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The reaction 58Ni(~+,PP)  was studied with good energy resolution for an incident pion energy of 
160 MeV. The angular correlation of the outgoing protons was measured for 8,,,=3O0, 75", and 
130". From these angular correlations the contribution from direct two-nucleon absorption was ex- 
tracted. A Monte Car10 calculation modeling the absorption process in terms of initial-state 
scattering of the pion before absorption, two-nucleon absorption, and final-state scattering of the 
outgoing nucleons is compared to the data. We conclude that within this framework the two- 
nucleon mechanism can account for less than half of the total absorption cross section in 58Ni. We 
report results for the low-energy coincidence proton spectra (down to 5 MeV) which suggest that 
most of these protons come from evaporation. Angular correlation data for the reaction 
58Ni( a - , p p  are also presented. 

I. INTRODUCTION 

Pion absorption remains the focus of much attention in 
intermediate energy nuclear physics. In the last several 
years various groups have reported results from which a 
number of important questions have emerged. The inves- 
tigations reported here are intended to address some of 
the central issues. 

Pion absorption is an important reaction channel 
representing as much as -30-40% of the total a -  
nucleus cross section in the A( 1232) resonance region.' 
Consequently, its effects must be incorporated in models 
aimed at a description of a-nuclear phenomena. These 
effects may be introduced in various ways, e.g., via the 
imaginary part of the a-nucleus potential in a nuclear op- 
tical model,2 or through the spreading potential used to 
describe the propagation of the A in A-hole model calcu- 
l a t i o n ~ . ~  Although such treatments may adequately 
reflect the effects of the absorption channel on the specific 
process studied, e.g., pion elastic scattering, they offer 
limited information on the details of the absorption 
mechanism itself. 

Much of the past work in the area of pion absorption 
has concentrated on a two-nucleon absorption process in 
which the pion's energy and momentum are transferred 
to a nucleon pair in the target. Due to the large momen- 
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turn mismatch between the initial and final states, absorp- 
tion on a single nucleon within the nucleus is greatly 
suppressed; hence, the two-nucleon picture is the simplest 
and has as its free counterpart the deuteron. Several cal- 
culations exist which are based upon two-nucleon absorp- 
tion in n ~ c l e i . ~  Further refinements are added to take 
into account pion scattering prior to absorption [initial- 
state interactions (ISI)] and scattering of the outgoing nu- 
cleus [final-state interactions (FSI)]. These calculations 
do a fair job of reproducing the absorption cross sections 
and some features of the data, but they have limited 
predictive power regarding details of the process, as we 
shall see. 

Experimentally, there exist results from a number of 
studies5 which have investigated nuclear absorption near 
the kinematics corresponding to the free two-nucleon 
process, i.e., quasideuteron absorption. These experi- 
ments typically report a clear signature from this mecha- 
nism in the data; however, other results suggest that the 
two-nucleon mechanism may not play a dominant role. 

In particular, the inclusive measurement of McKeown 
et ~ 1 . ~  has been cited as evidence for a multinucleon 
mechanism, i.e., one involving more than two nucleons in 
the absorption process. This group measured the in- 
clusive reactions ( a 2 , p )  with various nuclear targets and 
incident pion energies. They obtained a ratio of -4 for 
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the relative yield of protons from .rrf / T - ,  in contrast to 
the larger values ( >  10) expected from spin-isospin con- 
siderations of two-nucleon absorption proceeding via the 
formation of an intermediate A-N state; a smaller ratio is 
consistent with participation of more than two nucleons 
in the reaction. It was concluded from a rapidity analysis 
of the same data that on average -4 nucleons were in- 
volved.' 

Girija and ~ o l t u n '  were able to reproduce the ob- 
served rapidities within the framework of a transport- 
type calculation by considering only absorption on nu- 
cleon pairs and by invoking a strong contribution from 
ISI. Subsequently, Tacik et aL9 searched for such effects 
with an arrangement designed to detect the protons aris- 
ing from quasifree .rrp scattering followed by absorption 
on an np pair to produce the reaction '2~(7;+,ppp ). The 
data did not reveal a clear signature for the two-step pro- 
cess. 

A coincidence measurement of both outgoing protons 
represents a more detailed and direct method with which 
to study the reaction mechanism. In this way, Altman 
et  a1.I0 have estimated the contribution from direct two- 
nucleon absorption via an analysis of the angular correla- 
tion spectra of the i r t , p p )  reaction. They report that 
the direct two-nucleon component, as extracted from the 
data, represents -9% of the total absorption cross sec- 
tion for I2c near resonance, decreasing in importance to 
-2% in the case of Bi. After correcting for FSI, these 
numbers rise to -20%. Representing as they do the to- 
tal contributions from two-nucleon absorption, these 
values are remarkably small. 

A second group, Wharton et al.," has reported cross 
sections for transitions to the ' 4 ~  1- ground state (g.s.1 
and 1 ' 4-MeV state in the reaction I 6 0 i  .ni,pp ) 1 4 ~ .  For 
this quite restricted region where the quasideuteron 
mechanism dominates, Wharton e t  al. quote a combined 
cross section for the two 1' states which represents 
- 7 %  of the total absorption cross section. Their result 
is not inconsistent with the data of Altman et al., bearing 
in mind that a significant extrapolation was required over 
the unmeasured portions of phase space. 

Results from (n-+ ,pp ) studies, particularly those of Alt- 
man e t  al., have provoked much discussion, most of it re- 
lated to the difficulty of reliably separating in such coin- 
cidence data the two-nucleon component from more 
complicated processes, i.e., ISI, FSI, and possible mul- 
tinucleon absorption mechanisms. For example, Ritchie 
et a1.I2 claim that in the case of I2c, the analysis may un- 
derestimate the role of the two-nucleon mechanism. 
They employ a factorized distorted-wave impulse approx- 
imation (DWIA) to compute the expected angular corre- 
lation assuming absorption occurs in I2c on a lp shell np 
pair having either L = O  or 2 orbital angular momentum 
with respect to the 'OB spectator core. It was found that 
the L = 2  component could contribute to that region of 
the angular correlation which Altman et  al. had neglect- 
ed as far as the possibility of containing an appreciable 
fraction of two-nucleon absorption events. Subsequently, 
a good energy resolution, wide acceptance measurement 
of the reaction '60in-t,pp) at T,=116 MeV has been 
performed by Schumacher et  al." to further test the 

DWIA approach. Their results indicate that at this 
lower energy the contribution from the two-nucleon 
mechanism, for the first 50 MeV of excitation of the re- 
sidual nucleus, is approximately 40% of the total absorp- 
tion cross section. 

Our earlier ~ubl ished results14 for the reaction 
58~ i in -+ ,pp  ) were consistent with the general conclusion 
of Altman e t  al. In particular, we found that the region 
of the angular correlation identified with direct two- 
nucleon absorption was dominated by the low- 
excitation-energy region of the residual nucleus ( I 50- 
MeV excitation). The higher excitation region displayed 
little angular dependence, suggesting that more compli- 
cated processes were responsible. The direct two-nucleon 
yield extracted for Ni ( -  10% of the absorption cross sec- 
tion) suggests a larger contribution from two-nucleon ab- 
sorption than that extracted from the data of Altman 
et al., though our conclusion regarding the relative im- 
portance of the non-two-nucleon mechanisms is similar. 

There also exist coincidence data which may contain 
signatures of the ISI-FSI processes. Yokota et a1.15 have 
measured the (.rr ,pp) reaction for 6 ~ i  and C, reporting 
their results for 165-MeV incident energy. Two peaks are 
observed in the angular correlation data, the first in the 
forward-angle region and a second near the conjugate an- 
gle expected for two-nucleon absorption. The authors 
identify the forward-angle peak with proton-proton 
scattering following the in--,pn) reaction. The second 
peak is attributed to the i r0 ,pp)  reaction following an 
initial-state charge-exchange scattering, n p p  + n - O n .  The 
two interpretations are supported by a comparison of the 
data to predictions of an intranuclear cascade model.I6 
Unfortunately the authors do not attempt to estimate 
from their data the relative importance of such effects in 
the overall absorption process, though it appears to be 
small. 

To  summarize, though there now exist results from 
several experiments which indicate that a significant frac- 
tion of the absorption cross section lies outside the 
domain of the two-nucleon mechanism, the situation 
remains far from clear. The remaining uncertainties as to 
the s~ecific influences of IS1 and FSI in the two-nucleon 
channel have tended to make quantitative estimates of 
the multinucleon component difficult. Moreover, without 
a clear understanding of the role played by ISI-FSI, dis- 
cussions of the reaction mechanism in terms of two- 
nucleon versus multinucleon processes are necessarily in- 
conclusive. The situation is further obscured since possi- 
ble alternate mechanisms are as yet unidentified. Much 
work, both theoretical and experimental, remains to be 
done. 

We have previously presented part of our results14 
from the measurement of the reaction 5 8 ~ i ( ~ + , p p ) .  This 
paper provides additional details and reports the com- 
plete data set. The experiment emphasized energy resolu- 
tion and dynamic range. In particular, the improved 
resolution (compared to  previous wide acceptance stud- 
ies) permitted an examination of the angular correlation 
spectra in terms of the ISI-two-nucleon-absorption-FSI 
scheme. The chosen detection angles enhanced our sensi- 
tivity to effects from ISI. We are therefore able to offer a 



41 REACTION "Ni(?r+,pp) AT TT+ = 160 MeV 2217 

quantitative estimate of their role, and hence of the beam profile at the target of dimensions 2.4-cm FWHM 
overall importance of the two-nucleon mechanism in pion horizontal (i.e., in the scattering plane), and 1.4-cm 
absorption. FWHM vertical. 

The incident beam flux was monitored by several 
11. EXPERIMENTAL APPARATUS methods. A triple-detector telescope consisting of plastic 

scintillators with dimensions 5.08 X 5.08 X 0.3 18 cm3, 
The was performed On the 5-08 X 5.08 X0.3 18 cm3, and 2.54 X 2.54 X 0.3 18 cm3, 

Pion Channel (LEP) at the Clinton P. Anderson Meson with scintillator separated by 3 0 . ~  cm, was posi- 
physics Facility (LAMPF) in LOS Alamos, New Mexi- tioned 25.4 cm from the upstream window of the profile 
co." A schematic view of the detector arrangement is monitor at an angle of 1200 with respect to the incident 
shown in Fig. 1. beam direction. The telescope detected incident particles 

A. Beam 

The beam channel was tuned to deliver 160-MeV posi- 
tive pions within a momentum bite of 0.2-0.4 %. The 
exact value was chosen to limit the counting rates in the 
NaI(T1) detectors (described below). The beam position 
and profile were checked at the target position with a 
LAMPF-designed multiwire proportional chamber." 
The profile monitor was later installed upstream of the 
target to provide a continuous check of the beam position 
and size during data taking. The final tune produced a 
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FIG. 1. Schematic view of the experiment. In addition to the 
detector angles shown, the negative side counters were some- 
times shifted by - 10" to provide more complete coverage of the 
angular correlation for the + 30°, + 75", and + 130" angles. 

scattered from the window of the profile monito;. In ad- 
dition, an ionization chamber was placed downstream of 
the target to provide an integrated measure of the pion 
beam current. A toroid located on the primary proton 
beam line provided a similar measure of the proton flux 
incident on the carbon production target. The measure- 
ments from these three relative monitors agreed to within 
6% throughout the experiment. 

The absolute beam normalization was obtained by cali- 
brating the relative monitors with a measurement of the 
"C activity19 produced in the reaction ' 2 ~ ( n - + , ~ ) " ~ .  
The average beam flux (typically 3.OX 106/sec) was thus 
determined with a normalization uncertainty of -6.5%. 

B. Targets and scattering chamber 

Two isotopically enriched ( >  95%) 5 8 ~ i  targets were 
used for the measurements. Most of the data was taken 
with a 218.7-mg/cm2 thick, 7.5 X 5.0-cm2 target. For an 
examination of the lowest-energy protons a 20.5-mg/cmz, 
5.08X 5.08-cmZ target was substituted. Calibration runs 
and checks required a third target, a 0 . 6 2 8 - ~ / c m ~  thick, 
6.23-cm-diam CD,  disc. 

The targets were mounted on a thin Al-frame ladder 
located inside a cylindrical A1 scattering chamber, 30.5- 
cm high and 32 cm in diameter. A circular A1 table was 
concentric with the chamber and served to support and 
position the NaI(T1) telescopes. The scattering chamber 
vacuum reduced the energy loss the outgoing protons, 
especially important for the lowest-energy protons detect- 
ed in Si surface barrier detectors located inside the 
chamber. The entire assembly was placed 1.7 m down- 
stream of the last quadrupole magnet in the LEP chan- 
nel. 

C. NaI(T1) detectors 

Protons in the range 16-200 MeV were detected in an 
array of eight NaI(T1) telescopes. These telescopes were 
positioned to provide reasonably good coverage of the 
in-plane angular correlation for O,,,, = + 30°, + 7S0, and 
+ 130". Each telescope contained a 2.54 X 2.54X 0.159- 
cm3 plastic scintillator followed by a 7.62 X 7.62 
X 12.7cm3 NaI(T1) crystal. The total thickness of the 
telescope was sufficient to stop protons with energies up 
to 200 MeV. The detected particles were identified by the 
combinations of energy deposited in the plastic scintilla- 
tors (AE signal) and NaI(T1) crystals ( E  signal). The solid 
angle subtended by each detector was typically 4.8 msr. 
The target-detector geometry eliminated problems of 
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outscattering of protons in the detectors. 
The telescopes were calibrated with protons from the 

reaction ~ d - p p  using a CD,  target and 160-MeV in- 
cident 7"s. The resulting protons were detected at vari- 
ous angles and A1 degraders were employed to obtain en- 
ergies as low as 40 MeV. The energy resolution of an in- 
dividual NaI(T1) telescope was typically 1 5% (FWHM) 
as determined from the energy calibration data. We esti- 
mate the resulting resolution for the coincidence data to 
be - 8 MeV in the missing mass. 

The stability of the pulse height output of the NaI(T1) 
detectors was monitored in several ways: light-emitting 
diode (LED) flashers, periodic CD,  runs, and a check of 
the kinematic cutoffs present in the proton coincidence 
spectra (see Fig. 4 below). The gain corrections were 
< 5% in most cases. 

D. Si detectors 

Low-energy proton spectra were measured with a pair 
of Si surface barrier detector telescopes. Each of these 
telescopes consisted of a 1.27-cm thick brass collimator 
followed by a 50p A E  counter, a 1000y E counter, and a 
1000y veto counter. The brass collimator had a 1.59- 
cm-diam circular aperture; the diameter of each Si 
counter was 3.25 cm. The dynamic range of the tele- 
scopes was 4- 18 MeV taking into account energy losses 
in the target and including those protons stopping in the 
veto. The counters were calibrated by using previously 
determined energy-range relations.20 The Si counters 
were positioned 45" out of the NaI(T1) detection plane for 
angles of 60" and 120" with respect to the incident beam 
direction. 

E. Computer and software 

The on-line data acquisition software was the LAMPF 
"Q'  package2' which was used with a Digital Equipment 
Corporation PDP 11/45 computer. Off-line data replay 
and analysis were done with a modified version of "Q" 
running on a Digital VAX 11/780 machine. 

The on-line system handled the multiple tasks of read- 
ing event data, writing events to tape, and distributing 
events to the PDP 11/45 for processing. The fast elec- 
tronics were configured to trigger on events in which ei- 
ther a single telescope fired (prescaled), or > 1 telescope 
fired, the coincidence data. Additional triggers were 
defined to read out hardware scalars and to receive LED 
data. The deadtime for the system was typically 2-3 %. 

111. DATA ANALYSIS A N D  RESULTS 

Figure 2 shows a characteristic AE-E spectrum from 
one of the NaI(T1) telescopes. Protons are seen to be 
separated from lighter mass particles, i.e., n's, y's, and 
e's. The proton energies measured in the NaI(T1) crystals 
were corrected for energy losses in the target, scattering 
chamber window, and plastic scintillators. The energy 
spectra were also adjusted to correct for protons reacting 
in the NaI(Tl), an effect as large as 25% for 200-MeV pro- 
t o n ~ . ~ ~  

In order to apply this NaI(T1) reaction correction to 

I E- 
x's, p ' s ,  e's 

FIG. 2. AE -E plot for the -30" NaI(T1) telescope. The solid 
lines indicate the proton cut that was used. 

our continuous energy spectra, we have approximated as 
linear the shape of the reaction tail. The slope of the tail 
was defined by normalizing its area to the known tail-to- 
peak ratio,22 subject to the condition that at zero energy 
the contribution is zero. For each energy spectrum, the 
correction algorithm started with the highest-energy bin, 
computed the tail-to-peak ratio, and then removed a frac- 
tion of this contribution from the lower-energy bins ac- 
cording to the above tail shape. The correction pro- 
cedure proceeded from higher to lower energies incor- 
porating the results from the higher-energy bins in subse- 
quent steps. In the case of the coincidence data, each 
NaI(T1) spectrum was corrected independently, thus ig- 
noring the relatively rare events in which both protons 
reacted in the counters. Henceforth, all reference to the 
data will be understood to refer to the data corrected for 
reactions, as described above. 

The error bars displayed with the data in the next sec- 
tions reflect only the relative uncertainties in the quoted 
cross sections. These uncertainties were dominated by 
the uncertainties introduced by the particle identification 
cuts and by those of the detector acceptances. The form- 
er were typically 4% for the coincidence data and 6% for 
the singles data. For the most forward angles (+30") in 
the singles data, the uncertainty in particle identification 
was larger ( -  15 -20 %) as a consequence of the higher 
counting rates recorded in those counters. The uncer- 
tainty in the detector acceptances ranged from 3-7 % for 
the NaI(T1) telescopes and was 5% for the Si telescopes. 
The statistical uncertainties were small in comparison. 
An additional absolute uncertainty of 7% is assigned to 
the data (not shown in the figures), 6.5% from the beam 
normalization and 2% from the target thickness deter- 
minations. 

A. ( T + , ~ )  data 

Figure 3 shows the inclusive proton spectra measured 
at three angles compared with similar data from 
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McKeown et ~ 1 . ~  The two experiments are basically in sulting in a misidentification of those protons not stopped 
agreement given the latter's quoted uncertainty in abso- in the detectors. For the coincidence data the effects 
lute normalization of 15%. A significant discrepancy be- from such energetic protons are expected to be small, fur- 
tween the two data sets is observed in the upper kinetic ther minimized by the use of rather conservative energy 
energy range ( Tp > 150 MeV), particularly at backward cuts in the analysis. 
angles. This difference may be explained in part by the The total angle-integrated proton yield for energies 
smaller dynamic range of our NaI(T1) crystals possibly re- above 40 MeV was 1090 mb, 20% larger than the cross 

section reported by McKeown et al.  

B. ( .rr',pp ) data 

/IIIIIIIIIIIIIIIIII 
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The proton coincidence data included events from all 
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possible detector combinations, though the experimental 
setup emphasized those events near the kinematics of the 
two-body process. The coincident energy spectrum for 
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one such pair located at the conjugate angles for 
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quasideuteron absorption is displayed in Fig. 4. The data 
are seen to populated rather uniformly the region of 
physically allowed events, with some enhancement visible 
along the line corresponding to a small excitation of the 
residual nucleus. The events along the boundary are con- 
sistent with two-nucleon absorption modified primarily 
by the Fermi motion of the absorbing pair. 

In an effort to determine the relative importance of the 
two-nucleon component, the angular correlation spectra 
were extracted with different cuts on the total detected 
energy. These cuts were (I) Tpl + Tp2 > 230 MeV, includ- 
ing the first 50-MeV of excitation in the residual nucleus, 
(11) Tpl + Tp2 > 160 MeV, the "guaranteed absorption 
cut," and (111) Tp,,Tp2> 25 MeV, representing the full 
range of our acceptance. 

A clear signature of the two-nucleon component is seen 
in the energy spectrum of each arm of the +75" coin- 
cidence pair. These are shown in Fig. 5 for the different 
cuts on the total detected energy. A broad peak is ob- 
served at the energy corresponding to two-nucleon ab- 
sorption in each case except for that corresponding to the 
full total energy detection range. 

Figure 6 shows the angular correlation for coincident 
protons detected at each of the laboratory angles 

Proton Energy (MeV) 
I I I 

50 100 150 200 
Energy in +75O Detector (MeV) 

FIG. 3. ( 7 i 7 , p )  energy spectra. Data points represent @, 

present experiment and A,  data from McKeown er al. Ref. 6, 
for laboratory angles (a) 30", (b) W, and (c) 125". FIG. 4. E -E coincident energy distribution for the 2575" pair. 



2220 W. J. BURGER et al. 41 

8,,,= +30", +75", and + 130" as well as our fits of the the cut I and cut I1 fits. In the case of the +30" and 
data with a function including two Gaussians. The + 130" distributions, the lack of data at extreme forward 
widths and centroids of the Gaussians were uncon- and backward angles required that the peak centroids be 
strained for the fits of the +75" data of cuts I and 11. For constrained to within t5" of the two-nucleon conjugate 
the +75" data of cut 111, the peak positions were con- angle and that the widths be >20", in order to obtain a 
strained to be within f 10" of the values resulting from reasonable fit. We have chosen to perform the fits in the 

Energy (MeV) 

Energy (MeV) 

Energy (MeV) 

Energy (MeV) 

0.12 , , , , , I  l l l l l l l l l l l l l l f  - 
2 

0.10 - Cut I - 

Energy (MeV) Energy (MeV) 

FIG. 5. Coincident energy spectra for (a) -75' and (b) f 7 5 "  angle pair for the energy cuts I, 11, and I11 described in the text. 
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T-NN center-of-momentum frame since the data appear 
more symmetrically distributed about the nominal two- 
body coincidence angle when analyzed in this frame. 
This choice would appear in any case to be the natural 
one for an examination of the two-nucleon mechanism. 

A separate integration of each of the Gaussian regions 
yields the angular distributions shown in Fig. 7 .  In order 
to perform the solid angle integration, we have assumed 
the angular correlation out of the reaction plane to be 

l * l l I l l " l l l i l i l l  - 
h 

60 - 
(Y - e,U,,=370 - 

5 2 -  - 
e - 
" 44 - - C u t  IT 
E - - - . 

36 - 

g 20- 
\ 

N 
b 12 

4 

-300" -200" - - 100" 0° 

identical to that measured in plane for both Gaussian dis- 
tributions. This assumption is consistent with previous 
 measurement^.'^ Although the number of angles is limit- 
ed, the results for the narrow Gaussian are consistent 
with the angular distribution of the ~ d - + p p  reaction. 
Accordingly, to extract the cross section a,,,, the angular 
distributions were fit with the standard Legendre polyno- 
mial parametrization of the ~d +pp differential cross sec- 
t i ~ n . ~ ~  For the broad Gaussian contribution which ap- 

FIG. 6. The 5 8 ~ i ( ~ - , p p )  angular correlat~on for energy cuts I, 11, and I11 (described in the text) for the laboratory angles (a) + 30", 
(b) +7S0 ,  and (c) + 130" (plotted in the rrd center-of-momentum frame). The lines represent a two-Gaussian fit to the data. 
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pears to be independent of the angle e,,,, ,, the total cross 
section was obtained by multiplying the angle-averaged 
differential cross section by 2 7 ~ .  The results for both a,,, 
and ubrd are listed in Table I. 

It is apparent from the distributions in Fig. 6 that the 
two-Gaussian fit is adequate to reproduce the observed 
angular correlation. Moreover, we believe this functional 
form serves to delineate the underlying physics, as evi- 
denced by the good agreement between the narrow- 

Gaussian angular distribution and the shape of the 
rrd-pp reaction (noted earlier by Altman et and 
by the energy dependence of the Gaussians. The latter 
indicates that the events contributing to the narrow peak 
originate from relatively low excitations of the residual 
nucleus, precisely those events due to the direct two- 
nucleon mechanism. On the other hand, based on the ob- 
served flatness in the angular distribution associated with 
the broad Gaussian, there is evidence to suggest that 
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FIG. 6. (Continued). 
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TABLE I.  The 5 8 ~ i ( n + , p p )  cross sections a,,, and abrd corresponding to the narrow and broad 
Gaussian components. The energy cuts are described in the text. Comparison is made to the total n f  - 
5%e absorption cross section a,,, of Ref. 1. The listed uncertainties include those associated with the 
fitting procedure as well as the relative and absolute uncertainties described in the text. Since the sum 
of the narrow and broad Gaussians is better determined than each Gaussian alone, the listed uncertain- 
ties for a,,,+abrd might be considered to be conservative. However, a 7% uncertainty is included to 
reflect our assumptions concerning the shapes of the angular distributions. 

Energy f f n a r  (do/dn)b,d abrd + ~ b r d  anar /uab ,  

cut (mb) (mb/sr) (mb) (mb) (9%) 

most of the ( n + , p p )  events are due to more complicated tion. There are two significant effects which would cause 
processes. our measured ( n + , p p )  cross section to be different from 

It  may also be observed from Table I that for cut 111 the total absorption cross section, even assuming that the 
the combined cross section of the narrow and broad true ( ~ + , p p )  cross section is representative of the total 
peaks is consistent with the total Ni absorption cross sec- absorption cross section. First, events where the number 

of emitted protons is > 2 will cause us to overestimate the 
(n+ ,pp)  cross section. Second, our proton detection 
threshold of 16 MeV will cause us to underestimate the 

I 1, , , , , , , , , I I , I I a I I , I , , 1 Altman et al.lo For this cut, we obtained a combined 
o 0.2 o 4 0.6 0.8 I Gaussian contribution representing -45% of the Ni ab- 

( n + , p p )  cross section. As these effects compensate to 

I O ~ ~ I I I I I ~ I I I ~ I I I I I I I I I I I I I I I ~ ~  - - - - - - - rr - d  C M  system 

(0) -z 
C 
n 
E - 

sorption cross section. As one would expect to see a 
larger portion of o,,, in the (rf ,pp) data for 12c than for 
Ni, the experiments appear to be in disagreement. Also, 
when compared to the published results for Fe of Altman 
et al., our result for the direct two-nucleon component 
(Tqd is a factor of 2 larger. 

C. ( P-,pp) data 

l o o ~ , l l l , l l l l l l l l l l l I I I I I I I I I I -  
2 

-rr - d CM system 
- 
- 

We have also obtained a limited data set for the reac- 
tion 5 8 ~ i ( ~ p , p p )  representing a total incident pion flux - 15% of that used for the (rr-,pp) measurement. The 
angular correlations for the three angles + 30", + 75", and 
+ 130" are shown in Fig. 8. There appears to be an 

some extent, it may well be the case that almost every ab- 
sorption event involves emission of at least two protons. 
However, at  this point the agreement of our measured 
(n+ ,pp)  cross section with the total absorption cross sec- 
tion should be viewed as largely coincidental. 

- 

- 

enhancement in the cross section near the conjugate an- 
gle of the two-nucleon process. Such events may be attri- 
buted to the two-step process consisting of an initial 

A more significant comparison is with similar quanti- 
ties observed in other experiments. In Ref. 10, the total 
area of the two-Gaussian fit in 12c corresponds to -25% 
of the total absorption cross section. We have analyzed 
our data with an energy cut similar to those applied by 

scattering T-p +n0n followed by absorption on a pp pair. 
This process has been suggested by the (n - ,pp )  data of 
Yokota et al.I5 Our + 30" and +75" data also show some 

FIG. 7.  (a) Angular distribution obtained from the narrow- indication of a second peak in the forward-angle region; 
Gaussian integration for cut I data. The solid line represents such a peak, if present, could not be distinguished from 
the nd-pp angular distribution fit to the data. (b) Angular dis- the conjugate peak in the + 130" data. The presence of a 
tribution obtained from the broad Gaussian integration. The second peak at a forward angle would also be consistent 
data points are @, cut I;  A, cut 11; and U, cut 111. with the data of Ref. 15. 
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The limited number of data points in Fig. 8 precludes a TABLE 11. The ' 8Ni (~p ,pp)  cross sections a,,, for energy 
detailed analysis, thus we are not able to identify or  offer cuts I1 and 111 described in the text. The extracted cross sec- 
estimates of the contributions of the separate ISI, FSI, or tions are compared to the total T - ~ ~ F ~  absorption cross section 
possible multinucleon absorption processes. However, a,,, of Ref. 1. 
since the events observed in the ( r - ,pp i  channel cannot Energy 
arise solely from direct two-nucleon absorption, it is in- cut 

oexp u e x p / " r b s  

(mb) (%) 

O2 lab 

O2 lob 

e2 l ab  

FIG. 8. The 5 B ~ i ( ~ - , p p )  angular correlation for cuts I1 (0) 
and I11 (0)  (described in the text) for the angles (a) +30", (b) 
+7Y, and (c) + 130" plotted in the lab frame. 

teresting to estimate its importance in relation to the to- 
tal r- absorption cross section. The measured cross sec- 
tions for the previously defined energy cuts I1 and I11 are 
presented in Table 11; for cut I the measured cross section 
was consistent with zero. In  order to perform the solid 
angle integrations we have used constant angle-averaged 
values for the differential cross sections. The quoted er- 
rors are dominated by the 30% uncertainty assigned to 
this procedure. 

D. Low-energy proton spectra 

Before concluding with a further discussion of the 
( T " , ~ ~ )  data, we present data for the lowest-energy pro- 
ton spectra ( 5 -  15 MeV). Previous ( r , 2 N j  studies have 
largely ignored this energy region which nonetheless con- 
tains a large fraction of the protons resulting from ab- 
sorption. Figure 9 shows the two-dimensional A E  -E dis- 
tribution for particles detected in the forward-angle Si 
telescope. Cleanly separated proton and deuteron bands 
may be identified. 

Proton distributions representing our full detection 
range, 5-200 MeV, as shown in Fig. 10 for several 
different pairs of coincident angles. These spectra were 

Deuterons 

. . . . . . . . .  . . .  
. . . . .  Protons , ' . . .  a : : :  . . . 

. . 

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . .  . . ; ; . . t i  ...... " .  ." . . . .  . . . . .  500 
. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  ....... . . . . . . . . . . . . . .  -........... . ...................... . te*jiiij;:,ii ':::::::i ;:' :' ............................... ............... .............................. -... " 

I 

FIG. 9. AE -E spectrum from the forward-angle Si detector 
telescope. 
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constructed by plotting the lower-energy data of the 
-60" Si telescope with the data of either the -50" or 
- 60" NaI(T1) telescopes. The energies of the coincident 
protons detected in the NaI(T1) counters were integrated 
over the full range of those counters, 16-200 MeV. The 
angles indicated for all counters were measured with 

induced reactions have been identified as evaporation 
products with the peak of the evaporation spectra report- 
ed at - 5 M ~ v . ~ ~  

We have estimated the proton yield below 20 MeV in 
the energy spectra of Fig. 10 by integrating over the an- 
gles $, [the coincident NaI(T1) detector] and $, (the Si 
detector). The angular correlations as a function of 8, 
were found to peak about the incident beam direction, 
which is consistent with the relatively higher probability 

resiect to the incident beam direction. 
A comparison of the different spectra reveals some 

differences at the highest proton energies. In particular, 
the data of Figs. 10(c) and 10(d) exhibit a sharper falloff for forward-angle protons to be produced in the reaction. 

The 6, distribution was described by a simple function 
consisting of a Gaussian term centered at 0" and a flat 
constant term. In order to integrate over the second an- 
gle $,, we have assumed this distribution to be isotropic 

with increasing proton energy. Such behavior can be un- 
derstood in terms of two-nucleon absorption which dom- 
inates the upper end of the proton spectra, since these 
data correspond to opening angles farther away from the 
nominal opening angle of the two-nucleon process. 

In the lowest-energy region, the data from the four 
detector pairs display similar behavior. Beginning at 
-20 MeV, the spectra show a more rapid rise in cross 

consistent with the view that this lowest-energy region is 
dominated by evaporation. The resulting total proton 
yield in the region 5-20 MeV is 654+ 100 mb, the uncer- 
tainty arising primarily from the uncertainties associated 

section with decreasing energy, the cross section then ap- 
pears to level off in the range 5- 10 MeV. The shape of 
the distribution, particularly in the transition region 

with the solid ;ngle integrations. The rather large contri- 
bution reflects the dominance of the low-energy protons 
in the energy spectra. 

An estimate of the deuteron content in the Si spectrum 15-20 MeV, is quite similar to that reported for proton 
spectra obtained from (p,pp) and ( p , p l )  reaction stud- 
i e ~ . * ~  These lowest-energy protons from the proton- 

of Fig. 9 was also made. The corresponding deuteron an- 
gular distributions were quite similar to those of the pro- 

Energy( MeV) Energy (MeV) 

Energy(MeV) Energy (MeV) 

FIG. 10. Coincident proton energy spectra. Data below 20 MeV are from the 60" Si telescope. Data above 20 MeV are from ei- 
ther the 50" or 60" NaI(T1) telescopes. Angles of coincident NaI(T1) telescopes are (a) + 130", (b) +75", (c) - 125", and (dl +30". 
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ton spectra. Using an identical procedure to that applied 
to the proton distribution (including the assumption of an 
isotropic distribution for 8,), we obtained a yield of 47f 8 
mb for deuterons in the range 5- 15 MeV. The resulting 
p :d ratio was 15: 1 within an uncertainty of 25%, which 
may be compared with the 30:l ratio (20% uncertainty) 
obtained by Wu et 

IV. DISCUSSION AND CONCLUSIONS 

In the above presentation of the ( r + , p p )  data, it was 
claimed that the narrower-Gaussian events could be ex- 
plained in terms of direct two-nucleon absorption. It is 
seen in Table I that the fraction of the absorption cross 
section in the narrow Gaussian (and thus associated with 
direct two-nucleon absorption) is independent of the en- 
ergy cut, within the uncertainties of this experiment. We 
therefore take the somewhat conservative value of 10% 
as being representative of this fraction. There remain, 
however, questions concerning the possible importance of 
(n-+,pn) events, the roles played by IS1 and FSI, and 
hence of the overall contribution of the ( 7 ~ + , ~ p )  mecha- 
nism to the rTTT absorption process in nuclei. 

In regard to the ( 7 ~ + , p n )  reaction, there is considerable 
experimental i n f ~ r m a t i o n ~ ~  indicating that absorption on 
isospin T = 1 nucleon pairs is suppressed relative to ab- 
sorption on T = O  pairs by at least an order of magnitude. 
These experiments compared the 3 ~ e ( n - + , p p )  and 
3 ~ e (  7;- , p n )  reactions in quasifree kinematics. The ob- 
served suppression is understood qualitatively in terms of 
dominance of the AN intermediate channel. 

The proposed role8 of IS1 in connection with the 
(a',p) rapidity data was stated earlier. It has been point- 
ed out that coincidence measurements of the outgoing 
nucleons should provide some sensitivity for observing 
such effeck2' For example, the proton pair emerging at 
k90" in the 7~-NN center-of-momentum frame corre- 
sponds to the minimum separation angle for protons ob- 
served in the lab. Consequently, effects from the scatter- 
ing of the pion prior to absorption will result, on average, 
in events with larger separation angles. The f 7 5 "  angu- 
lar correlation data shown in Fig. 6(b) correspond to the 
k90" center-of-momentum pair for the kinematics of the 
present experiment. 

A Monte Carlo calculation has been performed and 
compared to these angular correlation data. In the calcu- 
lation, the reaction mechanism was modeled in terms of 
ISI, followed by absorption on a nucleon pair, followed 
by FSI. The specific FSI events considered here are 
"soft" events, in which the outgoing nucleon does not 
lose appreciable energy. The kinematics of each stage 
were defined by the corresponding free processes: 
rrN--+n-N, n-NN +NN, and NN-NN. The momenta of 
the target nucleons were obtained from a zero- 
temperature Fermi gas distribution with pF =270 MeV/c, 
while the momentum of the absorbing nucleon pair was 
parametrized as a Gaussian distribution centered at zero 
momentum. The strength of the N - N  interaction in the 
final state was chosen on the basis of estimates of the nu- 
cleon mean free path.28 

The results of the calculation for no IS1 are shown in 

Fig. l l(a).  The Monte Carlo distribution is compared 
with that part of the data previously identified as direct 
two-nucleon absorption, i.e., the data of cut I. With a 
FWHM of 300 MeV/c for the absorbing pair momentum 
distribution, the agreement is quite good. The measured 
angular correlation does appear to peak at  a slightly 
larger separation angle consistent with some contribution 
from ISI. Note that the comparison between data and 
calculation is confined to the shape of the angular corre- 
lation; no attempt has been made to predict the magni- 
tudes of the observed cross sections. 

e , l o b = 7 5 n ,  T,. T, ,230MeV 

E before absorption. 

Oz lab 

- colculation with 40% of H's  scattering before 
obsorpt~on; H loses 4 50 M e V  in scoltering 

-u 

- 
," L e 
n t2 - 
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FIG. 11. Monte Carlo results (histogram normalized to the 
data) compared to the data of cut I for different fractions of the 
pions scattering before absorption: (a) no initial-state scatter- 
ing, (b) 30%, and (c) 40% of the incident T'S scattering before 
absorption. 
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In the next stage of the calculation, the percentage of 
incident pions participating in IS1 was varied (each in- 
teracting pion presumed to undergo one such scattering). 
Figures l l i b )  and I l k )  show the comparison with the 
Monte Carlo results for 30 and 40 70 of the incident pions 
scattering. The data are consistent with IS1 accompany- 
ing --+ of the events, a rather surprisingly small number 
in view of the strong n-N interaction. It is also apparent 
that those events affected by initial-state scattering are 
for the most part confined to the narrower-Gaussian re- 
gion (FWHM of 30"-40"). The same conclusion is sup- 
ported by the i a - ,pp )  data of Ref. 15 where the effects of 
IS1 were observed to result in a - 15" shift of the coin- 
cident proton peak from the nominal two-nucleon angle. 
In an estimatibn of the overall importance of the two- 
nucleon mechanism such IS1 events would not augment 
the contribution extracted for the direct component. 
Furthermore, IS1 at  the level indicated by our compar- 
ison would be unable to explain the (n-',p) rapiditiei via 
the mechanism proposed by Girija and ~ o l t u n . ~  

The influence of FSI is expected to be quite different. 
In particular, because protons will be scattered at large 
angles, events will be removed from the narrower peak 
region. These considerations lead to an increase of our 
two-nucleon estimate. Using a nucleon mean free path of 
5 fm, and computing an average path length for the out- 
going protons ( -  5.5 fm), by taking a weighted average of 
the path lengths for protons arising from absorption 
events occurring on the back surface of a spherical Ni nu- 
cleus, FSI would affect + of the events. Therefore, the 
direct reaction component would be increased by a factor 
of 3, resulting in an estimated total contribution from 
two-nucleon absorption of - 30%. 

Clearly the final-number is dependent on the input used 
for FSI. The nucleon mean free path h itself has been the 
subject of discussion. Experimental values from a de- 
tailed analysis of elastic proton scattering29 and the reso- 
nance behavior exhibited by total neutron cross sections30 
typically yield values -5 fm, while a simple estimate 
based on nuclear densities and nucleon-nucleon cross sec- 
tions predicts a h of 1-2 fm. Subsequent progress28 has 
been able to bring into agreement theoretical prediction 
and the larger experimental values. With a h in the range 
4-5 fm, it is difficult to account for most of the absorp- 
tion cross section via the two-nucleon mechanism, given 
the small size of the direct component as extracted in our 
analysis. 

However, it has been claimed that the two-Gaussian 

analysis of the (?r+,pp) data, at  least in I2c, underesti- 
mates the role of the two-nucleon mechanism. In order 
to further test this suggestion, the DWIA calculation of 
Ref. 12 was repeated for Ni, including in the calculation 
all f ,,, configurations with zero oscillator quanta in the 
n -p relative motion. At its present level of sophistication 
the DWIA approach failed to predict a two-nucleon com- 
ponent outside the region of the narrower Gaussian. 
Indeed, the calculation produced distributions a factor of 
3 narrower, and a factor of 50 smaller than observed in 
the data. 

While it appears that the point raised by Ritchie 
et a1.I2 concerning absorption on L > 0 deuterons (angu- 
lar momentum relative to the "spectator" nucleus) is a 
correct one, in our present case the stability of the ex- 
tracted cross sections with respect to excitation energy 
cuts and shape of the resultant angular distributions lead 
us to conclude that the Gaussian analysis is adequate and 
produces the correct physics result. The l b ~ ( n - + , p p )  re- 
sults of Ref. 13 in fact provide support for the approach. 
While the good energy resolution allows one to see quite 
varied correlation shapes for low-lying states, depending 
on the specific angular momenta involved, the inclusion 
of events with excitation energies up to 50 MeV results in 
a narrow Gaussian with a width quite similar to that for 
our ' ' ~ i  data. Furthermore, the area and width of that 
narrow Gaussian appear to be relatively independent of 
inclusion of events with greater residual excitation. 

Therefore, we are led to conclude that -30% of the 
absorption cross section in Ni originates from the two- 
nucleon mechanism. Initial-state scattering of the pion 
does not appear to be as significant as one may have ex- 
pected. While it is true that events related to FSI popu- 
late the broader Gaussian, perhaps accounting for much 
of its overall s h a ~ e ,  such events alone cannot account for - .  
the remaining absorption cross section. These observa- 
tions lead us to conclude that the broad Gaussian com- 
ponent, which represents the major share of the (n-+,pp) 
cross section, contains a significant contribution from 
coherent processes involving more than two nucleons. 
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