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Pion absorption by 'He was studied at T„=165 MeV in a kinematically complete experiment.
The cross section for absorption on a (pn ) pair of nucleons, cr~„(m+ ), was found to be 17.0+2.6 mb;
that for absorption on a (pp) pair, cr»(~ ), 0.91+0.20 mb. The angular distribution in the m.NN
center-of-mass system for o.~„(sr+ ) resembles that for the m++d ~p+p reaction while the angular
distribution for o.»(m ) is strongly backward peaked. Evidence that a significant fraction of the ab-

sorptions involves all three target nucleons is seen in the angular correlation between the two
detected nucleons as well as in the momentum distribution of the unobserved nucleon. For m+ and

absorption, the three-body cross sections were found to be 9.6+2. 1 and 4.2+01.2 mb, respec-
tively. Neither initial- nor final-state interactions appear to be major contributors to the observed
three-body absorption, though initial-state interactions may be contributing to the enhancement of
the three-body ~+ absorption at the 5 resonance.

I. INTRODUCTION

The experimental study of pion absorption in nuclei is
important in understanding the nucleon-nucleon interac-
tion, as well as the interaction of pions with nuclei. Stud-
ies of pion absorption on the deuteron, ' a T=O, J=1
system, are not sufFicient to describe absorption in nuclei
that contain more nucleons as well as other isospin and
angular-momentum couplings. The He nucleus allows
for a comparative study of absorption on T=O, J= 1 and
T=1, J=O nucleon pairs. The present experiment stud-
ied the kinematically complete reactions He(m+, pp) and
He(w, pn ) at T +165 MeV.

Pion absorption on He, which has a central density
similar to that of heavier nuclei, rather than the com-
paratively low density of the deuteron, may be more per-
tinent to absorption in heavier nuclei. Previous pion ab-
sorption studies on a range of nuclei ' suggest that the

quasideuteron absorption mechanism is not the predom-
inant process. In He, some insight into the behavior of
other processes may be gained through measurements in
regions of phase space that are away from the two-body
peak.

Previous studies of this reaction were carried out for
stopped pions, and at T„=62.5, ' 64, 82.8, , 119, '

162, 165,' 206, , and 500 MeV, "measuring two outgo-
ing nucleons in coincidence. Singles measurements have
been made at various energies between 50 and 295
MeV. ' In experiments performed at energies at or below
the b, resonance, it was found that (1) the nucleons from
pion absorption on a T=0, S, pair have an angular dis-
tribution very similar to that from absorption on a deute-
ron with a normalization factor of about 1.5, (2) negative
pion absorption on a T= 1, 'So pair is an order of magni-
tude weaker than on the deuteron with the 6 resonance
not playing a major role in this channe1, and (3) the cross

43 957 1991 The American Physical Society



958 S. MUKHOPADHYAY et al.

section for absorption processes in which all three nu-
cleons share the energy is about half that of two-nucleon
absorption.

IE. EXPERIMENT

The experiment was performed at the P East channel
at LAMPF. Figure 1 shows the plan view of the experi-
mental setup. All pion absorption data were taken with
the channel set for a momentum spread of +1%. Typical
cruxes were 5X10 /sec for m+ and 10 /sec for m . The
proton beam was monitored by a toroid counter that in-
tegrated the beam and by an ionization chamber that
monitored the radiation coming from the production tar-
get; the ratio of these two monitors remained constant to
within about 1%. The pion Aux was monitored by tele-
scopes, mounted on either side of the pion beam as it en-
tered the experimental area, which counted muons from
m-p decay. The pion beam was also monitored by an ion-
ization chamber which intercepted the beam downstream
of the target. Absolute measurements of the pion Aux
were made by counting the "C activity from a carbon
target using the ir —(' C,n) "C cross sections as stan-
dards. "

The target was a cylindrical cell of liquid He main-
tained at a temperature of 1.5 K. Details of the target

cell and associated cryostat are given elsewhere. ' The
target density was held constant to +1 Jo, as determined
by measurements of the He vapor pressure. The number
of interactions was also dependent on the beam profile
but, by measuring the profile on a Polaroid film and by
employing a beam profile monitor, it was possible to
determine the effective target thickness to +6%. A tar-
get cell identical to the one that was used, except that the
walls were a factor of 4 thicker, was run empty for back-
ground measurements.

Proton momenta were measured by the Large Accep-
tance Spectrometer (LAS), which is described in detail
elsewhere. ' Momenta were determined by measuring
the angular deflection of the particles as they passed
through the dipole magnet. The incident and emergent
angles were determined from pairs of multiwire propor-
tional chambers at both the entrance and the exit of the
spectrometer. The acceptance range was about
0.80 &p /po & 1.40 with po =750 MeV/c the maximum at-
tainable. An acceptance scan was taken by measuring
the yield as a function of magnetic field of protons from
the m. ++d —+p+p reaction. With these same protons,
the momentum resolution was determined to be about
1.5%. The solid angle was about 5.3 msr in the first
phase of the experiment and about 2.4 msr in the second.
It is possible for LAS to subtend a much larger solid an-

IC

FIG. l. A top view of the experimental setup. In LAS, counters labeled S are scintillators and those labeled WC are wire
chambers, while D denotes dipole. Counters labeled p are muon counters, which monitored the pion Aux.
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gle, -25 msr, but, in order to extend the angular and
momentum ranges, the quadrupole doublet was removed
and the first wire chamber moved farther from the target.

A coincidence between the plastic scintillator at the en-
trance S1 and the two arrays of plastic scintillator at the
exit S2 and S3 provided the LAS event. All detectors in
the system were timed relative to S1.

The efficiency of each plane of wire chambers was
determined from the ratio of the number of events in
which all but that plane fired to the number of events
when all planes fired. Each wire chamber was usually)95% efficient and the overall efficiency of the wire
chamber system was typically about 75%. The LAS
deadtime was measured by comparing the total number
of LAS events to the number voted by a fast inhibit
which was reset when the event processing was finished.
Typical LAS deadtimes were 5 —8%. It should be noted
that the LAS deadtime was distinct from the computer
busy deadtime, which was measured separately and duly
allowed for.

The LAS solid angle was determined by measuring the
yield, at three angles, of the ~+ +d ~p +p reaction. The
cross section for this reaction is known to a few percent.
These three determinations of the solid angle agreed to
+5%. The normalization was checked by measuring the
~+p scattering cross section, which was found to be
within 7% of the accepted value. Overall, it is estimated
that the cross sections quoted in the present work have
an absolute systematic error of +15%.

A coincident nucleon, proton for ~+ absorption and
neutron for ~, was detected in one of two large arrays
of plastic NE-102 scintillators. One array was composed
of four bars (Cl, C2, C3, C4), each 10 cm X25 cmX 1 m,
backed by two 10 cm X 50 cm X 1 m bars (C5, C6) while
the other consisted of a single layer which contained two
10 cm X 25 cm X 1 m bars (NC2, XC3) and one 10 cm X 50
cmX 1 m bar (XC1). The front face of the forward bars
was 2 m from the target and, therefore, each array sub-
tended an angle of +14 in both the horizontal and verti-
cal directions. For each angular setting of LAS one array
(usually the one with a double row of bars) was centered
at the angle where the other nucleon from ~+d ~N+N
would be present. This array was called the "conjugate"
array and the other array, referred to as the "nonconju-
gate" array, was centered 30' —40 away. When protons
were detected, the back row of the double-layered array
was used for particle identification only.

The two ends of each bar were attached to plastic light
pipes which were tapered down to meet a 12.7-cm pho-
tomultiplier tube. A time resolution of about 250 psec
was achieved using the mean-timing technique, while the
position of an event could be determined to +2.5 cm
from the time difference between signals reaching the op-
posite ends of a bar. As discussed in more detail below,
this position information was very useful in making the
kinematically complete reconstructions. A coincidence
between the two ends of any bar provided the bar event
trigger which, in coincidence with a Las event, provided
the master trigger. The gains of all of the photomulti-
plier tubes were set to be approximately equal and, in the
analysis, a software threshold of 6+2-MeV equivalent

electron energy was set on all of the tubes. The pulse-
height spectrum from each tube was monitored and the
stated uncertainty in the threshold allows for gain drifts.

The neutron efficiency of the bars was calculated by a
Monte Carlo code developed by the Kent State group. '

An experimental check of the efficiency was obtained us-
ing the He(m, n )d reaction at angles that gave monoen-
ergetic 150-MeV neutrons in coincidence with deuterons
through LAS. By comparing singles in LAS to coin-
cidences, an efficiency of 19.5+2% was determined for a
double-layered bar as compared to a calculated efficiency
of 21%. Overall, the Monte Carlo calculations are be-
lieved to determine the neutron efficiency to an accuracy
of better than 10%.

When neutrons were being detected in the bars, there
was a significant chance of simultaneous signals in two
bars from a charged particle going from one bar to anoth-
er and, to a lesser extent, neutrons being scattered from
one bar to another. For the double-layered bars, as many
as 40% of the events were such double hits. For events in
which there were signals within 2 nsec in both a front and
a back bar, only the front-bar signal was used in the
analysis. Events where adjacent bars showed hits were
distributed evenly between the two.

Plastic paddies (VC, VNC), 55 cmX55 cmX6. 3 mm,
were placed halfway between the target and the arrays.
The paddies covered the same solid angle as the arrays.
For ~+ absorption, a software cut was placed on the
pulse-height spectrum from the paddies so that only pro-
tons and more heavily ionizing particles were accepted,
thus eliminating a large number of pions from knockout
reactions. For ~ absorption, the paddle was used to
veto all charged particles which, again, were mainly scat-
tered pions. The blanking time of the veto was set so as
to reject particles with /3 (=u/c) ranging from 0.25 to 1.
The deadtirne introduced by this veto ranged from about
10% when the bars were forward to about 3% when they
were at large angles.

The master trigger activated reading all of the digital
signals which were than put on to tape. The data-
acquisition computer was operated in the "may process"
mode, which allowed on-line analysis when the computer
was not busy writing events to tape.

III. DATA ANALYSIS

A cut was placed on the particle trajectories to elimi-
nate events that did not originate in the target. Figure 2
shows a two-dimensional histogram of the time of Aight
through LAS vs the fractional momentum 5 = (p—

po )/po, it can be seen that protons could be isolated by
placing a cut on this two-dimensional histogram. Figure
3 shows a two-dimensional histogram of the time of Bight
to the bars versus proton momentum in LAS when ~+
absorption was being studied. When the final state con-
sists of three nucleons, it is specified by nine quantities
which are the three momentum components of each of
the three nucleons. Conservation of energy and momen-
tum reduces the number of independent variables to five.
In the present work the five quantities that were mea-
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FIG. 2. Time of flight through LAS as a function of the frac-
tional momentum, 6, where 6=p/po —1. The pions and pro-
tons stand out clearly and, in the analysis, a cut was placed
around the protons.
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FIG. 3. Two-dimensional histograms of time of Aight to the
plastic bars versus proton momentum in LAS for m+ absorption
for (a) the conjugate array and (b) the nonconjugate array. The
solid lines delineate the allowed region for three-body events.
These data were taken with LAS at 60.

sured were the three components of the momentum of
the proton that entered LAS and the two directional an-
gles of the nucleon that hit the bars. The measurement of
the time of flight to the bars provided additional informa-

tion which was useful for eliminating background.
The allowed region for three-body events is shown in

Fig. 3. In determining this allowed region, the angular
acceptances of LAS and the bars, the momentum resolu-
tion of LAS, and the time-of-flight resolution have been
taken into account. When analyzing the data, a cut was
placed that required the events to be in the allowed
three-body region. Because the cut varied little from bar
to bar within a given array, each array was treated as a
single detector in placing this three-body cut. It is clear
from Fig. 3 that there is a concentration of events within
the three-body cut with, as expected, the concentration
being more pronounced in the conjugate array than in the
nonconjugate array, as seen in Fig. 3.

It is also clear that there is a background which, from
its time distribution, appears to consist mainly of random
coincidences. Randoms were determined by taking a cut
similar to the three-body cut, but displaced in time so
that truly coincident particles would have to be unphysi-
cal (i.e., traveling faster than the speed of light). For sr+

absorption, the randoms were only a few percent of the
counts within the three-body cut for the conjugate array.
For the nonconjugate array, the randoms were usually
less than 10%%uo, but, when LAS was at a backward angle,
the nonconjugate randoms were sometimes as much as
30%. Empty-target backgrounds were measured at every
angle. This background was small, usually less than 1%.
When LAS was forward of about 40', proton knockout
was observed with the proton detected by LAS and the
pion by the bars. The vast majority of these events did
not pass the three-body cut; but, at the most forward
LAS angles, the knockout was so intense that a
significant number of these quasifree scattered pions were
traveling slowly enough so as to spill into the three-body
region. Because pions with the same velocity as protons
have a much smaller range, these unwanted pions were
rejected by requiring that the particle reach the back
bars.

The 60 LAS momentum spectra for ~+ absorption are
shown in Fig. 4. The three-body cut has been applied,
and randoms have been subtracted, as has the empty-cell
background. While the peak from two-body absorption
dominates the spectrum in coincidence with the conju-
gate array, some correction had to be made for three-
body absorption events which lie under the two-body
peak. This correction was particularly important in the
case of ~ absorption. The correction was made by as-
suming that the nucleon spectrum from three-body ab-
sorption is proportional to three-body phase space, and
finding the proportionality constant from a region of non-
conjugate array events where the number of two-body
events would be negligibly small (i.e., at bar angles and
LAS momenta far away from the two-body peak).

In arriving at the two-body absorption cross sections, a
small correction was made for events that missed the con-
jugate array. This correction was calculated under the
assumption that the angular correlation between the LAS
proton and the nucleon into the bars was a gaussian
whose width was determined by the Fermi momentum of
a nucleon in He, as measured in electron scattering. '

Because the total momentum of the three nucleons in He
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FIG. 4. LAS proton momentum spectra in coincidence with the plastic bars for ~+ absorption at O«&=60'.

must be zero, the momentum of the absorbing pair is
equal and opposite to that of the other nucleon. From
the calculations, it was estimated that the fraction of
events missed varied from about 1 to 2.3 %.

Data were taken in two runs a year apart. Several
points were taken on both runs for both ~+ and ~ ab-
sorption, and whenever a point was repeated, the two
values agreed to within 15 Jo.

Two-dimensional histograms of time of flight to the
bars vs LAS momentum for ~ absorption are shown in
Fig. 5. The ~ data were more dificult to obtain for
several reasons. First, the ~ Aux was lower by about a
factor of five. Second, the bars were only about 20%
ef5cient as neutron detectors as against 100% e%cient as
proton detectors. Finally, the two-body absorption pro-
ducing a charged particle, which accounts for the bulk of
observed ~+ events, is more than an order of magnitude
weaker for ~ . Nevertheless, the events from He do
stand out in the conjugate array two-dimensional histo-
gram, whereas, for the nonconjugate array, even though
the true to random ratio is clearly much smaller than it is
for ~+, there is a distinct excess of events within the
three-body cut. At 60' (Fig. 5), there were about three
times as many nonconjugate coincidences within the
three-body region as in the equivalent where only ran-
doms were present.

The ~ data were analyzed in much the same way as
the n+. Figure 6 shows LAS spectra in coincidence with
the conjugate and the nonconjugate arrays. For the con-

jugate array, randoms were about 20% when LAS was at
a backward angle and could be as much as 50% when
LAS was forward. The peak from two-body absorption
stands out clearly though this mode cannot account for
the entire spectrum. For the spectrum in coincidence
with the nonconjugate array, randoms averaged about
30% of the counts within the three-body cut. The

+pp ~p+ n yield was obtained from the peak in the
spectrum in coincidence with the conjugate array after
estimating the three-nucleon absorption background in
the manner described above. At 60' the error in the area
of the peak is rather large, =+40%, as the m two-
proton absorption is near a minimum (Fig. 8 below).

IV. RESULTS

A. Two-nucleon absorption

Differential cross sections for two-body sr+ absorption
in the ~NN center-of-mass system are plotted in Fig. 7.
The total cross section is one-half of the integral of the
differential cross section because the reaction produces
two identical protons. As expected, the angular distribu-
tion is symmetric about 90. Also shown in Fig. 7 are
Legendre-polynomial fits to the data with two coe%cients
(Ao and A z), three coefficients (Ao, A2, and Az), and the
~+ +d ~p +p angular distribution. The scaled
sr+ +d ~p +p angular distribution (3 z /A 0 =0.90+0.10,
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TABLE I. Coefficients found in fitting the differential cross sections for the m+2N~NX component of the ~+ He~3N reaction
to do /d A =Q„A„P„(cosO), where 8 is the angle in the irNN system of the proton detected by LAS. For the present work, the listed

errors on the Legendre coefficients are statistical only; the systematic errors are negligibly small. The total cross sections include a
systematic uncertainty of about 15%. The total cross section is —,'4aAO for two-body ~+ absorption on a pn pair while, for ~ ab-

sorption on a pp pair, it is 4~20.

T.,
(MeV)

62.5
64
82.8

119
162
165
206
350
500

o.+6o.
(mb)

10.2+0.9
10.4+1.6
13.5+1.3
17.3+2.0
19.7+2.9
17.0+2.6
13.0+1.7
2.19+0.19
0.72+0.07

3~/Ao

1.14+0.10
1.17+0.06
1.10+0.07
1.10+0.06
1.17+0.10
1.01+0.09
1.33+0.10

o.+6o.
(mb)

0.70+0.04
0.53+0.10
0.92+0.06
1.08+0.16
0.85+0.17
0.91+0.20
0.92+0.18
0.60+0.20

3)/30
—0.82+0.13
—0.90+0.05
—0.79+0.12
—0.77+0.15
—0.69+0.04
—0.76+0.14
—0.19+0.05
—1.21+0.21

Aq/Ao

1.62+0.13
1.40+0.15
1.68+0.16
1.44+0.09
1.94+0.11
1.37+0.17
1.64+0.12
2.30+0.23

Reference

6
7
6
8
8
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FIG. 5. Same as Fig. 3, but for ~ absorption.

A~/Ao = —0.21+0.05) gives a satisfactory fit, reduced

g =1.35, with a scaling factor of 1.45+0.17. If all three
coefficients are allowed to vary, values of
Az/Ho=0. 45+0.23 and A4/Ao= —0.78+0.22 are ob-
tained and the reduced g is lowered to 0.21. The main

reason for needing a large A4 is the most forward-angle
data (OLAs =30 ) and it is felt that the disagreement is not
sufficient to permit the conclusion that the angular distri-
bution from pion absorption on a T=0 pair in He differs
significantly from that from absorption on the deuteron.
On the other hand, the two-coefficient fit is sufficiently
poor, reduced g =3.23, that it appears likely that some
A4 is required.

Differential cross sections for m absorption on a pp
pair are shown in Fig. 8. There is a strong backward
asymmetry, as is also seen at both lower ' and higher'
energies. Also shown in Fig. 8 are the results of a three-
coefficient (Ao, 3 „and Az) and a four-coefficient (Ac,
A„A2 and A3) fit. Three terms give a satisfactory fit,
reduced g =1.26; if a fourth term is included, the re-
duced g decreases to 0.63. Again, it is the cross section
at the most forward angle that brings about the need for
the higher-order polynomial and, again, it is felt that this
need is not definitely established. In any event, the ~
absorption cross section on a pp pair is about 5.5 that for
two-body ~+ absorption.

The Legendre-polynomial coefficients that have been
found at the various energies are tabulated in Table I. In
order to facilitate comparison, the coefficients listed for
the present work are those that only include terms
through P2 as these are the only terms that have been in-
cluded at the other energies.

B. Three-nucleon absorption

As implied above, for both ~+, and m absorption,
there is far more yield at nonconjugate angles than can be
explained by absorption on a pair of nucleons. The
momentum distribution of the nucleons in He has been
measured in electron-scattering experiments' and cannot
account for the yield far from the two-body peak; there-
fore, it appears that in a significant fraction of events all
three nucleons participate in the absorption. It has long
been known that multinucleon absorption plays a major
role in pion absorption in heavier nuclei' and the pres-
ence of a three-nucleon component in pion absorption by
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FIG. 6. Same as Fig. 4, but for m. absorption.
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FIG. 7. Differential cross sections in the mNN system for m+ absorption on a (p, n) pair. The errors include the uncertainty in the
background, from three-body absorption, under the two-body peak. The overall 15% systematic uncertainty in absolute normaliza-
tion is not included. The solid line is a three-coefficient Legendre polynomial fit (HO=2. 33, 32=1.05, A4= —1.81) to the data, the
dashed line a two-coefficient fit (20=2.71, Az =2.74), and the dotted line a fit (Ho=2.61, 22 =2.32, 24= —0.55) which scales the
~++d ~p+p angular distribution.
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He has been reported at energies below ' and above"
the 5 resonance.

The best place to observe three-body absorption ap-
pears to be in the momentum spectrum of the unobserved
particle because the expected spectrum from two-body
absorption is just that measured in electron scattering
from He. The momentum p 3 of the third, undetected,
particle was calculated from (1) the momentum and
direction of the particle in LAS, and (2) the scattering
and azimuthal angles of the second particle as measured
by the plastic bars (Sb,„,&b„).

The time resolution of about 250 psec in the measure-
ment of the time of Aight to the bars produced an error of
-35 MeV/c in the measurement of the magnitude of the
bar particle momentum. This error was too large to
make the measurement useful in calculating p3. The az-
imuthal angle 4b„was determined from the time
difference between signals from the top and bottom of a
bar, while the bar position fixed Sb„ to +3.5 (+7' for
50.8-cm-wide bar). A spectrum of p3 vs TOFb, „was
created for each of the bars in order to determine the
contribution from random coincidences. The locus of
true He events is a line broadened by the time and angu-
lar resolution of the detectors giving rise to a three-body
cut similar to the one described above used on the pLAs
vs TOFb„spectra. Spectra of random events were gen-
erated from the region outside of the cut in much the
same manner as in the case of pLAs vs TOF», . Because
the measurements were kinematically complete, pb„was

known for each event and each event was corrected for
the efficiency of the bars as well as the acceptance of
LAS. Finally, the spectra from the various bars were
added in order to create a spectrum of d cr /dp3d0& vs p3
at each angle of LAS. A p3 spectrum resulting from ~+
absorption is shown in Fig. 9 and one from ~ absorp-
tion is shown in Fig. 10.

For small values of p3, particle 2 will be close to the
conjugate direction; therefore, all events will be intercept-
ed by the conjugate array. As p3 is increased, events start
to miss the conjugate array and the effective solid angle
falls below 4p. The unobserved particle momentum at
which events start to be missed was 110 MeV/c when
LAS was at 20' and increased to 150 MeV/c at the most
backward angle of 130 .

The p3 momentum spectrum would be expected to
contain two components; one from two-body absorption
and one from three-body absorption. In two-body ab-
sorption, the unobserved particle acts as a spectator and
its momentum distribution may be expected to follow
that obtained in exclusive electron scattering. ' Such
events dominate the low-momentum portion of the spec-
tra and, as noted above, virtually all of them were detect-
ed by the conjugate array.

Where p3 is great enough so that events can escape
detection, the effective solid angle for three-body absorp-
tion is dependent on the distribution of events in phase
space. In the present work, a matrix-element constant in
phase space was assumed, and a calculation of the
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effective solid angle as a function of p3 under this as-
sumption is given in the Appendix.

Unobserved particle momentum distributions expected
for (a) two-body absorption where the unobserved parti-
cle is a spectator, and (b) three-body absorption with a
matrix-element constant in phase space are shown in
Figs. 9 and 10 along with the data. The magnitude of the
two components are adjusted to best fit the data. In
analyzing their He(e, e'p) data, Jans et al. ' separate the
proton momentum distribution corresponding to the re-
sidual (pn) pair in the (T =0) deuteron ground state from
that forming a continuum extending up to leaving the
(p, n) pair unbound by 14 MeV. Most of the yield in the
continuum leaves the (p, n) pair unbound by 0—6 MeV,
where the 2N system is primarily T= 1, S =0. The
momentum distribution leaving a T=1 pair was used in
fitting the p3 spectra from ~ absorption, and that leav-
ing a T=O pair for the spectra from ~+ absorption. The
low-energy momentum distribution of the unobserved
particle from m+ absorption is in excellent agreement
with that derived from electron scattering; whereas, in
the case of ~ absorption, the agreement is not as good
because the data are statistically poorer and because the
momentum distribution from electron scattering could
contain some contamination from residual T=O states.
The p3 spectra were fitted to an incoherent sum of the
momentum distributions expected for two-body and for
three-body absorption and, as can be seen from Figs. 9
and 10, the fits were quite satisfactory. The differential
cross sections for two-body absorption that were obtained
from this fit agreed with those obtained from the peak in
the LAS spectrum in coincidence with the conjugate ar-
ray.

The observed cross section for m. + absorption has to be
divided by 3 in order to account for the fact that any one
of the three protons can be detected by LAS. No such
correction is needed for ~ absorption because there is
only one proton in the final state. The three-body absorp-
tion cross sections that were obtained from the fit of the
tw- and three-body components to the unobserved parti-
cle spectra are given in Table II. Statistical errors are no
more than about 10%%uo and there is, as in all of this work,
a 15% systematic uncertainty in the overall normaliza-
tion. A uniform population of phase space requires that
the angular distribution follow three-body phase space; it
can be seen from Table II that the deduced cross sections
are roughly independent of angle. The variation of de-
duced three-body cross section with angle implies an un-
certainty of about +25% in the three-body cross section.
This uncertainty is systematic and can be expected in all
similar determinations of the three-body absorption cross
section.

V. DISCUSSION

A. Two-nucleon absorption

Differential cross sections for two-body m. + and a ab-
sorption in He were recently reported for a bombarding
energy of 162 MeV, which is very near to that of the
present work. The major difference between the two ex-
periments is the larger angular range covered by the

TABLE II. Cross sections for three-body absorption at 165
MeV obtained by fitting the unobserved particle momentum
spectra to a two-body and a three-body component (Figs. 9 and
10). In calculating the total cross section for ~+ absorption, the
fact that any of the three protons can be detected by LAS has
been allowed for. Errors are discussed in the text. Three-body
absorption cross sections have been reported for m. at 120 MeV
by Backenstoss et al. (Ref. 19), and at 62.5 and 82.8 MeV for
both ~+ and m by Aniol et al. (Ref. 6). An error has been
found {Ref. 20) in the Aniol et al. analysis which lowers their
published results by about a factor of 2. The present group has
reported m+ absorption cross sections at 350 and 500 MeV (Ref.
11). The results that have been obtained at the various energies
are listed in Table III. The cross sections at 62.5 and 82.8 MeV
are the corrected (Ref. 20) ones of Aniol et al. {Ref.6).

OLAS

(deg)

30
45
60
75
95

120
130

0 {mb)

9.5

13.0
8.5
8.7

10.8

4.5
4.0
5.5
3.4
2.2
4.3
4.7

present work. The present work covered the c.m. angu-
lar range of 25' —140' for m and 35 —130 for ~+, as
compared to the 50' —115 range covered in Ref. 8. In the
region of overlap the differential cross sections obtained
in the two experiments are similar, though for ~ absorp-
tion Ref. 8 appears to show a somewhat deeper dip in the
region near 90. For ~+ absorption, the coefficients ob-
tained in the two-coefFicient fit are in line with those re-
ported at other energies (Table I). Extension of the angu-
lar range has the advantage of becoming sensitive to
higher partial waves and, as noted above, the fit to the
angular distribution following m+ absorption is
significantly improved when a P4 term is included. The
present results, as well as all measurements reported at
lower energies, yield a cross section close to 1.5 times
that for absorption on the deuteron, though a slightly
higher ratio of 1.65 was found" at 350 MeV and a still
higher ratio of 1.9 at 500 MeV. A ratio of 1.5 is what
would be expected from counting the number of T=0 p-n
pairs in He. Significant distortion of the incoming or
outgoing waves would be expected to reduce this value,
with the distortions expected to be greatest at the reso-
nance. Therefore, it appears that these distortion effects
are not severe.

The two-body m differential cross sections show the
backward peaking that is observed at lower bombarding
energies (Table I). Above the resonance, the picture is
not as clear in that a more symmetrical distribution is re-
ported at 206 MeV, but at 350 MeV the distribution is
again found to be strongly backward peaked. ' More
data in the energy region above the resonance would be
very helpful. The backward peaking has not been repro-
duced by meson-exchange calculations ' but is predicted
in the calculation of Miller and Gal for absorption by a
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six-quark state. W'hile this agreement cannot be taken as
a confirmation of the six-quark absorption mechanism,
there do seem to be indications that processes other than
conventional meson exchange are taking place. It has
been shown' ' that absorption on a T =1 nucleon pair
is not mediated by the delta resonance and, as such, is
more sensitive to short-range correlations. Introduction
of these correlations, whether through quark degrees of
freedom or by other descriptions, may be essential for un-
derstanding this process. A three-coe%cient fit yields re-
sults that are similar to those previously reported. How-
ever, the data at the extreme angles calls for the inclusion
of a P3 component.

B. Three-nucleon absorption

T
(MeV)

62.5
82.8

120
165
350
500

(mb)

3.6+0.9
2.8+0.7
3.9+0.5 (1.0)
9.2+2. 3
1.8+0. 16 (0.45)
0.64+0.08 (0. 16)

{mb)

4.5+ 1.1
3.5+0.9

4.2+1.2

Reference

6,20
6,20
19

this work
11
11

TABLE III. Cross sections for three-body absorption at vari-
ous energies. The errors given in parentheses take into account
the estimated +25%%uo uncertainty introduced by the assumption
that the three-body absorption matrix element is constant in
phase space. All of the two- and three-body cross sections re-
ported to date are plotted in Fig. 11.

All of the three-body cross sections reported to date
were obtained under the assumption that the matrix ele-
ment is constant in phase space. However, as noted
above, the present work, which covers a wide angular
range, demonstrates that cross sections obtained under
this assumption have an uncertainty of at least +25%.
For this reason, where the published errors are less than
25%, a larger is also given in Table III. It is these larger
values that are plotted for the error bars in Fig. 11.

The ~ three-body absorption cross section is in line
with the values reported at lower energies. ' Below the
resonance, the ~+ three-body absorption cross section is

comparable to the ~ and shows no discernible trend
with energy. It is, therefore, surprising that the ~+
three-body cross section rises by about a factor of 2.5 at
the resonance. It does not seem likely that this rise is due
to experimental error, because the two-body cross sec-
tions are in good agreement with those reported at a
nearby energy and in line with results obtained at lower
and at higher energies (Table I). Before attempting to in-
terpret the three-body absorption cross sections, it is
necessary to consider the possible effects of initial- and

110

I I I I I I I I

ll
II ) II

II

0
0
0

I I I I I I I I I I I I I I I I

+
quasi —deuteron

7r two proton
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7r three nucleon
7r three nucleon

010
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FICx. 11. Cross sections that have been reported for two-body (Table I) and three-body (Table III) absorption. The references are
given in the tables. As noted in the text, the errors for the three-nucleon m points at 120, 350, and 500 MeV have been increased to
+25%%uo. The three-nucleon cross sections at 62.5 and 82.8 MeV have been corrected as reported in Ref. 21. The dashed lines are to
guide the eye through the two-body points.
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Anal-state interactions on two-body absorption.
Initial- and/or final-state interactions can lead to a

sharing of the energy with a nucleon that is otherwise a
spectator. In a final-state interaction, one of the nucleons
would rescatter and the outgoing nucleons would no
longer be at 180' in the m.NN system. In the present ex-
periment a signature of such events would be a coin-
cidence between the nonconjugate array and LAS, with
the LAS spectrum showing a peak at the momentum ex-
pected for two-body absorption (i.e., the spectrum in
coincidence with the nonconjugate array would show a
peak at the same place as the spectrum in coincidence
with the conjugate array). However, the spectra shown
in Figs. 4 (m+) and 6 (vr ) show no such effect; the ap-
parent peak in the spectrum in coincidence with the non-
conjugate array shown in Fig. 6 is displaced by about 50
MeV/c from the position expected for a peak from final-
state interactions. A somewhat better place to look is at
backward angles as here the peak from two-body absorp-
tion is well below the momentum where the phase space
goes through a maximum. The spectra at 120 in coin-
cidence with the nonconjugate array are shown in Figs.
12 (m. +) and 13 (m ). Clearly, any two-body peaks are
but minor contributors to the spectra. Thus, final-state
interactions do not appear to be responsible for a
signiAcant portion of the measured three-body absorp-
tion.

In an initial-state interaction the incident pion would

scatter from a nucleon before being absorbed by an NN
pair. Such interactions could not be responsible for a ma-
jor portion of the m three-body absorption found in the
present experiment because the protons detected by LAS
would still have to come from absorption by the pp pair
and this is a weak mode. There are also the protons from
the initial-state scattering, but few of these would have
su%cient momentum to be in the LAS acceptance win-
dow and, at any rate, ~ -p scattering is relatively weak.
However, in m. + absorption, the protons from the absorb-
ing pair could have been detected and, furthermore, the
initial pion proton scattering would be much stronger.
The pion's energy would be degraded in the initial
scattering, leaving the ~NN absorbing system with less
momentum; in turn, this would mean that the NN corre-
lation would be closer to 180' in the laboratory. Such an
effect was sought by comparing the yield in the individual
bars of the conjugate array, and looking for an asym-
metry about 180 in the aNN system moving with the
momentum of the incident pion beam. Results are shown
in Fig. 14; there is no convincing evidence that the angu-
lar correlation between the two nucleons shows the
effects of an initial-state interaction.

Salcedo et a/. have pointed out that a signature of
the initial-state interaction described above would be a
peak in the mass spectrum for the exchanged particle.
The peak would be broadened because the pion is not on
shell. When the off-shell effects are neglected, the invari-
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ant mass of the exchanged particle is given by

m =(E E—, —m2 —m3) —(p —p, )

where nucleon 1 is that struck in the initial interaction,
after which the pion is absorbed by nucleons 2 and 3. It
is, of course, not possible to tell a priori which of the pro-
tons is nucleon 1, therefore, for each event there are three
diFerent possible values for m .

The exchanged-particle spectrum accompanying two-
body absorption (i.e., coincidences with the conjugate ar-
ray) obtained with LAS at 60 is shown in Fig. 15 and
that accompanying three-body absorption (i.e., coin-
cidences between LAS and the nonconjugate array) in
Fig. 16. For each event the value of m near to 0 is
chosen; the other possible values of m are many m
away. It can be seen from Fig. 15 that, for two-body ab-
sorption, there is, indeed, a broad peak at about the ex-
pected position. From three-body absorption, Fig. 16,
there is, at most, evidence for a small peak above the
phase-space distribution in the right mass region. Similar
m„spectra were found at the other angles.

Ashery has speculated that a peak in the three-body
cross section at the 6 resonance would be an indication
of initial-state interactions. As noted above, such interac-
tions cannot be significant in the observed ~ three-body
cross section; however, they could be playing a role in the
enhancement of the ~+ three-body cross section on reso-
nance. The p-p angular correlations do not seem to sup-
port this contention; however, some evidence for initial-
state interactions is found in the exchanged-particle spec-
tra.

VI. CONCLUSIONS

Absorption of ~+( —) by He at the b, -resonance ener-

gy of 165 MeV was studied by measuring proton-proton
(proton-neutron) coincidences. Quasideuteron absorp-
tion, characterized by a sharp peak in the angular corre-
lation of the outgoing particles, is clearly evident as is the
component in which all three nucleons participate in the
absorption process. The diFerential cross sections for ~+
absorption on a (pn) pair, ~++ He~(pp)+p, are fitted
well by 1.5(~+8~p+p). The cross section for n ab-
sorption on a (pp) pair, ~ + He~(pn)+n is about 5%
that for absorption on a T =0 pair and peaked strongly

I

in the backward (proton) direction. There appears to be
little change in the asymmetry in going through the 5
resonance, though there is some experimental disagree-
ment on this point. Absorption on a T =0 pair exhibits a
strong peak at the 5 resonance, while there is no evidence
of the resonance in the energy dependence of the absorp-
tion on a T= 1 pair.

For both m+ and m absorption, the momentum spec-
tra of the unobserved particle agree well at low momenta
with that found in electron scattering for the nucleons in
He but also contain a high-momentum portion that ap-

pears to be from three-body absorption. These spectra
are fitted well by assuming a three-body matrix element
that is constant over phase space; and the angular distri-
butions are reasonably consistent with this assumption.
For the m+ reaction, three-body absorption is about one-
third of the total absorption over the entire range for
which measurements have been reported, 62 —500 MeV.
For the ~ reaction, three-body absorption is about 90%
of the observed total below and at the 6 resonance with
no data having been reported at higher energies. Final-
state interactions do not appear to be contributing
significantly to the observed three-body components.
Initial-state interactions cannot be responsible for a
significant portion of the observed m three-body cross
section. The mechanism that causes the ~+ three-body
absorption to peak at the resonance has not been
identified, and it is possible that initial-state interactions
play some role.
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APPENDIX: CALCULATION
OF THE UNOBSERVED PARTICLE SPECTRUM

For three particles, x, y, and z, uniformly distributed in
phase space,

d R
dpxd +xd Qy

2 2
pxpy

(2~)'E, tE p»+E,p» poE»cos(8» )+p—E»cos(8»)]
(A 1)

where po is the incident pion momentum,

cos8, =cos8 cos8 +sin8„sin8»[cos(P» —P„)j .

Using this distribution, a Monte Carlo calculation was
performed in order to determine the eSciency, as a func-
tion of momentum, for detecting the unobserved particle.
This calculation was performed for each angle at which
LAS was set. In the calculation, the direction of one of
the particles (8,$ ) was fixed (i.e., particle y enters LAS)

and the momentum and direction of another particle
(p, 8,$ ) picked randomly. Because five variables have
been chosen, the event is now kinematically complete and
the other momenta and angles can be calculated. In do-
ing so, a quadratic equation for the momentum p must
be solved; there are two solutions, one or both of which
can be negative, and those events with negative p are
discarded. Each event is then weighted by the magnitude
of the phase-space element given in Eq. (A 1).
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Histograms of spectra of the unobserved particle are
incremented for events in which p~ falls within the
momentum acceptance of LAS and either particle x or z
(a) is above the experimental threshold of 310 MeV/c and
(b) hits either the nonconjugate or the conjugate array. A
separate histogram is kept for each type of event (e.g. ,
particle x in the conjugate array, etc.). Separate histo-
grams are kept for the few ( ( 1%) events where both par-
ticle x and z were detected. The calculated momentum
spectrum of unobserved particles is made by adding the
histograms.

This calculation was done for every angle at which
LAS was set. As a check on the Monte Carlo calculation,

for a particular setting of LAS the fraction of phase space
intercepted by a particular array of detectors can be cal-
culated by integrating the phase-space equation (Al)
(putting in the appropriate momentum cuts) and compar-
ing the fraction intercepted to that predicted by the
Monte Carlo calculation. The Monte Carlo calculation
was found to predict twice as many events, which is ex-
pected since the calculation permits either of the two nu-
cleons not going into LAS to be counted. In fact, the
Monte Carlo calculation finds the same (within statistics)
unobserved particle spectrum when particle x is detected
as when particle z is detected. The total predicted spec-
trum is the sum of the two.
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