
VOLUME 61, NUMBER 8 PHYSICAL REVIEW LETTERS 22 AUGUST 1988

New Pion-Absorption Modes Observed from Triple Coincidences in He
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The first triple-coincidence data resulting from pion absorption in He are reported. The existence of
a three-nucleon absorption component in the four-nucleon channel is established. A four-nucleon
phase-space-like contribution and nucleon-nucleon final-state interactions are also identified.
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In the last few years there has appeared increasing evi-
dence' for new pion-absorption modes which are
beyond the scope of the two-nucleon (2N) absorption ap-
proach. It has been known for some time' that the 2N
processes by far do not exhaust the total absorption cross
section. One part of the missing cross section certainly is
located in channels with composite-particle emission or
in kinematical regions characterized by small nucleon-
nucleon relative momenta, i.e., regions of "soft" final-
state interaction. Another part may be contained in

sequential processes, ' where the 2N absorption is com-
bined with scattering or charge exchange before or after
the genuine absorption. The states between the different
steps are near the mass shell. Thus the final state will

reflect in its kinematical signature the different steps in-

volved. The most exciting part of the missing cross sec-
tions, however, is expected to show up in processes in

which the pion interacts in the genuine absorption pro-
cess with more nucleons. Such a reaction type will not
be confined to specific parts of the phase space, but will

cover it entirely.
Because of the experimental diSculties only very few

measurements on noncollinear multinucleon emission
have been reported so far. The lightest possible target,
He, has the advantage that the emission of three

separate nucleons can be completely determined
kinematically in a twofold coincidence experiment. With
this target the reactions (tv+,pp)p and (n,pn)n have
been studied. Large parts of the available three-body
phase space have been examined with the result that for
3N absorption the corresponding matrix element is con-
stant within experimental uncertainty. Aside from con-
siderations about the small number of available nucleons,
this latter result is a strong argument against a sequen-
tial character of the observed process.

Historically, the first indications for absorption fol-

lowed by multinucleon emission came from experiments
with poor statistics, performed with a bubble chamber
and a streamer chamber. Later, counter experiments
from ' C with threefold coincidences with better statisti-
cal accuracy were reported. In this case the kinematical
completeness for the many particles in the final state
could not be achieved. In one experiment, no con-
clusion about a specific reaction mechanism was drawn,
whereas in the other experiment' there was an indica-
tion of a sequential mechanism. Recent measurements
on 6Li (Ref. 11) may also indicate the influence of
sequential mechanisms.

The experiments on multinucleon absorption in He
have shown that an unambiguous interpretation of the
data in terms of reaction mechanisms is possible only in

an exclusive experiment, allowing one to determine any
relevant kinematical quantity. In order to investigate the
importance of reaction mechanisms involving more than
two nucleons, we have chosen 4He as the target. This
enables us to study the participation of up to four nu-

cleons, while the kinematics is determined completely by
a threefold coincidence measurement. In addition, this

type of measurement has the advantage that the momen-
tum range of the fourth, undetected particle is not limit-
ed by thresholds. We will show later that the data are
most sensitive to the observed reaction mechanisms in
the kinematical regions, where the momentum of one of
the emitted nucleons is very small.

The experiment was conducted at the Swiss Institute
for Nuclear Research [SIN, now the Paul Scherrer Insti-
tute (PSI)]. A positive pion beam with 220-MeV/e
momentum impinged upon a liquid He target. The
triple-coincidence system included a charged-particle
total-absorption scintillator hodoscope (detector 1) and
two time-of-flight detectors for neutrons and charged
particles (detectors 2 and 3). The total-absorption plas-
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FIG. l. (a) Reconstructed mass spectrum of the target nucleus (rn, ) for He(z+, ppp)n at a pion momentum of 220 MeV/c. (b)
Reconstructed mass spectrum of the target nucleus (m, ) for He(~+, npp)p with the number of events corrected for neutron detec-

tion efficiency.

tic scintillator was divided into twelve hodoscope com-
ponents and subtended a solid angle of 0.2 sr. Two
multiwire-proportional-chamber systems with a total of
six planes were located in front of the scintillation
blocks. The charged-particle trajectories were also inter-
cepted with a thin dE/dx scintillation counter in front of
the multiwire proportional chambers. For background
rejection, the reaction vertex was checked through a
ray-tracing technique with use of the multiwire-
proportional-chamber coordinates. The time-of-flight
detectors were large-area position-sensitive plastic scin-
tillators designed for subnanosecond timing. They sub-

tended solid angles of 0.075 and 0.09 sr with an energy
resolution around 5%%uo for 100-MeV nucleons. The
efficiency for neutron detection was energy dependent,
being 12% at 100 MeV. Thin anticoincidence counters
in front of the time-of-flight scintillators served to identi-

fy the neutrons. Charged-particle identification for all
three detectors was performed off-line, imposing cuts
upon the pulse-height versus time-of-flight information.
The positions of the detectors relative to the beam direc-
tion were 72', 240', and 305' for the centers of detec-
tors I, 2, and 3, respectively. All three detectors were at
beam height. More detailed information on the setup is

available elsewhere. '~'3

By exploiting the constraint of our measurement, the
target mass for each event can be reconstructed.
Target-mass spectra for the ppp coincidences and for the

npp coincidences are shown in Figs. 1(a) and in 1(b),
corrected for neutron detection efficiency. Only events
consistent with a He mass are processed further.

Final results for triple coincidences, corrected for neu-

tron detection efficiency, are shown in Fig. 2 for
He(n+, ppp)n and in Fig. 3 for He(n+, npp)p The.

histograms show the data as a function of the momen-
tum of the undetected nucleon.

Both figures are dominated by a peak centered around
100 MeV/c. The shapes of the spectra in the region of

this peak can be explained by a quasifree three-nucleon
(Q3N) mechanism. In this mode the unobserved nu-

cleon spectates, while the absorption takes place on the
other three nucleons. The momentum of the fourth nu-

cleon is, therefore, determined by the momentum distri-
bution of that nucleon within the He nucleus. A Monte
Carlo simulation for our geometry was made by the
weighting of the four-body phase space with the nucleon
momentum distribution as obtained by (e,e'p). ' This
simulation reproduces the data very well in the region of
0-200 MeV/c.

The choice of off-conjugate positions mentioned before
strongly suppressed contributions from 2N absorption
with the coincident detection of a spectator nucleon. In
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FIG. 2. Differential cross section as a function of the
momentum p„of the undetected neutron for He(x+, ppp)n.
Histogram: our data; dashed line: Q3N simulation; dotted
line: 4N+FSI~„simulation; dash-dotted line: continuation of
the 4N simulation without the FSI~ enhancement; solid line:
sum of the Q3N and the 4N+FSI~, simulations.
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FIG. 3. DiA'erential cross section as a function of the
momentum p~ of the undetected proton for He(n+, npp)p,
corrected for neutron detection efficiency. Histogram: our
data; dashed line: Q3N simulation; dotted line: 4N+FSI~~
simulation; dash-dotted line: continuation of the 4N simula-

tion without the FSI~~ enhancement; solid line: sum of the
Q3N and the 4N+FSI~~ simulations.

addition the thresholds of counters 2 and 3 were chosen
to be sufficiently high (about 40 MeV) that contribution
from 2N absorption can be neglected in the following.

For a four-nucleon absorption model (4N), in which

all nucleons participate according to phase space, the
Monte Carlo simulation exhibits a broad bump around
200 MeV/c. This is not supported by our data in Figs. 2
and 3. Obviously, 4N dynamics does not dominate in

our geometry.
The high-momentum (300 MeV/c) peak of Fig. 2 is

characterized by a small relative momentum between the
proton in detector 1 and the unobserved neutron. There-
fore, the peak is identified as a "soft" final-state-inter-
action (FSI) effect between the proton and the fourth
nucleon, as described, e.g., by the Watson-Migdal ap-
proach. ' Such an assignment is strengthened by the
fact that the corresponding peak in Fig. 3 is barely visi-

ble. This is to be expected from the well known relation-
ship between n-p and p-p FSI, as the latter is

significantly weaker due to Coulomb repulsion.
The relative strengths of the different mechanisms we

see in our spectra are determined by the following pro-
cedure: In the Watson-Migdal model, only an already
existing amplitude in the appropriate kinematic region
contributes to the enhancement (FSI peak). When
weighting both the Q3N and 4N mechanisms, we find

that the Q3N strength in the FSI region does not con-
tribute significantly. The FSI peak is therefore, in effect,
described as an enhancement of 4N only. In our simula-
tion we have used standard values for the parameters of
the effective-range approximation. The optimal fit to the

full spectrum of Fig. 2 is obtained by our adding in-

coherently the contributions of Q3N and 4N+FSI am-

plitudes with relative strengths 0.65 and 0.35, respective-

ly. The corresponding numbers for the npp coincidences
(Fig. 3) are 0.8 and 0.2. We obtain then for our

geometry the following differential cross sections:
d cr /dO =56~ 8 pb/sr, d o /dn =80~ 16
pb/sr . These numbers are corrected for the thresholds
in our detectors.

In order to obtain integrated cross sections we need to
extrapolate from our limited geometry to the full solid

angle. For this procedure, the same assumptions were
made as for the simulations described above. That
means that in the Q3N case a phase-space distribution is

taken, modified by imposing on one nucleon the mea-
sured' Fermi-momentum distribution in He (dashed
lines in Figs. 2 and 3). For the integrated cross section
of quasifree three-nucleon absorption with a neutron or
a proton as spectator, we obtain oP)~ =2.1+ 0.5 mb,

=4 4 ~ 1.3 mb.
For the determination of the integrated cross section

in the 4N case, we need to extract that part of the mea-

sured 4N cross section which behaves according to the
phase-space factor. FSI, however, is concentrated in a
small part of the phase space. We have, therefore, deter-
mined for the ppp coincidences (Fig. 2) in our geometry
the ratio of 4N without and with FSI included as
4N/(4N+FSI)=0. 22 by Monte Carlo simulation. For
the extrapolation to the full solid angle in the 4N case,
we have assumed a pure phase-space-type distribution
and obtain for the integrated cross section (FSI exclud-
ed) a 0.5~0.15 mb.

Our data are obviously dominated by the new quasi-
free three-nucleon mechanism, whose contribution is

clearly separated and identified; three nucleons share the

energy released by the absorbed pion. The mechanism
generalizes the already observed three-nucleon absorp-
tion mode ' found for the He target. It is also similar
to the recently reported one-nucleon-spectator mecha-
nism responsible for nucleon-deuteron coincidences's in

the case of the He target. In both cases the momentum
distribution of one nucleon is governed by the Fermi dis-

tribution.
Our Q3N integrated cross section can be compared

with the integrated cross section for free three-nucleon
absorption in iHe with p, =220 MeV/c (Ref. 4):
o( +~~&~ =3.9+ 0.5 mb and at - p„i„=3.7+ 0.6 mb.
The Q3N cross sections in He are smaller than expected
by our simply scaling the number of nucleons. It should
be mentioned, however, that distortion effects may result
in a reduction of the cross sections. In contrast to the
He results, we see in He a dependence on the isospin in

the final state, as the pure I=
2 channel G'ppp is by a

factor of 2 weaker than 0 pp which is a mixture of
I= —, andI= —, .I 3

The 4N contribution to the total-absorption cross sec-
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tion is an order of magnitude smaller than that of Q3N.
A possible model for 4N absorption has been proposed,
resorting to a double-6 mechanism. ' No kinematical
signature is predicted there. A strong deviation from
phase-space behavior, however, is not expected as at our
energy the two intermediate 6's must be quite far off
shell. The proposal that a 4N mechanism might explain
the difference between the 2N absorption and the total-
absorption cross section' is not supported by our esti-
mates of the 4N part. Also, the authors of Ref. 17 them-
selves expect a double-6 mechanism to contribute
significantly only at higher energies. Our experimental
result that the absorption on three nucleons is stronger
than that on four nucleons, is, however, in agreement
with a nuclear-matter calculation. '

In conclusion, direct observation is made of a new
pion-absorption mode on a three-nucleon subgroup free-
ing all of them. This generalizes the already observed
three-nucleon mode on the 3He nucleus. 4 Because of our
special geometry we see both a strong signal from p n-
FSI and a weaker one from p-p FSI. In addition, we
also find a four-nucleon absorption mode, the contribu-
tion of which is, however, substantially weaker.
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