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Large-Solid-Angle Study of Pion Absorption on 3He
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Measurements have been made of n-'absorption on -'He at T = 118, 162, and 239 MeV using the
Large Acceptance Detector System. The nearly 4~ solid angle coverage of this detector minimizes
uncertainties associated with extrapolations over unmeasured regions of phase space. The total
absorption cross section is reported. In addition, the total cross section is divided into components
in which only two or all three nucleons play a significant role in the process. These are the first direct
measurements of the total and three nucleon absorption cross sections.

PACS numbers: 25.80.Ls, 25.10.+s

Nuclear pion absorption at energies near that of the
b, (1232) resonance has been the focus of much attention
in recent years [1—3]. The two-nucleon process, primarily
absorption on T = 0 "deuteronlike" pairs, is experimen-
tally well established and was initially expected to domi-
nate the absorption process on all nuclei. However, more
detailed studies have indicated that multinucleon mecha-
nisms play a significant role. "Multinucleon mechanisms"
refer to absorption processes that involve more than two
nucleons, none of which acts simply as a spectator. It
is sometimes appropriate to separate further those events
which are characterized by signatures of known subpro-
cesses, such as initial and final state interactions.

Indications of multinucleon absorption modes have
been seen in discrepancies between the measured total
absorption cross section and the measured two-nucleon
absorption cross section on medium-heavy nuclei [4—8].
These modes are most easily studied in detail in He
and He, where the effects of the addition of one or two
nucleons to the absorbing system can be isolated.

Previous absorption experiments on these targets have
shown the existence of multinucleon absorption modes
[9—16]. However, they all suffered from some limita-
tions in angular coverage or resolution, kinematic defini-

tion, or statistical precision for multiparticle final states.
The Large Acceptance Detector System (LADS) was con-
structed at the Paul Scherrer Institute (PSI) to examine
pion absorption reactions with an emphasis on multinu-
cleon final states. LADS was designed to cover as much
solid angle as possible with good energy and angular reso-
lution. This Letter reports the total absorption cross sec-
tion for m. + absorption on 'He at three energies around
the 5 resonance. The partial cross sections for the cases
in which only two or all three nucleons play a significant
role in the absorption process are also reported.

The LADS detector (Fig. 1) [17] consists of a cylinder
of 28 dE-E-E plastic scintillator sectors, each 1.6 m in

active length and viewed by photomultiplier tubes at each
end. The dE scintillators are 4.5 mm thick. The E layers
can stop 200 MeV normally incident protons, with an

energy resolution of 3% FWHM. The ends of the cylinder
are closed by "end caps,

" each consisting of 14 dE-E
plastic scintillator sectors. More than 98 k of 4m solid
angle is covered by the scintillator.

For charged particles, trajectory information is pro-
vided by two concentric cylindrical multiwire proportional
chambers (MWPCs). Combined, these give angular reso-
lutions for charged particles of --10 mrad FWHM.

1336 0031-9007/94/73(10)/1336(4) $06.00
1994 The American Physical Society



VOLUME 73, NUMBER 10 PHYSICAL REVIEW LETTERS 5 SEPTEMBER 1994

LIGHT GUIDES

E-SCINTILLATO
PHOTOMULTIPLIERS

TARGET

dEINTILLATORS

V
1

SEAM

3

1.60 m

4.50 m

FIG. 1. A schematic representation of the LADS detector.

The target is a high pressure (95 bars) gas cylinder 25.7
cm in length with a 2 cm radius. Energy loss in the carbon
fiber walls of the target and in the MWPCs dominates the
threshold of the detector system, which is below 20 MeV
for protons.

The data were collected in the mM1 area at PSI. The
m. + beam was defined using plastic scintillator detectors
that counted individual pions. The defined beam rate
was typically 10 /s out of a total incident flux of about
3 x 106/s. Events were selected for analysis according
to the number of charged and neutral particles detected
in LADS in coincidence with a defined beam pion, and a
fraction of each possible combination was written to tape.

There is only one significant final state for the
absorption of a m. + by He: three unbound protons.
Identification of the absorption reaction depends only on
determining that there are no pions in the final state. The
disappearance of the pion was determined by the require-
ment that more energy be deposited in the scintillators
than the kinetic energy of the incident pion, assisted by
energy vs dE/dx and energy vs time-of-liight particle
identification techniques. The vertex of each event mea-
sured by the MWPCs was used to reject absorption events
originating in the target's entrance and exit windows.
Frequencies for the detection of two or of three protons
from an absorption event were then determined.

It was necessary to correct these experimental frequen-
cies for events lost due to reactions of the protons in
the plastic scintillator (3%—18%); for wire chamber in-
efficiency (4%—10%); for background events (4%—15%);
and for events in which scattered pions which reacted in
the scintillator were classified as protons (0.2%—3.3%).
The corrections vary with the incident pion energy over
the range indicated and were all determined from the data.
These corrections could be determined very accurately be-
cause it was always possible to select a representative set
of absorption events using information independent from

the correction being determined. These events could then
be passed through the normal analysis chain to determine
the efficiency. The measurement of reaction losses is de-
scribed in the next paragraph as an example.

To correct the yield for such losses when only two pro-
tons were detected, data were used from absorption on
deuterium since the energy and angular distributions are
similar to those from the two-nucleon absorption process
on He. Absorption events were selected from their an-

gular correlations by the wire chambers, independently of
the scintillator energy information. The fraction of these
events lost while passing through the normal analysis
chain determined the correction to the 3He data. To cor-
rect the yield when three protons were detected a similar
procedure was used, based on the angular correlation of
protons from absorption on He itself. There was a small
amount of m.pp contamination of the selected events in
this case, the magnitude of which was determined from
the spectrum of the total detected energy.

Several corrections had to be made to the measurement
of the beam fiux. The largest correction (~6%) was
for pions missing the target and was determined by
measuring the radial dependence of reactions in the air
at both ends of the target. Other corrections were for
beam impurity, pion decay, and attenuation due to nuclear
reactions.

To obtain the total cross section, the data had to
be corrected for the geometrical acceptance and energy
threshold of the detector. For this correction a specific
model of the absorption process was used to extrapolate
over unmeasured regions. Prior experiments [9,14,15]
have indicated that absorption on He is apparently
dominated by two distinct mechanisms: The first is two-
nucleon quasifree absorption (2NA), in which the pion is
absorbed on a deuteronlike pair inside the He nucleus
with a spectator proton. The second is a three-body
mechanism (3NA), with a final state distribution similar
to three-body phase space.

Monte Carlo simulations of these 2NA and 3NA
processes were used to determine for each the fraction
of the time LADS would detect two protons, and the
fraction of the time it would detect three protons. The
2NA and 3NA cross sections were then determined from
the experimental frequencies of these two possible results.
The weighted average of the 2NA and 3NA corrections
required for the total cross section were 15%, 13%, and
10% at 118, 162, and 239 MeV, respectively. Since
these corrections are small, the determination of the total
absorption on He is not very sensitive to the details of
the models.

The determination of partial cross sections for 2NA
and 3NA is more dependent on the details of the
simulations. Three-nucleon phase space was used to
generate both the 2NA and the 3NA distributions. The
former was weighted so that the spectator nucleon had
a momentum distribution determined from theoretical
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calculations of the He ground state wave function
[18]; these calculations are consistent with the results
of quasifree He(e, e'p) scattering [19,20]. It was also
weighted so that the nucleons on which the absorption
occurred had outgoing momenta and angular distribu-
tions consistent with Ritchie's parametrization [21] of
absorption on deuterium. The specific characteristics
of the detector were then taken into account in order to
determine its response to each simulated event.

The assumption that absorption proceeds through the
two above-mentioned mechanisms can be tested by com-
paring differential distributions measured by LADS with
those produced by the simulations. Figure 2 shows the

energy spectrum of the least energetic proton following
an absorption reaction. When only two protons were de-
tected, the energy of the third was reconstructed, with
a cut on its reconstructed mass to select only ppp fi-

nal states. Figure 2 also shows the results of the Monte
Carlo simulations for 2NA and for 3NA, with magni-
tudes normalized to the data. The sum of the two Monte
Carlos is plotted and reproduces the general features of the
data, providing support for this model of the absorption
process. Angular distributions have also been examined,
and some interesting deviations from phase space in dif-
ferential distributions for 3NA are indeed seen in the data.
These will be addressed in a later publication; however,
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FIG. 2. The energy of the least energetic outgoing proton
from the absorption of 162 MeV m+ on 'He. The solid line
is the data, the dotted lines are the results of the 2NA (the low
energy peak) and the 3NA (the broad spectrum) simulations,
and the dashed line is the sum of the two. The simulations
include the effect of the detector's acceptance.

they are not significant for this measurement of integrated
cross sections, which are determined directly by counting
the number of absorption events with only small extrapo-
lations over unmeasured phase space.

The cross sections are presented in Table I, Also
included is the total cross section for absorption on
deuterium measured by LADS, along with the values pre-
dicted by the parametrization of Ref. [21] for compari-
son. There were several experimental contributions to the

systematic uncertainty of the total cross sections, with

magnitudes up to 2.3%. These include uncertainties in the
determination of the reaction losses, M%PC efficiency,
acceptance, energy threshold, background subtraction. and
normalization. No uncertainty was estimated for the as-
sumption that absorption proceeds only through the 2NA
and 3NA mechanisms, although uncertainties reflecting
those in the final state angular distribution and in the
initial state wave function of the absorbing pair were
included. The latter includes the question of how the

absorbing T = 0 pair differs from a real deuteron, and
it dominates the uncertainty in the 3NA cross section.

Figure 3(a) shows the LADS results for the total
absorption cross section on 'He in comparison with

previously reported data. Figure 3(b) is the same for the
2NA cross section, and Fig. 3(c) shows the 3NA cross
section. At 118 MeV the cross sections are significantly
larger than previously reported. It is important to note
the agreement at this energy, as well as at the other two,
between the measured cross section on deuterium and that
from Ritchie's parametrization [21].

Because of the large acceptance of LADS, these results
depend very little on assumptions about the angular
distributions of the final state protons. This is especially
important for 3NA as there are no prior experiments
which investigate these distributions far from the reaction
plane. The large coverage of the polar angle is also
important for the measurement of 2NA since there are
indications from both H [21] and He [13] that the
second order Legendre polynomial typically used to
extrapolate over unmeasured regions may not be adequate.

The ratio of 2NA on 'He to absorption on H has
received considerable attention [2,3,23]. The LADS re-
sults for this ratio are 1.86 ~ 0.10, 1.60 ~ 0.09, and

1.63 ~ 0.15 at 118, 162, and 239 MeV, respectively. The
fact that this ratio is fairly close to 1.5 has sometimes been
interpreted as an indication that the cross section scales
simply with the number of T = 0 deuteronlike pairs in

He. This, however, neglects possible effects in He such
as those due to the smaller internucleon spacing, the ex-
istence of more competing reaction channels, the larger
binding energy, and initial and final state interactions.

In conclusion, cross sections have been measured for
pion absorption on He. The total has been divided into
2NA and 3NA components, with 22%, 29%, and 30% of
the total attributable to 3NA at 118, 162, and 239 MeV,
respectively. These are the first results for the total and
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TABLE I. Total cross sections- for m. + absorption on 'H and 'He. Also listed are the
values of Ritchie's parametrization of absorption on ~H [21], and the division into 2NA and
3NA components for the absorption on 'He. Both systematic and statistical uncertainties are
represented; the systematic uncertainties dominate.

(MeV)

118
162
239

LADS
(mb)

11.5 ~ 0.4
10.9 0.3
4.3 ~ 0.2

2H

Ref. 21
(mb)

11.9
1'0.6
4.2

2NA
(mb)

21.3 ~ 1.0
17.4 ~ 0.8
7.0 ~ 0.6

'He

3NA
(mb)

6.0 ~ 0.6
7.2 ~ 0.7
3.0 ~ 0.5

Total
(mb)

27.3 0.8
24.7 ~ 0.7
10.0 ~ 0.4

three-nucleon absorption cross sections on He com-
ing from direct measurements without large extrapo-
lations over unobserved regions, particularly regions out
of the reaction plane. The significant 3NA cross sec-
tion confirms previously reported results from detectors
with much smaller solid angle coverage. However, the
2NA component and the total absorption cross section,
while still roughly consistent with previous results, appear
to peak at a lower energy than previously indicated. This

shift in peak energy brings observations on He into better
agreement with those on H [21] and on 4He [24,25].
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FIG. 3. The total absorption cross section (a) on 3He as
well as the 2NA (b) and 3NA (c) components, compared
with previously published data. The circles are from this
work, the triangles from Aniol et al. [22], the diamonds from
Mukhopadhyay et al. [13], the crosses from Smith et al. [11],
and the squares from Weber et al. [14].
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