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The reaction 'He(m. +,pp)p was measured at T =350 and 500 MeV in a kinematically complete
experiment. Separate contributions from two-body and three-body pion absorption are clearly seen
in recoil momentum distributions. The two-body angular distributions closely follow the shape of
the free ~d ~pp cross section, although the number of deuterons estimated from the two-body yield
is larger than the value 1.5 expected from isospin coupling and observed previously at lower ener-
gies. Comparison with -a simple impulse approximation model suggests some of the enhancement
may arise from binding of the quasideuteron, although absorption on T =1 (pn) pairs and the
higher density of He may also be a factor. The strength of the three-body component falls o6'with
bombarding energy with roughly the same slope as for the two-body component, and accounts for
=45% of the total absorption cross section, a larger fraction than reported previously below the
(3,3) resonance. The three-body matrix element ~M, ~ displays an angular dependence at both ener-

gies which is suggestive of initial-state interactions. No evidence of final-state interactions is seen.

I. INTRODUCTION

The (sr+,pp ) reaction in nuclei is often described as a
quasifree process, in which the pion absorbs directly on a
deuteronlike (pn ) pair leaving the spectator nucleus un-
disturbed. Although experimental data' exhibit many of
the systematic features associated with the familiar
md~pp reaction, there is general agreement that the
quasideuteron mechanism alone cannot account for the
total pion absorption cross section. This discrepancy
has triggered speculation about whether more complicat-
ed multinucleon absorption modes need to be considered.

Modifications to the simple quasifree model can arise
from various nuclear distortions, such as initial-state in-
teractions (ISI) of the incoming pion and final-state in-
teractions (FSI) of the two outgoing protons with the rest
of the nucleus. Such effects result only in a redistribution
of the underlying two-nucleon strength and therefore do
not constitute a new absorption mechanism. Gibbs and
Kaufmann treated ISI and FSI effects in detail using a
nucleon cascade model of pion absorption applied to the
recent Ni data of Burger et al. but could account for

only 70% of the total absorption cross section. Evidently
there is still room for an absorption mechanism which in-
volves in a fundamental way more than two nucleons.

As the number of nucleons increases, it obviously be-
comes more difticult to distinguish a genuine multinu-
cleon absorption process from the more trivial case in-
volving distorted quasifree absorption. Studies on p-shell
nuclei are further complicated by the complex experi-
mental signature exhibited by absorption on pairs having
angular momentum L =2 with respect to the spectator
nucleus. ' For these reasons, a number of experiments
have focused on He, which has only one spectator nu-
cleon in a relative s state. A kinematically complete mea-
surement of the He(m+, pp}p reaction is possible by
detecting in coincidence two of the three Anal-state pro-
tons. This permits the selection of events on the basis of
the momentum transferred to the spectator proton. Ab-
sorption on three nucleons can then be defined as those
events where the spectator received more momentum
then available from nuclear binding. ISI and FSI effects
can be calculated more reliably in the three-body system,
simplifying the identification of the fundamental absorp-
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7Td ~pp
=1.5,

tion mechanisms.
Previous coincidence experiments at LAMPF, PSI, and

TRIUMF (Refs. 7-12) studied the He(sr+, pp)p reaction
at pion kinetic energies where absorption is dominated by
excitation of the b,(1232). These experiments identified a
three-body absorption component that accounts for
about 25+10%%uo of the total absorption cross section,
surprisingly large for such a light nucleus. The three-
body data show no obvious signature of a reaction mech-
anism, and display an angular dependence that approxi-
mately follows phase space. Following previous experi-
ence with heavier nuclei, if ISI and FSI are mostly re-
sponsible for transferring momentum to the third nu-
cleon, then this large three-body yield should be accom-
panied by a corresponding decrease in the observed two-
body yield. However, the two-body cross sections o.2&
closely follow the energy and angular dependence of the
~d ip@ reaction, in agreement with the quasideuteron
model. Moreover, the magnitude of o.2& scales correctly
according to the number of S, (pn) pairs in He, i.e.,

II. THEORY

Consider the reaction

m++ He p&+p2+p3,

where p& and p2 are detected. The three-body final state
has nine kinematic variables of which only five are in-
dependent due to energy and momentum conservation.
The fivefold differential cross section, expressed in
terms of the experimentally measured variables
(p»~i 4'i ~z 4'2) is given by

0

david

02dp )

P1 P2

(2~) 32p mH, E,E3(1—
p2 p3 p2)

(3)

thus far: 350 and 500 MeV. Results from the (~,pn )

measurements will appear in a subsequent paper, and re-
sults at 165 MeV are being published separately. A
short review of the quasideuteron model is presented in
Sec. II, followed by experimental and analysis details in
Secs. III and IV. Results and discussion are presented in
Secs. V and VI.

where Xd is the effective number of deuterons.
The He data therefore imply either that ISI and FSI

are negligible or that the "undistorted" (~+,pp) cross
section is larger inside He than for the free deuteron. Ei-
ther possibility is intriguing from the point of view of im-
proving our understanding of pion absorption. For ex-
ample, several theoretical models' ' predict an enhance-
ment of the (~+,pp) yield arising from absorption on a
"smaller" deuteron in He. Homma' has drawn similar
conclusions from studies of the (y,pn ) reaction in heavier
nuclei. On the other hand, if ISI and FSI turn out to be
negligible, more complex three-body mechanisms must be
considered, with the constraint that the three nucleons
are involved in a way which does not interfere with two-
nucleon absorption. Ashery' has proposed such a direct
absorption mechanism involving a (vrKX) resonance act-
ing as a doorway. Other three-body mechanisms involve
diagrams containing direct A% interactions or the forma-
tion of AA pairs, about which relatively little is known.

The goal of this experiment was to extend the study of
pion absorption in He to energies above the (3.3) reso-
nance. Because the 6 isobar plays an important role in
many models of three-body absorption, it is particularly
important to understand how the relationship between
the two- and three-body channels changes as the proba-
bility for 6 excitation decreases. For example, the impor-
tance of pion multiple scattering increases, ' ' which
could result in stronger (ISI) effects than at lower ener-
gies. At the same time, a larger momentum transfer is re-
quired to absorb the pion, which might reveal differences
between the two-nucleon wave function of the
quasideuteron and the free deuteron. Finally, the in-
creased phase space available to the 3p final state at
higher energies makes it easier to separate the two- and
three-body channels.

This paper describes measurements of the
He(m. +,pp )p reaction made at the highest pion energies

where P; =p, /E, . Trivial kinematic and phase-space fac-
tors have been separated out in order to isolate the
Lorentz invariant matrix element IMI . We have chosen
a simple model for IMI, discussed below, which will be
fitted to the data in order to estimate the two- and three-
body contributions.

To simplify the analysis, we assume the two-body and
three-body components add incoherently as follows:

IM I'= IM2 I'+ M3 I' . (4)

He

FIG. 1. Feynman diagram of quasideuteron absorption in
He. p &

and p~ are the detected particles, while p3 is a spectator
to the quasifree reaction.

Later we shall see that the data largely support this as-
sumption. Within the plane-wave impulse approximation
(PWIA), the matrix element IMz is represented by the
Feynman diagram in Fig. 1. If the unobserved spectator
proton p3 moves in a relative s state with respect to the
quasideuteron, M2 can be factorized as'

MH, Jd(t)M~= —M d (s, u, t) .
r —(m„,—m, )'
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The upper vertex in Fig. 1 represents the quasifree
~dip@ process, given in general by an off-shell con-
tinuation of the physical absorption amplitude M„p pp.
Here we simply relate this amplitude to the free ~d ~pp
c.m. cross section in the usual way,

IM & (s, u)I
64m. s p~

where s =(P&+P2), u =(P„P&)—, and the cross section
is evaluated in the system where p &+p2 =0.

The vertex function MH, & describes the virtual de-
cay of the He ground state into a deuteron and proton.
Both MH, ~z and the propagator depend only on the in-
variant four-momentum t transferred to the virtual deute-
ron

t=(PH, P3) ™—H, ™3—2E3mH

In conformity with the uncertainty principle, the strong-
est contribution to M2 comes when the deuteron is nearly
on shell, i.e. , &t =mz. The resulting low relative
momentum between the virtual deuteron and the recoil-
ing, proton corresponds to a large relative separation, so
under these conditions the proton is expected to behave
as a spectator. This purely nuclear structure component
of M2 can be calculated very accurately in He from solu-
tions of the three-body Faddeev equations. Nonrelativist-
ically we have' '

W„y(p, ) I'(2~)'2'E„,E,
t —(mH, —m3)

XE,(2~) (2Eq)

where IP(p3)I is the proton-deuteron relative momentum
distribution (normalized to unity) and %z is the number
of deuterons. The various factors are required to retain
overall Lorentz invariance.

When the deuteron is far off the mass shell, the propa-
gator suppresses contributions from IM2I . Because
smaller (pd) separations are being probed, pion rescatter-
ing is more likely to result in all three nucleons sharing
the momentum transfer. Since it is still unclear what
mechanisms are important in three-body absorption, the
simplest choice is to assume a constant matrix element
IM3 I

. This can be checked experimentally by comparing
phase space with data taken at large spectator momenta,
as discussed below.

Combining (6) and (8) we have

where Ez(pk)=(pk+m&)' is the energy of the
quasideuteron and E is the kinematic factor multiplying
IMI in (3). Note that, in general, it is necessary to in-
clude the possibility that one of the detected particles, ei-
ther 1 or 2, was the spectator.

In this paper we represent IP(p)I by the two-body
breakup part of the He spectral function calculated by
Meier-Hajduk et a/. ,

' which agrees well with (pd) rela-
tive momentum distributions extracted from He(e, e'p)d
measurements. We have interpolated the energy and
angle dependence of

der�/d

0 from previous md ~pp rnea-
surements made in the energy region covered by this ex-
periment. The only adjustable parameters are N& and
IM3 I

which are fitted to the data. Finally, in order to il-
lustrate more transparently the transition between two-
and three-body processes, the data are presented as recoil
momentum distributions by rebinning the data in terms
of the volume element dp3 instead of dQ2dp, . The two
volume elements are related by a simple Jacobian trans-
formation.

III. EXPERIMENT

The He(n+, pp)p reaction was studied in the high-
energy pion channel (P E) at LAMPF using the coin-
cidence setup shown schematically in Fig. 2. The pion
beam was incident on a cryogenic liquid- He target. Pro-
tons emitted from the target were momentum analyzed
by the Large Acceptance Spectrometer (LAS), while on
the opposite side of the beam line a movable array of 11
plastic scintillation counters measured the angular posi-
tion, time of fiight (TOF), and energy loss of particles
detected in coincidence. This information was sufhcient
to permit identification of the 3p final state.

The LAS spectrometer has been described in detail
elsewhere. A valid LAS event consisted of a coin-
cidence between the plastic scintillator S1 at the entrance

ARM

PION BEAM

G 0
d Aid Q2dp i

with

3

IM, (p„p, ;p. ) I'+ IM3I'
i&j &k= 1

cyclic

IM2(p' pj pk )I 32(2~) Ed(pk ) EkmH

XXz I p(pk ) s;.
p,. d 0,. FIG. 2. Floor plan of experiment. Large acceptance spec-

trometer measured p, while p2 was detected in coincidence by
one of the 11 TOF counters.
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of LAS and a hodoscope array S2 and S3 at the exit.
Multiwire proportional chambers (MWPC) before and
after the dipole magnet provided x-y coordinates used to-
determine the particle momentum p, . Time of Aight and
momentum were used to calculate the particie mass, a
typical spectrum of which is shown in Fig. 3. The two
front wire chambers (WCl and WC2) were also used to
calculate the angles 8, and P„and to trace the particle
trajectory back to the target. Individual MWPC
efliciency was usually )95% except for the front
chamber WC1, which was subjected to higher rates. For
this chamber 70% was more typical.

For this experiment LAS was modified to allow a
larger range of scattering angles by removing the quadru-
pole magnets and increasing the distance from the target
to WC1. This reduced the solid angle from 25 to =5 msr
but simplified the momentum calculation and extended
the momentum bite 5p /p limits to ( —25%, +50% ). The
spectrometer acceptance function was determined empir-
ically by filling the spectrometer phase space with pro-
tons from various inelastic and elastic reactions. The
shape did not deviate more than 3% from the calculated
acceptance, using the program TURTLE. Momentum
resolution within the acceptance was typically 2%
(FWHM), and momentum centroid errors were typically
1%.

Detection of a second particle in coincidence with the
one observed in LAS was accomplished with two arrays
of scintillator bars made of NE-102. Each array was 2
m from the target and was 1 m square, subtending an an-
gle of +14 both vertically and horizontally (60=235
msr). One of the two arrays, called the quasifree arm,
was set to an angle corresponding to 180 away from LAS
in the +XX center of momentum frame in order to ob-

serve the two-body component of the absorption cross
section. It was composed of a front layer of four narrow
bars (each 10.16X25.4X 101.6 cm ) and a back layer of
two wide bars (10.16X 50.8 X 101.6 cm ). The other TOF
array was placed 40' away from the quasifree angle to
provide coverage of three-body processes. This arm was
identical to the quasifree arm except that two of the nar-
row bars were replaced by a wide bar.

Both ends of each bar were fitted with tapered acrylic
plastic light pipes coupled to Amperex XP2041 12.7 cm
diameter photomultiplier tubes (PMT) surrounded by
15.2 cm diameter Ortec magnetic shields. Timing signals
from each end were individually digitized and averaged
to provide the mean time of arrival of the particle strik-
ing a bar. The bar time-to-digital converters (TDC's)
were started by a signal derived from the coincidence
particle in LAS, so it was necessary to correct for the
TOF from the target to S1. This correction resulted in
an overall TOF resolution of 1.4 nsec (FWHM). The
time difference between the signals at the two ends of
each bar gave the vertical position of the particle to
within 10 cm (FWHM). Together with the position of
the struck bar, this provided some (02, $~) information.

A valid bar event consisted of a coincidence between
the top and bottom PMT's of any of the 11 bars. Finally,
a coincidence between LAS and one of the bars was
demanded within a 60 nsec timing window. This window
was more than adequate to cover the physical TOF re-
gion and extended beyond this region in order to allow
estimation of accidentals. Standard CAMAC electronic
apparatus, controlled by the LAMPF Q system, was used
for data acquisition.

Liquid He was maintained at a temperature of 1.5 K
in a vertical target cell in thermal contact with a pumped
bath of superAuid liquid He, using a vacuum cryostat de-
scribed elsewhere. The cell was a 7.62-cm tallX5. 4-cm
diameter cylinder with 40-mg/cm stainless steel walls.
Nominal target thickness at 1.5 K was 404 mg/cm,
determined from the liquid- He vapor pressure and x-ray
photographs of the target cell. The pion beam profile was
found from exposing Polaroid film at the target position
and was averaged over the shape of the target cell to give
an average target thickness of 400 mg/cm +3%, for
which the error is due largely to beam steering uncertain-
ties. Emptying the target cell was impractical, so an
identical empty cell with four times the wall thickness (to
increase the coincidence rate) was constructed to estimate
the background. The cryostat was raised out of the beam
in order to position the empty target ceil or other solid
targets in the beam.

The pion flux (averaged over the 8% LAMPF duty fac-
tor) ranged from 10 to 10 sec ' with a momentum
spread 5p/p of 0.5—1.0%. Various relative monitors
used to measure the beam intensity included a muon halo
detector, the pion production target current toroid and
an Ar-CO& ion chamber placed in the beam. These usual-

ly agreed to within a few percent. These monitors were
calibrated periodically against the H(sr+, pp) and
'H(sr+, vr+p) reactions using CD& and CHz targets, re-
spectively. A coincidence between a pion or proton in
LAS and a proton in one of the TOF bars was demanded,
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TABLE I. Detector settings for LAS and TOF array. Two
entries for 82 refer to quasifree and non-quasifree arms. For
each angle, p&(min) is the lowest momentum used in the
analysis due to proximity to the LAS acceptance cutoff, while

p&(max) is roughly the upper limit imposed by three-body kine-
matics.
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FIG. 4. Azimuthal angular correlation between p &
and p2 us-

ing a CD& target and incident ~+ beam at 350 MeV. Narrow
peak identifies md ~pp reaction.

and the measured azimuthal angular correlation P, —$2
between the two particles (Fig. 4) was used to distinguish
the two-body yield from the largely uncorrelated quasi-
elastic carbon background. A ' C target was also used
independently for background subtraction. Pion decay
corrections in LAS were estimated using TURTLE.

The He cross sections presented here were normalized
relative to the md —+pp measurements made during this
experiment. Both rneasurernents used identical detector
configurations, which largely canceled any angular or ac-
ceptance dependent systematic effects, and permitted a
more direct test of the quasideuteron model. The
md ~pp runs were in turn normalized to the parametriza-
tion of Bystricky et al. , and additional partial-wave in-
formation was obtained from interpolation of Legendre
polynomial fits to data in Ref. 23. In practice, the quanti-
ty X hQ& was determined from each normalization run
and used to calibrate the monitors. The normalization
error, including target thickness and eSciency uncertain-
ties, was =7% at 350 MeV and =9% at 500 MeV. Er-
rors associated with the cross-section parametrization are
not included.

IV. DATA ANALYSIS

Data were taken at the kinematic settings listed in
Table I. LAS was set to the desired angle 0& with its
momentum bite was centered on the value of p, given by
rrd~pp kinematics. With 8, and P, restricted by the
LAS solid angle, the coincidence yield arising from the
He(n. +,pp)p reaction could be measured as a function of

p„8z, and $2, or equivalently, the recoil momentum vec-
tor p3.

A. Identi6cation of absorption reaction
I

It was necessary to distinguish the three-proton final
state from various other three- and four-body final states
arising from the He(tr, m'p)d and He(m, m'p)pn breakup
reactions. Good particle identification was therefore re-
quired (in addition to overdetermined kinematics) in or-
der to fix the missing mass. Although our particle
identification in LAS was excellent, there were some am-
biguities between pions and protons in the TOF arm
which are discussed shortly.

Raw data from typical runs at 350 MeV are shown in
Fig. 5, where the TOF of the particle striking the TOF
arm is plotted against the momentum of the proton
detected in LAS. The curves labeled "3P" in Fig. 5 iden-
tify the Anal state having three protons and are calculated
for the angle pairs listed in each plot, while the other
curves are discussed below. The absorption events are
distributed along this kinematic curve due to Fermi
motion of the quasideuteron, and broadened in other
directions to a lesser extent from the LAS momentum
and bar TOF resolution, as well as from kinematic shifts
arising from summing over several TOF bars. Selection
of the (m. +,pp)p reaction was made by placing a cut of
varying width around the (p„TOF2) kinematic curve,
which was recalculated for every event using the rnea-
sured values of (8„$„82,gz). Although equivalent to a
missing mass cut, this procedure compensated for the
fact that the missing mass resolution is not constant in a
TOF measurement.

Also visible in Fig. 5 are strong enhancements in the
kinematic region for quasifree proton knockout, where
the backscattered pion struck a TOF bar after knocking
the proton into LAS. These events are clustered along
the lowest curves in Fig. 5, which describe the (n,p,d).
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FIG. 5. Typical coincidence data for 350 MeV pions incident on He target. (0&, 02) refer to central angles of LAS and TOF arm,
respectively. For upper plots LAS and TOF arm were set to m.d —+pp kinematics; for lower plots TOF arm was 40' away. Events
from individual bars in TOF arm have been summed together. Curves labeled "3P"denote He(n. +,pp)p events and were calculated
for the particular angles shown, assuming P, = 180 and Pz =O'. Other curves are described in the text.

final state. As some of these pions can have the same
TOF as absorption protons, such (rr, p) coincidences
could be counted as absorption events. Fortunately, con-
tributions from the knockout reaction are largely
suppressed within the absorption cut by the proton
momentum distribution in He. Pions that do fall inside
the cut are low enough in energy ((70 MeV) to stop in
the front bars, and are distinguished from the more ener-
getic protons in this region by demanding a coincidence
between the front and back counters.

Events lying above and to the left of the uppermost
curve in Fig. 5 populate four-body phase space and con-
sist mostly of (p,p) and (p, n) coincidences arising from
the He(sr+, m+p)pn breakup . reaction. This is evidence
of strong pion multiple scattering and has been reported
previously at high energies in (m, vr') measurements by
Boswell et al. ' and Klein et a/. ' Later we discuss the
implications of two-nucleon knockout in the present rnea-
surement with respect to the mechanism of three-nucleon
absorption in He.

B. Calculation of recoil cross sections

Events satisfying the absorption cut are plotted in Fig.
6 as a function of pt, 02, and Pz for 9& =75'. Only coin-
cidences from the quasifree TOF arm are shown. Super-
imposed on each distribution is a curve showing the kine-
matic dependence of the momentum p3 of the undetected

proton (calculated by fixing the other two variables at
their quasifree values). The peaking around p3 =0 clearly
reveals the quasifree nature of the reaction, and demon-
strates that the physics is more economically presented
using p3 as the independent variable.

Accordingly, absorption events from both TOF arms
were combined and rebinned into histograms containing
the calculated recoil momentum. Before binning, each
event was weighted appropriately to account for LAS ac-
ceptance, wire chamber efficiency and electronic dead
time. The combination of acceptance cutoffs and strag-
gling in the target prevented protons having momenta
(250 MeV/c from being detected in either arm. Some-
what higher thresholds were used in the analysis to avoid
large corrections arising from the LAS acceptance func-
tion or large corrections to the measured TOF from ener-
gy loss in the target. Table I summarizes the cuts on p&
determined by the LAS acceptance. Accidentals were es-
timated using events that lay outside of the physical
time-of-Aight region by shifting them either forward or
backward in time, then performing the identical analysis
procedure as for the reals. The empty target runs were
treated similarly. Most of the error associated with the
calculated kinematic variables was due to the coarse hor-
izontal resolution of the TOF arm. To smooth over this
error the x coordinate in each struck bar was randomly
chosen before (82, $z) was calculated. This prevented
artificial structure from appearing in the various distribu-
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the direction of p3 at large recoil momenta (curves a, b) Even if no accept. ance limits are placed on p„O, , or $2 (curve c), momentum
conservation ultimately restricts the direction of p3 ~
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tions. The overall recoil momentum resolution was
o =25 MeV/c, rrs = 10' and o

&
= 15'.

P3 3 3

The number of events, N(p3), in each p3 bin is defined
in terms of the recoil differential cross section by

N(p3) N Nt f f f f f "
dntp', dp3103,

dQidp3
P3

where X, is the number of target nuclei cm and Ã is
the number of pions incident on the target. The domain
of integration over the direction of p3 is, of course, con-
strained by the limitations imposed on p& and p2 by the
detector acceptances. As shown below, this makes it im-
possible to study the complete dependence of d o. on 6I3

and P3 for p3 ~200 MeV/c, where our experimental
statistics are anyhow limited. Since we do not expect the
cross section to depend strongly on these variables, we
calculate the average cross section in each p3 bin accord-
ing to

The recoil solid angle b Q3 was calculated for each p3 bin
using a Monte Carlo simulation of the experiment. &e
show the calculated b,Q3 (normalized to 4n. ) in Fig. 7 for
two kinematic configurations, corresponding to the small-
est (8,=20') and largest (8,=130') LAS settings used.
We also show the total available recoil solid angle EQ3

'"
obtained by integrating beyond the physical acceptances
of the detectors (but with 8i and P, fixed). Generally
speaking, for small values of p3, there is no constraint on
its direction imposed by the apparatus, so the d p3 volume
element is sampled uniformly over 4m steradians. As the
magnitude of p3 increases, its direction is confined by
conservation of momentum to lie in the scattering plane
defined by LAS and to point more in the direction of the
incident pion, causing first AQ3 and eventually EQ3" to
decrease below 4m. As Fig. 7 demonstrates, this con-
straint means more complete recoil solid angle coverage
was provided when the large area TOF counters were at
forward angles.

V. RESULTS

d&g N(p3 )

dQ&dp3 N, X AQ& p3hp36Q3
(12) The measured recoil distributions are plotted in Figs. 8

and 9 for T =350 and 500 MeV, respectively. The data
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FIG. 8. Recoil momentum distributions d cr/dQ&dp3 of He(m+, pp)p at 350 MeV. Units are (pbsr MeV/c ). Cross sections
have been averaged over the direction of p, . LAS angle 8, is in the lab frame. Dashed line: PWIA calculation of ~M2 ~; dot-dashed

line: constant matrix element ~M, ~'. Calculations have been normalized to data using fitting factors X„'~and ~M, ~' given in Table
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FIG. 9. Same as Fig. 8 at 500 MeV.

points were calculated from (12) and show statistical er-
ror bars only. The solid curve shows the theoretical cross
section obtained from integrating (3) over the angular
and energy acceptance of the apparatus and adjusting the
constants Xd and ~M3~ [defined in (4) and (8)] to fit the
data at each 0, setting. The integration was performed
using a Monte Carlo computer program which took into
account the kinematic resolution of the detectors. The
fitted two- and three-body contributions are indicated by
the dashed and dot-dashed lines, respectively. Results
are tabulated in Table II.

The signature of quasifree absorption on a (pn) pair is
evident from the strong dependence of the measured
cross section on the momentum p3 of the recoiling pro-
ton. No significant deviation from the shape predicted by
the PWIA matrix element ~Mz~ is seen, indicating the
momentum distribution of the (pn) pair is well described
by the theoretical (pd) spectral function for recoil mo-
menta up to =200 MeV/c. At higher values of p3, for
which it is a poorer approximation to treat the recoil nu-

cleon as a spectator, the PODIA curve grossly underesti-
mates the yield and the data more or less follow three-
body phase space. The large error bars in this region
reAect the resi.dual statistical uncertainty after subtract-
ing accidentals, which contributed =50% of the events
involving large recoil momenta.

The distinct separation between two-body and three-
body processes on the basis of recoil momentum makes it
feasible to attempt to estimate the "cross section" for
each component. This approximation of treating the two
amplitudes incoherently is made more plausible by the
absence in the data of any obvious interference effects in
the region around p3 =200 MeV/c where ~M2~ = ~M3~ .

A. Two-body absorption

The differential cross sections for two-body absorption
were obtained directly from the recoil momentum distri-
butions after first subtracting the underlying three-body
background. This background was assumed to follow the
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(deg)

20
40
60
75
90

110
130

~PWIA

1.40(4)
1.42(4)
1.50(4)
1.47(4)
1.35(4)
1.36(4)
1.35(4)

( X IO')

1.26(20)
1.52(17)
0.90(8)
0.74(7)
0.69(7)
0.81(6)
1.05(8)

1.5
1.8
0.7
1.6
2.0
1.6
1.8

dc72g /dA(
(pb/sr)

350 MeV
1009(38)
630(28)
284(11)
220(10)

222(8)
282(10)
285(12)

~exp
d

1.71(6)
1.70(7)
1.71(7)
1.72(8)
1.60(6)
1.60(6)
1.53(6)

fZdp,
(pb/sr)

1540
1322
1148
968
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535
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716(68)
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562(43)

40
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1.67(7)
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0.21(4)
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1.89(8)
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phase-space shape shown in Figs. 8 and 9, which was nor-
malized to the data using the fitted values of ~M3~ ob-
tained at each angle 8&. The resulting two-body yield was
then integrated over the spectator volume element
dp3=4mp3dp3, yielding the values of der/dQ, summa-
rized in Table II. Also listed for each angle is the
effective number of deuterons Nd", defined as the ratio of
the He two-body cross section to the free md ~pp cross
section. At 500 MeV these ratios exceed by 30% the
quasideuteron value of 1.5 observed at lower energies. "
Possible explanations for an enhanced quasideuteron
yield are discussed in Sec. VI.

The two-body cross sections, transformed to the c.m.
frame using the standard md ~pp Jacobian, are plotted in
Figs. 10 and 11. For comparison, the free md~pp c.m.
angular distributions at 350 and 500 MeV are shown
scaled to the data. The scale factors at each energy were
obtained by averaging the values of Nd"P in Table II. The
symmetry about 90' observed in the He data gives us
confidence in our subtraction of the three-body back-
ground. Furthermore, the observed similarity between
the He and H angular distributions strongly suggest an
undistorted quasideuteron mechanism. Because data at
small c.m. angles were not obtained, we could not verify
whether the He angular distribution exhibited the same
bending over seen in the md —+pp reaction at these ener-
gies. This makes somewhat ambiguous the use of a
Legendre polynomial fit to determine the total two-body
absorption. We choose instead to define o.2~ relative to
o.„d using the scale factors determined for each en-
ergy. This gives cr2&(350 MeV) =2.19+0.09 mb, and

o z&(500 MeV) =0.72+0.02 mb, where the errors are sta-
tistical only.

B. Three-body absorption

The 6, dependence of the fitted three-body matrix ele-
ments ~M3~ is plotted in Fig. 12 (left-hand side). A pro-
nounced angular dependence is seen which is symmetric
about 90 in the lab frame. A Legendre polynomial fit
shows the strength of the 0& dependent term is the same
(about 60%) at both 350 and 500 MeV. Some angle
dependent deviations from phase space were seen in the
TRIUMF data" at 62.5 and 82.8 MeV, although at 120
MeV PSI data showed a constant matrix element. We
could find no systematic effect which would account for
this feature. Although the symmetry of ~M3 ~

in the lab
frame may seem disturbing, it is only the total absorption
matrix element ~M~ which must be symmetric in the
three-body c.m. frame. Furthermore, since we are sam-

pling only about 10% of the recoil phase space available
at each 0, setting (recall Fig. 7), the fitted ~M3~ values
are not necessarily representative. For example, a
different choice of angle settings for the TOF arm might
lead to a different angular dependence for ~M3~ . There-
fore, any physical interpretation of the particular angular
dependence observed in Fig. 12 must take into account
the effects of the truncated phase space.

From the previous discussion it is obvious that estimat-
ing the total three-body cross section from our limited
sample requires a sizable extrapolation into unmeasured
portions of phase space. Since we are assuming that all of

«(~ pp)p

1.5
2000

1500
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1000

0.5
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o o
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FIG. 12. Left: Lab frame angular distribution of experimentally extracted three-body matrix elements ~M, ~
listed in Table II.

The Legendre polynomial fit is only to guide the ey. Right: extrapolated three-body cross sections estimated from ~M, ~
. Results of

Legendre fit are used to interpolate between plotted points (solid line). Dashed curve shows dependence of phase space, normalized
to produce best fit to data around 90 . A lower limit on o.» was obtained from the integral over the phase-space curve.



1358 L. C. SMITH et al. 40

TABLE III. Summary of energy dependence of two- and three-body pion absorption in He. For
this work we used the angle-averaged values of Nd'"p given in Table II to obtain cr». Errors include
normalization uncertainties.

T~
(MeV)

37.0
62.5
82.8

120
165
350

(mb)

8.3(6)
10.2{4)
13.4( 1.2)

16.4( 1.8)
2.19(19)

0.72(7)

(rnb)

3.4(3)
3.6(4)

3.9(5)

1.53(27)'
1.80(16)
0.51(8)'
0.64(8)b

~3N ~~2N+3N-

0.29(3)
0.26(3)

0.41(8)
0.45(5)
0.41(7)
0.47(7)

Ref.

12
11
11

8

7
This work

This work

'Using phase-space fit to Ol )40'.
U$jng l~"'l .

the (83,$3) dependence of do» is determined by the
phase-space factor K, we have

= IM3$' I' f f f rcp23dp3d n, 3 . (13)
1

The phase-space integral extends beyond the detector
limits to include the total recoil volume available at each
8, setting. Cross sections obtained using (13) are shown
plotted in Fig. 12 (right-hand side), where the Legendre
fit to lM3 l

was used to interpolate between the measured
data points. A more conservative estimate of do. 3& is ob-
tained by normalizing the purely phase-space portion of
(13) (dashed line) to the angular region of the data where
the average slope most closely follows phase space.

The total three-body cross section o.3& was obtained as
the integral over the fitted curves. The result was divided

by 3I to account for the three identical protons. For the
lM3'

l
curve we get

o3~(350 MeV)=1. 80+0.07 mb

and

o3&(500 MeV) =0.64+0.04 mb .

Using the phase-space curve gives 1.53+0.25 and
0.51+0.07 mb, respectively. For each case the errors
reOect only how well the fitted curve is determined sta-
tistically by the data. A summary of the two- and three-
body cross sections (including normalization errors) ex-
tracted from this and other He experiments is given in
Table III and Fig. 13.

A. Binding effects

Table II shows that the number of deuterons Xd re-
quired by the PWIA calculation to fit the data is smaller
than the number Nd' obtained from simply scaling the
free md —+pp cross sections as in Sec. IV, even though the
PWIA uses the same ~d~pp cross sections as input.
This kinematic effect of the impulse approximation arises
from the binding of the quasideuteron in the nucleus.
The binding enhances the two-body absorption yield by
shifting the effective interaction energy, and is particular-
ly noticeable above the (3,3) resonance where the free

He(7r+, pp) p

10.0

5.0

1.0

0.5

VI. DISCUSSION

Examination of Fig. 13 shows that while the overall
strength and energy dependence of o.2& is consistent with
the quasideuteron interpretation near the (3,3) resonance,
our data indicate a larger than expected o.2& at higher en-
ergies. Below we discuss some of the possible explana-
tions for this enhancement. Later, we discuss the three-
body absorption results.

I I I I I I

50 100 200

T (MeV)

500

FIG. 13. Energy dependence of two-body and three-body
pion absorption cross sections in 'He. Solid line is parametriza-
tion of free ~d~pp cross section (Ref. 28) multiplied by 1.5.
References for previous measurements are given in Table III.
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plotted versus quasideuteron mass Qt3 and c.m. energy Qs&2 of detected protons p, and p2. Symbol "+"denotes kinematic point of
free md~pp reaction. Right: relative {pd) momentum distribution (bottom) and energy dependence of ~d —+pp cross section (top)
have largest effect on event density in Chew-Low plot according to impulse approximation.
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md ~pp cross section drops rapidly with energy.
Recall that under the impulse approximation the ab-

sorption matrix element ~M d ~
is calculated from the

free cross section do /dQ„which is evaluated at a c.m.
energy corresponding to the invariant mass s&2 of the
detected particles p, and pz, where

s»=(E, +E2) —(p, +pz) (14)

Because of the Fermi motion of the bound deuteron, s,2

does not coincide with the corresponding quantity sf„,
for a free deuteron, which is

s&„,=(E +md) —p (15)

Instead, for a fixed value p3 of the recoil momentum, s&z

ranges between s+ and s, given by rewriting (14) as

s —=(E„+md") —(p +p3) (16)

B. Isovector absorption

At 500 MeV, the measured quasideuteron yield was
larger than can be attributed to binding alone, and other
effects must be considered. So far we have neglected the
purely isovector reaction

sr+ + (pn ) 'So ~pp ( T = 1~I = 1), (17)

which arises from the coupling of (pn ) pairs to the singlet
state in He. Using the notation o.z-I, where T and I refer
to the initial and final total isospin of the two nucleons,
we get from Clebsch-Gordon coupling

where md =md —eb is the effective mass of the deuteron
in He arising from its nuclear binding energy
eb =5.5+E3 —m 3. These limits, which form the bound-
ary of the physical region for the He(~+, pp)p reaction,
correspond to the quasideuteron moving directly toward
(cos83= 1) or away (cos03= —1) from the pion. Because
md &md, however, s&2 will average out to be smaller
than sz„,. This energy shift can be interpreted loosely as
resulting from the pion's loss of momentum and energy
as a result of the breakup of He into a free deuteron and
a proton, whereupon the pion subsequently absorbs on
the moving deuteron at a lower c.m. energy.

The effect of the energy shift is illustrated using a
Chew-Low diagram in Fig. 14 (left-hand side) where the
physical region enclosed by the above limits on Qs, 2 is
shown versus the mass of the quasideuteron. Within this
region are plotted typical data at 350 MeV, for which the
strong influence of ~Mz ~

is clearly seen. The event densi-

ty, according to (10), is determined largely by the details
of the nuclear wave function, but also by the energy
dependence of the hard &pp reac—tion (Fig. 14, right-hand
side). At 350 MeV the most probable value of Qs, z is
calculated to occur some 20 MeV below Qs&„, (denoted
by the "+"in Fig. 14 and the arrow in Fig. 15), where
the free md ~pp cross section is about 15% higher. This
agrees with the experimental invariant mass distribution
(Fig. 15), supporting the conclusion that binding effects
are at least partially responsible for the observed
enhancements in Nd above the (3,3) resonance.

+(pp)'So~pn (T =1~I=0, 1), (19)

due to interference between the I=0 and I=1 ampli-
tudes. Measurements ' made below the (3,3) resonance
determined that the cross section for reaction (19) is an
order of magnitude smaller than o. d, because of a parity
selection rule which forbids the reaction to proceed
through an s-wave AN intermediate state. Furthermore,
a partial-wave analysis of Piasetzky et al. ' of the mea-
sured asymmetry found the ratio o.»/o. Io to be less than
0.1. Using the relationship

cr(vr, pn) =0 5o,o+. 0.25cr», (20)

we get o»/o. d =0.02. This indicates a negligible isovec-
tor contribution to quasideuteron absorption at low ener-
gies and is consistent with the value Nd =1.5 measured
there.

Piasetzky et al. point out that if d-wave pions were al-
lowed, then the measured asymmetry in do /dQ at 62.5
MeV would also be consistent with a larger value for the
ratio o.

& &
/o. &o. Although d-wave contributions were

negligible at the energy used in their analysis, both d and

f waves must be appreciable at the energies of our mea-
surement, as evidenced by the structure seen in the free
vrd~pp angular distributions. Analysis of He(m, pn)
data taken during this experiment is underway to deter-
mine whether the o.

&& component is large enough to
influence the (~+,pp) yield.

C. Density eÃects

Most models of pion absorption predict some sensitivi-
ty to the radial shape of the two-nucleon wave function,
due to the large mismatch between the required momen-
tum transfer and that available from nuclear binding. ' '
Thus, the increase in Nd at high bombarding energies
could be due to the higher density of He, compared to
the deuteron. For example, if the form factor of the
quasideuteron contains more high momentum com-
ponents than does the physical deuteron, then we might
expect the cross section to drop with bombarding energy
slower for the quasideuteron than for the deuteron, espe-
cially at high energies where larger momentum transfer
occurs.

Unfortunately, our understanding of the basic two-
nucleon mechanism is poor in this energy region. Some
studies have speculated that the one-pion-exchange mod-
el, which is fairly successful in explaining the ~d ~pp re-
action near the (3,3) resonance, may compete at high en-
ergies with p-meson exchange or different processes en-
tirely, such as single-nucleon absorption. The absorp-
tion operator may no longer be dominated by excitation

o.(m+, pp) = 1.5o o, +0.25cr„.
Assuming o.

o&
=o.„d, any contribution from o.» will cause

an apparent increase in the number of deuterons Nd,
ranging from 1.5 (for o.

& &
=0) to 1.75 or higher (for

cT)) 0'y).
The strength of the o.» channel has been estimated in-

dependently from measurements of the asymmetry about
90, in do. /d A that occurs in the reaction
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of the 6++ isobar at the pure T =—', ~ p ~~ p scatter-
ing vertex, but include excitation of T= —,

' isobar as
well. If so, study of the quasifree H(sr+, pp)n reaction
would be worthwhile because the extra neutron might
enhance this channel. Further studies of the high-energy
quasideuteron yield in He and He are planned to under-
stand the sensitivity of these processes to details of the
(pn ) relative wave function.

D. Mechanisms for three-body absorption

Generally speaking, the enhanced event rate (relative
to PWIA) seen in this experiment for recoil momenta
above 200 MeV/c is a characteristic feature of all hadron-
ic reactions on few-body systems. Although complex in-
teractions among three hadrons would seemingly wash
out any kinematic signatures and result in a more or less
constant matrix element, there are exceptions. For exam-
ple, in the knockout reactions H(p, 2p ) n and
He(p, pd)p, which also leave three hadrons in the final

state, enhancement above phase space can be attributed
to a low relative energy between various pairs of the emit-
ted particles, where the strong s-wave elastic scattering
cross sections lead to "soft" FSI effects. For the (m+, pp)
reaction, however, a high c.m. energy is favored for the
detected proton pair, which reduces the likelihood of soft
FSI between them. Although the recoil proton p3 can
have a low relative energy with respect to either p& or p2,
only a small fraction of the total phase space is occupied
by such events.

We investigated FSI effects by rebinning the events ac-
cording to the relative kinetic energy E&3 and E23 be-
tween the spectator and each of the detected particles
(where E/ =Qs; —m; —m . ). A typical example from
our 350-MeV absorption data is shown in Fig. 15 (right-
hand side). Although the (pp} elastic scattering cross sec-
tion varies by an order of magnitude over the plotted
range of invariant energy, no radical departure from
phase space is evident in the regions which lie outside the
quasifree peak.

As noted earlier, the only variable for which the three-
body absorption yield showed a significant departure
from phase space was 0&. The simplest mechanism that
would involve this angle is a two-step initial-state interac-
tion where the incoming pion transfers a large momen-
tum to the first proton before absorbing on the remaining
(pn) pair. The two protons emitted during the absorption
step should display a forward peaked ~d~pp angular
distribution but centered around the direction of the scat-
tered pion's momentum vector. Strong phase-space devi-
ations should therefore occur at angle pairs (8„8z)
closest to the kinematics of quasifree knockout. This is
consistent with the trend seen in our data, and might ex-
plain the minimum observed in ~M3~ at 90 lab, where
kinematically we least expect to see the knocked-out pro-
ton. Large momentum transfers are particularly impor-
tant since they lead to a smaller ~(pn) c.m. energy (and
larger ~d ~pp cross section) for the scattered pion. Also,
the knocked-out proton cannot receive sufficient momen-
turn to exceed the detector thresholds unless it is emitted
at forward angles. These factors may explain why the

largest phase-space deviations occurred when either LAS
or the TOF arm was at forward angles.

Masutani and Yazaki have predicted that ISI effects
should dominate pion absorption above the resonance.
Laget has calculated that the rescattering of on-shell
pions makes a strong contribution to H(~+,pd) as well
as to the three-body component of the He(y, pp)n and
He(y, pn)p reactions. At present there is no theoretical

estimate of ISI absorption of pions in He, although cal-
culations are planned. It is reasonable, however, to ex-
pect the importance of ISI effects to scale with another
channel to which it is strongly coupled —the quasifree
knockout of two nucleons. The latter process, as noted
earlier, was observed as a large background in our raw
data. Also, the strong decrease of o.3& with bombarding
energy similar to that observed for 0 2& is consistent with
a mechanism involving the on-shell m.d ~pp reaction.

Besides the largely on-shell ISI mechanism, which is
sensitive only to the low-momentum part of the He wave
function, other contributions to three-body absorption
may arise from multiple scattering of o+shell pions.
Such processes are more sensitive to the small high-
momentum components of the wave function and prob-
ably leave a less distinct kinematic signature in the
differential distributions due to the more direct participa-
tion required by all three nucleons. Oset et al. have
calculated strong contributions to three-body absorption
above the (3,3) resonance from diagrams containing
direct and sequential (b,X) interactions. Interestingly,
such off-shell processes are much less important below
the (3,3) resonance and contribute almost nothing at
threshold. Table III shows the measured fraction
do 3~/(dcr2~+do3~) at 350 MeV is indeed larger (by
about 50%) than reported at 62.5 MeV. As it is particu-
larly important to further establish the energy and iso-
spin dependence of the three-body component, we are
proceeding with our analysis of (vr, pp) data taken at
other energies, as well (vr, pn) data taken during this ex-
periment.

Summarizing, recoil momentum distributions of the
He(mr+, pp)p reaction were obtained at 350 and 500 MeV

under kinematic conditions allowing separate observation
of two- and three-body absorption. There is no obvious
indication of interference between these two processes.
The angular distribution of the two-body component fol-
lows closely the shape of the free ~d —+pp process. Corn-
parison with a simple PWIA calculation shows good
agreement between the theoretical and measured rpomen-
tum distribution of the quasidueteron. However, an
energy-dependent enhancement of the two-body yield is
indicated, some of which may be due to the binding and
form factor of the quasideuteron. Further study is under-
way to estimate the contribution from absorption on
( T = 1 } (pn ) pairs.

Three-body absorption cross sections were estimated
from the coincidence data and account for at least 45%%uo

of the total absorption cross section, substantially larger
than reported at lower energies. The origin of three-body
absorption remains a mystery. The absence of any at-
tenuation for the two-body component implies the three-
body process is genuine (does not involve the two-body
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directly). On the other hand, contributions from ISI can-
not be ruled out, due to deviations from phase space seen
in the angular distributions. Distributions obtained in
other variables, however, showed no dramatic deviations
from phase space. In particular, no evidence for FSI was
seen. The energy dependence agrees with suggestions
made by Oset that AN dynamics play an important role
above the (3,3) resonance. Further experimental efforts
should stress 4m. detection, adequate statistics and good
kinematic resolution to simplify the identification of
specific mechanisms.

Cross sections published in this paper may be obtained

from the first author (I..C.S.). A more detailed compila-
tion will eventually be available in MEND LIB at
LAMP F.
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