 14.0 834 82 1.50+0.23
90 3.88 13.9 60.7 62 1.43+0.23
100 5.90 13.1 53.7 54 1.93+0.27
110 6.59 14.4 45.5 46 2.62+0.36
120 8.10 13.3 37.2 39 2.74+0.37
130 9.51 12.4 313 31 2.79+0.34
140 7.98 12.4 233 25 2.33+£0.46
150 90 6.29 13.8 62.1 62 2.30+£0.36
100 6.15 13.5 53.2 54 2.14£0.27
110 8.49 13.6 43.8 46 2.98+0.42
120 9.71 12.4 36.3 39 2.85+0.37
130 10.43 11.8 30.9 31 2.77+£0.34
140 10.56 12.0 23.4 25 2.89+0.35
B0 90 7.52 13.2 58.6 62 2.50+0.35
100 7.40 12.5 53.0 54 2.22+0.20
110 9.31 13.6 44.2 46 3.31+0.41
120 9.20 12.9 36.1 39 2.93+0.37
130 9.37 12.3 30.3 31 2.72+0.34
140 10.73 12.2 22.7 25 3.05+0.36
Fe 50 4.83 214 105.5 105 4.22+0.81
60 5.16 16.7 93.2 93 2.74+0.57
70 4.00 17.8 82.0 82 2.51+0.44
90 3.69 18.4 64.4 62 2.40+0.38
100 6.45 18.2 51.8 54 4.09+0.52
110 6.68 18.7 42.2 46 4.45+0.54
120 8.65 16.7 35.6 39 4.60+0.49
130 10.37 15.4 30.2 31 4.67+0.51
140 9.35 15.1 24.6 25 4.10+£0.48
Bi 50 4.51 22.1 108.4 105 4.20+0.71
60 4.43 17.6 94.7 93 2.63+0.50
70 3.06 21.4 82.5 82 2.69+0.50
90 3.71 20.8 64.9 62 3.07+0.50
100 5.66 18.0 53.7 54 3.51+£0.57
110 6.13 18.5 46.7 46 4.01+0.65
120 8.76 17.8 38.7 39 5.41+0.74
130 10.53 15.9 31.8 31 5.11+0.65
140 10.40 15.0 25.5 25 4.49+0.61
T,.=245 MeV
C 50 3.81 15.5 101.0 100 1.74+0.28
60 2.98 13.2 87.3 88 1.00+£0.17
70 2.01 14.0 74.2 77 0.76+0.12
90 3.79 12.4 55.4 58 1.11£0.32
100 4.69 13.1 48.4 50 1.55+0.24
110 5.58 11.6 42.5 42 1.42+0.19
120 6.02 11.9 347 35 1.61+0.21
130 6.09 12.3 28.4 29 1.75+0.22

140 5.59 13.0 214 23 1.81+0.24
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TABLE II. (Continued).

Parameters of the quasideuteron

Gaussian

65, Standard p, angle do/dQ,

lab Amplitude deviation Peak angle from wd—2p lab

(deg) (mby/sr?) (deg) (deg) kinematics (deg) (mb/sr)

Fe 50 3.90 20.8 109.0 100 3.22+0.56
60 3.50 20.2 87.9 88 2.7340.46
70 3.33 18.6 76.3 77 2.1940.35
90 4.57 17.5 54.4 58 2.66+0.46
100 5.72 16.0 48.7 50 2.81+0.42
110 6.89 154 393 42 3.13+0.47
120 7.50 16.7 339 35 4.00+0.51
130 7.87 16.5 27.6 29 4.11+0.54
140 6.47 15.7 234 23 3.05+0.42
Bi 50 4.84 19.3 102.8 100 3.45+0.63
60 3.65 22.7 90.2 88 3.59+0.64
70 3.14 20.9 78.5 77 2.61+0.41
90 4.16 20.5 55.0 58 3.33+£0.50
100 5.66 18.6 45.7 50 3.73+£0.55
110 6.61 16.3 414 42 3.34+0.50
120 7.92 16.1 35.1 35 3.91+0.52
130 7.88 17.8 27.7 29 4.77+0.63
140 7.83 16.9 20.3 23 4.27+0.59

tion of the narrow Gaussian, we may expect tan(o)
~Py /Py, where P4 is the momentum of the absorbing
quasideuteron in the nucleus and Py is the average
momentum of the outgoing nucleon for which the angular
correlation is measured. In Fig. 7 we plot the values of
Pytan(o) and indicate the average P,y values by the
straight lines. We note that the trend is indeed repro-
duced by this simple model which, again, reflects a simple
one-step mechanism. The values of the momenta for the
absorbing pair are of the same order of magnitude as the
Fermi momentum. We note that there is a significant in-
crease in Py between '2C and Fe, but between Fe and Bi
the difference is small. These momenta describe nucleons
on the surface, where absorption occurs, and therefore re-
flect a local density. This indeed changes, on the surface,
more between '?C and Fe than between Fe and Bi. We
also note a small but systematic energy dependence. This
may reflect the depth of penetration of the pion, being
larger at 245 MeV than at the resonance region of 165
MeV. As a result the average quasideuteron momentum
is slightly higher for 245 MeV, representing higher densi-
ty.

We now examine the symmetry of the angular correla-
tion about the central angle. If we consider the case of
6, =70° (=83" c.m. for 165 MeV and 86° c.m. for 245
MeV), we note from 7d—pp kinematics that at this angle
the opening angle between the two outgoing protons is
minimal (see Fig. 8). If the pion scattered (on the energy
shell) before absorption, 6, is no longer 70° with respect
to its direction when absorbed. This will result in a larger
opening angle. The scattered pion also has lower energy
and this, again, increases the opening angle. A significant
amount of such initial-state interactions of the pion

should manifest itself in an asymmetric angular correla-
tion with more events on the larger opening angle side; a
shift of the centroid of the angular correlation towards
larger angles would also then occur. Observation of the
angular correlation for 6, at 70° (Fig. 9) does not show
any such asymmetry or shift, within the precision of the
present work. For comparison, a prediction of cascade

180 1 1 1
+
7 d-2p
175 i
Tﬂ=165 MeV
=)
o 170 =
o
N
v 165 -
S))
|
cbn'h 160 -
155 -
150 T T T
0 50 100 150 200

9p1 lab (deg)

FIG. 8. The opening angle of the two outgoing protons from
a mtd—2p reaction as a function of the angle of one of them
for T,=165 MeV.
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calculations for this angular correlation is shown in Fig. 9
by a dashed line and an asymmetry is noticeable. To
quantify this effect, we define the asymmetry

_ 104 —60| —[6_—60|
|60, —60] +6_—6o| ’

A

where 6, is the peak angle, and 6, and 6_ are the angles
where the measured double differential cross section fell
to half the peak value, at the angles larger and smaller
than 6, respectively. This value is found to be always less
than 0.01, while cascade calculations predict values rang-
ing from 0.03 in C to 0.23 in Bi. This result again rein-
forces the description of the measurements as detecting a
relatively unperturbed quasideuteron absorption.

This result has an important implication for our under-
standing of pion absorption in nuclei. The absorption
process is described by most models: delta-hole,? optical
potential,! intranuclear cascade,’ and transport'® calcula-
tions, as a sequence of pion scattering followed by absorp-
tion of the pion on a nucleon pair. We could expect then
that the contribution to the (7+,2p) yield from absorption
following pion scattering would be comparable to that
which occurred with no scattering and the asymmetry
clearly observed. This is predicted, for example, by the
intranuclear cascade calculations. Except for the thresh-
old set on the proton energy, there is no restriction in this
experiment that will preclude (7*,2p) following pion
scattering from being observed. This threshold is, howev-
er, set quite low, as mentioned earlier, and should still al-
low lower energy protons to be detected. The cascade cal-
culations shown in Fig. 9 were done with the same thresh-
old as in the experiment. These results therefore indicate
that a large occurrence of two-nucleon absorption follow-
ing initial-state interaction, on the energy shell, is not very
likely. It appears that cascade calculations® and transport
calculations!® contain an overly large contribution to pion
absorption from such processes. We may still have con-
tributions from interactions where the pion was scattered
near 0° before absorption because it will then keep the

8 T T T T
Fe(n',2p)
T, =165 MeV
~87r6,=70"lab T
~N 1
—
)
~ ———2—Gaussian fit
e 4L |
é -===INC model
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5 2 7]
~
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30 -10 —-50 —90 —130 —-170
g, lab(deg)

FIG. 9. The p-p angular correlation for the Fe(w*,2p) reac-
tion for 9p1=70° at 165 MeV. The solid curve is the result of a

two-Gaussian fit to the data; the dashed curve is a result of the
INC model normalized to the amplitude of the Gaussian fit.

original opening angle. It is a question whether such
scattering should be considered an initial-state interaction
since, due to Pauli blocking, such events will not be relat-
ed to a significant momentum transfer. We also will have
to understand, then, why absorption can occur after small
angle scattering but not after large angle scattering (which
would appear as an asymmetry, as discussed above). If
the pion scatters off the energy shell before being ab-
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FIG. 10. The differential cross sections of the quasideuteron
(+,2p) reaction for C, '°0, 0, Fe, and Bi at 165 MeV. The
data are presented in the center-of-mass system of the #+d—pp
reaction. The solid curves are results of a Legendre-polynomial
fits to the data. The dashed curves represent the angular distri-
bution for the 7#+d— pp reaction normalized to the data by the
factor Dy (see text).
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the data by a factor D.g, which is also listed in Table III.
Comparison of the two curves shows a great similarity,
thereby providing further support to the identification of
the data as quasideuteron absorption. For more quantita-
tive comparison, we list in Table III the ratios Ag/Deg
and A,/D. s to be compared with the values of 4, and
A, for the m*d—pp reaction. Again, the similarity is
evident. It is interesting to note that the data for most nu-
clei tend to show a somewhat stronger anisotropy than for
the deuteron, although they are the same within errors.
Because of the large errors in determining A4, (due to lack
of data at extreme angles), we do not compare this coeffi-
cient in the table.

In Fig. 12 we show two normalization factors for '2C.
One is Dy, the ratio between the “quasideuteron” cross
section and that of the free 7#+d— pp reaction, which may
be regarded as the effective number of quasideuterons par-
ticipating in the process. The second is N ¢, representing
the effective number of nucleons participating in pion
“quasifree” scattering.’® Although the definition of D
may not be entirely analogous to that of N, it is in-
teresting to note that both factors vary with broadening
energy in a very similar way. This suggests a probably
common origin, namely the formation of a A at the nu-
clear surface. The lower values for 165 MeV reflect the
shorter mean free path for the pion at the peak of the (3,3)
resonance. The value of D at 65 MeV is taken from
elsewhere.>?’” In Fig. 13 we display the relative contribu-
tion of the quasideuteron absorption to the total absorp-
tion cross section at 165 MeV as a function of A4 (present
work and Refs. 11 and 15). We also display in Fig. 13 the
relative contribution of absorption on two nucleons to the
total absorption cross section for stopped pions (Ref. 7).

3. Final-state interaction and rescattering effects

The total cross sections for the “‘quasideuteron’ absorp-
tion do not account for losses due to final-state interac-
tions of the two outgoing protons. These losses should be
estimated in order to determine the contribution of the ab-
sorption on a nucleon pair to the total absorption cross

ar X Neff % 7

-i% B Deff T
TR |

1 1 1 ! 1
100 200 300

Tr (MeV)

Deff'Neff
N w
T T T

HI¢
1 1

T
i

FIG. 12. D (squares) and N (crosses from Ref. 25) for

2C as a function of the incident energy. (D at 130 MeV is
calculated from Ref. 1.)
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FIG. 13. The contribution of quasideuteron absorption to the
total absorption rate as a function of A4 at 165 MeV. (Present
work and Refs. 11 and 15, and for stopped pions, Ref. 7.)

section. We calculated these losses using an intranuclear
cascade model. The principal features of the intranuclear
cascade code (INC), and the version which was used in the
present work, were described in great detail by Fraenkel
et al> We did not attempt to calculate the absolute cross
section of the observed reaction by using the INC model.
Instead we calculated the ratio between (a) the cross sec-
tion for the (7+,2p) process where the pion interacts with
only two nucleons before being absorbed (the outgoing
protons do not undergo any further interaction with the
residual nucleus or with each other, emerging with ener-
gies above the cut set in the analysis of the experimental
data), and (b) the total absorption cross section for a pro-
cess where the incoming pion interacts with only two nu-
cleons before being absorbed but with no restrictions on
the outgoing products which may undergo a final-state in-
teraction. This ratio is therefore insensitive to the way the
INC model treats the pion-nucleus interaction and de-
pends only on the way it deals with nucleon final-state in-
teraction.

The result of our calculation in the INC model is,
therefore, the factor

_ 7" +N—A; A+ N—sanything out except pions
7t +N—A; A+N—2p (no final state interaction)

The quantity f is the factor by which we have to multiply
the measured ‘“quasideuteron™ cross sections in order to
account for the losses from final-state interaction. By ap-
plying this correction we obtain the contribution to the to-
tal true absorption cross section from the absorption of
the pion on a nucleon pair. In Table III we present the
corrected two-nucleon absorption cross sections and their
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contribution to the total absorption cross sections from
Ref. 25. We should note that these correction factors may
be overestimated since coincidence (m,7p) experiments
were found to yield more than half of the yield of (7,7')
single-arm measurements,”® and the pion mean free path
must be shorter than that of a high energy proton.

C. (w*,2p)—Conclusions

By integrating the angular distributions of Figs. 10 and
11, we obtain the total cross section for “quasideuteron”
absorption. (Note that the present data and those of Ref.
23 are normalized in such a way that o
= f do/dQd(cosf). The results are listed in Table
III, as a function of A and the incident energy, together
with the total absorption cross sections.?®

We can summarize the discussion of the (7*,2p) reac-
tion by the following conclusions.

(1) The identification of the narrow Gaussian in the an-
gular correlation with a direct unperturbed absorption on
a “quasideuteron” is supported and justified by four ob-
servations. (i) The peak position follows the wd—pp
kinematics. (ii) The width is consistent with momentum
effects of a quasifree absorption mode. (iii) The symme-
try of the angular correlation around the peak indicates a
process relatively free from initial-state interaction. (iv)
The angular distribution of the integrated peak has a
shape similar to that for the 7d— pp reaction.

(2) By calculating the losses from final-state interaction
using intranuclear cascade calculations, we find that the
contribution to the total absorption cross section from a
two-nucleon mechanism is at most between 30% and
44%. The rest of the pion absorption cross section at the
above energies should be attributed to more complicated
mechanisms.

(3) The energy dependence of D as defined above re-
flects the variation with energy of the mean free path of
the pion interacting with a nucleus. This interaction takes
place mainly on the nuclear surface at the peak of the
(3,3) resonance; it may involve more of the nuclear interi-
or for incident energies far from the resonance.

The conclusion that quasideuteron absorption does not
dominate the total absorption cross section raises the
question of where the rest of this cross section is coming
from. Several theoretical calculations propose that the
pion may scatter several times before it is absorbed. In
another language, that A’s are formed, propagate, and de-
cay several times before absorption. Since these
theories>? envisage such scatterings, it is conceivable that
the angular correlation is smeared out after several
scatterings. However, as discussed in subsection B 1, we
should be able to observe contributions from absorption
following one scattering as an asymmetry in the angular
correlation. The contribution from such a process should
be, according to these theories, comparable to that from
unperturbed absorption. The failure to observe this asym-
metry indicates that either this process is weak and does
not account for all the missing strength, or that there
must be a much larger number of scatterings such that
they are all smeared into the broad Gaussian and no
asymmetry due to single scattering before absorption is

observed. The mechanism of double A excitation pro-
posed by Brown et al.”® could explain these observations
if it exists in the right strength. However, so far no direct
evidence for a role of such a mechanism was observed.
The question remains, for the time being, open.

IV. THE (7*,pn) REACTIONS

For the study of the (7*,pn) reactions, angular correla-
tions were measured for proton angles of 120°, 130°, and
140°. For each such detection angle, coincident neutrons
in the detector array were detected over a horizontal angu-
lar range of about 70° for the (7~ ,pn) reaction and 40° for
the (7+,pn) reaction. The vertical detection range of the
neutrons was —20°<¢ < +20° for both reactions. For
every proton detection angle a p-n angular correlation was
produced by integrating over the energies of the outgoing

120 T T T T T
100 "2 ¢(n",pn) 4
80 | T=165 MeV |

140°

40 20 0 -20 —-40 —60 =80 -100
6, lab (deq)

FIG. 14. Slices of the angular correlations along the reaction
plane with a vertical width of +7.5° for the '2C(#*,pn) and
Bi(7~,pn) reactions at 165 MeV. The curves are the fits as
described in the text.
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nucleons above the same cutoff used for the (7*,2p) reac-
tion, as described in Sec. III A. Figure 14 displays a slice
of the angular correlation along the reaction plane with a
vertical width of A¢==+7.5°, for the '2C(w*,pn) and
Bi(7~,pn) reactions at an incident energy of 165 MeV. A
pronounced peak is observed in the angular correlation for
the (7~ ,pn) reaction at the angle corresponding to the
kinematic condition of the 7+d—pp reaction. The data
in the angular correlation of the (7*,pn) reaction cover a
smaller part of the two-body kinematical region. The er-
rors shown in the figures contain statistical and angle-
dependent systematic uncertainties. There is an additional
overall normalization uncertainty of ~18% coming from
uncertainties in secondary reactions, target correction
flux, and solid angles, (10%), and from uncertainty in the
determination of the neutron efficiency ( ~15%).

To obtain the two-body contribution to the (,pn) angu-
lar correlations, we fitted the data to two Gaussian func-
tions as described in the discussion of the (71,2p) case.
For the (7~ ,pn) reaction we set the peak positions of the
narrow Gaussian to the values obtained from the corre-
sponding (7,2p) angular correlation for the same target
at the same energy and angle. This presetting of the posi-
tions was aimed to avoid the inclusion of events from the
(w~,7~n) reaction. Since o(7~,7 n)/o(7w~,pn)> 100,
any leak of neutrons from the (7,7 n) reaction (due to
misidentifications of the scattered pion) would have a sig-
nificant effect on the (7 ~,pn) angular correlations. (The
angular correlations of the two reactions are separated by
10°—15°) A few events from the (7,7 n) reaction ap-
pear ocassionally as a shoulder or high background in the
small angle side of some of the angular correlations. The
other parameters of the fit to the (7~ ,pn) angular correla-
tions were left free.

For the angular correlations of the (7¥,pn) reaction we
used the peak positions and the widths obtained from the
fit of the (7 ,pn) data. We also kept the ratio between
the amplitude of the narrow Gaussian and the broad one
and let only the absolute magnitude be free. This pro-
cedure was necessary because the angular correlations of
the (7%,pn) reactions covered a more limited angular
range.

The solid curves in Fig. 14 represent the sum of the re-
sulting two Gaussian functions. The dashed curves are
the broad Gaussian backgrounds alone. By integrating
over the narrow Gaussian, we obtained the contributions
from the absorption of 7~ on p-p pairs and of 7% on n-n
pairs. In Table IV we present the parameters of the nar-
row Gaussians obtained by the above fitting procedures
and integrations over these Gaussians yielding the dif-
ferential cross sections.

Also listed are the ratios

1 +2)/-——(77' ,pn)

The factor 5 comes from the fact that in the (7%,2p) re-
action both protons can be detected by both counters.
Table IV also contains ratios of the widths of the narrow
Gaussians in the (,2p) and (,pn) reactions. These ratios

show that for the (r,pn) reactions the width of the angu-
lar correlation is about 20% larger than for (7+,2p). This
may reflect a larger internal momentum of the T'=1 (p-p
or n-n) absorbing pair, as compared with the T =0 (p-n)
pair. We should note, however, that since the (,pn) reac-
tions are so weak, their angular correlation may be affect-
ed by many secondary processes, such as final-state in-
teraction of the out-going nucleons, which may affect
their shape. This point is further discussed later in this
section.

The cross-section ratios presented in Table IV are large
and similar to the ratios observed in *He.!!” The large
ratios observed in *He were interpreted'® to result from a
suppression of the absorption process on a 1Sy T =1 pair,
since an intermediate state with a AN in a relative S state
is not allowed. This state is responsible for the large ab-
sorption cross section on the deuteron. On nuclei heavier
than He, an absorbing proton or neutron pair does not
have to be in a 'S, state and then an intermediate AN sys-
tem in a relative S state could be formed. The fact that
the cross-section ratios are still so large indicates that ab-
sorption on such pairs is unfavored by the dynamics of
the absorptlon mechanism. Comparison of the (7%,pp)
and (7¥,pn) reactions on '%0 and 'O reveals mterestmg
isotopic effects which were discussed elsewhere.!

We investigated the possibility that part of the (,pn)
yield originates from the much stronger (7%2p) or
(7~,2n) reactions followed by nucleon charge exchange.
Calculations using intranuclear cascade model® showed
such yield, but its angular correlation was broad and
hence mostly removed as part of the broad Gaussian. At-
tempts to observe the (7 ,pp) yield, which could originate
from such processes (the probability is squared, but pro-
ton detection efficiency is 100%), yielded only upper lim-
its, indicating a small probability. In a recent work with
stopped 7~ in Li a 0.26% probability for the forward
nucleon char§e exchange process was deduced from
(7~ ,2p) yield.*® This would mean that less than 10% of
the (,pn) narrow Gaussian yield may come from such
processes. Supporting this conclusion is also the observa-
tion that the cross-section ratio does not vary strongly
with the nuclear mass; a large nucleon charge exchange
component should manifest itself as a strong 4 depen-
dence of the (,pn) cross section.

We finally note that these cross-section ratios were also
measured at lower energies: 65 MeV (Refs. 8 and 27) and
for stopped 7 (Ref. 31) [where (7~,2n)/(7~pn) rate ratios
were measured]. The measured ratio for C gradually de-
creases from about 25 at the resonance region to about 5
at 65 MeV and down to 2.5 for stopped pions.

In conclusion, we presented results of studies of the
(w+,2p) and (7%,pn) reactions where the direct two-
nucleon absorption component is identified. For the
(77%,2p) reaction this component accounts for only about
10% of the absorption cross section for carbon, down to
about 2% for bismuth. With corrections for final-state
interaction of the out-going protons, it amounts to at most
40%. The results also indicate that a significant contribu-
tion from quasideuteron absorption following on-shell
scattering of the pion is not likely. The direct absorption
on T =1 nucleon pairs is about 4% of that on T =0
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pairs, similar to the ratio observed for the elementary pro-
cess.
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