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Pion absorption on 3He at low energies
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The reactions3He(p1,pp)p and 3He(p2,pn)n were studied at 37.0 MeV by coincidence detection of two
nucleons. The differential cross sections were separated to two-nucleon (s2N), three-nucleon (s3N), and
final-state interaction (sFSI) components. Forp

1, thes2N angular distribution is symmetric about 90°, and
the total cross section is 1.5 times the cross section measured ford(p1,pp). Forp2, the angular distribution
is asymmetric~backward peaked!. The asymmetry increases with decreasing energy, indicating increasing pion
s-wave contribution at lower energies. The fraction of the cross section induced bys-wave pions as calculated
by a partial wave amplitude analysis is 13%. The measured total cross sections ares2N(p

2)50.8560.08 mb
ands2N(p

1)57.960.5 mb;s3N(p
2)51.660.7 mb ands3N(p

1)51.360.3 mb. A new evaluation ofs3N at
Tp562.5 and 82.8 MeV is given, using data from an earlier experiment. The cross sections leading to the
two-nucleon final-state interaction atTp537.0 MeV are also estimated.

PACS number~s!: 25.80.Ls, 21.45.1v
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I. INTRODUCTION

The motivations and objectives in studying pion absor
tion on 3He can be classified as follows: Study of pion ab
sorption on aT50 nucleon pair. Comparison with pion ab
sorption on the deuteron yields information on the nucle
density dependence of the process. Study of pion absorp
on aT51 nucleon pair. Study of pion absorption on thre
nucleons.

It is of great interest to study the behavior of nucleo
interactions at distances equal to or shorter than their dia
eter. At such ranges we can expect some transition from
well-described ‘‘nucleon sector’’ of long range interactio
mediated by meson exchange to a ‘‘quark sector’’ where t
nucleon internal degrees of freedom may become recog
able. Some suggested descriptions of this sector as, e.g
‘‘six-quark bag’’ exist. The short range repulsion generat
by the color hyperfine interaction@1# makes the probability
for such a component in the two-nucleon wave function ve
small. Whether this description or any other one is releva
has to be decided through experimental observables.

The two-nucleon potential is derived from phase-sh
analysis of nucleon-nucleon scattering and reactions.
bound nucleons at short distances this requiress-wave phase
shifts derived from large momentum transfer and small sc
tering angle measurements which are hard to obtain exp
mentally. Consequently, different potentials which all fit we
the experimental phase shifts result in a variety of tw
nucleon correlation functions which are in serious disagre
ment at short ranges. As an illustration, two such correlati
functions for theT50 nucleon pair in3He are shown in Fig.
1. One is based on the Reid soft core potential@2# and the
530556-2813/96/53~3!/1074~18!/$10.00
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other on the Argonnev14 potential@3#.
It is therefore important to search for other experiment

observables that will be sensitive to the behavior of nucleo
at short ranges. Pion absorption is a high momentum trans
process (.350 MeV/c), it involves more than one nucleon
and hence can provide sensitivity to small distances betwe
the absorbing nucleons (0.520.7 fm!. A natural testing
ground is found in the lightest nuclei: the deuteron,3He, and
4He with charge radii of 2.1, 1.85, and 1.68 fm, respective
@4#. This corresponds to a relative average nucleon dens
ratio of 1:2.2:3.9. An observable sensitive to short range c
relations should show significant nontrivial variation whe

FIG. 1. Correlation functions for the quasideuteron in3He @2,3#.
1074 © 1996 The American Physical Society
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53 1075PION ABSORPTION ON3He AT LOW ENERGIES
compared among these three nuclei.
The pion absorption process is, however, dominated

the p-wave pion rescattering diagram in which theD reso-
nance is created in the intermediate state. Absorption occ
by a DN→NN process with the (DN) system in a relative
L50. This mechanism masks theN2N correlations due to
the long range nature of theD-mediated pion absorption pro-
cess@5#. Indeed, cross section measurements ofp1 absorp-
tion on 3He and 4He showed no sensitivity to short rang
N2N correlations@6,7# as may be evidenced by observatio
that for all angles,

s~p1‘‘ d’’→pp!>N‘‘ d’’ •s~p1d→pp!, ~1!

whereN‘‘ d’’ is the number ofT50 pn pairs~quasideuterons!
in the nucleus. The conclusion is thatin order to study short
range nucleon correlations the observables must be sensi
to components of pion absorption where theD resonance is
not dominant.

Recently, a connection was established between
s-wave rescattering term in pion absorption and the ax
exchange-charge operator which is derived from nuclearb
decay @8#. This was also simulated through heavy mes
exchange@9#, and it becomes a very useful tool to stud
short range correlations. The experimental determination
thes-wave rescattering term can be done either through m
surements of spin observables@10,11#, or by studying pion
absorption at low energies.

For p2 absorption on the diproton, theJp501, T51
quantum numbers generate simple selection rules for t
reaction: the total spin parity is always unnatural, and the
fore the final two nucleons (pn) are in the triplet (S51)
state. Consequently, even pion partial waves lead to nega
parity, and hence to total isospinT51. Odd partial waves
lead to positive parity andT50. For theT51 channel,
which allows an intermediateD to be produced, the negative
parity does not allow theD2N system to be in relative
L50. This reduces the probability of finding theD and the
nucleon close enough for absorption to take place, and
channel will proceed mainly through non-D s-wave rescat-
tering. Under these circumstances theT50 channel, where
theD cannot play any role, may become dominant. Absor
tion in this channel may take place directly on the two pr
tons, and, unlike pion absorption on aT50 nucleon pair, it
may be sensitive to their short range correlation function.

Measurements of this process through studies of
3He(p2,pn)n reaction were performed in the past for bom
barding energies of 63–350 MeV@12–17#. It is interesting to
note that the cross section for the4He(p2,pn)nn reaction
was found @7# to be about 1.7 times larger than that fo
3He. Since the number of diprotons is the same in both n
clei this may be an indication that this reaction is inde
sensitive to the short range correlations of the two proto
the nucleon density of4He is twice that of3He.

At low energies one may assume that onlys- and
p-wave pions contribute. Analysis of the angular distrib
tions shows that the reaction is dominated by thep-wave
pions,T50 ~non-D) transition@13#. A more detailed analy-
sis@18# concludes that thisT50 component has two possible
final pn states: about equal3S and 3D, or mostly 3D. A
complete determination of all transition amplitudes can
by
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reached by measuring the polarization of one outgoi
nucleon @19–21#. Two of the assumptions made in thes
analyses become better justified at low energies: the assu
tion that onlys- andp-wave pions contribute, and the appli
cation of the Watson theorem done in@18,19#. At these en-
ergies also theD resonance plays a smaller role, and it
easier to identify thes-wave rescattering term which is sen
sitive to short range correlations. It is therefore of interest
study pion absorption in3He at as low energies as possible
We report here the results of pion absorption studies done
the lowest bombarding energy so far: 37.0 MeV.

In pion absorption on3He, the three nucleons in the fina
state may emerge with comparable momenta. Thisthree-
nucleon(3N) absorptionis observed over all the available
phase space. Experimentally, two special kinematical situ
tions are found to be enhanced in the absorption process:
two-nucleon(2N) absorptionand the so-called‘‘soft’’ final-
state interaction~FSI!. The 2N absorption is defined by two
nucleons sharing all the available momentum between the
The third nucleon then acts as aspectatoronly, gaining no
additional momentum over the Fermi momentum it initiall
had in the nucleus. The 2N absorption is identified by the
combination of two closely related experimental signature
~a! the angular correlation at which the two absorbing nucl
ons are observed~around 180° c.m., with a spread caused b
the Fermi momentum!, and ~b! the momentum of the spec-
tator nucleon,p3<150 MeV/c. Up to this momentum limit,
the spectator momentum distribution in the absorption pr
cess ~see Fig. 7! follows the momentum distribution ob-
served in breakup experiments@22,23# of 3He. Apart from
the spread due to the Fermi momentum, the kinematics
this 2N absorption are identical to the kinematics of th
d(p1,pp) reaction.

FIG. 2. General layout of the experiment.
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1076 53H. HAHN et al.
The second of the enhanced processes, the FSI, is defi
by two nucleons interacting in the final state and recoilin
together at 180° c.m. with respect to the third nucleon.
contrast to the 2N absorption case, all three nucleons ga
considerable momentum, with the single nucleon which r
coils against the pair gaining the highest momentum ava
able in the absorption process. This FSI is of increasing s
nificance at lower energies and was clearly observed w
stopped pions@24#. Its contribution was also strongly felt in
the present experiment.

FIG. 3. Two examples of the TDC spectrum of the beam, sho
ing the beam composition forp1 ~a! andp2 ~b!. The peaks are
~from left to right! from pions, muons, and electrons. The calcula
tion of the pion fraction of the beam is based on the ratio of pe
areas~or counts!.

FIG. 4. Neutron detection efficiency for one layer of the bar
averaged over bar 1~at the edge of the wall! and bar 4~at the
center!.
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In the following sections we present the results of 2N,
3N, and FSIp1 andp2 absorption on3He at 37.0 MeV.
We also include a new evaluation of the 3N absorption
(p1 andp2) at 62.5 and 82.8 MeV, based on the data o
Aniol et al. @13#.

II. EXPERIMENT

The experiment was performed at the M13 channel
TRIUMF. The general layout of the experiment is shown i
Fig. 2. To the left of the beam, three NaI scintillators~‘‘tele-
scopes’’! were placed for proton detection. To the right,
plastic scintillator wall~the ‘‘bars’’ ! served for the detection
of a second proton when using thep1 beam, and for neutron
detection when using thep2 beam. The bars could be
moved with their center located between 35° and 135° wi
respect to the nominal beam direction. The telescopes co
be moved from 35° to 120°, with the angular separatio
between them fixed at 30°. The beam passed between t
pairs of small detectorsm12m4 , arranged symmetrically on
both sides. They monitored the beam by detecting muo
resulting from pion decay in flight. Correct central setting o
the beam was checked by symmetry in the counting rates
these detectors. The in-beam scintillatorsP1 andP2 counted
the beam rate. The scintillatorsP3,V1, andV2 were used to
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-
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FIG. 5. Example of the kinematic bands, with the detectors
conjugate angles.

FIG. 6. Energy spectra of the telescopes foruTEL535°,
ubars5135° ~conjugate angles!, ~a! p1, and ~b! p2. Plotted are
N12N22K(N32N4), transformed into doubly differential cross
sections by Eq.~12! ~data points!, and the 3N absorption phase
space normalized by off-conjugate measurements~solid line!.
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53 1077PION ABSORPTION ON3He AT LOW ENERGIES
exclude counts from scattered particles. Then/p plastic scin-
tillator ~thickness 3.175 mm!, covering the solid angle of the
bars, served for discrimination of charged particles.

The target was liquid3He, contained in a cylindrical ves
sel similar to the one described by Aniolet al. @13#, but with
a smaller diameter (50.8 mm!. The temperature was kep
constant at 1.6860.01 K. The temperature uncertainty corr
sponds to a density variation of less than 1023. The effective
target thickness of (7.7460.15)31022 cm22 was calculated
by convoluting the measured beam profile with the tar
shape. The uncertainty includes the effects of target thickn
variations over the beam profile. The density of3He at this
temperature isr579.6 mg/cm3. An identical but empty tar-
get vessel was used in empty-target runs for the subtrac
of background from the target walls.

Each telescope consisted of a very thin plastic scintilla
(DE: 1.6 mm, with 10.2 cm diameter!, followed by the NaI
scintillator (E) of 12.7 cm diameter. The combination o
DE andE information allowed particle identification~pions,
protons, deuterons!. Each telescope covered a solid angle
32.461.3 msr. The energy resolution of the NaI scintillato
was 2.8 MeV FWHM atTp566 MeV, increasing to 4.3 MeV
at Tp598 MeV.

The plastic scintillator~bars! array was composed of 16
bars of plastic scintillators~NE 110, with an attenuation

FIG. 7. The momentum density distributionrp3
of the undetec-

ted nucleon. Solid line~dashed line!, results forppn(pd) breakup,
of 3He with electrons as measured by Janset al. @23#. Open circles,
momentum distribution from data. Solid circles, momentum dis
bution after subtracting the calculated 3N contribution from the
data. Crosses, correction to solid circles after subtracting part of
FSI ~region I in Fig. 8!. ~a! p1, ~b! p2, at the same angular com
binations.
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length of.4 m!, arranged in two layers of eight bars each
Each bar measured 12.5310.03100.0 cm3, giving two walls
of 1003100 cm2 front area and 10 cm thickness each. Th
distance of the central point of the bars front to the center
the target was 200 cm. The two walls were arranged o
directly behind the other to yield a total thickness of 20 cm
for optimization of the neutron detection efficiency. Each ba
was equipped with phototubes at its top and bottom. The
detection threshold was set at the Compton edge of theg
rays of a 60Co source~'1.0 MeV!. Including electron con-
tributions and attenuation length corrections, this thresho
setting equals 1.2 MeVelectron equivalent (ee). The neutron
detection efficiency correction~Sec. III! is based on this
threshold. The sum of the top and bottom TDC’s~started by
P2) was used to measure the time of flight~TOF! of the
particle, with a resolution of 0.8 ns~FWHM!. From the time
difference between top and bottom TDC’s, the position of th
event along the bar was calculated. The resolution of t
vertical position was about 6 cm FWHM. Horizontally, the
position resolution was determined by the width of the ba
(12.5 cm!.

In the electronics, an event was defined by coinciden
between one~or more! bars and at least one of the telescope
~each telescope itself being defined byDE•E). An anticoin-
cidence with then/p detector~see Fig. 2! was required to
exclude charged particles in the bars~for p2 runs only!. In

addition, the combinationP1•P2•P3•(V11V2) was re-
quired for a real beam event. The number of beam particl
satisfying this requirement was defined as thebeam counts,
F. This number was corrected for dead time by the ele
tronic setup.

The kinetic energy of the beam at the target center~after
energy loss corrections! was Tp537.060.5 MeV. Beam
samples were used to check the pion fraction of the beam,
measuring the time of flight between the rf signal of th
cyclotron and scintillatorP2 ~see Fig. 3!. In this way, beam
contaminations by electrons and muons could be determin
The fraction of muons from pion decay upstream of theP2
detector, misidentified as pions, was estimated using the c
culations of@25#. The pion fractionf p was 0.9460.01 for
thep1 beam. For thep2 beam,f p was 0.71 and 0.76~with
Be and C production targets, respectively!, and was mea-
sured with an uncertaintyD f p,0.01.

The differential cross sections for the 2N absorption pro-
cesses3He(p1,pp)p and 3He(p2,pn)n were measured at
six angular combinations~Table I!, selected by the kinemat-
ics of the free 2N absorption processd(p1,pp) ~the ‘‘con-
jugate angles’’!. At each of these six angular combinations

ri-

the

TABLE I. Angular settings for pion absorption measurements.

Conjugate Conj. Nonconjugate
telescope uTEL(1) ubar uTEL(2) uTEL(3)

C 35.0° 135.0° 65.0° 95.0°
C 50.0° 118.0° 80.0° 110.0°
B 65.0° 101.0° 35.0° 95.0°
B 80.0° 85.0° 50.0° 110.0°
A 100.0° 66.0° 40.0° 70.0°
A 120.0° 48.0° 60.0° 90.0°
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1078 53H. HAHN et al.
the two additional telescopes~cf. Fig. 2! were used for data
taking at‘‘nonconjugate angles,’’measuring 3N absorption,
at 12 angular combinations. Eight of them had the telescop
at an angular separation of 30° from the conjugate ang
~‘‘30 o off conjugate’’!, four at ‘‘60 o off conjugate’’ ~see
Table I!.

Each measurement was repeated with the empty-tar
vessel. Telescope singles runs~runs for which an event is
defined when a charged particle hits one of the telescop
without requiring coincidence with the bars! were taken at
three telescope settings with thep1 beam, yielding singles
spectra at nine angles, and at two settings~six angles! with
thep2 beam. The singles runs with thep1 beam were re-
peated with empty target. For thep2 beam, the two-body
reaction3He~p2,d!n could be observed in both the single
runs and coincidence runs at conjugate angles by using
telescopes for identification of the deuterons. CH2 and CD2
targets~and C targets for background subtraction! were used
for energy calibration and as a check on the experimen
apparatus by comparison with knownd(p1,pp) cross sec-
tions. Our measured cross section for this reactio
(5.960.5 mb! is consistent with the results of@26#.

III. ANALYSIS

A. Calibration and calculation of yield

The energy calibration of the telescopes was done us
known proton and pion energies fromd(p1,pp) and
pp→pp reactions. The energy of the detected particle in th
telescope was corrected for energy losses between the e
vertex and the telescope. The threshold at the event vert
corresponding to a detected proton energy ofETEL>6.2
MeV, was atE1>26.0 MeV. A correction was made for the
effect of protons reacting in the NaI detector. This correctio
based on the measurements of@27#, was done by deconvo-
luting the spectrum channel by channel, beginning with th
highest energy channel. Corrections were of the order
10% for the highest proton energies, going down to zero
the low energy end.

The time-of-flight calibration of the protons to the bar
was done similarly, assuming interaction at the bars front a
including corrections for energy losses between the eve
vertex and the bars. For the neutrons, no energy losses ha
be taken into account, and the distance was taken to
center of the interacting bar. The threshold for the acceptan
of protons and neutrons in the bars was set by TOF cons
erations~TOF<35 ns!, corresponding to a proton energy o
E2>34 MeV and a neutron energy ofE2>18 MeV.

The total energy was determined by the target mass a
the incident beam energy. Measuring the momentum of t
proton in the telescope and the angles at which the nucleon
detected in the bars is sufficient to allow the calculation
the momenta and energies of the second and third final-st
particles from three-body kinematics. The additional me
surement of the momentum of the nucleon in the bars resu
therefore in an overdetermination of the kinematics, whic
was used for cross checks and background reduction. T
TOF of the nucleon to the bars was calculated and compa
to the measured TOF. Differences showed a Gaussian dis
bution with a standard deviation of typically,1 ns and neg-
ligible deviations of the peak from zero.
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The neutron detection efficiency of the bars was calcu
lated with the Kent State Monte Carlo code@28#, with 1.2
MeV (ee) threshold. The result~for one layer of bars! is
shown in Fig. 4. The uncertainty in the calculation of the
neutron detection efficiency, including averaging over centra
and outermost bars, is about 6%. The neutron detection ef
ciency was checked by comparing the yield of the reactio
3He(p2,dn) in telescope singles runs with the yield in co-
incidence runs, using the above efficiency correction for th
bars. The results were consistent.

From these data, a scatter plot was formed of the time-o
flight TOFN of the nucleon to the bars versus the energ
E1 of the proton detected by the telescope, both corrected
the target’s center~Fig. 5!. The two lines were calculated
from the kinematics of the reaction and the resolution of th
detectors. Only events falling within the kinematic band
were accepted for the analysis. Below the band are even
from random coincidences only; above it, additional event
from pion absorption in heavier nuclei in the target walls are
observed. The figure shows the data of all the bars add
together. In the actual analysis, the kinematic band was ca
culated for each bar separately, leading to narrower bands f
the special kinematic conditions of each bar.

Multiple hits in the bars were sorted out by first checking
whether two counts could be related to one nucleon. If the
were observed in two neighboring bars or in a front-back pa
of bars and at the same height~to within 66 cm!, they were
handled as originating from one nucleon. If, at the end of thi
sorting, two independent hits remained, and if both were i
the kinematic band, they were marked in the data file as
double hit and counted as one event. Double hits in the tel
scopes~two protons reaching two different telescopes simul
taneously! were not observed at all. This demonstrates tha
vetoing of good events by a third proton hitting theP3 or
V1 or V2 veto detectors is negligible.

Random coincidence contributions were subtracted by d
fining a band of equal shape and area as the kinematic ban
in the area of shorter TOF~the random band!, and subtract-
ing the events in the random band (N2) from the events in
the kinematic band (N1). The ratioN2 /N1 varied between
,0.01 forp1 at conjugate angles and'0.5 forp2 at angles
60° off conjugate. The same procedure was repeated f
empty-target runs, to correct for contributions from the targe
walls. The ratio of events observed in the kinematic bands o
the empty and the full target,N3 /N1 , varied in the same
range asN2 /N1 . For empty-target runs, the difference be-
tween events in the kinematic band (N3) and in the random
band (N4) fluctuated around zero. This net number of empty
target events was normalized to the beam countsF full of the
full target run. DefiningK5F full /Fempty, the net number of
events is given by

N5N12N22K~N32N4!, ~2!

with the errorDN given by

DN5A~DN1!
21~DN2!

21K2@~DN3!
21~DN4!

2#. ~3!

For p2 runs, eachNi ( i51, . . . ,4) wascorrected for the
neutron detection efficiencyh, as discussed above. IfNi8
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designates the uncorrected number of events, th
Ni5Ni8/h. Therefore, eachDNi of Eq. 3 is given by

DNi5ANi

h
1S Dh

h
Ni D 2, ~4!

where we made use of the relationsNi5Ni8/h and
(DNi8)

25Ni8 .

B. Three-nucleon absorption cross sections

The net number of counts given by Eq. 2 was transform
into triply differential cross sections by

d3s

dE1dV1dV2
5

NE1

DV1DV2F f p Ntgt
. ~5!

HereNE1
is the number of countsper MeVof the protons

detected in the telescope,DV1 the solid angle of the tele-
scope,F the number of incident beam particles,fp the pion
fraction of the beam,Ntgt the number of

3He nuclei per unit
area, andDV2 the angular opening of the bars.

We assume a phase-space-like behavior of the 3N absorp-
tion at all nonconjugate angles. This assumption was fou
to be approximately correct in previous experiments@13# as
well as in the present one. In particular, this was confirm
by a recent experiment@29# in which a large fraction of
phase space was studied. In this case, the matrix elem
connecting the phase space to the differential cross sec
will be constant. We denote it by the factorf to be found
experimentally:

d3s

dE1dV1dV2
5 f

d3R

dE1dV1dV2
. ~6!

The phase space was calculated under the experimental
ditions ~detector acceptances, energy thresholds! by the for-
mula ~see@30,31#!

d3R

dE1dV1dV2
5

p1p2
2

8@E3p21E2~p22pcosu21p1cosu1,2!#
.

~7!

The subscripts 1,2,3 denote the proton detected in the te
scope, the nucleon detected in the bars, and the undete
nucleon, respectively. Here,u1,2 is the angle between the
proton detected in the telescope and the nucleon detecte
the bars, andp is the momentum of the pion.

For both data and phase-space calculations, a cut w
made on the recoil momentum of the undetected nucle
Requiringp3>200 MeV/c ~for the purpose of determining
the factorf ) excluded significant 2N reaction contributions.
In the present experiment, large FSI contributions were o
served at the conjugate angles, and could be observed eve
configurations 30° off conjugate in the four or five bars nea
est the conjugate angle. Therefore, for the eight configu
tions 30° off conjugate, only the three remaining bars fa
thest from the conjugate angle, showing no FSI influenc
were used for calculation of the 3N phase-space normaliza
tion. For the four configurations 60° off-conjugate angle, a
eight bars were used. Thus, out of the 12 off conjugate a
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gular combinations listed in Table I, eight were with the bar
centered at'40° off conjugate and an angular opening o
10.7°, and four with the bars centered at'60° off conjugate
and an angular opening of 28.6°. The phase-space expr
sions were then normalized to the data at these 12 points
a least squares fit. The normalization yielded the factorf
defined in Eq.~6! at the 12 angular combinations~see Table
III in Sec. IV C!.

The average factor̂f & found in this way was then used to
calculate the total 3N absorption cross section. By integrat-
ing phase space over all angles and the allowed ener
range, we get the total 3N phase space:

R35E
0

p1,max d3p1
2E1

R2~ uQu,m2 ,m3!, ~8!

whereR2(uQu,m2 ,m3), the two-body phase space, is given
by

R2~ uQu,m2 ,m3!5
p@Q422Q2~m2

21m3
2!1~m2

22m3
2!2#1/2

2Q2

~9!

~see @31#; Q is the combined four-momentum of nucleons
2 and 3). Multiplying the total 3N phase space bŷf &, we
got the total 3N cross sections:

s3N,p15
f p1

3!
R3 , ~10!

s3N,p25
f p2

2!
R3 ~11!

for p1 andp2, respectively~the factors 3! and 2! are the
multiplicity of detection of the outgoing nucleons, 3 protons
for p1 and 1 proton, 2 neutrons forp2). The errorsD f of
the 12 factorsf shown in the table include the statistica
error and the uncertainty of the fit. The error of the averag
^ f & is the standard deviation off .

In addition to this error, we had the following contribu-
tions to a systematic error: 4% uncertainty in the telescop
acceptanceDV1; 4% uncertainty in the bars acceptance
DV2; 2% uncertainty in the number of target particles
Ntgt ; 1% uncertainty in the pion fractionf p of the beam; 1%
uncertainty in beam countsF; 6% uncertainty in the neutron
detection efficiencyh ~for p2 only!. Summing these errors
in quadrature results in a total systematic error of 6% fo
p1 3N absorption, and 9% forp2 3N absorption. The sys-
tematic error ins3N is negligible compared to the standard
deviation of f .

C. Two-nucleon absorption cross sections

The doubly differential 2N absorption cross section is
given by

d2s

dE1dV1
5

NE1

DV1F f pNtgt
•

1

f bars
. ~12!

Here the solid angle of the bars,DV2 @cf. Eq. ~5!#, is re-
placed by the bars acceptance factor,f bars. This correction
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accounts for the 2N absorption events lost due to the ba
finite dimensions. For the freep1d→pp absorption process
a peak with an angular width defined by the angular acc
tance of the telescope was observed in a part of the bars
For a quasifree process, the peak of 2N absorption in the
bars is smeared out by the Fermi momentum of the abs
ing nucleon pair, which is equal in magnitude to the mom
tum p3 of the third nucleon~the ‘‘spectator’’!. At conjugate
angle settings and when requiringp3<150 MeV/c ~for re-
striction to 2N absorption, as was done also in@14#!, we
observed a Gaussian distribution of events over the b
both in horizontal and vertical directions, extending beyo
the physical limits of the bars. Fitting a Gaussian to t
distribution in both directions yielded the horizontal and v
tical acceptances. Their product yielded the total bars ac
tance, f bars. The acceptance decreases systematically f
0.90 for the most forward bar angle to 0.83 for the m
backward one. This decrease is caused by the correspon
increase in the ratio of the Fermi momentum to the mom
tum transferred in the absorption process to the particle
ing towards the bars. Because the tails of the Gaussian
tribution are characterized by relatively large momenta of
third nucleon (p3), application of this acceptance correctio
also corrects for the contributions to 2N absorption from
p3.150 MeV/c.

An example of net energy spectra of the telescope@Eq.
~2!# transformed into doubly differential cross sections
Eq. ~12! is shown in Figs. 6~a! and 6~b!. For the 2N differ-
ential cross sections, background from 3N reactions had to
be subtracted. This was done with the help of the nonco
gate angle data. For each of the six conjugate angles,
averagef6D f was calculated from the two nonconjuga
angular configurations adjacent to that angular setting.
phase space calculated at the conjugate angle and multi
by the corresponding factorf was then subtracted from th
2N spectrum. Strictly speaking, this is wrong, as the t
processes add by their amplitudes, not by their cross
tions. Experimentally, this method seems to be justified,
though minor interference effects cannot be fully exclud
For details see Sec. IV A. Examples for the resulting 3N
background are shown in Fig. 6~solid line!, together with the
corresponding data points at the same angles. The erroD f
introduces an additional error in the 2N doubly differential
cross section. Designating the phase space byw, we rewrite
Eq. ~12! by

d2s

dE1dV1
5S NE1

DV1F f p Ntgt
2 fw D • 1

f bars
. ~13!

After subtracting the 3N absorption background from th
doubly differential cross sections, one gets the final spe
of d2s/(dE1dV1) versusE1 . Thep2 spectrum@Fig. 6~b!#
still shows three peaks. The first one~at lowest proton energy
in the telescope! is due to FSI with two nucleons~the proton
observed in the telescope and the undetected nucleon! recoil-
ing together against the nucleon detected in the bars.
third peak at the high energy edge is also due to FSI. In
case, the proton detected in the telescope recoils back to
against the two nucleons going towards the bars. The pea
the center between these two FSI peaks is from 2N absorp-
tion, where no momentum is transferred to the third~unob-
rs
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served! nucleon. Three Gaussian functions were fitted simu
taneously to these peaks. The shape of the centralN
absorption peak was fixed by thep1 runs and used also for
p2 data taken at the same angles, where peak shape
position were essentially identical, but statistics were bet
for p1. Also forp1 the FSI peak hardly disturbed the shap
of the 2N peak. Although the FSI peaks are much smaller f
p1 absorption, when compared to the 2N peak, they are
clearly visible at the low energy ends of the spectra, at
angles. The high energy FSI peak is seen inp1 absorption at
backward angles, where the 2N peak moves to lower ener-
gies, thus separating from the FSI peak. At forward angle
the high energy FSI peak merges with the 2N peak.

The integral over energy of the 2N peak yielded the dif-
ferential cross section for a given angle. The error in 2N
absorption consists of the statistical errorDN, the uncer-
tainty in 3N background subtractionD f , and the systematic
error. The two angle-dependent errorsDN andD f lead to the
following error in the doubly differential cross section:

DS d2s

dE1dV1
D 5

1

f bars
AS d2s

dE1dV1
•

DNE1

NE1
D 21~D f •w!2.

~14!

The systematic error consists of the components listed for
3N absorption, except for the termDV2 which is replaced
by the uncertainty inf bars. This uncertainty is close to 3% at
all angles. The total systematic error for 2N absorption is
therefore virtually identical to the 3N error ~6% forp1, 8%
for p2).

D. Final-state interaction and singles analysis

The 3N absorption analysis showed that a simultaneo
fit of the phase space to the data over all eight bars, at ang
30° off conjugate, is impossible. This is due to a dynamic
enhancement of the FSI observed in the bars near the co
gate angle. An analysis of all events for which the reco
momentump3>200 MeV/c ~excluding 2N absorption, but
including FSI!, carried out through the conjugate angle
showed that the FSI is enhanced by a factor of up to 20 w
respect to the average factorf observed at angles without
FSI influence. This enhancement finds visible expression
the energy spectra of the telescopes at conjugate ang
where two FSI peaks remain on both sides of the 2N absorp-
tion peak, even after subtracting the phase-space normali
3N background@Fig. 6~b!#. At the pion energy of the present
work, the FSI influence is significant in an angular range
about 30° to both sides of the center of the FSI peak. Ave
aging the normalization of phase space to data over all ei
bars, at angular combinations 30° off conjugate, wou
therefore have given a mixture of 3N absorption and anun-
knownfraction of the FSI. This was the reason to avoid FS
contributions in the 3N analysis. A correct analysis of the
FSI contribution to the total cross section would demand
analysis of the peaks seen at the conjugate angles, with c
rections for detector thresholds and acceptances by Mo
Carlo modeling. This will not be done in this paper.

For p2, the high energy FSI peak~HE FSI! of the coin-
cidence runs was used to estimate the cross section contr
tion of these peaks. The way of calculation is exactly th
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TABLE II. Differential cross sections of 2N p1 absorption on3He atTp537.0 MeV. The errors in this
table are statistical errors and background subtraction uncertainties only.

p1 p2

u lab uc.m. Jac
ds/dV lab

~mb/sr!
ds/dVc.m.

~mb/sr!
ds/dV lab

~mb/sr!
ds/dVc.m.

~mb/sr!

35.0° 39.4° 0.815 20126137 16406112 57.96 5.6 47.26 4.6
50.0° 55.9° 0.853 14106 97 12036 83 30.06 4.7 25.66 4.0
65.0° 71.9° 0.903 9006 63 8136 57 12.6615.2 11.4613.7
80.0° 87.5° 0.965 6616 50 6386 48 24.26 4.6 23.46 4.4
100.0° 107.5° 1.058 8286 69 8766 73 53.3612.4 56.4613.1
120.0° 126.5° 1.156 12266 91 14176105 98.2617.5 113.5620.2
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same as described above for the 2N absorption from the
2N peaks~Sec. III C!. The factorf bars was recalculated for
the distribution of FSI events over the bars which is also
Gaussian shape. No further corrections for the bars acc
tance was made~except for neutron efficiency correction!.
This approximation is not too bad: For thep2 HE FSI peak,
two neutrons are going towards the bars. On the average,
of them is below detection threshold, one above. So for th
peak, the error introduced by neglecting rigorous acceptan
corrections is estimated to be< 20%.

For p1, this method of calculating the FSI cross sectio
cannot be applied, as the HE FSI peak is not~clearly! sepa-
rated from the 2N peak. In this case, a completely differen
approach made the extraction of FSI cross sections possi
Proton single-arm measurements allow an independent
duction of the 3N total cross section, including the FSI com
ponent. Contributions to the differential cross section of th
singles runs, (ds/dV)sng, at this energy, are from pion ab-
sorption alone (2N, 3N, and FSI!. For the setup of this
experiment, knock-out protons from3He(p6,p6p)pn reach
a maximum energy of 12 MeV atuTEL535°, which is below
the detection threshold of the telescopes~26 MeV!.

The yield for singles runs is given by

N5N12K~N3!, ~15!

with N1 the total number of events with the full target,N3
the total number of events with the empty target, andK the
beam counts normalization factor as defined above. The s
tistical error is given by

DS d2s

dE1dV1
D5

d2s

dE1dV1
•

DNE1

NE1

, ~16!

with DN composed of the errors inN1 andN3 only.
The starting point for our calculation ofsFSIp1 is the

decomposition of the differential cross section of single
events forp1, (ds/dV)sng:

S ds

dV D
sng

52S ds

dV D
2N

1
3

C S ds

dV D
3N

1
3

D S ds

dV D
FSI

. ~17!

The numerical factors are the multiplicities of protons d
tected in the telescope for each process. The first term on
right-hand side is the 2N absorption differential cross sec
tion actually measured~Table II!. The second term is a dif-
ferential 3N absorption cross section, but actually only th
of
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integrated values3N is measured in the experimen
(ds/dV)3N is multiplied by a factorC that corrects for the
energy threshold of the telescopes. This factor is the ratio
phase space without and with the energy threshold. It va
between 1.14 and 1.20 for telescope angles between 35°
120°. Similarly, the factorD corrects for the energy thresh
old for detecting the two protons in the FSI LE peak. Th
factor is somewhat larger thanC and is estimated to be 1.5
6 0.2. This yields an expression for the 3N differential cross
sections, (ds/dV)3N :

3~ds/dV!3N5CF ~ds/dV!sng22~ds/dV!2N

22S ds

dV D
FSI

G . ~18!

At the angles measured, we calculate (ds/dV)mix
[C•@(ds/dV)sng22(ds/dV)2N# ~see Table V and Fig.
12!. Integration over all angles yields

smix53s3N1C•2sFSI ~19!

~called smix as it contains a mixture of 3N and FSI cross
sections!. Finally, we solve forsFSI to get

sFSI5
smix23s3N

1.17•2
, ~20!

where we used the average value of 1.17 for the factorC. In
the present experiment, this technique could not be app
to p2 absorption due to various technical problems with t
p2 single-arm measurements. The total systematic error
singles is slightly less than for the coincidence runs~Sec.
III B ! as the uncertainty factor of the bars drops out.
amounts to 5% for thep1 beam.

IV. RESULTS

A. Spectator momentum distribution

The momentum distribution of the spectator nucleon c
determine to what extent the 2N absorption is a quasifree
process. It is given by

rp3
5S d2s

dV1dp3
D S p32dp3E

R
dRD . ~21!
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Here, d2s/dV1dp3 is measured in the experiment, an
p3
2dp3*RdR is the three-nucleon phase space, integrated o

all variables except forp3 , and corrected for the experimen
tal acceptances. The detailed description of this equatio
given in @14,32#. We calculated the phase space with t
experimental configurations using a Monte Carlo progra
The resulting momentum distributions are shown in Fig.
They are compared to the results of the momentum distr
tion measurements~solid and dashed lines in Fig. 7! for a
proton in 3He, based on the3He(e,e8p) study by Janset al.
@22,23#. One expects the proton and neutron momentum
tributions in 3He to be similar.

The open circles in Fig. 7 show the momentum distrib

FIG. 8. Spectator momentum distribution (p2, uTEL535°,
ubars5135°). ~a! TOF of the neutrons detected in the bars vs
calculated spectator momenta, showing different kinematic regi
region II is the 2N absorption region, I and III are both dominate
by FSI. ~b! Projection of~a! on thep3 axis. The peaks of the thre
regions are overlapping.~c! Same as~b!, but after cut excluding
region I. The 2N peak is now cleaner, but still contaminated by t
tail of the FSI peak of region I.
d
ver
-
n is
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tion obtained forp1 ~a! andp2 ~b!, with the data of the
three telescopes added together. The angular configura
chosen has the bars at 135°; one telescope at the conju
angle (35°), one at 65°, and one at 95°. The moment
region p3>320 MeV/c corresponds to the angular regio
farthest from the conjugate angle. The 3N absorption analy-
sis showed that this is the only region without any FSI co
tributions. After calculating the 3N absorption phase spac
over the whole region, a least squares fit was made for

the
ons:
d
e

he

FIG. 9. Angular distribution of the 2N p1 absorption~a! and
the 2N p2 absorption~b! on 3He atTp537.0 MeV. The solid lines
are the Legendre polynomial fits to the data. The dashed line in~a!
is the angular distribution ofp1(d,pp) at 40 MeV@26#, scaled by
the factor 1.5. The dotted line in~b! is the theoretical result of
Niskanen@43#.

FIG. 10. Results ofp1 andp2 2N and 3N absorption mea-
surements on3He at different pion energies. For details, see Tab
IX. The lines are a Lorentz fit to thep1 data.
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regionp3>320 MeV/c. The normalization factors obtaine
in this way were f50.09660.012 for p1, and
f50.04160.006 forp2, consistent with those obtained i
the 3N analysis~the last two lines of Table III!. The phase
space was then multiplied by this factor and subtracted fr
the data over the whole region. The momentum distribut
after this subtraction is shown by the solid circles in Fig.
For the region above 320 MeV/c, where there are virtually
no 2N and FSI contributions, the distribution approach
zero. At lower recoil momenta, the 3N background subtrac-
tion hardly makes a difference, due to the large FSI a
2N absorption cross sections there.

Lacking an analytic way to subtract the FSI, an attem
was made to subtract it at least partially. To understand
procedure, it is useful to look at the scatter plot of TO
versusp3 @Fig. 8~a!# for the same experimental conditions a
in Fig. 7~b! (p2). Three kinematical regions can be sep
rated: Region II is the 2N absorption region (p3 around the
rmsvalue of Fermi momentum in3He!. Region III is mainly
due to FSI, with apn pair recoiling against a single neutron
Region I is also due to FSI. Here, annn pair is recoiling
against a single proton which is recorded in the telesc
with high energy@Fig. 6~b!#.

FIG. 11. The two solutions for polarization as predicted by p
tial wave amplitude analysis of the pion absorption experiments
Tp537.0 and 62.5 MeV. For both energies, the dashed line sh
the asymmetry predicted by the ‘‘D ’’ solution giving more weight
to the 3D1 channel; the solid line shows the asymmetry predic
by the ‘‘S’’ solution giving more weight to the3S1 channel. The
predictions are based on the 2N p2 absorption results of the
present work for 37.0 MeV, of Aniolet al. @13# for 62.5 MeV, and
updatedpn elastic scattering phase shifts@34#. Included are the
theoretical prediction of Niskanen@43# for 37.0 MeV, and the data
of Pontinget al. @19# for Tp5400 MeV.
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Figure 8~b! shows a projection on thep3 axis of the scat-
terplot Fig. 8~a!. It can be seen that the three peaks cannot b
separated when looking at the spectrum of the recoil mome
tum alone. In Fig. 8~c!, region I was removed from the scat-
terplot, before making the projection. Now, the 2N peak ap-
pears more clearly separated. The crosses in Fig. 7 repres
the momentum distribution after subtracting, in addition to
the 3N phase space, this FSI peak@region I of Fig. 8~a!#.
This was done for the conjugate angle only; thus, FS
measured in the telescope at the 30° off-conjugate ang
remain, contributing to the momentum region betwee
'150 and '200 MeV/c. The FSI of region III ~200
MeV/c<p3<300 MeV/c) which was not subtracted causes
the two curves~solid circles and crosses! to coincide in the
momentum region above'200 MeV/c.

Forp1 @Fig. 7~a!#, where the FSI cross section is small as
compared to the 2N absorption cross section, the result
shows satisfying agreement with the measurement of Ja
et al. in the 2N region ~up to 150 MeV/c). The deviations
between 60 and 110 MeV/c may be ~at least partly! ex-
plained by a remaining tail of the FSI peak of region I. The
influence of the remaining tail of the FSI peak, in this mo-
mentum region, is even more evident in the momentum dis
tribution of p2.

Note that the cut made in Fig. 8~a! to separate region I

r-
for
ws

ed

FIG. 12. FSI angular distributions.~a! The ‘‘mixed’’ results
(ds/dV)mix[C•@(ds/dV)sng22(ds/dV)2N# from p1 singles. A
pure 3N phase-space-like behavior would result in a flat distribu
tion. The difference in shape is due to the FSI contribution. La
angles are used as there is no unique c.m. system for the plott
quantities.~b! (ds/dV)FSI from thep2 HE FSI peaks. The distri-
bution has a shape similar to that ofp2 2N absorption, in contrast
to pure 3N phase space.
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1084 53H. HAHN et al.
from region II is rather arbitrary. The 2N absorption and the
FSI regions overlap here. No analytic separation of the t
regions is possible. Because of this uncertainty in FSI s
traction and because of the relative strength of the FSI~es-
pecially forp2), the 2N absorption analysis of the prese
work was not based on the recoil momentum distributio
Instead, the energy spectra of the telescopes were used.
allow a good separation of the different peaks. The rec
spectra such as the one shown in Fig. 8~c! were used as a
crosscheck. After the cut on FSI region I in the scatterplo
Gaussian fit to the 2N peak minimized the influence of th
remaining FSI tail underlying the high momentum end of t
2N peak. The two methods gave consistent results for
differential 2N absorption cross sections.

The spectator momentum distribution also justifies to
certain extent the method of removing 3N background by
subtracting 3N from 2N cross sections, disregarding possib
interference effects. At pion energies of 350 and 500 Me
FSI was not disturbing the momentum distribution. At the
energies a simultaneous fit to the 2N region ~based on the
known momentum distribution as given by the solid line
Fig. 7! and to the 3N region ~based on phase space! ac-
counted for all the observed events, without any obvio
interference effects~Smith et al. @32#!. At 37.0 MeV, FSI
contaminates the region where interference effects sho
most easily be noticed~150 MeV/c,p3,200 MeV/c).
From the energy distribution in the telescopes, these ev
are identified as belonging to the FSI peaks, not to theN
absorption peak. The situation is not as clear as at 350
500 MeV, and interference effects cannot be fully exclud
But after separating 2N, 3N, and FSI, remaining interfer-
ence effects can be only small as compared to these t
components. In addition, the ratio of absorption cross s
tions betweenp13He andp1d is observed to be consisten
with the number ofnp pairs at 37.0 MeV~see below Sec.
V A 1 and @30#!. The combination of these two observatio

TABLE III. Results for three-body absorption atTp537.0 MeV.
The ‘‘angular distance’’ is the distance~in degrees! from the two-
body absorption peak.

Angular
Range Distance

uTEL ubar of the bars f p1 f p2

90.0° 39.2° 10.7° 35.7° 0.10860.016 0.08260.015
60.0° 48.0° 28.6° 57.9° 0.12860.010 0.04260.012
70.0° 57.2° 10.7° 37.9° 0.07960.023 0.06460.010
40.0° 66.0° 28.6° 63.1° 0.10660.017 0.03760.011
110.0° 93.8° 10.7° 37.4° 0.09460.006 0.03660.006
50.0° 76.2° 10.7° 41.1° 0.09160.008 0.03960.012
95.0° 109.8° 10.7° 39.7° 0.07760.006 0.02360.010
35.0° 92.2° 10.7° 43.0° 0.12460.009 0.05960.019
110.0° 118.0° 28.6° 61.6° 0.06460.006 0.03160.009
80.0° 126.8° 10.7° 42.1° 0.11560.009 0.03460.012
95.0° 135.0° 28.6° 64.9° 0.07360.008 0.02860.013
65.0° 143.8° 10.7° 43.4° 0.12760.011 0.02460.016

^ f & 0.09260.024 0.03960.018
s3N 1.2560.32 mb 1.5560.72 mb
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makes it plausible to treat, as a practical approach, theN
and 3N amplitudes incoherently.

B. Two-nucleon absorption

1. p1 absorption on a„pn… pair

The differential cross sections are obtained as describe
Sec. III. The results are listed in Table II and shown in Fig.
The solid line is a fit to the data by a Legendre polynomi
expansion of order 2:

ds/dV5A01A2P2~cosu!. ~22!

The asymmetry termP1(cosu) vanishes because of the in
trinsic symmetry of the distribution of two identical particle
in the final state. We assume that atTp537.0 MeV onlys-
and p-wave pions contribute to the process, and therefo
neglect higher order terms in the polynomial expansion. T
resultsA051250640mb, A2511906100mb.

The angle-integrated cross sections2Np1 is given by
4pA0 , divided by 2 ~two identical particles in the final
state!:

s2Np152pA057.960.5 mb. ~23!

The error includes a systematic error of 6%.

2. p2 absorption on a diproton

The differential cross sections are obtained as describe
Sec. III. Results are in Table II and Fig. 9. The solid line is
fit to the data by a Legendre polynomial expansion of ord
2:

ds/dV5A01A1P1~cosu!1A2P2~cosu!. ~24!

The results A056862mb, A1527164mb,
A258564mb.

The total cross section is

s2Np254pA050.8560.08 mb. ~25!

The main contribution to the error is from the systemat
error of 8%~cf. end of Sec. III!.

C. Three-nucleon absorption

The results of the 3N absorption, calculated as describe
in Sec. III B, are summarized in Table III. The reducedx2 of
the fit of phase space to data at the 12 angular combinati
varies between 0.9 and 2.5 forp1 and between 0.4 and 1.5
for p2. This indicates that the assumption that 3N absorp-
tion behaves like a phase space at the individual angu
combinations is reasonable.

The error for the weighted average^ f & shown in the table
is the error from the standard deviation inf . The weighted
average error off is much smaller (p1: 0.0024, p2:
0.0031!. The large differences between the standard dev
tions and the weighted average errors indicate that our
sumption of a constant factorf is reasonable over limited
regions of the phase space but does not hold over the wh
phase space. Lacking other possibilities to calculates3N , we
use the averaged̂f &, which still should be close to reality as
no extreme deviations inf are observed.
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TABLE IV. Results for three-body absorption atTp562.5 and 82.8 MeV.

62.5 MeV 82.8 MeV
uTEL ubar f p1 f p2 uTEL ubar f p1 f p2

65.0° 133.0° 0.2060.04 65.0° 129.9° 0.1460.01 0.0660.01
95.0° 129.9° 0.1160.04 0.0660.01

80.0° 114.0° 0.1860.02 80.0° 110.8° 0.1660.03 0.0560.01
110.0° 110.8° 0.0860.02 0.0560.01

35.0° 97.0° 0.2560.03
95.0° 97.0° 0.2160.02
50.0° 81.0° 0.2060.04 50.0° 77.8° 0.0460.01

110.0° 77.8° 0.0760.01
40.0° 62.0° 0.1760.03 40.0° 59.2° 0.1460.02 0.0660.02
70.0° 62.0° 0.1960.03 70.0° 59.2° 0.0560.01

60.0° 42.6° 0.1860.06 0.0660.02
90.0° 45.0° 0.2760.04 90.0° 42.6° 0.1060.02

^ f & 0.2160.04 0.0960.02 ^ f & 0.1360.04 0.0660.02
s3N 3.760.6 mb 4.560.8 mb s3N 2.860.8 mb 3.461.1 mb
h
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D. Three-nucleon absorption atTp 5 62.5 and 82.8 MeV

The 3N absorption data of Aniolet al. @13# were reana-
lyzed in a way similar to the procedure described in Se
III B, where Eq.~7! replaces the incorrect equation in Tabl
II of @13#. The factorsf resulting from the fit and the total
3N cross sections are listed in Table IV. Forp2 at 62.5
MeV, raw data were no longer available. In this case, t
average factor̂f & was extrapolated from the average ratio o
the new factor̂ f & to the one given in@13#, atTp582.8 MeV
(p1 andp2), andTp562.5 MeV (p1). This ratio is 0.5–
0.6 in all three cases. Consequently, the resulting 3N total
cross sections are smaller by the same factor as those cite
the work of Aniol et al. @13#. One of these four 3N cross
sections (Tp562.5 MeV,p1) was calculated in the work of
Aniol independently, based on singles runs, resulting
s3N53.660.4 mb. This value agrees with the one calculat
in the present reanalysis (s3N53.760.6 mb!.

TABLE V. (ds/dV)mix[C•@(ds/dV)sng22(ds/dV)2N# for
p1 ~from singles runs!, and the differential cross sections
(ds/dV)FSI,HE of the FSI peak at the high energy edge fromp2

coincidence runs.

p1 p2

(ds/dV) mix
~lab!

(ds/dV) FSI,HE
~lab!

(ds/dV)FSI,HE
~c.m.!

uTEL ~mb/sr! ~mb/sr! uc.m. ~mb/sr!

35° 11916177 26.664.9 37.7° 23.464.3
50° 9246120 7.962.9 53.6° 7.162.6
60° 647686
65° 682688 3.361.4 69.3° 3.161.3
80° 490665 7.061.3 84.6° 6.861.2
90° 400681
95° 417684
100° 19.463.0 104.6° 20.063.1
110° 518655
120° 5816114 39.864.9 124.0° 43.465.3
c.
e

e
f

d in

in
d

E. Final-state interaction

As explained in Sec. III D, the FSI cross sections for
p1 andp2 absorption were calculated in different ways. For
p1, a mixed ~lab! differential cross section (ds/dV)mix
[C•@(ds/dV)sng2(ds/dV)2N# was extracted from singles
runs. Forp2, the c.m. differential cross sections of the FSI
peak at the high energy edge of the proton spectrum in th
telescope were calculated from coincidence runs. The resu
ing differential cross sections are listed in Table V and show
in Fig. 12.

Legendre polynomial fits to the two distributions yielded
the coefficients listed in Table VI. The total cross section fo
thep2 HE FSI peak was calculated directly fromA0:

sFSI,HE~p2!54pA050.3560.0360.07 mb. ~26!

The first error is from the fit only; the second one takes into
account the uncertainty of<20% due to acceptance prob-
lems, and the systematic error of 5%. For the totalp2 FSI
absorption, the yield of the low energy FSI peak has to b
added. It is not necessarily identical to the HE FSI yield, a
the two nucleons pairing off are different. But it can be ex-
pected to be similar. The total FSIp2 cross section is there-
fore estimated to be 0.760.2 mb.

For p1, the integration over the angular range gives
4pA059.460.6 mb~error including systematic error! which
is smix as defined in Eq.~19!. sFSI is then calculated from
smix and s3N , using Eq. ~20!. The result sFSI(p

1)
52.460.7 mb.

TABLE VI. Legendre polynomial coefficients for (ds/dV) mix
(p1) and (ds/dV)FSI,HE (p

2).

A0

mb
A1

mb
A2

mb x2/n

p1 749626 103642 648672 0.48
p2 2862 23364 3965 1.0
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TABLE VII. Cross sections and Legendre polynomial ratios ofp1 andp2 2N absorption. Errors include
statistical and systematic uncertainties. The columnuc.m.(min) shows the c.m. angles at which the minimum o
the Legendre polynomial fit forp2 absorption is found. The value ofumin cited for 165 MeV is from a fit
includingA3 ~Mukhopadhyay@17#!. p.w. stands for ‘‘present work.’’

Tp

~MeV!
s2Np1

mb A2 /A0

s2Np2

mb A1 /A0 A2 /A0

uc.m.(min)

deg

37.0 @p.w.# 7.960.5 0.9560.09 0.8560.08 21.0460.07 1.360.1 7461
62.5 @13# 10.261.0 1.1460.11 0.7060.11 20.8260.13 1.660.2 8062
64 @14,15# 10.261.8 1.1760.06 0.460.1 20.9060.05 1.460.1 7861
82.8 @13# 13.461.3 1.1060.07 0.9260.14 20.7960.13 1.760.2 8162
119 @14,15# 17.362.0 1.1060.06 1.160.2 20.7760.15 1.760.1 8162
162 @14,15# 19.662.7 1.1760.10 0.860.2 20.6960.05 1.960.1 8361
165 @17# 17.062.6 1.0160.09 0.9160.20 20.7660.14 1.460.2 8762
206 @14,15# 13.061.7 1.3360.10 0.960.2 20.1960.07 1.660.1 8861
350 @32# 2.1960.19 0.8660.08 0.660.2@16#

500 @32# 0.7260.07 0.4460.06
s
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V. DISCUSSION

A. Two-nucleon absorption

1. p1 absorption on a„pn… pair

The ratio of the Legendre polynomial coefficient
A2 /A0 (0.9560.09) is close to unity as found at higher en
ergies~Table VII!. This value is consistent with the value o
A2 /A0 measured inp1 absorption on the deuteron~1.01 at
both 35 and 40 MeV@26#!. It is expected to be unity as long
as thep partial wave leading to the1D2 final NN state is
dominant@33#. The slightly smaller value measured at 37
MeV is in agreement with the trend for the deuterons at lo
energies, indicating an increasing contribution froms-wave
absorption.

The total cross section is a factor of 1.560.15 times the
cross sections measured ford(p1,pp) at Tp 5 35 and 40
MeV @26#, as expected from counting 1.5pn pairs with the
deuteron quantum numbers in3He. This and the factor of
'10 between thep1 and p2 cross sections indicate tha
even at this low energy the channel with an intermedia
DN is dominating other effects such as the higher density

2. p2 absorption on a diproton

The angular distribution of the differential cross section
is backward peaked~Fig. 9! as has been observed at all en
ergies at whichp2 absorption on3He has thus far been
measured. The Legendre polynomial coefficients reported
the different experiments, assuming onlys- andp-wave pion
contributions, are listed in Table VII. The ratioA2 /A0 is
rather stable over the whole energy range, especially wh
averaging the two values reported for 162 and 165 MeV, y
slightly decreasing at low energies as forp1 absorption. The
ratio uA1 /A0u is a measure of the asymmetry of the distribu
tion. After averaging the values at 162 and 165 MeV, th
general tendency is an increase in the asymmetry with
creasing beam energy, also reflected in smaller values
umin . These are indications of increasing contributions fro
s-wave, and ofs- andp-wave interference, with decreasin
energy.

The angle integrated cross sections are listed in Table
and Fig. 10. The energy dependence of the cross sect
s
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~Fig. 10! does not show any effect of theD resonance. Ex-
cept for the point at 64 MeV, the distribution looks fairly flat.
The average of all values is 0.860.2 mb.

With the assumption that onlys- andp-wave pions con-
tribute at low energies, the number of transition amplitudes i
restricted to three, leading to three finalpn states: for
lp50, final pn 5 3P0; for lp51, final pn 5 3S1 , or
3D1 . In the following the three amplitudes will be referred
to by their finalpn states. Piasetzkyet al. @18# studied the
relation between the transition amplitudes for the three chan
nels, and the coefficients of the Legendre polynomial fit to
the differential cross sections ofp2 absorption on the dipro-
ton. For the results of Aniolet al. @13# atTp562.5 MeV they
found two possible amplitude solutions, both in agreemen
with the data. The solutions differ significantly in the relative
strengths of the3S1 and

3D1 amplitudes, and are therefore
called the ‘‘S’’ and ‘‘ D ’’ solution according to the dominant
amplitude. Furthermore, they showed that the two solution
lead to a different angular dependence of the polarization o
the final state proton.

The analysis procedure as described by Piasetzkyet al.
employs Watson’s theorem allowing the use ofpn elastic-
scattering phase shifts and mixing parameters to determin
the phases of the three amplitudes@18#. In the present work,
this procedure was applied toTp537.0 MeV (Tp5350
MeV! and repeated forTp562.5 MeV (Tp5400 MeV! us-
ing the SP93 phase shifts of Arndt@34#. The resulting pre-
dictions are shown in Fig. 11 and Table VIII. The inclusion
of d waves could lead to small changes in the results w
present. The polarization was measured in experiments

TABLE VIII. Relative strength of the three transition amplitudes
contributing top2pp(1S0)→pn, for lp<1, based on the results of
the pion absorption experiments.

Tp537.0 MeV Tp562.5 MeV
Pion wave (pn) state ‘‘S’’ ‘‘ D ’’ ‘‘ S’’ ‘‘ D ’’

lp50 3P0 0.13 0.13 0.07 0.07
lp51 3S1 0.59 0.27 0.52 0.09

3D1 0.28 0.60 0.41 0.84
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53 1087PION ABSORPTION ON3He AT LOW ENERGIES
TRIUMF, using the inverse reactiond(pW ,p2pp)p at proton
bombarding energies ofTp5350, 400, and 440 MeV, corre-
sponding to pion energies ofTp537, 65, and 85 MeV, re-
spectively@19–21#. Previous results atTp5400 MeV @19#
are presented in the figure, and show that the ‘‘S’’ solution is
in much better agreement with the experiment than the ‘‘D ’’
solution.

The theoretical model of Maxwell and Cheung@35# for
p2 absorption on the diproton, based on one boson
change, resulted in wrong asymmetry~forward peaked!.
Miller and Gal@36#, using a six-quark bag model, succeede
in producing the correct forward-backward asymmetry. A
attempt to deduce the polarization behavior from a simp
model based effectively on one-pion exchange showed m
est agreement with the angular distribution, but did not r
produce the zero shift and the rather dramatic behavior of
polarization close to the zero crossing~Bachman, Riley, and
Hollas @37#, following the model of@38#!. Models based on
pion exchange alone tend to exaggerate the strength of
3D1 transition amplitude while the six-quark bag model@36#
gives too large a3S1 transition amplitude. No attempt ha
been made so far to combine the two models.

By introducing a Galilean-invariantpNN coupling opera-
tor in a model on the hadron level, Niskanen@39# succeeded
to reproduce the asymmetry observed at 62.5 MeV satisf
torily. He includedd- and f -wave pions in his calculations
which contributed non-negligible amplitudes, but did not e
fectively influence the angular distribution, thus partly just
fying the neglect of these partial waves. The polarizati
predicted by this model resembles the data@19–21# qualita-
tively and is similar to the ‘‘S’’ solution of Fig. 11. The
model is less successful in reproducing the observed as
metry at higher energies and in predicting the total cro
section, which is too high by a factor of 3–5 at 62.5 Me
~similar disagreement at 37.0 MeV!.

In a recent experiment, the total cross sections n
threshold forpp→ppp° were found to be five times larger
than predicted by theory@40#. In this reaction near threshold
only theT51, lp50 channel contributes. This channel ha
the same quantum numbers as the3P0 ~final statepn) chan-
nel for p2 absorption on the diproton (s-wave pion!. To
explain the unexpected enhancement of this channel, a he
meson exchange~HME! via a nucleon-antinucleon vertex
was proposed~Lee and Riska@41#; Horowitz, Meyer, and
Griegel @9#!. Niskanen@42# studied the impact of the HME
on p2 absorption on the diproton by incorporating the m
son exchange current effect into his previous@39# formalism.
Inclusion of this effect which gives more weight to th
s-wave pion channel results in a larger asymmetry of t
angular distribution and in a shift of the zero crossing of t
polarization curve to more forward angles. A second chan
made in@42# to adjust the strength of this channel was
replace the two-nucleonS-wave correlation function in
3He calculated from the Reid soft core potential by a para
etrization of the Hajduk wave function of3He ~details and
references in@39,42#!. Inclusion of the HME current and
application of the Hajduk wave function gave good agre
ment with the experimental data at 62.5 MeV@42# without
applying any scaling factor. The results for 37.0 MeV@43#
are shown together with the data in Fig. 9. Again, no scali
factor for the theoretical absorption was used. In conclusio
ex-
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the present results of pion absorption at low energies,
gether with the analyzing power measurements at cor
sponding proton energies, present a useful set of data
testing the strength of thes-wave pion channel, short range
effects like HME and structure of the wave function at sho
distances, and the ratio of3S1/

3D1 p-wave pion channels,
i.e., the strength of the tensor force or the mixing parame
e1 .

B. Three-nucleon absorption

As seen in Table III, the normalization factorsf do not
vary much and not in any systematic way over the measu
angles~Sec. IV C! meaning that the 3N absorption process
behaves approximately like phase-space distribution. In c
trast to 2N absorption, the total 3N cross sections are similar
for p1 andp2. This similarity was also observed at highe
energies~Table IX!. A comparison between the results a
different energies is problematic. In part of the experimen
~Weberet al. @15# and present work!, the FSI was separated
from the 3N absorption. The results of Aniolet al. at 62.5
MeV, even with the corrected phase-space formula~see Sec.
IV D !, are larger than those of Weberet al. @15# at 64 MeV,
and this may be caused by residual FSI influences. Co
pared to the results of Weberet al. @15#, our results at 37.0
MeV show a considerable drop in the cross section. An e
periment with stopped pions@24# showed that the 3N phase
space is virtually empty; only collinear events (2N and FSI!
could be observed. Our result at 37.0 MeV is consistent w
a drop in 3N absorption strength at lower energies. The cro
section for FSI increases at low energies, and at 37.0 M
becomes comparable to that of 3N absorption. The energy
dependence of the results shows a weakD resonance shape
~Table IX and Fig. 10!. The error-weighted average of the
two results at 162 and 165 MeV is 6.460.6 mb.

For p1, the ratios3N /(s2N1s3N) is rather stable~20–
30%! in the energy range 62.5–165 MeV. At 37.0 MeV th
ratio drops to 14%. The decrease of the 2N cross section
follows the D resonance, as seen by comparison wi
d(p1,pp) cross sections. The drop in the ratio shows th
the 3N cross section decreases more rapidly than theD reso-
nance. In contrast to low energies, at energies above theD
resonance~350 and 500 MeV! the 2N cross section de-
creases more rapidly than the 3N cross section, causing an
increase in the ratios3N /(s2N1s3N) to 45%. Forp2, the
ratio shows a similar trend but with larger values than f
p1, due to the small (p2,pn) reaction cross section. If one
assumess(p2,2n)'s(p1,2p) the values become compa
rable. The drop in the ratio at 37.0 MeV for bothp1 and
p2 is a consequence of the fact that at this low energy t
3N phase space starts to thin out.

The 3N absorption processes can be roughly divided in
two categories: 2N absorption accompanied by an interac
tion with the third nucleon, and genuine 3N absorption. The
first category can be subdivided into an initial-state intera
tion ~ISI!, hard final-state interaction~HFSI!, and soft final-
state interaction~FSI!. The latter process will be discussed i
Sec. V C. For the ISI, the incident pion interacts with one
the nucleons by scattering or charge exchange, and is af
wards absorbed by the other two nucleons. It has been sho
@44# that this process should have a clear experimental s
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TABLE IX. Summary ofp1 andp2 2N and 3N absorption cross sections. For all results, errors inclu
statistical and systematic uncertainties. p.w. stands for ‘‘present work.’’ The two values for 3N p1 absorption
at 350 and at 500 MeV are from two different methods of calculatings3N , as explained in@32# .

p1 p2

Tp

~MeV!
s2N

~mb!
s3N

~mb!
s3N

s2N1s3N

s2N

~mb!
s3N

~mb!
s3N

s2N1s3N

37.0 @p.w.# 7.960.5 1.360.3 0.1460.04 0.8560.08 1.660.7 0.6560.12
62.5 @13, p.w.# 10.261.0 3.760.6 0.2760.05 0.7060.11 4.560.8 0.8760.04
64 @14,15# 10.261.8 2.860.5 0.2160.06 0.460.1 3.260.7 0.8960.05
82.8 @13, p.w.# 13.461.3 2.860.8 0.1760.05 0.9260.14 3.461.1 0.7960.08
118 @29# 21.361.0 6.060.6 0.2260.02
119 @14,15# 17.362.0 4.460.6 0.2060.04 1.160.2 4.060.6 0.7860.06
162 @14,15# 19.662.7 6.060.8 0.2360.05 0.860.2 5.060.6 0.8660.04
162 @29# 17.460.8 7.260.7 0.2960.03
165 @17# 17.062.6 9.262.3 0.3560.09 0.9160.20 4.261.2 0.8260.07
206 @14,15# 13.061.7 2.560.6 0.1660.05 0.960.2 4.060.7 0.8260.06
239 @29# 7.060.6 3.060.5 0.3060.05
350 @16,32# 2.1960.19 1.5360.27 0.4160.06 0.660.2

1.8060.16 0.4560.05
500 @32# 0.7260.07 0.5160.08 0.4160.06

0.6460.08 0.4760.06
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nature in the form of a peak in the quantit
mx
25(T21T3)

22(p21p3)
2. We checked this quantity in

our data~the kinetic energiesTi and momentapi are mea-
sured in the experiment! at 3N absorption configurations. No
peak was found. For HFSI, one of the two on-shell nucleo
from 2N absorption interacts with the third~former specta-
tor! nucleon. The second nucleon of the initial 2N absorption
emerges with the energy it obtained in the 2N absorption
process. Therefore, HFSI should be seen experimentall
the form of a peak inT1 ~the energy of the proton detected
the telescope! at the 2N absorption energy, with the othe
two nucleons sharing the remaining energy~in contrast to
2N absorption!. Again, no peak of this kind was seen
3N configurations.

Weberet al. @15#, following Fasano and Lee@45#, suggest
a two-step process in which two nucleons, after absorb
the pion, form a six-quark bag. This bag interacts with t
third nucleon leading to 3N absorption. The six-quark bag i
expected to be long lived as it can achieve quantum numb
which prohibit it from decaying to two nucleons. With a
three nucleons involved in the last reaction step, this proc
should have phase-space-like behavior.

A genuine 3N absorption process was suggested by A
ery @46# and followed by Mateos and Sˇ imičević @47#. The
model is analogous to the two-nucleon absorption mec
nism which can be described aspNN→DN→NN. For the
3N absorption mechanism an intermediatepNN resonance
is assumed to play the role of theD in the 2N absorption
process:pNNN→(pNN)N→NNN. The predictions of this
model are in good agreement with the data although m
detailed comparisons are needed in order to determine
role of this mechanism in 3N pion absorption.

C. Final-state interaction

The cross section for p1 absorption via FSI,
sFSIp152.460.7 mb, indicates that at 37.0 MeV the FS
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process is of the same order of magnitude as the 3N absorp-
tion process (1.360.3 mb!. The factor between data and
phase space was observed to be up to 20 times highe
angles with FSI influence than elsewhere. On the other ha
the angular range of the FSI is small, whereas the 3N ab-
sorption occupies the whole region allowed by phase spa
The combination of these two effects makes the above res
for the FSI very plausible. The same is true forp2, where
the estimated result of the summed LE and HE FSI pea
(0.760.2 mb! is about half the value measured for 3N ab-
sorption (1.660.7 mb!. The similarity in shape of thep2

2N and FSI differential cross section distributions is remar
able ~Figs. 9 and 12!. However, theoretical calculations re
lating these two processes are not available.

D. Pion absorption and photodisintegration

There is interest in comparing pion absorption and pho
disintegration. For heavy targets, photon induced reactio
are more sensitive to the nuclear interior compared to t
strongly absorbed pion probe. In3He this is not the case and
the comparison can be more sensitive to the intrinsic diffe
ences between the two probes. The spectra for bothg and
p induced reactions on3He contain 2N, 3N phase space and
FSI contributions@48,49#. The technique of incoherent sepa
ration of 2N and 3N absorption was used also successful
by d’Hoseet al. @50#. Higher energyg data are now avail-
able from Sudaet al.and Emuraet al. @51#. Data with polar-
izedg rays are available from Ruthet al. @52#, and Tedeschi
et al. @53#. Calculations ofg1(pn) andg1(pp) 2N photo-
disintegration in3He are being carried out by Niskanen, Wil
helm, and Arenho¨vel @54,55#, also with Fadeev wave func-
tions. The consistency of their approach is tested
comparison to bothg and pion data.

VI. CONCLUSIONS

We measuredp1 absorption on quasideuterons andp2

absorption on diprotons atTp537.0 MeV using
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53 1089PION ABSORPTION ON3He AT LOW ENERGIES
3He~p1,pp)p and 3He(p2,pn)n, respectively. In addition
we measured the 3N and FSI absorption ofp1 andp2 on
3He atTp537.0 MeV, and reevaluated the 3N absorption at
Tp562.5 and 82.8 MeV using the data of Aniolet al. @13#.

The experimental results of thep1 absorption on a quas
deuteron at 37.0 MeV show consistency with results of
periments carried out earlier at higher energies.

The energy dependence of the total cross sections,
the energy range from 37 to 500 MeV, follows theD reso-
nance. The absorption through an intermediateDN state is
still dominant at 37.0 MeV. The ratio
s(2N,p1)/s(2N,p2) is close to 10~compared to'20 at
the peak of theD resonance, and,4 at 350 MeV!.

As a consequence of the dominance of theD, the ratio of
the 2N absorptions(p13He)/s(p1d) at this energy is 1.5
as throughout theD resonance energy region.

The dominance of thep-wave pion channel is reflected
the ratio A2 /A050.9560.09. The slight deviation from
unity is an indication ofs-wave pions beginning to contrib
ute at this energy, in agreement with observations of p
absorption on the deuteron at low energies@26#.

The results ofp2 absorption on the diproton are cons
tent with the results at higher energies in the followi
points.

The total cross sections, over the energy range from 3
350 MeV, are nearly constant at abouts50.860.2 mb.

The angular distribution of the differential cross sectio
is asymmetric~backward peaked! at all energies measured s
far ~37–350 MeV!.

The asymmetry increases with decreasing energy,
reaches its largest value measured so far at 37.0 M
(A1 /A0521.0460.07).

The minimum in the angular distribution ofds/dV
shows a systematic shift to smaller angles, with lower p
beam energies.

The relative strength of the pions wave increases a
Tp537.0 MeV. From a partial wave amplitude analysis, it
calculated to be 0.13. This increase causes the observe
crease in asymmetry~shift of the minimum! of the angular
distribution. This strength makes the present data particu
useful to study heavy meson exchange and short range
relations.

The main results for the 3N absorption process at 37
MeV are the following.
-
ex-

over

n

-
ion

s-
ng

7 to

ns
o

and
eV

ion

t
is
d in-

arly
cor-

0

The total cross sections forp1 and p2 are of similar
magnitude, as observed at higher energies.

In the energy range 63–119 MeV, the 3N cross sections
are nearly constant, for bothp1 andp2. Compared to the
cross sections at these energies, thep1 andp2 3N cross
sections at 37.0 MeV drop by a factor of 2 to 3. Cons
quently, the ratios3N /(s2N1s3N) drops at 37.0 MeV (p1

andp2). A drop in the 3N cross sections at low energies
expected from the observation that for stopped pions
3N phase space region is virtually empty@24#.

Related to this observation is the increase in the ‘‘so
final-state interaction~two nucleons recoiling together bac
to back against the third! at 37.0 MeV. For stopped pions
‘‘collinear’’ events (2N and soft FSI! made up for all the
events observed. This trend becomes visible at 37.0 M
where the FSI cross sections are of the same order of m
nitude as the 3N cross sections (p1 andp2).

The relative strength of the two-pionp-wave subchannels
~3S1 and 3D1) in the p2 2N absorption process can b
tested by measuring the polarization of one of the nucle
in the final state. Such measurements via the inverse reac
at corresponding proton beam energies@19–21# give prefer-
ence to the‘‘S’’ solution~Fig. 11, Table VIII!. The absorption
experiments of the present work at 37.0 MeV and of An
et al. @13# at 62.5 and 82.8 MeV, combined with the pola
ization measurements mentioned, provide a complete
base. This data base should enable and encourage fu
theoretical calculations for the understanding of the mec
nisms involved in pion absorption on a diproton1S0 pair,
and of details of the diproton wave function in3He. In par-
ticular, it should allow tests of different models, such as b
son exchange~including heavy meson exchange! and six-
quark bags, or their combination.

ACKNOWLEDGMENTS

The support of E. Vogt and the TRIUMF management
acknowledged by the Tel Aviv University collaborators. W
thank R. Redwine for useful discussions. We thank J. Vinc
for construction and maintenance of the liquid3He target,
and E. Cochavi and Z. Hermon for assistance during d
taking. This work was supported in part by the US-Isra
Binational Science Foundation.
,
,
.

,
,

@1# H. J. Lipkin, Phys. Lett. B198, 131 ~1987!.
@2# J. A. Niskanen and A. W. Thomas, Phys. Lett. B196, 299

~1987!.
@3# R. Schiavilla, D. S. Lewart, V. R. Pandharipande, S. C. Piep

R. B. Wiringa, and S. Fantoni, Nucl. Phys.A473, 267 ~1987!.
@4# H. de Vries, C. W. de Jager, and C. de Vries, At. Data Nu

Data Tables36, 495 ~1987!.
@5# K. Ohta, M. Thies, and T.-S. H. Lee, Ann. Phys.~NY! 163, 420

~1985!.
@6# D. Ashery, Nucl. Phys.A478, 603 ~1988!, and references

therein.
@7# M. Steinacher, G. Backenstoss, M. Izycki, P. Salvisberg,
er,

cl.

P.

Weber, H. J. Weyer, A. Hoffart, B. Rzehorz, H. Ullrich, D.
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