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The pnn and dn final states after the absorption of stopped pions in He have been measured
in a kinematically complete experiment covering the whole phase space. Proton-neutron, deuteron-
neutron, and neutron-neutron coincidences have been detected with a charged-particle hodoscope
and large-area time-of-Qight counters. For the first time, triple coincidences between the pionic K
x-rays and two particles have been measured thus selecting absorption from the atomic 18 state. It
has been found that the absorption is dominated by the two-nucleon mechanism (2NA) on isoscalar
nucleon pairs as indicated by the measured ratio of 6.3 + 1.1 for back-to-back correlated nn and pn
pairs. A substantial amount of the three-body final state pnn is afFected by the final-state interaction
(FSI) or leads to the two-particle final state dn. Ratios of 3.1+0.4 for 2NA to FSI and of 4.2+0.6 for
the pnn to the dn final state are measured. No evidence has been found for three-nucleon absorption
with an upper limit of 3%%uo/7r, ,

PACS number(s): 25.80.Ls, 36.10.—k, 21.30.+y

I. INTRODUCTION

In the last decade, considerable progress has been
made in the understanding of the basic reaction mech-
anism of pion absorption. The absorption on isoscalar
spin-triplet nucleon-nucleon pairs has been studied in de-
tail by means of the hard ~ NN reactions. In the context
of the two-nucleon mechanism, the three-nucleon system

He has played a crucial role in these investigations be-
cause it is (besides H) the simplest nucleus with more
than two nucleons. With a probability of = 90%, the nu-
cleon pairs are in the relative states Sq or So. Thus, the

He nucleus also allows reactions like two-nucleon absorp-
tion on an isovector proton-proton pair and all reactions
with three nucleons participating in the absorption. Ex-
perimentally, the detection of two outgoing nucleons in
coincidence permits a kinematically complete determina-
tion of the three-nucleon final state.

Pion absorption has been studied with pions in Hight
as well as with pions at rest. Comprehensive and de-
tailed reviews have been given by Hiifner [1],Ashery and
Schiffer [2], Ericson and Weise [3], and Weyer [4]. For in-

Hight measurements, p-wave pion absorption on isoscalar
nucleon-nucleon pairs dominates the cross section [5—8].
The 8 wave is restricted to weaker channels like the ab-
sorption on isovector nucleon-nucleon pairs. The knowl-
edge of the reaction mechanisms at zero energy is indis-
pensable for a thorough understanding of pion absorp-
tion. The 8-wave absorption can be studied better at
rest because for pion absorption in Right, A(1232)-isobar
excitation dominates.

At rest, pion absorption takes place from well-de6ned
states of a pionic atom. In the lightest nuclei such as

He, this orbit is an 8 state in most of the cases. The
possibility of absorption from atomic p states complicates
the situation. However, information about the relative
contribution of s states is available from measurements of
the pionic x-ray cascade. Exclusive absorption from the
atomic 18 state can be selected by requiring a threefold
coincidence between a K x-ray from the pionic He atom
and two outgoing particles in coincidence. This has been
done in the present experiment.

On pion absorption at rest in He, several investiga-
tions have been reported [9—ll]. It is known that about

of all pions captured in the pionic atom lead to the
true absorption final states
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vr, He + dn,
vr, He + pnn .

(1)

(2)

From the observation of charged particles, branching ra-
tios of (16+2)% [9,10] and (58+5)% [9] were obtained for
the channels dn and pnn, respectively. The sum of these
two channels was measured indirectly to be (68.2+2.6)%
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[12] as complement of all the other possible decay chan-
nels:

7T $ p He M vr t (3)
Hem pt, pdn, ppnn . (4)

Charge exchange (3) and radiative capture (4) have been
investigated in detail by various groups experimentally
as well as theoretically and will not be considered in the
present paper. An overview can be found in [13,14].

The main goal of this experiment is to identify the
various channels which lead to the three-body 6.nal state
pnn (2). The following four channels have to be con-
sidered: (2a) isoscalar pair absorption on Si proton-
neutron pairs with one proton as spectator (2NA), (2b)
isovector pair absorption on So proton-proton or proton-
neutron pairs with the neutron or one proton as specta-
tor (2NA), (2c) two-nucleon emission followed by final-
state interaction (FSI), (2d) three-nucleon emission with
statistical distribution (3NA). Quasi&ee two-nucleon ab-
sorption is described by the reactions (2a) and (2b) where
the third nucleon has only a small momentum and there-
fore can be regarded as a spectator. All three nucleons
are involved in the reactions (2c) and (2d). Reaction (2d)
is attributed to genuine three-nucleon absorption and has
been observed with pions in Bight [6,7,15—17] but not yet
with pions at rest. Single-nucleon emission cannot be
distinguished in principle &om the dn final state (1) and
the case (2c).

Experimentally, the branching ratios of isoscalar and
isovector two-nucleon absorption can be determined from
a coincidence measurement of back-to-back correlated nn
and pn pairs. Both 2NA and FSI processes can be de-
tected to a large extent with detectors set up at a relative
angle of 180 by means of the registration of pn, dn, and
nn coincidences.

This paper reports the results of a kinematically com-
plete measurement using three di8'erent counter setups
which cover almost the full phase space for the 6nal state
pnn. Two difFerent parts of the phase space could be
measured simultaneously by using detectors which are
able to detect both neutrons and protons. Part of the
data have been published already in a short version [11].
This paper is a full report giving more detailed results.
A higher precision was obtained by reanalyzing the data
with an improved neutron-detection efficiency code [18].
A large eKort has been spent searching for evidence for a
statistical three-nucleon emission process (2d).

Kinematics and experiment are described in Secs. II
and III, respectively. In Sec. IV, the results from the
three-body final state are shown in diferent representa-
tions like Dalitz plot and angular correlations. Relative
branching ratios for the two-particle final state dn (1)
and the three-particle channels (2a)—(2d) are given as
obtained from the twofold and threefold coincidences. In
Sec. V, the results are discussed with respect to the var-
ious concepts of pion absorption.

II. KINEMATICS

The nine degrees of freedom for the three-body final
state pnn reduce to five due to energy and momentum

conservation. For pion absorption at rest, particle emis-
sion is isotropic in space. Considering, e.g. , the direction
of the proton moinentum (particle 1), we find two degrees
of &eedom corresponding to its spatial isotropy and one
degree corresponding to a rotation of the three-legged
event around this direction (Fig. 1). We are left with
only two degrees of freedom and, therefore, two continu-
ous variables are sufBcient to describe the full dynamics.
For example, the final state pnn is completely determined
by the kinetic energies of the two detected particles or by
one kinetic energy and one opening angle between two
particles.

For both of the particles detected in coincidence, we
have measured the two angles with respect to the beam
axis and the kinetic energies. This corresponds to six
measured quantities, where the four angles are used to
determine the opening angle 6„„or6„„,which is the
only nontrivial angular information if no polarizations
are measured. The remaining three variables are two
kinetic energies and one opening angle, i.e. , the events
are kinematically onefold overdetermined. The resulting
constraint in the data turned out to be very important
since the background could be reduced significantly and
the accuracy of the kinetic energies could be improved
beyond the measured values by applying regression tech-
niques.

It is quite suggestive to present data of the three-body
final state in a Dalitz plot where each entry in the two-
dimensional plot of the kinetic energies (e.g. , T„and T, )
contains the complete information about an event. A
well-known property of the Dalitz plot representation is
the constant phase-space factor. Hence, the measured
two-dimensional density distribution of events is directly
proportional to the moduli squared of the matrix ele-
ments, summed over the spin and isospin variables:

d W/dT„dT, = const x K~M;y~ (5)

The kinetic energies T have to be taken in the center-of-

FIG. 1. Kinematics of the reaction m, , „He+ pnn. The
indices (1,2,3) refer to any cyclic permutation of the particles

(p, ni, ns). 6i2 is the opening angle between the (measured)
particles 1 and 2, ps the momentum of the (unobserved) recoil
nucleon. Ozz is the center-of-mass emission angle of the
recoiling particle 3 with respect to particle 1 in the rest frame
of the particles 1 and 2.
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mass system of the three final-state particles, which, for
pion absorption at rest, is identical with the laboratory
system.

Two types of Dalitz plot representations are used in
this paper.

(i) In the first one, the kinetic energies of two parti-
cles are plotted in a Cartesian coordinate system and the
energy of the third particle (T, ) is obtained from the
distance to the tangent of —45' (third axis). The bound-
ary of the kinematically allowed region, which is approxi-

mately elliptical, is the two axes of the coordinate system
and the tangent of —45' [Fig. 2(a)].

(ii) In the second type, the three particles are treated
in a completely symmetric way and the three energies are
plotted along three directions oriented at 120 relative to
each other. In this case, two new variables, the radius r,
and the central angle 4 are used in a polar coordinate
system with the center of the triangle as origin. Q de-
notes the total kinetic energy available in the final state
pnn [Fig. 2(b)]:
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FIG. 2. (a) Dalitz plot of the reaction

p He+ pnn in the rectangular repre-
sentation. The momentum con6guration of
singular kinematical points on the perime-
ter (2NA, FSI) and center of the Dalitz plot
are indicated by arrows. The dashed line
is the symmetry line 8. The kinematical
point of the reaction vr, ~ He+ dn is out-
side the allovred region of the three-particle
final state pnn. The three areas indicated
by the dashed-dotted and dotted-lines are
the parts of the phase space covered by set-
ups I and II (see Sec. III A). The (soft-
ware) thresholds are indicated as a, neutron
energies; b, proton energies; and c, angu-
lar acceptances. ——,setup I, pn coin-
cidences; .~, setup II, nn (left) and pn
coincidences (right). (b) Dalitz plot in the
triangular representation. The height of the
equilateral triangle is equal to the Q value of
the reaction 7t,t He~ pnn. The "radius"
r and azimuthal angle 4 are defined by Eqs.
(6a) and (6b). Constant recoil momenta q
are indicated by dotted lines.

{pn}2NA

Rnqn2]
apnea =90

I
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3(T-, —T-.)'+ (3T. —q)'/q, (6a)

cose = (3Tp —q)/ 3(T„, —T„,)2+ (3Tp —q)2, (6b)

q = Tp+T„, +T„,
= (msH, + m —) —(mp + 2m„) .

(6c)

TABLE I. Q values of the two- and three-particle final
states and kinetic energies T of singular kinematical points
[see (6c) and Fig. 2].

Channel (MeV)

132.8

He (pn) 2NA 130.6
m pnn

T
(MeV)
d

45.3 87.5

65.3 65.3

(pp) 2NA
FSI(pn)
FSI(nn)

65.3
22.2
86.2

65.3
86.2
22.2

0
22.2
22.2

For equal masses and in the nonrelativistic limit, the
boundary of the kinematically allowed region is a per-
fect circle. In our case, the deviation &om a circle is
only 1.1'%%uo at maximum. So, for a constant matrix el-
ement, i.e., for phase-space distributed particles in the
6nal state, the projections of the density distribution are
of very simple shape. For the projection onto the radius
r, one obtains dn/dr = const x r, and dn/d4 = const for
projection onto the perimeter.

The boundary of the kinematically allowed region is

the geometrical locus of all collinear events, i.e. , of those
events where the opening angles between any two of the
three particles are 0 or 180 . Events with fixed open-
ing angle 8 between two particles are located on specific
lines inside the allowed region. The point with 6 = 120
between all three particles is located in the very center
of the Dalitz plot. As there are two neutrons in the 6-
nal state, the Dalitz plot is twofold symmetric around
the symmetry line s, which is given by the condition
T, = T, . Pairs of events which are symmetric to 8
contain identical physical information. Also shown in
Fig. 2 is the kinematical point for the two-particle Anal
state dn. Because of the larger q value, it is outside of
the kinematically allowed region of the pnn anal state
(Table I).

On the boundary of the physical region, there are six
singular kinematical points which can be grouped into
two families. The points labeled 2NA correspond to
events where the energy of one nucleon is zero and the
two others share the available energy in equal parts. The
regions near the points (pp) 2NA and (pn) 2NA can be at-
tributed to quasi&ee absorption on two protons and on a
proton-neutron pair, respectively. The two absorbing nu-
cleons are emitted back-to-back, while the third nucleon
is a spectator. The label FSI corresponds to the kinemat-
ical condition, where one nucleon has the highest possible
energy and the two others are emitted in opposite direc-

tion with vanishing relative velocity. Here, final-state
interactions have to be expected between a proton and a
neutron or between two neutrons [FSI(pn) or FSI(nn)j.
The symmetry line s crosses the boundary in the points
(pn)2NA and FSI(nn). The proton and neutron kinetic
energies for the singular points 2NA and FSI are given
in Table I.

III. EXPERIMENT

A. Setup

The experiment was performed at the aE1 channel
at PSI (formerly SIN). The momentum of the incoming
beam was 220 MeV/c, which corresponds to a kinetic en-
ergy of 120 MeV for pions. The momentum spread was
limited by slits to Ap/p = 0.2—0.5%. The beam passed
through two plastic scintillators (telescope counters Tl
and T3) and a carbon degrader, which was surrounded
by a conical copper collimator to eliminate the beam
halo. Additional lead and paragon shielding was used to
suppress background originating from the region of the
degrader. The last copper collimator and the telescope
counter T3 (1 mm thick, 40 mm diameter, Fig. 3) reduced
the background from the outer target container by 1 or-
der of magnitude. Pions, muons, and electrons in the
beam were separated by their time of Bight (between the
production target and the telescope counter T3) using
the radio frequency (RF) of 50.7 MHz from the 590-MeV
ring accelerator as time reference. An incoming pion was
defined by the fast coincidence

T37t = Tlx (T3xRF ), (7)

where (T3 x RF ) is the coincidence between T3 and RF,
selecting pions. The RF is also used as time zero for the
time-of-flight information. An approximate adjustment
of the degrader thickness was performed with the help of
an additional veto counter T4 (20 cm x 20 cm), which
was removed during data taking because of background
reasons. The fine adjustment of the degrader was done
by means of the dn coincidence rate.

The gaseous He target was cooled by liquid He to
about 5 K. At this temperature, the density is enhanced
by a factor of 60 as compared to normal conditions, but
self-absorption of pionic x-rays and ionization losses of
charged particles are still small. The He target thickness
was 130 mg/cm, whereas the total pion range (in car-
bon) was 40 g/cm2. The (cylindrical) He container of
12 cm length and 6 cm diameter consists of 100-pm-thick
Mylar foil wrapped by 13 layers of superinsulation of 6
pm thickness each. The target container was surrounded
by a cylindrical vacuum vessel with entrance and exit
windows for the beam and side windows (of 175 pm of
Mylar each) for the charged particles and the x-rays.

The reaction products were detected in a charged-
particle detector S and two identical time-of-flight coun-
ters N1 and N2. The counters N1 and N2 were used
to detect both neutrons and charged particles. The de-
tectors were arranged. in difFerent ways for the various
measuring periods. Setup I used S, Nl, and N2 (Fig. 3,
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FIG. 3. Setups I and II (see
text). The inset (bottom left)
shows details of the degrader
and the He kryotarget. The
conical form of the carbon de-
grader together with the var-
ious shielding materials sup-
presses background from the
halo of the degraded beam.
The veto counter T4 was re-
moved after the adjustment of
the range curve. The NAI
(Tl) detectors were mounted
beneath the He target close to
the Mylar windows of the tar-
get vessel. Distances and solid
angles of detectors S, N1, and
N2 are given with respect to the
front of the plastic scintillator
arrays. For setup III, the dis-
tances between the center of the
target and the counters N1 and
N2 were 3.0 m each resulting in
a solid angle of AO = 0.107 sr.
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left: pn and dn coincidences), setups II (Fig. 3, right)
and III used Nl and N2 (pn, dn, and nn coincidences
detected simultaneously). The phase space covered for
the final state pnn is indicated in Fig. 2(a).

For all measurements, a coincidence between two de-
tectors was required. Figure 4 shows the geometrical ac-
ceptance for the detection of particle pairs as a function
of the opening angle 6. The Gnite size of the target has
been taken into account. The charged-particle detector
S had a proton detection threshold of = 18-MeV kinetic
energy. Hence, the part of the pnn phase space with pro-
ton energies larger than 18 MeV was measured in setup
I. Proton energies below the threshold energy were ac-
cessible via the nn coincidences in setups II and III. In
all setups, the dn Anal state has been used as monitor.
The data were registered event-by-event via CAMAC and
recorded on magnetic tape using a PDP 11/40.

B. Charged. -particle detector S

The totally absorbing counter hodoscope consists of a
4 x 3 matrix of optically isolated plastic scintillators E1-
E12 of NE102A (17 cm x 17 cm x 8 cm each) connected
by Lucite light guides to 11 cm photomultiplier tubes
(Philips XP 2241). The depth of 8 cm is sufficient to
stop 100-MeV protons. For tracking, two multiwire pro-
portional chambers (MWPC) CH1 and CH2 were used
with a wire spacing of 2 mm. The pulse height &om a

1-mm-thick plastic scintillator S1 discriminates protons
and heavier particles from scattered electrons emerging
from the target region. A proton or heavier charged par-
ticle is defined by the fast coincidence

12

S, =T37rxSlx) E;, (8)

1
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N1. N2 '
/J

//
//~

//
/

/
—S ~ N2

~S N1
P'

l a ~
'

140 160 110

&& (deg)

FIG. 4. Angular acceptances of setup I (——) and setup
II ( . . ) as a function of the opening angle Bi2 between the
two coincident particles. The detector combinations SxN1
and SxN2 of setup I are shown separately. The total accep-
tance for one opening angle is the sum over all possible impact
points of trajectory 1.
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which in turn triggers the CAMAC readout cycle of the
MWPC's. The track information &om the MWPC's has
been used only in the ofF-line analysis.

Energy and time resolution of the E counters were de-
termined by exposing them to a 220-MeV/c pion beam.
Traversing the 17-cm-wide plastic material, the pions
deposited an energy of 50 MeV. The resolutions were
found to be EE/E = 4% (FWHM) and At = 300—
400 ps (FWHM), corrected for the time uncertainty of
the accelerator RF [EtRF & 500 ps (FWHM)]. The gain
of the photomultipliers was monitored during the data
taking by light emission diodes (LED s) which were in-
serted into the light guides. After each cycle of 1000
physical events, 64 test events were recorded. The light
output was varied sequentially by attenuating the pulser
voltage by 0, 4, 8, and 12 dB. The pulse heights of the
LED's were calibrated in a separate measurement with
minimum-ionizing cosmic-ray muons. From the muon
signal, the light output for protons and deuterons was
calculated and an absolute energy calibration achieved
[19—22]. An independent calibration point was obtained
with monoenergetic deuterons of the dn channel, which
arrive at the E counters with an energy of = 36 MeV.
The energy at the target vertex is obtained after correc-
tion for energy loss using the track information of the
MWPC's. Due to the 180 correlation, the check of the
energy calibration with the deuterons could be performed
only for the two central counters E6 and E7. The accu-
racy for reconstructing the deuteron energies from the
pulse heights is demonstrated in Fig. 5.

Particle identification, performed by the combination
of time of Hight and kinetic energy as derived from the

~ ~

~tt
~ s+

Ã
Q)~ 900—

Q
800-

a
700 -- . .. J
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pulse heights, is shown in Fig. 6 for the central counter
E6 and the peripheral counter E12. Due to the extended
size of the He target, a few deuterons from the dn final
state are also detected by E12. No accumulation of mo-
noenergetic deuterons is seen in the corresponding empty
target measurement.
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FIC. 5. Energy spectrum of the monoenergetic deuterons
from the reaction m, ~ He~ dn after correction for energy
loss and flight path (setup I).

FIG. 6. Particle separation by time of Bight and kinetic
energy as measured with the individual counters E6 and E12
of the charged-particle detector S. The two hyperbolas de6ne
the window for the accepted protons, the ellipse the window
for the (monoenergetic) deuterons: (a) central counter (E6);
(b) peripheral counter (E12); (c) central counter (E6), empty
target measurement.
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Figure 7 shows the projections of the target-vertex
distribution on the y-z plane for pn [Fig. 7(a)] and dn
[Fig. 7(b)] coincidences. For pn coincidences, background
events are seen from reactions in the telescope counter
T3 and the Mylar entrance window of the target vessel
surrounding the fiducial He volume, whereas dn coin-
cidences are observed only from the He volume. The
uniformity of the detector response was checked with the
distribution of the reconstructed impact points over the
areas of the E counters. The efBciency reduction for pro-
tons and deuterons due to nuclear reactions of the parti-
cles has been estimated from the data given by Measday
et al. [23]. The corrections are 5'%%uo at maximum for ener-
gies of 80 MeV and decrease to 0.5% for 20-MeV protons.
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FIC. 7. Reconstruction of the target vertex using the track
information obtained from the MWPC's. (a) All charged par-
ticles: The accumulation between the telescope counter T3
and the target vessel is due to reactions in the entrance win-

dow of the target vacuum container. (b) Back-to-back corre-
lated deuteron-neutron coincidence required.

C. Time-of-Bight counters Nl and N2

Each of the two position-sensitive time-of-flight coun-
ters N1 and N2 consists of four identical modules. Their
main components have been used previously in (vr, nn)
experiments [24]. Each module, built up of 12 opti-
cally isolated plastic scintillator rods of NE 110 (200 cm
x 6 cmx 1.5 cm) is forming a inatrix of 12 cm xg cm with
two layers in height and six layers in depth. The module
is viewed on either side by one 5 cm photomultiplier tube
(56 DVP) connected to all 12 rods with one Lucite com-
mon light guide covering half of the end surface of all the
rods. Six 1.4 cm photomultiplier tubes (SEN 1045) are
attached directly to the scintillator rods with three tubes
above and three tubes below the light guide where one
tube overlaps with two rods (except the tube attached
to the first or to the sixth rod). By displacing the 1.4
cm tubes by one rod at opposite sides of a module, the
hit pattern is obtained unambiguously. The total sensi-
tive volume of each counter is 200 cm x 48 cm x 9 cm.
Pulse height and timing information are obtained from
the 5 cm tubes. With the hit pattern as obtained from
the 1.4 cm tubes, the tracks of recoiling protons can be
reconstructed and multiple hits can be identifled. Each
counter forms a 8 x 6 matrix in height and depth. The
Erst of the six layers is used as veto detector to separate
neutrons from charged particles. An event is accepted by
a fast logic circuit, whenever coincident signals from ei-

ther side of a module occur together with a valid trigger
from the charged-particle detector S (setup I) or from the
second time-of-flight counter (setups II and III) within a
time window of 200 ns.

Particle separation is obtained by combined time-of-
flight and pulse-height information. In Fig. 8(a), pulse
height vs time of flight is displayed for events trigger-
ing the first layer of N2 in setup I. Because the trigger
condition requires a charged particle in the detector S,
only a few protons are detected as accidentals in the
erst layer of N2. Beneath the proton hyperbola is the
continuum of neutron induced events. The horizontal
band (around channel 700) is due to the monoenergetic
neutrons from the dn channel. Quantitatively, the back-
ground from neutron-induced reactions triggering layer 1
is determined by applying the charged-particle cuts from
layer 1 to layer 2 requiring layer 1 in anticoincidence (the
reduction in neutron flux can be neglected).

The entries in Fig. 8(b) are due to neutral particles
only, because a trigger is required from any layer 2—6 in
anticoincidence with layer 1. Again, the monoenergetic
neutrons of the dn channel are clearly visible. The distri-
bution of these neutrons is used for the time-of-flight cal-
ibration. The increase of the time of flight at small pulse
height is due to time walk at the discriminator threshold.

In setup II, the time-of-flight counters are used also as
charged-particle detectors. Figure 8(c) shows the well-

separated proton and deuteron distributions from N1
triggered by the first layer. The concentration of en-
tries in the upper window belongs to the monoenergetic
deuterons arriving at the counter with a kinetic energy
of about 29 MeV. The coincidence with the scintillation
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FIG. 8. Particle separation
with time of Bight and pulse
height with the counter N1
and N2. (a) "Charged parti-
cles, " N2 triggered with first
layer (setup I): The band
from the monoenergetic neu-
trons [see also Fig. 8(b)], which
convert in the first layer, crosses
the proton hyperbola at larger
pulse heights (ADC ch. = 50);
(b) "neutral particles, " N2 trig-
gered with layers 2—6 in antico-
incidence with layer 1 (setup I);
(c) "charged particles, " Nl trig-
gered with first layer (setup II);
(d) "neutral particles, " Nl trig-
gered with layers 2—6 in anti-
coincidence with layer 1 (setup
II).

counters Sl for Nl (or S2 for N2) (Fig. 3), required for
charged particles in the ofI'-line analysis only, reduces the
background substantially.

Setup II is asymmetric in the sense, that the outer
target vessel contains a thin Mylar window in the direc-
tion towards Nl, but a 2-mm-thick steel wall towards
N2. This wall is pervious to neutrons but not to the
deuterons. So, requiring the coincidence (Nl x N2), no
monoenergetic neutrons from the dn channel could be
registered by Nl [Fig. 8(d)].

The impact point of the particles along the horizon-
tal direction of the rods is determined from the left-right
time difI'erence of the signals of the 5 cm phototubes. The
calibration for the distribution of impact points along the
rod is obtained from the dn coincidences. The deuteron
trajectories were measured with the MWPC's (in setup I)
allowing the calibration of the time encoders and the de-
termination of the light-propagation velocity in the rods.
The position resolution in the direction of the rods is
given by the time resolution of the photomultiplier pulses
and the intrinsic resolution of the plastic bar. A resolu-
tion of +9 cm (FWHM) has been obtained for setup I. In
the vertical direction, the uncertainty is 6 cm as given by
the height of one scintillator rod. The coordinate in the
particle's flight direction is determined by the first layer
fired as derived from the pattern of the small tubes with
an uncertainty corresponding to the rod thickness of 1.5
cnl.

The position resolutions of the neutron counters es-
sentially determine the angular resolution of the opening

angle 6 in setup I. The position resolution at the charged
particle detector is 2 mm corresponding to the wire
spacing of the MWPC's and hence its angular resolution
is an order of magnitude better. For setup I, the devi-
ation of L8 = 1.1 from the ideal value of 180 for the
angular correlation of the two-particle final state reflects
the finite position resolution of N2. In setups II and
III, no MWPC's were used, i.e., the angular resolution
is given by folding the resolutions of N1 and N2 yielding
46=1.7 .

The time difI'erences for slowing down and stopping
the pions in the He gas are up to 3 ns over the target
length of 12 cm. Hence, a vertex-dependent time-of-flight
correction was applied in addition to the correction &om
the individual Bight path of each particle. Also, time-
walk corrections are indispensable.

The time of Bight thus achieved in setup I for the mo-
noenergetic neutrons from the dn channel was 34.2+1.1
ns which corresponds to a kinetic energy of 86.9 + 6.4
MeV (34.5 + 2.0 ns or 88.0 + 10.5 MeV in setup II). The
energy spectrum obtained for setup I is shown in Fig. 9.
For charged particles, the measured time of flight was
corrected. according to the energy loss along the Bight
path. The deuteron time of flight was determined to be
74.3+ 2.8 ns in setup I corresponding to a kinetic energy
of 45.4 6 2.6 MeV. A detailed description of the correc-
tions applied is given elsewhere [21].

The neutron-detection efIiciency e is a function of the
discriminator threshold and the neutron energy. In order
to obtain a homogeneous efIiciency over the full length of
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the detector modules, a software threshold was applied to
the geometric mean QPLPIt of the pulse heights PL and
P~ &om the large photomultipliers on the left and right
sides of each module. Since the hardware coincidence re-
quired signals &om either side, the software threshold was
set slightly above the corresponding hardware thresholds
of Pl, and P~. In order to avoid edge efFects due to de-
viations &om exponential light attenuation at the very
ends of the rods a software cut was applied to the left-
minus-right arrival time, which corresponds to a cut on
the extreme 10 cm on each side. The absolute energy
calibration of the pulse heights was obtained with an ac-
curacy of 1—2 MeV &om the pn coincidences itself with
the time of flight of the protons corrected for energy loss.

Because of its strong energy dependence, the precise
knowledge of the neutron-detection efficiency is very im-
portant. In our first data analysis [11],the efficiency code
of Kurz [25] had been used, which had been reported
to be reliable and to agree well with experimental data
at that time [26]. Later, the CECIL code [18] became
available, a Monte Carlo code which uses more recent
input data, especially for the inelastic neutron-carbon
reactions. Recent measurements on neutron efficiencies
demonstrate the superior quality of the CECIL code [27].
Therefore, all results presented in this paper are obtained
using the CECIL code. The software threshold was set
to 12-MeV electron-equivalent energy which corresponds
to 20-MeV proton energy. The difFerence between the
Kurz code and the CECIL code turns out to be signi6cant
(Fig. 10). In the 2NA regions, i.e. , at T = 60 MeV, the
difference is 30%. Consequently, our new results differ
to some extent from the earlier publications [11,28].

D. Detection of pionic K x rays

A large solid angle and good background suppression
were necessary for the detection of the pionic K series

FIG. 9. Energy spectrum of the monoenergetic neu-
trons from the reaction vr, ~ He~ dn reconstructed from
time-of-Bight measurements to be 86.9 + 6.4 MeV.
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FIG. 10. Neutron-detection efficiency c of layers 2—6
of the neutron counter N1 or N2 as calculated with the
GEGIL code [18] (solid curve) for a threshold of 12-MeV elec-
tron-equivalent energy (= 20-MeV proton-equivalent energy).
For comparison, the results obtained from Kurz' code [25] are
given for the same threshold (dotted curve).

(transitions to the ls state) having energies of 10.7—14
keV. With 6 NaI detectors of Oo1 mm thickness and 4.54
cm active diameter, each one mounted 12 cm below the
target (Fig. 3), a solid angle of 0.4 sr was covered. The
energy resolution was 35'% (FWHM) and the intrinsic
detection efficiency was close to 100% at 11 keV [29].
The energy calibration and efficiency of the detectors
was monitored with s Co (6.4 keV) and Cd (22 keV)
radio-active sources of known activity. Figure 11 shows
the x-ray spectrum taken in coincidence with nn, pn,
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FIG. 11. Energy spectrum of x rays as measured with
the NaI(Tl) detectors in coincidence with proton-neutron,
deuteron-neutron, and neutron-neutron coincidences detected
with setup II (solid line, He measurement; dotted line, empty
target measurement, normalized to the number of incoming
pions of the He measurement). The arrows indicate the cut
applied to the energy range to select the pionic K series from
He.
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and dn coincidences. A cut on the energy region of the
pionic He K x-rays was applied for the analysis of the
threefold coincidences for both He and the background
measurements.

E. Data acquisition

The experiment was controlled on line by a specially
tailored program system running on a PDP ll/40 [30].
Besides the data readout via CAMAC, the system han-
dles communication, histogramming, and data storage on
magnetic tape. The length of an event vector was typ-
ically 200-300 16-bit words containing an event identifi-
cation, time-of-fIight, and pulse-height information, the
pattern of the attached scintillators, the MWPC infor-
mation, and sealer contents. The system automatically
switched between physical events (1000 events) and test
triggers generated by the I ED's (64 test events).

The readout cycle started whenever a coincidence be-
tween two detector arms was accepted by the hardware
logic [9,x (Nl + N2)] for setup I or (Nl x N2) for setups
II and III. At the typical event rate of 40/s, the dead
time of the recording system was negligible. The details
of the trigger logic are described elsewhere [21,22].

F. Data analysis

Due to the very small target thickness as compared to
the width of the Bragg peak, only a small fraction of the
beam could be stopped in the He gas. Prom the rate
of incoming pions T3~ (7) and the dn coincidence rate,
the &action of pions stopping in the He gas was deter-
mined to be 1—2 %. Therefore, background subtraction
was performed by subtracting the events from empty tar-
get measurements which were normalized to the number
of incoming pions. For each setup, a background mea-
surement has been carried out with a statistics compara-
ble to the He measurement.

The data analysis was performed in steps. In a first
step, the set of on-line information including the MWPC

data was checked for completeness. In a second step, the
kinetic energies at the vertex were reconstructed from
pulse heights and time information including corrections
for energy loss of the charged particles. The opening an-
gle between the two coincident particles was determined.

The third step contains several stages. The events were
weighted according to detection eKciency and geometri-
cal acceptance. An efFicient background suppression re-
sults &om the fact that the final state pnn is onefold
kinematically overdetermined. Only events up to a 3o
deviation (02 is the variance of the resolution function)
from the maximum of the likelihood function were ac-
cepted, which reduces the background by 75% for pn
and by = 50% for nn coincidences. The background
mainly originates &om pion absorption in nuclei of the
target container (carbon and oxygen). For quasifree ab-
sorption on NN pairs, kinetic energies around 60 MeV
are preferred not only for He but also for carbon and
oxygen. After applying the kinematical constraint, the
fraction of background events left is 30% for pn and
nn coincidences for the setups II and III. For setup I, the
trigger is much cleaner due to the track reconstruction
and the shorter flight path and therefore, the fraction
of background events left is = 10% only. The two-body
final state dn, threefold kinematically overdetermined,
is already very clean due to its collinear signature and
its fixed energy. In this case, the reduction caused by
the kinematical constraint is only 2% for the full target
measurement, but 95% for the empty target measure-
ment. Furthermore, the kinematical constraint provides
improved values for the measured kinetic energies of the
pnn final state. For the opening angle 6 it turned out,
that within its resolution (A8 = 1.1 ) the variations of
the kinetic energies are small compared to their accuracy.
Therefore, the opening angle has been taken to be exact
in the constraint calculation.

In a last step, the spectra &om the empty target mea-
surements, normalized to the number of incoming pions,
are subtracted &om the corresponding spectra of He
measurements. In Table II, the numbers of events having
passed the complete analysis are listed for both the He
and the empty target measurements.

TABLE II. Total statistics accumulated in the measuring periods I, II, and III. The total number
of incoming pions accepted by the telescope counter T3 is used for normalization. The numbers
for deuteron-neutron, proton-neutron, and neutron-neutron coincidences passing the cuts of the
analysis are given without (dn, pn, nn) and with coincident x-rays detected in the Nal detectors
(dn. x, pn x, nn x). The kinematical constraint is applied for 3o' of the energy-resolution function
(see text).

T37r
dn

PA'I
AYE X

Setup I
He

410 x10
100 840
94 005

268
236

Background
136 x 10

41
3 404

0
12

He

245 x 10
33 899
8 109
7 709
202
38
35

Setup II
Background

147 x 10
82

1575
2 337

1
5
9

He

625 x 10
27 000
9 000
10 200

213
86
126

Setup III
Background

737 x 10

1 320
2 995

0
7
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IV. RESULTS

A. Dalitz plot of the pnn Anal state
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The density distributions in the Dalitz plot, as ob-
tained &om the measured kinetic energies, are shown in
Fig. 12. A software cut restricts the protons to energies

above 20 MeV (setup I) and 35 MeV (setup II), respec-
tively. In Fig. 12(a), for T„)20 MeV and in Fig. 12(b)
for T~ ) 35 MeV, the events above the symmetry line
8 are from the measured proton-neutron coincidences,
where neutron 1 has the high energy and neutron 2 has
the low energy (T, ) T, ). Below the line s, neutrons 1
and 2 have exchanged their roles. The energy of neutron
2 is calculated using the relation T, = Q —T„—T, .
Proton-neutron coincidences with neutron energies be-
low the symmetry line 8 are rejected in the analysis in
order to avoid double counting. Branching ratios are de-
terrnined from the events with T, )T, only. All events
displayed in Fig. 12(b) with Tz ( 15 MeV are from mea-
sured neutron-neutron coincidences. For the calculation
of branching ratios, the nn count rate is divided by 2
before relating it to the pn count rate.

The results from setups I and II are presented together
in a contour plot (Fig. 13), which is constructed from the
improved values of the kinetic energies as obtained from
the constraint calculation (see Sec. III F). Only a very
small part of the (pn)2NA phase space was not covered.
The missing intensity from this region was inferred from
the (pp)2NA region (totally covered with setup I), as-
suming similar shapes for both 2NA regions.

The interior of the Dalitz plot is depleted, i.e, collinear
events are preferred in the three-particle final state pnn.
Two classes of highly populated regions show up: (i)
quasifree absorption on N% pairs of the He nucleus
(pn) 2NA and (pp) 2NA, where absorption on a proton-
neutron pair is the dominant mode, (ii) final-state inter-
action FSI(pn) and FSI(nn) of two nucleons emitted with
small relative momentum, whereas the third nucleon is
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FIG. 12. (a) Two-dimensional density distribution from
proton-neutron coincidences as measured with setup I. (b)
Two-dimensional density distribution from neutron-neutron
(left) and proton-neutron coincidences (right) as measured
with setup II. The proton-neutron coincidences below the
symmetry line were obtained using the twofold symmetry of
the Dalitz plot (see text). All energy thresholds are due to
software cuts. The points represent the directly measured
energies. No corrections for eKciency and acceptance are ap-
plied.
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FIG. 13. Contour Dalitz plot of the reaction
7t $ p He —+ pnn combining the data from set ups I and II
The "improved" kinetic energies as obtained from the con-
straint calculation are used. The distributions are corrected
for efBciency and acceptance. The numbers at the contour
lines re8ect the actual intensities (in a.u.). a, off-line energy
threshold for setup II; b, ofF-line energy threshold for setup I;
c, off-line threshold of acceptance for setup II.
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FIG. 14. Cuts defining the regions I1—I4 using the triangu-
lar Dalitz plot (see Table III).
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emitted in the opposite direction with nearly the maxi-
mum possible momentum.

The angle 4 (see Sec. II) is used for a quantitative
determination of the strengths of the 2NA and FSI re-
gions in a model-independent way. The separation is
performed by cutting along radii r i.e., along lines with
4 =const. Four regions Il—I4 are defined, which are
related to the physical regions 2NA and FSI (Fig. 14).
The physical regions are approximated by the relations
given in Table III and the symbols 2NA and FSI have to
be understood in this sense in the following quantitative
discussion. A comparison with theoretical calculations is
unique applying the same cuts I1—I4 to de6ne the relative
yields.

In order to show the density variations for the 2NA
and FSI channels (2a) —(2c), the two-dimensional density
distribution is projected on the kinematic boundary of
the (triangular) Dalitz plot. By using equidistant inter-
vals of the central angle 4, each bin of the 4 distribution
corresponds to a sector of equal area in the Dalitz plot.
The C' distribution (for 0.95 ( r ( 1) is shown in Fig. 15.

The second column of Table IV shows the yields of the
2NA and FSI regions normalized to the dn final state,
which is the direct result of this experiment. Truol et
al. have measured the branching ratios of the charge
exchange (3) and radiative capture reaction (4) [12]. The
branching ratio of 0.682 for the sum of the two absorption
channels pnn (1) and dn (2) is then just the complement

FIG. 15. 4 distribution near the boundary of the kinemati-

cally allowed region. Note the change of the scale at 4 = 120'.
a: software threshold of acceptance in setup II.

and has been used here to calculate the intensities per
pion stop (third column of Table IV).

B. 2NA regiens

Kinematically, the momentum distribution of the recoil
nucleus (i.e. , a proton or a neutron in the case of He)
is equal to the momentum distribution of the absorbing
NN pair. The momentum distribution of the neutron,
recoiling against the absorbing proton-proton pair, is
shown in Fig. 16e The best fit to a ls harmonic-oscillator
wave function given by (I/p)d1V/dq q exp( —q/qp) is

obtained with qo ——96+3 MeV/c (la). The enhancement
at q

—230 MeV/c stems from tails of the FSI region. The
spectrum is compared to the proton momentum distribu-
tion obtained from quasifree electron scattering [31,32].
The overall agreement is quite good despite the fact that
the spectrum is shifted to smaller momenta by —10
MeV/c in the case of electron scattering. A similar agree-
ment was found already for pion absorption in Bight [33].
The momentum distribution of neutrons in He has been

TABLE III. Cut definition of regions in the Dalitz plot for a quantitative determination of the
2NA and FSI transition strengths (see Fig. 14). C'„„t, t refers to the angle of the center line of the
individual region.

Cut
I1
I2
I3

Definition of cut
—140 & 4 & —180 and 140' & C & 180'

60 &4 &120'
21 &C &60'
0 &C &21

Region
(pn) 2NA—:0.5 Il
FSI(pn)—:2.(I2—I3)
(pp)2NA = 2 I3
FSI(nn)—:I4

C centraj (deg)
180
120
60
0
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TABLE IV. Measured branching ratios of the 2NA and FSI regions as defined in Table III for
the final state pnn normalized to the two-particle final state dn. In order to obtain the yield per
stopped pion, the sum of the branching ratios for the pnn and dn Gnal states is normalized to 0.682
[12]. In the last column the K yields are given (branching ratio of absorption from the atomic 18
state to absorption from all atomic states). The K yield for the dn final state is calculated from
the results of the measurements described in [28,29].

(pn) 2NA
FSI(pn)
(pp) 2NA
FSI(nn)

Yield/(m, , He —+ dn)

2.78 + 0.39 + 0.20
0.87 + 0.07 + 0.06
0.44 + 0.04 + G.G3

0.15 + 0.03 + 0.01

Yield/vr, ,

0.362 + 0.051 + 0.026
0.113+ 0.009 + 0.008
0.057 + 0.005 + 0.003
0.020 + 0.004 + 0.001

Yx

0.29 + 0.09
0.33 + 0.08
0.28 + 0.09
0.22 + G.09

vr He —+ pnn
Hem dn

4.24 + 0.62'
1.0

0.552 + 0.065
0.130 + 0.015

0.30 + 0.06
0.47+ 0.04

Total error from the analysis of one measurement.
Systematic error &om combining di8'erent setups.

'The error from the separation of regions ia the Dalitz plot has not been considered here.

measured by quasielastic proton scattering [34], where,
however, a much broader q distribution has been found.
In a representation equivalent to Fig. 16, the maximum
is at = 180 MeV/c thus qo being a factor of 2 larger than
in this experiment. The discrepancy between the proton
and the electron induced experiments might be due to
strong initial- and final-state interactions.

As can be seen from Fig 17(a.), the opening-angle dis
tributions of the (pn)2NA and (pp)2NA regions are of
similar shape, i.e. , the momentum distributions of ab-
sorbing pn and pp pairs are the same in He within the

data (pp)2NA (I)
—.—HQ 1s, q0--96NeV/c

$ from 'H e (e, e'p)

experimental errors. In Fig. 17(b), the diff'erence in the
angular distributions is demonstrated for correlated and
statistical emission (Monte Carlo simulation) of nucleon-
nucleon pairs.

According to the definition of quasifree absorption at
rest, no angular-momentum transfer is expected Rom the
absorbing nucleon pair NiN2 to the spectator nucleon
Ns, which in the case of He is (mostly) in a relative s
state to the absorbing pair. An 8 state corresponds to
an isotropic distribution of the angle 0& of the specta-
tor recoil momentum q = pq relative to the momentum
p = —(pi —pz) of the nucleon pair NiN2 [35,36] (see
Fig 1). B. ecause the cut I3 (see Fig. 14) does not pre-
serve this isotropy, the measured distribution of O&z
is compared with the respective Monte Carlo generated
spectrum for (pp)2NA absorption (Fig. 18). A small de-
viation is observed, which might be attributed to PSI.

C. FSI regions and taro-particle Anal state cd

0
l

50
l

100 &'50

q (MeV/c)
200 ~50 300

FIG. 16. Recoil-momentum distribution of the spectator
neutron in the (pp)2NA region (setup I). ——,1s har-
monic-oscillator wave function with qo = 96 MeV/c; +, mo-
mentum distribution of protons measured by use of the re-
action He(e, e'p) [31]. The distributions are normalized to
equal areas. The 6t to qo was obtained with the data for
0 ( q ( 210 MeV/c.

The nucleon-nucleon interaction at small relative mo-
menta leads to an angular correlation (Fig. 19) which
is narrower than in the 2NA regions. In the FSI(pn)
region, both So and S~ pn interactions are possible,
whereas the two neutrons in the FSI(nn) region are re-
stricted to a So partial wave (in the limit of low relative
momenta). The steep decrease of the r distribution for
FSI(pn) suggests that the iSo partial wave is the dom-
inant contribution (Fig. 20). The result of a numerical
analysis, based on a Monte Carlo simulation and using
the Watson-Migdal ansatz [37] is even compatible with a
pure So interaction. A more quantitative analysis, how-
ever, requires a reined treatment of the FSI peaks tak-
ing into account a realistic He wave function similar to
the calculations of [38]. This is evident, since the simple
Watson-Migdal matrix element overestimates the event
density in the center of the Dalitz plot. Or vice versa, a
consistent description of the density distribution in the
Dalitz plot itself is sensitive to the He wave function and
especially to the details of the FSI enhancements. In any
case, the transition probabilities I'(mNN ~ NN) (see
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by the 2NA channels. The two-particle Anal state dn
may be regarded as a special case of the FSI(JIn) final-
state interaction leading to the Sq two-nucleon bound
state. The difI'erent K yields, however, of the dn and
FSI Anal states are in contradiction to such a simple
picture (see Table IV). The relative strength of the
three-particle and two-particle final states is found to be
f" /f" = 4.2 + 0.6 in agreement with the result of
Zaimidoroga et al. , which is 3.6 6 0.6 [9].

FIG. 17. (a) Measured opening-angle distributions of the
2NA regions. The intensities are normalized to the an-
gular interval 165'—178'. —,(pp)2NA setup I, width
(11+1)' (FWHM); ———,(pp)2NA setup II, width =(11+3)'
(FWHM); . , (pn)2NA setup II, width = (9+3)' (FWHM)
(the arrow indicates the cut to the angular acceptance in setup
II). (b) Monte Carlo simulation (MC sim. ) to compare the
opening angle distribution of the (pp)2NA region for corre-
lated nucleon-nucleon emission and phase-space distributed
events. The parameter qo is taken from the recoil momentum
distribution (see Fig. 16).

Sec. V) can be better quantified by an evaluation of the
2NA regions.

In principle, it is possible to extract the various %%
scattering lengths from the shape of the I"SI distribu-
tions. Our measured distributions can be described with
the values known from dedicated experiments [39,40].
However, the determination of values which are more ac-
curate require better energy resolutions than achieved in
this experiment.

The ratio of FSI(pn)/FSI(nn) is very close to the
ratio R( He) = f(" ) N /f("") (Table V) sugg'est-
ing that the regions with final-state interaction are fed

D. Three-nucleon absorption

Statistical emission of three nucleons is attributed to
three-nucleon absorption (3NA) [7]. We have searched for
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FIG. 19. Measured opening-angle distributions of the FSI
regions. The vertical bars indicate the statistical errors.
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FIG. 20. r distributions of the FSI regions. For the
Monte Carlo simulations, the Watson-Migdal ansatz was used
[37], which overestimates the density at low r. For the
scattering lengths a~~ and e8'ective ranges r~~ we used
a„' = 5. 1 fm, r„'„=2.67 fm, a„'„=—23.7 fm, rp~ = 1.75 fm
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a 3NA process in the data measured with setup I. In the
Dalitz plot, this would show up as a constant contribution
below the 2NA and the FSI populations. Therefore, the
determination of a 3NA strength strongly depends on the
tails of the 2NA and the FSI distributions.

The data of the (pp)2NA region were projected to the
radius r of the Dalitz plot (Fig. 21). The comparison
with a Monte Carlo generated spectrum suggests a neg-
ligible contribution &om 3NA events. If all events with
r ( 0.4 are attributed to 3NA, an upper limit of 23% of
(pp) 2NA is obtained. As the branching ratio of (pp) 2NA
is 10.3% of the final state pnn, the upper limit is 5.5%

FIG. 21. Extraction of the upper limit for 3N absorption
from the r distribution of the (pp)2NA region. , data as
selected by cut 13 (Fig. 14); ———,Monte Carlo generated
spectrum of the (pp)2NA region; (ls harmonic oscillator wave
function with go = 96 MeV/c), 3NA corresponding
to a 5/0 branching ratio of the final state pnn.

3NA for the final state pnn or 3%/vr, „.In the Monte
Carlo simulation, the tails of the FSI regions have not
been taken into account and the branching ratio for 3NA
can be regarded as a safe upper limit.

To determine the fraction of 3NA in the FSI regions,
the long tails of the FSI peaks must be taken into ac-
count. One obtains upper limits for 3NA contributions to
the final state pnn of 9% and 7% for the regions FSI(pn)
and FSI(nn), respectively, if again all events with r & 0.4
are summed up. The Monte Carlo simulations show that
the tails even exceed the values observed in the experi-
ment for r ( 0.8. As mentioned before (Sec. IV C), this
is due to the very broad FSI peaks in the Watson-Migdal
ansatz. Considering a more realistic model with smaller
tails, the upper limits of 3%/7r t for 3NA is justified.

E. Particle —x-ray coincidences

Our results from the measurement of the dn and pnn
final states in coincidence with the pionic K x-rays are
included in Tables IV and V. It is found that the relative
intensities of the 2NA and FSI regions do not change
significantly compared to the twofold coincidences. The
quantities B and B„denoting the ratios for quasi&ee
absorption on pn to pp pairs without and with the K x-
rays measured in coincidence, are equal within the errors.

TABLE V. Measured ratios of quasifree absorption 2NA and FSI of the final state pnn. The
bottom line shows the results obtained in coincidence with the pionic K x-rays. The ratios in the
second column are defined to be R( He) and R, ( He), respectively.

p He M pnn
He-+ pnn X

(p~) 2NA
(pp) 2NA

6.3 + 1.1
6.6 + 2.5

Fsi(pn)
FSI(nn)
5.7 + 1.2
8.6 + 2.8

(p~)2NA
FSI(pn)

3.2 + 0.6
2.8 + 1.1

(pp) 2NA
Fsi(n~)
3.2 + 0.5
4.1 + 2.1

2NA
FSI

3.2 + 0.4
3.3 + 1.4
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The errors are dominated by the low statistics of the
threefold coincidences.

In a separate experiment, the K yields YA (fraction of
absorption &om the atomic 1s state to absorption from
all atomic states for a specific decay channel) had been
determined for the final states pnn and dn to —0.3 and
—0.5, respectively [28,29]. There, proton energies were
limited to Tp & 20 MeV, i.e. , the measurement covers
only the regions FSI (pn), (pp)2NA, and FSI(nn). In
our experiment, we find that also YA of the (pn)2NA
process is = 0.3. That means that the K yield of the
three-particle final state is independent of the kinetic en-

ergy of the proton.
The difference in the K yields for the two- and three-

particle Gnal states is remarkable. The larger K yield
of the dn channel corresponds to an enhancement for
absorption &om the atomic 1s level of the reaction
7t t p He —+ dn. This is reQected in a smal ler value of
the ratio fiP, /fi, = 2.71 + 0.68 for the absorption ex-
clusively &om atomic 1s states as compared to the value
fP""/f"" = 4.2 + 0.6 obtained from all atomic states.
The high value of Y~ suggests that there is no room left
for dn emission &om atomic p states. In principle, the
reaction vr, ~ He~ dn should be favored from atomic s
states, because of higher relative momenta for dn emis-
sion (i.e., smaller distances of the two absorbing sub-
clusters) compared to KN emission, but no quantitative
explanation exists up to now.

A similar enhancement of K yields was observed by
Reich for pion absorption in Li isotopes for final states
with composite particles [41]. It was found, that the
K yield increases with the mass of the emitted particles.
The K yields observed for the reactions m, t Li + tt and

Li~ ttn (n being spectator) are larger by a factor
of about 5 and 10, respectively, than for the quasifree

(pp) 2NA reaction.

F. Absorption from atomic 8 states
versus p states and atomic cascade

The relative strength of absorption from atomic s and
p states has been addressed already in the discussion of
the K yield measurement of various vr, ~ „He decay chan-
nels by Backenstoss et aL. [28]. In principle, it is possible
to derive the ratio R (the analogue of R„but for ab-
sorption from all atomic p states) from the quantities
R, R„and the branching ratio fP, for pnn emission
&om all atomic s states. If we assume that there is no
dependence on the principal quantum number n and thatf, —f" = 0.130 + 0.015 (see Table IV), we obtain

(9-)

The result is consistent with the limits fi,
YA f" & f", ( f" set by the K yield Y~p and
the total branching ratio f" of the three-body final
state:

0.17 + 0.04 & f", ( 0.55 + 0.07.

To calculate R„=f "„ /f "„",we use the follow-

ing approximations:

f (pn)2NA/f (pp)2NA
( ) 1)

fpnn g(pn)2NA ~ g(pp)2NA
J + 7

and

gpnn g (pn) 2N A. + g (pp) 2NA
~ns 7

i.e. , here, we make the assumption that the NN final-
state interaction does not change the ratio for absorption
on pn and pp pairs. With R = f(" }2NA/f(""} we
obtain the equation

(f (pn}2NA f (pn)2NA)/(f (pp}2NA f (pp)2NA)

Because R —R, and because f", is close to fP, our
results are not very sensitive to Rp and we can derive
only an upper limit of

R„& 18 (90% C.L.).
Additional information on the initial state comes from
studies of the atomic cascade. A high-resolution mea-
surement of pionic K x-rays from He using a Si(Li)
semiconductor detector and also at a target density cor-
responding to 60 bars at room-temperature reports for
the hadronic ls level width I'q, ——28 + 7 eV and Y~ ——

(27 + 7)% for the capture from the atomic 1s state [42].
For the hadronic 2p level width, the recent experimental
result is I'2p = (1.0 6 0.2) meV [43] (using I'2„= ]..883
meV for the radiative decay rate of the 2p level) Aca.s-
cade model calculation of Landua and Klempt [44,45],
which includes molecule-ion formation is able to repro-
duce the experimentally observed pressure dependence of
the x-ray yields of muonic, pionic, and antiprotonic he-
lium (without free parameters). From this calculation,
I'2„——0.7 6 0.2 meV was predicted for pionic He. The
total yield of absorption from all s states was predicted
to be (87+6)% and (13+6)% for p states at a pressure of
60 bars. Combining these informations, the &actions of
absorption from higher s states (n ) 2) are (60+9)% and
(7+2)% for the 2p level. The cascade analysis of Schwan-
ner et al. [42], which follows the approach of Eisenberg
and Kessler [46] obtains (37 + 3)% for s capture with
n ) 2 and (31 + 7)% for capture from all p levels. The
cascade code used there, however, is not able to repro-
duce the pressure dependence of the x-ray intensities with
one consistent set of parameters.

Taking into account that the branching ratios for
charge exchange (3) and radiative capture (4) are negli-
gible for absorption from the 2p state (5% only [47]) and
assuming that f", f",we can set fP„n = 0.13 + 0.06
as obtained in the cascade calculation of Landua [44].
Using

fpnn, + fpnn + fdn + fn t + fpt, pdn, ppnn

we derive f", = 0.46 + 0.07 and R„& 27 (90% C.L.),
which is consistent with our results (9) and (10). The
branching ratios for charge exchange and radiative cap-
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ture were taken to be f, f" = 0.135 + 0.023 [28]
and

pt, pdn, ppnn ggt, pdn, ppnn
n8

= 0.140 + 0.012

[12].
From the ratio f", /f" of our triple-coincidence

measurement and independently from the atomic cas-
cade, we conclude that the three-particle Anal state pnn
is produced mainly by absorption from atomic s states.
Therefore, our results from the twofold coincidences can
at first order be interpreted as absorption from atomic s
states. In other words, A is approximately equal to B,.

V. DISCU SSION

The results from this experiment underline the dom-
inance of the 2NA mechanism. This seems natural
because single-nucleon absorption on a free nucleon is
strictly forbidden by energy-momentum conservation and
strongly suppressed when embedded into a nucleus. In
the "quasideuteron" picture, a (bound) nucleon pair
shares the pion rest energy and the nucleons experience
a large moinentum transfer of k 360 MeU/c while the
rest nucleus acts only as a spectator. "Quasifree" absorp-
tion, however, is distorted by initial- and anal-state inter-
actions involving nucleons not taking part in the genuine
absorption process.

The He nucleus is built up mainly of NN pairs with
zero relative angular momentum. The wave function con-
sists of a symmetric (S:= 90%%up) and an asymmetric s-
wave (S'. 1—2%) and a d-wave part (D: 8—9 %%) [48,49].
The possible transitions (NN), -+ (NN)f for NN pairs
of the initial states So and Sq are listed in Table VI.
The role of the Di neutron-proton pairs is discussed be-
low.

Theoretically, pion absorption has been treated in the
framework of the optical potential, effective coupling con-
stants (for "deuteronic" transition strengths), s- and p-
wave rescattering, and the isobar model (NN' and AN
intermediate states). A compilation of theoretical results
is given in Table VII. Almost all of these concepts use the

A. Phenomenological optical potential

In the optical potential approach, 2NA is parametrized
by the quantities ImBO and ImCO for 8- and p-wave ab-
sorption, respectively:

ImUppe = — p (r)(ImBo+ k ImCo)
2w

(12)

ImBO and ImCO are determined &om Gts to low-energy
pion-nuclear cross sections and pionic atom data. u and
k are the total energy and momentum of the pion. The
quadratic dependence in the nucleon density, p(r), ac-
counts for the absorption on a pair of (uncorrelated) nu-
cleons. As the absorption depends on the isospin I of the
absorbing NN pair, the parameters separate into

ImBo = ImBo (I = 0) + ImBo (I = 1)

and

ImCo ——ImCo(I = 0) + ImCo(I = 1),

respectively. Fits to the isoscalar and isovector parts sep-

2NA picture originally introduced by Brueckner, Serber,
and Watson [50]. An early calculation specific for sHe
was performed by Messiah in the impulse approximation
which yields a reasonable value for the ratio of the pure
absorption channels pnn (1) and dn (2) [51]. Cheon ac-
counts for the 2NA mechanism by introducing NN pair
short-range correlation functions of Gaussian type [52].
This approach underestimates both the ratio R and the
transition rate by a factor of about 3.

The main topic of our discussion is the ratio R(sHe) =
f("")2 A/f(»)2 which is closely related to the ratio of
absorption on isoscalar to isovector NN pairs. To com-
pare results for He to other nuclei, a statistical factor
2N/(Z —1) for the ratio of initial pn to pp pairs of a
nucleus A(Z, N) must be taken into account. The sta-
tistical factor is approximately equal for He, N = Z
nuclei, and average nuclear matter except for light nuclei
like 4He and 6I,i.

TABLE VI. Transitions of s-wave NN pairs of state + ' + I~ for s- and p-wave pion absorption allowed by isospin,
parity, and angular-momentum conservation; relation of eB'ective coupling constants g, and p, (column 5) to the parameters
ImBp and ImCp (column 6) of the optical potential. For p-wave pious, the extended Pauli principle allows the transitions

Sp -+ Si + Di only for initial pp pairs. The possible NN' and NA(1232) intermediate states are given in columns 3 and
4. The various total spins (if existing) are separated by commas: S = total spin, L = orbital angular momentum, j = total
angular momentum, I = isospin.

(NN ), —+ (NN)f'
13g ~33+
31g ~33+

31)3p1
33p

33,5~ 35 ~1) 1
33p

EK coupling
constant

Opt. potential
parameter

ImBp(I = 0)
ImBp(I = 1)

Involved nucleons

13S, ~31S.

~31D
SQ m S1 D

31g

"D2
D

35D

35g 33,5D 35~
2$ 2) 2

ImCp(I = 0)

ImCp(I = 1)
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arately are not unambiguous and even contradictory in
the various analyses, especially for light nuclei [53—56].

Ericson and Ericson built up ImBO and ImCO from the
"deuteronic strength" parameters Immi, (l = 0) and
Imp~&, (/ = 1) for the absorption on s-wave NN pairs
[57]. The indices denote total spin j and isospin ti of the
7rNN system. ImP~q, (t~ = 0) and Imp~«(l = 1) are re-
lated to the transition rates I'(7rNN ~ NN) for nucleon
pairs with the corresponding quantum numbers and have
been derived phenomenologically from low-energy pion-
production experiments. The ratios of nn to pn emission
for 8- and p-wave pions are

(Eq.(4.2) in [68]) includes the D w-ave contribution of the
NN pairs in the He nucleus

&.('He) = ("s, + "~,)lgpl'+ -'c s. lgil'
c s. lgil'

(15)

[compare to the approximation (14)]. The coeflicients
c2~+z are the fractions of two-body clusters in the

initial state + L~ and were taken &om variational
wave-function calculations for the sHe nucleus (c3s,
1.32, csD, ——0.022, cps, ——1.42 [68]). From the experi-
mental value B = 6.3 + 1.1, we obtain

R, = 3 ImPii/ImPpi + 1, (13a) lgp/gil = 2.48 + 0.24. (16)

R& = Im(/pi + 5/2i)/Impip (13b)

This ansatz yields A, = 4.1 + 1.2 when Immi, is scaled
with recent results for the NN E-+ NNm cross sections
(see Table VII) and R~ = 7.8 using the values given in
[58].

B. Effective coupling constants

Eckstein introduced the effective coupling constants go
and gi for absorption of 8-wave pions on 8-wave NN
pairs [59] (similar phenomenological constants have been
defined for p-wave absorption [60,61]). The coupling con-
stants are determined from low-energy NN ++ NNvr
cross sections and contain inherently the short-range cor-
relation of the absorbing NN pair and the (zero or finite)
range of the specific NN ~ NNm reaction. The ex-
perimental information mainly stems from the reactions
pp f+ du+ (gp) and pp ~ ppvr (gi). The indices of gp and

gi are related to the isospin changing (I = 0 ~ I' = 1)
and nonchanging (I = 1 ~ I' = 1) transitions of the nu-
cleon pair (see Table VI). Neglecting interference terms,
the ratio of absorption on pn to pp pairs is given by

R, ( He) = [gp/gil (14)

Equation (14) is identical to Eq. (16) in [62], but
there np ~ nn and pp + nn must be interchanged.
With the experimental values &om Table VII one obtains
lgp/gi l

= 2.41+0.23 from R and 2.47+0.51 from B,. (Ac-
cording to the discussion in Sec. IV F, B is understood to
be a good approximation for B,.) Theoretically, various
wave functions, NN correlations, and absorption func-
tions describing the range of the vrNN interaction have
been discussed for the case of He (see [38,60,62—64] in
Table VII). The choices of a Hulthen wave function and
an interaction range of 0.6 fm seems to be most suitable
for describing the data. The interaction range of 0.6 fm
perfectly fits the relative momentum of the two nucleons
after absorption. The ratio A„however, is underesti-
mated at least by a factor of 1.6 in these calculations.
Note that some of the calculations for lgp/gi l

collected in
Table VII have been scaled according to the results &om
the recent NN ++ NNvr experiments [65—67].

The ratio B, as given by Germond and Wilkin

Using the value B, = 6.6 + 2.5, the result is lgp/gil
2.54 + 0.52. Relation (15) is displayed in Fig. 22 as a
function of the ratio gp/gi. Included in the upper part of
the figure are three results for gp/gi based on the analysis
of Roginsky and Werntz [62], indicated by 3 bars with two
arrows each. The top bar is obtained &om B = 6.3 + 1.1
and (14). The middle bar is the value for gp/gi deduced
by Roginsky and Werntz, but scaled with recent results
of NN ++ NN7r experiments (see Table VII). The large
error stems from the uncertainty of go, i.e. , the pp ~
ppm cross section at threshold and is caused by the lack
of a detailed analysis including the Coulomb final-state
interaction of the protons but not from the accuracy of
the data. The bottom bar is obtained using the ratio
f" /f = 4.2 + 0.6 from this experiment.

Assuming time-reversal invariance, the ratio gp/gi is
almost real [59]. The relative sign of gp and gi can be
determined from the ratio f" /fd Most of th. e calcula-
tions predict that the branching ratio f" of the two-body
final state decreases by a factor of about 3 if gog& & 0
is chosen, whereas the branching ratio f" of the three-
body state is little afFected. The result from this ex-
periment suggests gage ) 0 in agreement with earlier
analyses [38,62,64,68,69]. The situation, however, is con-
tradictory, because Figureau and Ericson obtain better
agreement with data for gpgi & 0 [63]. In Table VII, all

the predictions for the transition rates I'i, + (absorp-
tion from the atomic 1s state leading to the final states
pnn and dn) are given for the positive phase of gp and gi.
The error of the experimental value is dominated (i) by
the uncertainty of the ls level width (25%) [42] and (ii)
the poor knowledge of the K yield for radiative capture
(3o-1oo%) [28].

The measured branching ratio f for vr t He-+ dn
is reproduced better, when the D-state contribution is
taken into account [68]. The importance of S' and D
waves was demonstrated already for the radiative pion
capture in sHe by Phillips and Roig [47]. Using the recent
data for 0 (vr+d -+ pp) of Ritchie et al. [67] instead of the
results from the analysis of Rose [70) and the ratio gp/gi
from this work, the values of the coupling constants in
the work of Germond and Wilkin [68] change to lgpl
(4.6 6 0.1) x 10 fm and lg l

= (1.9 + 0.2) x 10
fm . With these values, however, the result of [68] for
f decreases f'rom 11.3 to 8.4%, which is s of our result
of (13.0 + 1.5)%. Again, gp and gi should be in phase,
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NN NN t'o [65,67] ( t t); b ttot and E . ~14~; middle, using recent ~ vr crossusing R from this experimen an q.
1 [38~ in and i as determined form previouss ex eriment && calculation of Nageii I38~ using go an gi asusing f~" /f = 4.2 + 0.6 from this experiin

1 lt f NN ++ NNvr cross sectionsNN ++ NNm experiments; o, as Q, but scaled according to the recent ex erimenta resu s orP
[65,67].

because for gpgi ( 0, f decreases to 3% only.
Additional information about the ratio gp/gi comes

from measurements of the tensor analyzing power T20 ln
the reaction dp —+ Hear . The relation between T20 and
gp/gi is alsa displayed in Fig. 22 (Eq. (3.11) of [68]). For
gp/gi ——+2.48 6 0.24, we obtain T2p ———1.23 + 0.04. Ne-
glecting the D-state contribution to the He wave func-
tion, the result is T2p ———1.10 + 0.04 (Eq. (3.16) in

ear[68]). The experimental results are T2p(dp ~ Hear ) =
—1.05 6 0.15 [71] (extrapolation to threshold from higher
energies) and —1.31 + 0.04 [72] (measurement at thresh-
old). The value af T2p from the threshold measurement
is included in Fig. 22. It is close to the result &om m

absarption in He for the positive phase between gp/gi.
Various rate estimates exist for the absorption of

p-wave pions. The results, however, spread widely.
Mostly, R„=(2—3)R, is predicted yielding R„=4—15
[57,58,60,61,63,64]. As discussed in Sec. IV F, our data
are hardly sensitive to B~.

C. Rescattering mechanism

At low energies, the 8- and p-wave rescattering mec-h-
anism provides a microscopic picture of pion. absorption
en two nucleons. In this model, the pion is scattered (an
shell er off shell) at the first nucleon and absorbed by
the second one. The dynamics of the absorption is gov-
erne y e od b the low-energy AN scattering amplitudes an

el hast lesser extent by the mNN vertex. The mode as
been used successfully to describe the disintegration o

the deuteron [73—76].
Introducing 8-wave rescattering, Koltun and Reitan

found R, 9 for m 0 and R, = 7.4 + 1.8 for vr He
which scales to R, = 3.7+ 0.9 for n He [77,78]. The

bsuppression of the vr pp ~ pn channel is explaine y
its small rescattering contribution which traces back to
the smallness of the isospin even combination of the (on-
shell) 7rN scattering lengths.

In a ri orous treatment in terms of vrN scattering an d
the vrNN vertex, Hachenberg, Hufner, and Pirner stud-
ied for pion absorption on uncorrelated NN pairs the de-
pendence on the off-shell behavior of the AN amplitudes
[79,80]. They obtained R, = 3 using the aff-shell ampli-
tudes and the unrealistic value of B, —100 for the on-
shell AN amplitudes. With our value of 6.3 + 1.1 for B
R, and Eq. (3.21) of [80], we obtain a /a+ = 1.31+0.17
for the ratio of the isospin-odd to the isospin-even off-
shell pion-nucleon scattering amplitudes.
spends to an off-shell momentum of ]k[ —220+10 MeV/c
which is between the on-shell (a /a+ = —13.9 at k = 0)
and the "absorption" or off-shell point a /a+ = 0.002 at
[k[ = 360 MeV/c. For [k[ = 220 + 10 MeV/c, we obtain
ImBp ——(0.012+0.002)m from (3.23) of [80] (there is a
second selutian for a /a+ = 0.31+0.17, which yields the
limits [k[ ) 420 MeV/c and ImBp ) 0.05, but is beyond
the absorption point). From the lightest pionic atoms,
smaller values for ImBp are derived (ImBp ——= 0.029m
for vr He [53]) as compared to the results for average

In the case of deuterons with only one =0 NN
pair, ImBp is as small as (0.016—0.018)m 4 [58,81].
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For nuclear matter, E&osinin et al. obtain B, 10
and ImBO 0.043m but introduce, in addition to the
off-shell behavior, medium corrections by renormalizing
meson-nucleon vertices [82]. In general, calculations or s-
wave reseat tering underestimate ImBO by 30% [74,83].
Medium corrections enhance the absorption rate close to
the empirical value for average "nuclear matter" [82,84],
which, however, deviate by a factor of about 2 from the
absorption rate for vr He.

In an alternative approach to the description with off-
shell amplitudes, Shimizu and Faessler use recoil terms
and NN short-range correlations assuming absorption
on uncorrelated nucleons [76,85]. For p-wave absorp-
tion, a signi6cant contribution &om L rescattering is
calculated. In this model, B, = 9.3, B„=7—15, and
ImBO = 0.033m are obtained.

In a forthcoming paper, Kiang, I ee, and Riska point
to the importance of heavy-meson exchanges [86]. The
effect of heavy-meson exchanges is to enhance the tran-
sition rate for the pp ~ ppvr reaction [87], which in turn
decreases the value for B,. Including o., u, b, and p ex-
change, B, —9 is predicted, whereas B, increases to 530
if only pion rescattering is taken into account.

D. Isospin transition probabilities

( —,'r„+ p-', r,.)i~(-,'r„+ —,'r„) . (17)

The numerical coeKcients are the Clebsch-Gordan coefFi-
cients of the isospin decomposition. The coeKcients n, P,
and p account for the cluster decomposition of the ab-
sorbing nucleus into NN pairs of isospin 0 [o. : Sq(pn)]
and 1 (P: So(pn), p: So(pp)). The extended Pauli
principle requires I"qo ——0 for L = 0 and I'ii ——0 for
L = 1. Thus, for He the nn to pn ratios for 8- and
p-wave pion absorption on 8-state NN clusters are

R ( He): 3ro, /r;, +

R„( He) = I o, /r", 02

(18a)

The coefficients n, p, and p are taken to be the statistical
ones (a = ~, p = s, p = 1).The comparison of (14) and

(18a) gives ~go/go~2 = 3roz/rzz. From the experimental
result of R(sHe) we obtain for the ratio of the (s-wave)
transition strength

roi/rii = s[2R( He) —1]
= 1.93 + 0.37 . (19)

With B, as obtained kom the measurement with triple
coincidences, the result is roq/rqq ——2.03 + 0.83.

In terms of reduced isospin transition rates rry (I and
I are the isospins of the initial and final two-nucleon
state), the ratio of nn to pn emission is given by

(pn) 2NA/(pp) 2NA

E. Isobar intermediate states

In the isobar model, the pion coupled to the NN pair
forms an intermediate NN' or NA state [88—92] (see Ta-

ble VI). At threshold, the excitation of A and N' isobars
is expected to be suppressed owing to the large mass mis-

match. So, the N' is rather understood to be a P mN

interaction than a resonance [90]. On the other hand,
the importance of p waves in the pion-nucleon interac-

tion is well known even very close to threshold. Hence,

the gradient term in the optical potential is necessary to
describe the level shifts and broadenings in pionic atoms

[3,57]. The measurements on pion absorption on deu-

terium of Hutcheon et aL. and Ritchie et a/. indicate
p-wave contributions even at lowest energies [66,67] and

Pickar et a/. found strong constructive interference of s
and p waves for pion emission at threshold for the reverse

reaction H(p, m ) He [93].
The transition strengths in the isobar model are (with-

out interference terms) [94]

I„=—,'(r„+2r ),
r„= —,'(2r„+r ),
I'io =I'w .

(20)

For A dominance (l = 1) the isospin ratio is I py/ryy ——

2, which corresponds to R =
2 . N' dominance (l = 0)

results in roq/rqq ——
2 or R = 2. Our result (19) sug-

gests strong evidence for the L-isobar coupling being the
main reaction mechanism. This is in contradiction to the
naive s-wave absorption picture, because the amplitude
mN —+ 4 is zero for zero relative momentum of the pion
and the nucleon. The calculation of Silbar and Piasetzky
[90] requires an interference of NN' and NA intermedi-
ate states to reproduce the isospin ratio. Maxwell and
Cheung [92] include both rescattering through 6 and
nucleon intermediate states and 8-wave rescattering as
introduced in [77]. An extrapolation to threshold yields
R = 4 (see Table VII).

In the case of negligible N' excitation, the transition
rate I'~ determines the cross sections and in the ratio B„
the absolute value of the 4-channel transition strength
cancels. As mentioned before, this may cause the signif-
icant decrease of ImBO for light pionic atoms, decreases
the absorption cross section, and leads to a relative en-
hancement of the channel m pp ~ pn and the FSI peaks.

An angular momentum L = 0 of the pion with re-
spect to the He nucleus does not always require L = 0
with respect to the absorbing NN pair. For example, Di-
vakaran has calculated that for L = 1 with respect to the

He nucleus, the ratio of the transition probabilities for
the pion being in an s state or a p state to the absorbing
NN pair to be 1.1 [60]. So, the high-momentum compo-
nents of the wave function are important for theoretical
calculations.

In He, for pion absorption in Bight, the energy de-
pendence of the isoscalar cross section is found to be the
same as for absorption in deuterium. This is explained by
the L mechanism because the contribution with L = 1
and the sS2(AN) intermediate state from Sq(I = 0)
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pair absorption dominates [91,95]. The energy depen-
dence for isovector absorption is much less pronounced,
because the LN intermediate state is forbidden in the
case of I = 1 pairs and l = 1. For l = 0, the dominant
intermediate state Sz(EN) cannot be reached. . Both
for isospin 0 and 1 NN pairs, intermediate AN or NN'
states are in the nonfavored p wave, but not forbidden.

For photoabsorption in He, the dominance of absorp-
tion on I = 0 NN pairs was also observed [96]. The
suppression of absorption on pp pairs is explained like
for pion absorption with the unfavorable spin and par-
ity configuration for possible LN intermediate states.
Close to threshold and especially for the weak channel of
absorption on isovector NN pairs, a subtle interference
behavior seems to occur between direct production and
rescattering through 8 and p waves, which complicates
the quantitative description considerably [95,97].

F. Multinucleon absorption and collective efFects

At rest, no genuine three-nucleon absorption leading to
the pnn final state has been observed with an upper limit
of 3%%uo/m, t . For stopped pions, the multinucleon process
is strongly suppressed also in heavier nuclei such as Li
[98], but already amounts to = 20'% in He at T = 65
MeV [5,7,99]. Also for F~ = 200 MeV in photoabsorp-
tion, which corresponds to the same center-of-mass Q
value [see (6c)] as for pion absorption at T = 64 MeV,
a sizable contribution of the three-body mechanism has
been found [96]. No data are available for F~ = 142
MeV, which corresponds to the Q value for the reaction

Hem pnn. Up to now, there is no clear picture of
the origin of phase-space distributed multinucleon final
states.

Pion absorption on subclusters has been observed at
rest [98,100]. Such collective effects in nuclei are being
investigated also by inverse reactions like subthreshold
particle production. In general, the number of nucle-
ons involved increases with the mass of the absorbing
nucleus [5,7,101];similarly secondary and multistep pro-
cesses may become more and more important [102]. For
a satisfactory description, the final states have to be
treated coherently, because final-state interactions mix
with composite particle emission. The branching ratios
in light nuclei cannot be explained by sequential reaction
mechanisms like, e.g. , pickup, as has been shown for the
case of m sLi by Dorr et al. [98].

In the case of He, both one-nucleon absorption and
the FSI configuration including the dn final state are
kinematically identical. Due to the mass ratio of 2:1 be-
tween the "rest nucleus, " the deuteron, and the "emit-

ted" neutron, the momentum of the emitted nucleon is
only k 415 MeV/c. This momentum configuration is
less suppressed as compared to the case of heavier nu-
clei where k 515 MeV/c. Branching ratios for single-
nucleon emission have been reported to be of the order
of a few per mille [103,104], 2 orders of magnitude less
than for the dn channel.

VI. CONCLUSION

It has been found that at threshold negative pions are
dominantly absorbed on the isospin 0 NN pairs of the

He nucleus. A nucleon-nucleon final-state interaction,
however, results in a considerable branching ratio for the
two-particle final state dn and for unbound but corre-
lated pn and nn pairs. No evidence is found for a gen-
uine three-nucleon absorption with a statistical emission
of all three nucleons. The density distribution of the
Dalitz plot is reasonably well reproduced by calculations
assuming two-nucleon absorption including final-state in-
teraction. A thorough treatment including a realistic He
wave function and taking the final-state interaction co-
herently into account is indispensable for a quantitative
description.

For the ratio of the efFective coupling constants go/gi,
an overall agreement is obtained with results from ten-
sor analyzing power and threshold pion production mea-
surements. For the ratio B of absorption on isospin 0
to isospin 1 NN pairs, the theoretical predictions spread
widely and deviate by factors of 0.2—2 from the experi-
mental result. A better agreement within 50% is obtained
from specific calculations for He using the effective cou-
pling constants gq and gi and Hulthen wave functions.
The best agreement with the experimental result is ob-
tained for isobar-nucleon intermediate states assuming 4
dominance, although the AN intermediate states should
be suppressed for 8-wave absorption.
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