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The reactions’He(w",pp)p and *He(w~,pn)n were studied at 37.0 MeV by coincidence detection of two
nucleons. The differential cross sections were separated to two-nucdeg), (three-nucleon &3y), and
final-state interactiond¢rg) components. Foir*, the o,y angular distribution is symmetric about 90°, and
the total cross section is 1.5 times the cross section measurdd#dr,pp). For 7, the angular distribution
is asymmetri¢backward peakedThe asymmetry increases with decreasing energy, indicating increasing pion
s-wave contribution at lower energies. The fraction of the cross section inducgedvaye pions as calculated
by a partial wave amplitude analysis is 13%. The measured total cross sectiens éfe ) =0.85+-0.08 mb
ando,n(71)=7.9+0.5 mb;osy(7 ") =1.6=0.7 mb andrgy(7*)=1.3+0.3 mb. A new evaluation af5y at
T,=62.5 and 82.8 MeV is given, using data from an earlier experiment. The cross sections leading to the
two-nucleon final-state interaction @t.=37.0 MeV are also estimated.

PACS numbsds): 25.80.Ls, 21.45tv

I. INTRODUCTION

other on the Argonne ;4 potential[3].
It is therefore important to search for other experimental

The motivations and objectives in studying pion absorp-observables that will be sensitive to the behavior of nucleons
tion on 3He can be classified as follows: Study of pion ab-at short ranges. Pion absorption is a high momentum transfer
sorption on ar=0 nucleon pair. Comparison with pion ab- Process {~350 MeVk), it involves more than one nucleon,
sorption on the deuteron yields information on the nuclea@nd hence can provide sensitivity to small distances between
density dependence of the process. Study of pion absorptidh® absorbing nucleons (0:3.7 fm). A natural testing
on aT=1 nucleon pair. Study of pion absorption on threeground is found in the lightest nuclei: the deuterdHg, and

4 . .. .
nucleons. He with charge radii of 2.1, 1.85, and 1.68 fm, respectively

It is of great interest to study the behavior of nucleonl4]: This corresponds to a relative average nucleon density
interactions at distances equal to or shorter than their dianfatio of 1:2.2:3.9. An observable sensitive to short range cor-
eter. At such ranges we can expect some transition from theélations should show significant nontrivial variation when

well-described “nucleon sector” of long range interaction
mediated by meson exchange to a “quark sector” where the
nucleon internal degrees of freedom may become recogniz-
able. Some suggested descriptions of this sector as, e.g., a
“six-quark bag” exist. The short range repulsion generated
by the color hyperfine interactiofl] makes the probability

for such a component in the two-nucleon wave function very
small. Whether this description or any other one is relevant
has to be decided through experimental observables.

The two-nucleon potential is derived from phase-shift
analysis of nucleon-nucleon scattering and reactions. For
bound nucleons at short distances this requsresve phase
shifts derived from large momentum transfer and small scat-
tering angle measurements which are hard to obtain experi-
mentally. Consequently, different potentials which all fit well
the experimental phase shifts result in a variety of two-
nucleon correlation functions which are in serious disagree-
ment at short ranges. As an illustration, two such correlation
functions for theT =0 nucleon pair in*He are shown in Fig.

1. One is based on the Reid soft core poterjitzdland the
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FIG. 1. Correlation functions for the quasideuterortite [2,3].
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compared among these three nuclei.

The pion absorption process is, however, dominated by
the p-wave pion rescattering diagram in which thereso-
nance is created in the intermediate state. Absorption occurs
by a AN—NN process with the AN) system in a relative
L=0. This mechanism masks tiNe—N correlations due to
the long range nature of thle-mediated pion absorption pro-
cess[5]. Indeed, cross section measurementsrofabsorp-
tion on 3He and “He showed no sensitivity to short range %\ |
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whereN. 4 is the number off =0 pn pairs(quasideuterons v
in the nucleus. The conclusion is thatorder to study short —— P2
range nucleon correlations the observables must be sensitive
to components of pion absorption where theesonance is

not dominant

Recently, a connection was established between the n
s-wave rescattering term in pion absorption and the axial
exchange-charge operator which is derived from nuclear |
decay[8]. This was also simulated through heavy meson w, - ~.
exchange[9], and it becomes a very useful tool to study Zﬂ/ ‘ ™~
short range correlations. The experimental determination of ! .
the s-wave rescattering term can be done either through mea-
surements of spin observablgk0,11], or by studying pion FIG. 2. General layout of the experiment.
absorption at low energies.

For 7~ absorption on the diproton, th&"=0", T=1  reached by measuring the polarization of one outgoing
quantum numbers generate simple selection rules for thisucleon[19-21. Two of the assumptions made in these
reaction: the total spin parity is always unnatural, and thereanalyses become better justified at low energies: the assump-
fore the final two nucleonspn) are in the triplet &=1)  tion that onlys- andp-wave pions contribute, and the appli-
state. Consequently, even pion partial waves lead to negativsation of the Watson theorem done[ib8,19. At these en-
parity, and hence to total isospihi=1. Odd partial waves ergies also the resonance plays a smaller role, and it is
lead to positive parity and’=0. For theT=1 channel, easier to identify the-wave rescattering term which is sen-
which allows an intermediat& to be produced, the negative sitive to short range correlations. It is therefore of interest to
parity does not allow theA—N system to be in relative study pion absorption ifHe at as low energies as possible.
L=0. This reduces the probability of finding tlle and the  We report here the results of pion absorption studies done at
nucleon close enough for absorption to take place, and thithe lowest bombarding energy so far: 37.0 MeV.
channel will proceed mainly through nan-s-wave rescat- In pion absorption orfHe, the three nucleons in the final
tering. Under these circumstances the 0 channel, where state may emerge with comparable momenta. Thise-
the A cannot play any role, may become dominant. Absorp-nucleon(3N) absorptionis observed over all the available
tion in this channel may take place directly on the two pro-phase space. Experimentally, two special kinematical situa-
tons, and, unlike pion absorption onTa= 0 nucleon pair, it  tions are found to be enhanced in the absorption process: the
may be sensitive to their short range correlation function. two-nucleon(2N) absorptionand the so-calledsoft” final-

Measurements of this process through studies of thatate interactionFSl). The 2N absorption is defined by two
3He(w,pn)n reaction were performed in the past for bom- nucleons sharing all the available momentum between them.
barding energies of 63—350 Md¥¥2-17. It is interesting to  The third nucleon then acts asspectatoronly, gaining no
note that the cross section for tlele(w—,pn)nn reaction  additional momentum over the Fermi momentum it initially
was found[7] to be about 1.7 times larger than that for had in the nucleus. TheN absorption is identified by the
He. Since the number of diprotons is the same in both nueombination of two closely related experimental signatures:
clei this may be an indication that this reaction is indeed(a) the angular correlation at which the two absorbing nucle-
sensitive to the short range correlations of the two protonsons are observe@round 180° c.m., with a spread caused by
the nucleon density ofHe is twice that of*He. the Fermi momentuim and (b) the momentum of the spec-

At low energies one may assume that ordy and tator nucleonp;<150 MeVk. Up to this momentum limit,
p-wave pions contribute. Analysis of the angular distribu-the spectator momentum distribution in the absorption pro-
tions shows that the reaction is dominated by fhevave cess(see Fig. 7 follows the momentum distribution ob-
pions, T=0 (non-A) transition[13]. A more detailed analy- served in breakup experimeri82,23 of 3He. Apart from
sis[18] concludes that thi$ =0 component has two possible the spread due to the Fermi momentum, the kinematics of
final pn states: about equalS and D, or mostly 3D. A this 2N absorption are identical to the kinematics of the
complete determination of all transition amplitudes can bed(7",pp) reaction.
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T ] In the following sections we present the results &f,2
3N, and FSI#* and 7~ absorption on®He at 37.0 MeV.

10" - . We also include a new evaluation of theN3absorption

I ] (7" and77) at 62.5 and 82.8 MeV, based on the data of
1 Aniol et al. [13].

Counts

10

o . . . IIl. EXPERIMENT

0 100 TDC Chaﬁﬁ& numberaoo 400 The experiment was performed at the M13 channel of

TRIUMF. The general layout of the experiment is shown in
FIG. 3. Two examples of the TDC spectrum of the beam, showFig- 2. To the left of the beam, three Nal Scintillattﬁ”rm.le-
ing the beam composition for* (a) and 7~ (b). The peaks are SCOPes) were placed for proton detection. To the right, a
(from left to right from pions, muons, and electrons. The calcula- Plastic scintillator wall(the “bars” ) served for the detection
tion of the pion fraction of the beam is based on the ratio of peakof @ second proton when using th€ beam, and for neutron
areas(or counts. detection when using ther~ beam. The bars could be
moved with their center located between 35° and 135° with
The second of the enhanced processes, the FSI, is definesspect to the nominal beam direction. The telescopes could
by two nucleons interacting in the final state and recoilingbe moved from 35° to 120°, with the angular separation
together at 180° c.m. with respect to the third nucleon. Inbetween them fixed at 30°. The beam passed between two
contrast to the R absorption case, all three nucleons gainpairs of small detectora;— wu,, arranged symmetrically on
considerable momentum, with the single nucleon which reboth sides. They monitored the beam by detecting muons
coils against the pair gaining the highest momentum availresulting from pion decay in flight. Correct central setting of
able in the absorption process. This FSl is of increasing sigthe beam was checked by symmetry in the counting rates of
nificance at lower energies and was clearly observed witlthese detectors. The in-beam scintillatBrs andP2 counted
stopped pion$24]. Its contribution was also strongly felt in the beam rate. The scintillatoB3, V1, andV2 were used to
the present experiment.
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Opar= 135° (conjugate anglés (a) =+, and (b) 7. Plotted are
FIG. 4. Neutron detection efficiency for one layer of the bars,N;—N,—K(N3—N,), transformed into doubly differential cross
averaged over bar lat the edge of the walland bar 4(at the  sections by Eq(12) (data points and the 3 absorption phase
centej. space normalized by off-conjugate measuremésutid line).
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TABLE |. Angular settings for pion absorption measurements.

Conjugate Conj. Nonconjugate
—  10° telescope OTEL(D) Opar O1EL(2) O1eL(3)
2
5 C 35.0° 135.0° 65.0° 95.0°
5 10" C 50.0° 118.0° 80.0° 110.0°
E. B 65.0° 101.0° 35.0° 95.0°
& 0 B 80.0° 85.0° 50.0° 110.0°
10 A 100.0° 66.0° 40.0° 70.0°
A 120.0° 48.0° 60.0° 90.0°
-1

0 50 100 150 200 250 300 350 400 450

P, [MeV/c]
length of >4 m), arranged in two layers of eight bars each.
10} et e . e Each bar measured 1%3.0.0x 100.0 crd, giving two walls
3 - of 100X 100 cn¥t front area and 10 c¢m thickness each. The
g (b) He / m 3 . ¢

N \*QQQWQWQ 6,, = 35°-95° | distance of the central point of the bars front to the center of
10 NS QngOOggggoo 6. = 1350 3 the target was 200 cm. The two walls were arranged one
i NG T N ] directly behind the other to yield a total thickness of 20 cm,

looooooooo

] for optimization of the neutron detection efficiency. Each bar

f T was equipped with phototubes at its top and bottom. Their
] detection threshold was set at the Compton edge ofythe

1 rays of a®Co source(~1.0 MeV). Including electron con-

] tributions and attenuation length corrections, this threshold

-1

o, [arb. units]
-
=)
T

10~ E

10 TR R T i setting equals 1.2 Me¥lectron equivalent (eeYhe neutron
0 50 100 150 200 250 300 350 400 450 detection efficiency correctioiSec. Ill) is based on this
Py [Mev/ec] threshold. The sum of the top and bottom TDGisarted by

P2) was used to measure the time of fligfiitOF) of the

FIG. 7. The momentum density distributi<p;r,}3 of the undetec- particle, with a resolution of 0.8 EWHM). From the time
ted nucleon. Solid linédashed ling results forppn(pd) breakup,  difference between top and bottom TDC's, the position of the
of *He with electrons as measured by Jabsi.[23]. Open circles, event along the bar was calculated. The resolution of the
momentum distribution from data. Solid circles, momentum distri-yertical position was about 6 cm FWHM. Horizontally, the
bution after subtracting the calculatedN 3contribution from the position resolution was determined by the width of the bars
data. Cr_osse; co_rrection to solid circles after subtracting part of th€12_5 cm.
FS (region I'in Fig. 8. (@ =", (b) 7, at the same angular com- | the electronics, an event was defined by coincidence
binations. between onéor more bars and at least one of the telescopes

exclude counts from scattered particles. Tip plastic scin-  (€ach telescope itself being defined bf - E). An anticoin-

tillator (thickness 3.175 mimcovering the solid angle of the Cidence with then/p detector(see Fig. 2 was required to
bars, served for discrimination of charged particles. exclude charged particles in the bafsr 77— runs only. In
The target was liqui?He, contained in a cylindrical ves- addition, the combinatiorP1-P2-P3-(V1+V2) was re-
sel similar to the one described by Anigl al.[13], but with  quired for a real beam event. The number of beam patrticles
a smaller diameter (50.8 mmThe temperature was kept satisfying this requirement was defined as li@am counts
constant at 1.68 0.01 K. The temperature uncertainty corre- ®. This number was corrected for dead time by the elec-
sponds to a density variation of less than 10The effective  tronic setup.
target thickness of (7.740.15)x 10?2 cm™~ 2 was calculated The kinetic energy of the beam at the target cerdafter
by convoluting the measured beam profile with the targeenergy loss correctiopswas T,=37.0£0.5 MeV. Beam
shape. The uncertainty includes the effects of target thicknessamples were used to check the pion fraction of the beam, by
variations over the beam profile. The density3fe at this measuring the time of flight between the rf signal of the
temperature i=79.6 mg/cm. An identical but empty tar- cyclotron and scintillatoP2 (see Fig. 3. In this way, beam
get vessel was used in empty-target runs for the subtractiooontaminations by electrons and muons could be determined.
of background from the target walls. The fraction of muons from pion decay upstream of Bz
Each telescope consisted of a very thin plastic scintillatodetector, misidentified as pions, was estimated using the cal-
(AE: 1.6 mm, with 10.2 cm diametgrfollowed by the Nal  culations of[25]. The pion fractionf , was 0.94-0.01 for
scintillator (E) of 12.7 cm diameter. The combination of the 7" beam. For ther~ beam,f, was 0.71 and 0.76with
AE andE information allowed particle identificatiofpions, Be and C production targets, respectiyelgnd was mea-
protons, deuteronsEach telescope covered a solid angle ofsured with an uncertaintyx f .<<0.01.
32.4+ 1.3 msr. The energy resolution of the Nal scintillators ~ The differential cross sections for thé&l2absorption pro-
was 2.8 MeV FWHM afl ,= 66 MeV, increasing to 4.3 MeV cesses’He(rw*,pp)p and 3He(w~,pn)n were measured at
atT,=98 MeV. six angular combinationéTable ), selected by the kinemat-
The plastic scintillatorbarg array was composed of 16 ics of the free A absorption process(7",pp) (the “con-
bars of plastic scintillator{NE 110, with an attenuation jugate angles]. At each of these six angular combinations,
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the two additional telescopésf. Fig. 2) were used for data The neutron detection efficiency of the bars was calcu-
taking at‘nonconjugate angles,’measuring 8! absorption, lated with the Kent State Monte Carlo cof8], with 1.2
at 12 angular combinations. Eight of them had the telescopdgleV (ee) threshold. The resulffor one layer of barsis
at an angular separation of 30° from the conjugate anglshown in Fig. 4. The uncertainty in the calculation of the
(“30° off conjugate’), four at “60° off conjugate” (see  neutron detection efficiency, including averaging over central
Table ). and outermost bars, is about 6%. The neutron detection effi-
Each measurement was repeated with the empty-targetency was checked by comparing the yield of the reaction
vessel. Telescope singles rufrsins for which an event is 3He(s~,dn) in telescope singles runs with the yield in co-
defined when a charged particle hits one of the telescopesjcidence runs, using the above efficiency correction for the
without requiring coincidence with the bargere taken at bars. The results were consistent.
three telescope settings with the” beam, yielding singles From these data, a scatter plot was formed of the time-of-
spectra at nine angles, and at two settifgs angles with  flight TORy of the nucleon to the bars versus the energy
the 7~ beam. The singles runs with the" beam were re- E, of the proton detected by the telescope, both corrected to
peated with empty target. For the” beam, the two-body the target’s centefFig. 5. The two lines were calculated
reaction®He(7,d)n could be observed in both the singles from the kinematics of the reaction and the resolution of the
runs and coincidence runs at conjugate angles by using thdetectors. Only events falling within the kinematic band
telescopes for identification of the deuterons.,Giid CD,  were accepted for the analysis. Below the band are events
targets(and C targets for background subtracjierere used from random coincidences only; above it, additional events
for energy calibration and as a check on the experimentgrom pion absorption in heavier nuclei in the target walls are
apparatus by comparison with knowat=",pp) cross sec- observed. The figure shows the data of all the bars added
tions. Our measured cross section for this reactiorfogether. In the actual analysis, the kinematic band was cal-

(5.9 0.5 mb is consistent with the results §26]. culated for each bar separately, leading to narrower bands for
the special kinematic conditions of each bar.
Il. ANALYSIS Multiple hits in the bars were sorted out by first checking
whether two counts could be related to one nucleon. If they
A. Calibration and calculation of yield were observed in two neighboring bars or in a front-back pair

The energy calibration of the telescopes was done usingf bars and at the same height within +6 cm), they were
known proton and pion energies frord(7",pp) and anQIed as originating fromlone nuqleon. If, at'the end of th_|s
mp— mp reactions. The energy of the detected particle in thesortln'g, two'lndependent hits remalned,.and if both were in
telescope was corrected for energy losses between the evéfi kinematic band, they were marked in the data file as a
vertex and the telescope. The threshold at the event vertedouble hit and counted as one event. Double hits in the tele-
corresponding to a detected proton energy Bk, =6.2 scopegtwo protons reaching two dlffere_nt telescopes simul-
MeV, was atE,=26.0 MeV. A correction was made for the tane_ously were not observed at_ all. This dgmonstrates that
effect of protons reacting in the Nal detector. This correctionY€toing of good events by a third proton hitting tR& or
based on the measurements[27], was done by deconvo- V1 0Or V2 veto detectors is negligible.
luting the spectrum channel by channel, beginning with the_ 'Random coincidence contributions were subftracted_ by de-
highest energy channel. Corrections were of the order ofining & band of equal shape and area as the kinematic band,
10% for the highest proton energies, going down to zero al the area of shorter TOfthe random band and subtract-
the low energy end. ing the events in the random ba_mNz() from the events in

The time-of-flight calibration of the protons to the bars the kinematic bandN;). The ratioN,/N, varied between
was done similarly, assuming interaction at the bars front ang<0-01 forz™ at conjugate angles and0.5 for =~ at angles
including corrections for energy losses between the everff0° off conjugate. The same procedure was repeated for
vertex and the bars. For the neutrons, no energy losses had@8Pty-target runs, to correct for contributions from the target
be taken into account’ and the distance was taken to th‘ya”s The ratio of events observed in the kinematic bands of
center of the interacting bar. The threshold for the acceptand&e empty and the full targetN3/N;, varied in the same
of protons and neutrons in the bars was set by TOF consid@nge asN,/N;. For empty-target runs, the difference be-
erations(TOF =35 ns, Corresponding to a proton energy of tween events in the kinematic banNd) and in the random
E,=34 MeV and a neutron energy &,=18 MeV. band (N,) fluctuated around zero. This net number of empty-

The total energy was determined by the target mass ani@rget events was normalized to the beam codnig of the
the incident beam energy. Measuring the momentum of théull target run. DefiningK = @ /P gy, the net number of
proton in the telescope and the angles at which the nucleon Rvents is given by
detected in the bars is sufficient to allow the calculation of
the momenta and energies of the second and third final-state N=N;—N>—~K(N3—=N,), @
particles from three-body kinematics. The additional mea-
surement of the momentum of the nucleon in the bars resultwith the errorAN given by
therefore in an overdetermination of the kinematics, which
was used for cross checks and background reduction. The
TOF of the nucleon to the bars was calculated and compared
to the measured TOF. Differences showed a Gaussian distri-
bution with a standard deviation of typicallyl ns and neg- For 7~ runs, eachN; (i=1,...,4) wascorrected for the
ligible deviations of the peak from zero. neutron detection efficiency), as discussed above. N/

AN=(AN)?+(ANy)*+K?[(ANg)*+(ANY®]. (3
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designates the uncorrected number of events, thegular combinations listed in Table I, eight were with the bars

N;=N;/#. Therefore, eaciAN; of Eq. 3 is given by centered at=40° off conjugate and an angular opening of
10.7°, and four with the bars centered=a80° off conjugate
INi [Agy 2 and an angular opening of 28.6°. The phase-space expres-
AN;= ;Jr 7Ni ' (4) sions were then normalized to the data at these 12 points by

a least squares fit. The normalization yielded the fadtor
where we made use of the relationd;=N//» and defined in Eq(6) at the 12 angular combinatiorisee Table
(AN/)?=N/ . Il 'in Sec. IV C).

The average factqif) found in this way was then used to
calculate the total R absorption cross section. By integrat-

ing phase space over all angles and the allowed energy
The net number of counts given by Eq. 2 was transformeqlange, we get the totalN8 phase space:

into triply differential cross sections by

B. Three-nucleon absorption cross sections

dic Ne,

P1,max d3p1
-
dE,d0,d0,  AQAN,DT, Ny,

2_ElR2(|Q|'m2’m3)’ (8

©)

_ whereR,(|Q|,m,,m5), the two-body phase space, is given
Here Ng, is the number of countper MeVof the protons  py

detected in the telescopaf); the solid angle of the tele-

scope ® the number of incident beam particlds, the pion B 7 Q*~2Q%(M5+m3) + (m3—m3)2] "2
fraction of the beam,y, the number of’He nuclei per unit 2(|Qf,m;,mg) = 2Q?
area, and\ (), the angular opening of the bars. (9)

We assume a phase-space-like behavior of theBsorp-
tion at all nonconjugate angles. This assumption was founésee[31]; Q is the combined four-momentum of nucleons
to be approximately correct in previous experimdri3] as 2 and 3). Multiplying the total Bl phase space b{f), we
well as in the present one. In particular, this was confirmedjot the total 3 cross sections:
by a recent experimer29] in which a large fraction of
phase space was studied. In this case, the matrix element S fi (10)
connecting the phase space to the differential cross section SNt g TS
will be constant. We denote it by the factbrto be found
experimentally: f .-

O3N, 7= ?Rs (13)
dio d°R '
=f . (6)
dE,d0,dQ, ' dE;dQ,dQ,

for 7+ and 7, respectively(the factors 3! and 2! are the
multiplicity of detection of the outgoing nucleons, 3 protons
The phase space was calculated under the experimental cofgr 77+ and 1 proton, 2 neutrons far ™). The errorsAf of
ditions (detector acceptances, energy threshoysthe for-  the 12 factorsf shown in the table include the statistical

mula (see[30,31)) error and the uncertainty of the fit. The error of the average
5 ) (f) is the standard deviation df
d°R _ P1P2 In addition to this error, we had the following contribu-
dE;dQ,dQ, 8[Ezp,+E,(py— pcosh,+p;coHi )]’ tions to a systematic error: 4% uncertainty in the telescope

(7) acceptanceA();; 4% uncertainty in the bars acceptance

AQ,; 2% uncertainty in the number of target particles
The subscripts 1,2,3 denote the proton detected in the telg4,  : 19 uncertainty in the pion fractioh, of the beam; 1%
scope, the nucleon detected in the bars, and the U”deteCtﬁﬁgcertainty in beam countB; 6% uncertainty in the neutron
nucleon, respectively. Here , is the angle between the detection efficiencyy (for =~ only). Summing these errors

proton detected in the telescope and the nucleon detected i quadrature results in a total systematic error of 6% for
the bars, ang is the momentum of the pion. 7+ 3N absorption, and 9% forr~ 3N absorption. The sys-

For both data and phase-space calculations, a cut Wagmatic error ino3y, is negligible compared to the standard
made on the recoil momentum of the undetected nucleoryeyiation off.

Requiring p;=200 MeVk (for the purpose of determining
the factorf) excluded significant B reaction contributions.

In the present experiment, large FSI contributions were ob-
served at the conjugate angles, and could be observed even atThe doubly differential Rl absorption cross section is
configurations 30° off conjugate in the four or five bars near-given by

est the conjugate angle. Therefore, for the eight configura- 5 N

tions 30° off conjugate, only the three remaining bars far- do _ E i
thest from the conjugate angle, showing no FSI influence, dE,dQ, AQﬂDfWtht' foars
were used for calculation of theNsphase-space normaliza-

tion. For the four configurations 60° off-conjugate angle, allHere the solid angle of the bardQ, [cf. Eq. (5)], is re-
eight bars were used. Thus, out of the 12 off conjugate anplaced by the bars acceptance factigr,s. This correction

C. Two-nucleon absorption cross sections

(12
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accounts for the ® absorption events lost due to the barsserved nucleon. Three Gaussian functions were fitted simul-
finite dimensions. For the free " d— pp absorption process, taneously to these peaks. The shape of the centhal 2

a peak with an angular width defined by the angular accepabsorption peak was fixed by the" runs and used also for
tance of the telescope was observed in a part of the bars area” data taken at the same angles, where peak shape and
For a quasifree process, the peak & Aabsorption in the position were essentially identical, but statistics were better
bars is smeared out by the Fermi momentum of the absorfer 7. Also for =+ the FSI peak hardly disturbed the shape
ing nucleon pair, which is equal in magnitude to the momen-of the 2N peak. Although the FSI peaks are much smaller for
tum p; of the third nucleor(the “spectator”). At conjugate =+ absorption, when compared to thé Qeak, they are
angle settings and when requiripg=<150 MeVk (for re-  clearly visible at the low energy ends of the spectra, at all
striction to 2N absorption, as was done also [ib4]), we  angles. The high energy FSI peak is seemihabsorption at
observed a Gaussian distribution of events over the bardackward angles, where théN2peak moves to lower ener-
both in horizontal and vertical directions, extending beyondgies, thus separating from the FSI peak. At forward angles,
the physical limits of the bars. Fitting a Gaussian to thisthe high energy FSI peak merges with thid peak.

distribution in both directions yielded the horizontal and ver-  The integral over energy of theN2peak yielded the dif-

tical acceptances. Their product yielded the total bars acceperential cross section for a given angle. The error M 2
tance, fyys. The acceptance decreases systematically frorabsorption consists of the statistical erdN, the uncer-
0.90 for the most forward bar angle to 0.83 for the mosttainty in 3N background subtractioAf, and the systematic
backward one. This decrease is caused by the correspondiegror. The two angle-dependent errarisl andAf lead to the
increase in the ratio of the Fermi momentum to the momenfollowing error in the doubly differential cross section:

tum transferred in the absorption process to the particle go-

ing towards the bars. Because the tails of the Gaussian dis- d?o 1 d2c  ANg, 2
tribution are characterized by relatively large momenta of the A| -=————|=— ——— ——| +(Af-9)%
. S . . dE;dQq/) fpas dE;dQ; Ng
third nucleon 65), application of this acceptance correction 1 (14

also corrects for the contributions toN2absorption from
p3>150 MeVEt.

An example of net energy spectra of the telesc{ipe.
(2)] transformed into doubly differential cross sections by

Eq. (12) is shown in Figs. @) and @b). For the N differ- all angles. The total systematic error foNZ2Zabsorption is

ential cross sections, background froN 3eactions had to _therefore virtually identical to thel8 error (6% for =+, 8%
be subtracted. This was done with the help of the nonconjug, . )

gate angle data. For each of the six conjugate angles, the
averagef = Af was calculated from the two nonconjugate
angular configurations adjacent to that angular setting. The
phase space calculated at the conjugate angle and multiplied The 3N absorption analysis showed that a simultaneous
by the corresponding factdr was then subtracted from the fit of the phase space to the data over all eight bars, at angles
2N spectrum. Strictly speaking, this is wrong, as the two30° off conjugate, is impossible. This is due to a dynamical
processes add by their amplitudes, not by their cross seenhancement of the FSI observed in the bars near the conju-
tions. Experimentally, this method seems to be justified, algate angle. An analysis of all events for which the recoil
though minor interference effects cannot be fully excludedmomentump;=200 MeVkt (excluding 2N absorption, but

For details see Sec. IV A. Examples for the resulting 3 including FS), carried out through the conjugate angle,
background are shown in Fig.(6olid line), together with the  showed that the FSI is enhanced by a factor of up to 20 with
corresponding data points at the same angles. The Arfror respect to the average factbrobserved at angles without
introduces an additional error in theN2doubly differential  FSI influence. This enhancement finds visible expression in
cross section. Designating the phase space bye rewrite  the energy spectra of the telescopes at conjugate angles,

The systematic error consists of the components listed for the
3N absorption, except for the terck(), which is replaced
by the uncertainty irf,5s. This uncertainty is close to 3% at

D. Final-state interaction and singles analysis

Eq. (12 by where two FSI peaks remain on both sides of theabsorp-
tion peak, even after subtracting the phase-space normalized
d?o Ng, 1 3N backgroundFig. 6b)]. At the pion energy of the present
dE,dQ; AQ,Df tht_f‘P Foars (13 work, the FSI influence is significant in an angular range of

about 30° to both sides of the center of the FSI peak. Aver-

After subtracting the B absorption background from the aging the normalization of phase space to data over all eight
doubly differential cross sections, one gets the final spectrhars, at angular combinations 30° off conjugate, would
of d?o/(dE;dQ),) versusE;. The =~ spectrum[Fig. 6(b)]  therefore have given a mixture oN3absorption and ann-
still shows three peaks. The first ofa lowest proton energy knownfraction of the FSI. This was the reason to avoid FSI
in the telescopkeis due to FSI with two nucleonghe proton  contributions in the 8| analysis. A correct analysis of the
observed in the telescope and the undetected nucteoail-  FSI contribution to the total cross section would demand an
ing together against the nucleon detected in the bars. Thanalysis of the peaks seen at the conjugate angles, with cor-
third peak at the high energy edge is also due to FSI. In thisections for detector thresholds and acceptances by Monte
case, the proton detected in the telescope recoils back to ba€larlo modeling. This will not be done in this paper.
against the two nucleons going towards the bars. The peak in For 7, the high energy FSI pealE FS)) of the coin-
the center between these two FSI peaks is frdvnabsorp- cidence runs was used to estimate the cross section contribu-
tion, where no momentum is transferred to the tHindob-  tion of these peaks. The way of calculation is exactly the
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TABLE II. Differential cross sections of i@ 7" absorption or°He atT_=37.0 MeV. The errors in this
table are statistical errors and background subtraction uncertainties only.

+ —

v v

do/dQ da/dQq do/dQ, daldQc
BOlab Ocm. Jac (ublsn (ub/sr) (ubl/sn) (ubl/sn)
35.0° 39.4° 0.815 2012137 1640-112 57.9- 5.6 47.2- 4.6
50.0° 55.9° 0.853 1416 97 1203+ 83 30.0- 4.7 25.6= 4.0
65.0° 71.9° 0.903 900 63 813+ 57 12.6-15.2 11.4-13.7
80.0° 87.5° 0.965 66t 50 638+ 48 242+ 4.6 23.4+ 4.4
100.0° 107.5° 1.058 828 69 876+ 73 53.3:12.4 56.4-13.1
120.0° 126.5° 1.156 122691 1417105 98.2:17.5 113.5:20.2

same as described above for thdl 2bsorption from the integrated valueosy is measured in the experiment.
2N peaks(Sec. Il Q. The factorf,swas recalculated for (do/d€)4y is multiplied by a factorC that corrects for the

the distribution of FSI events over the bars which is also ofenergy threshold of the telescopes. This factor is the ratio of
Gaussian shape. No further corrections for the bars accepphase space without and with the energy threshold. It varies
tance was madéexcept for neutron efficiency correction between 1.14 and 1.20 for telescope angles between 35° and
This approximation is not too bad: For tae HE FSI peak, 120°. Similarly, the factoD corrects for the energy thresh-
two neutrons are going towards the bars. On the average, omdd for detecting the two protons in the FSI LE peak. This
of them is below detection threshold, one above. So for thisactor is somewhat larger tha® and is estimated to be 1.5
peak, the error introduced by neglecting rigorous acceptance 0.2. This yields an expression for th&l lifferential cross
corrections is estimated to ke 20%. sections, (o/dQ)3y:

For 7%, this method of calculating the FSI cross section
cannot be applied, as the HE FSI peak is (ob¢arly) sepa-
rated from the Rl peak. In this case, a completely different
approach made the extraction of FSI cross sections possible.
Proton single-arm measurements allow an independent de- (d(r)

FSl

3(do/dQ)sy=C| (do/dQ)gng— 2(da/dQ) oy

(18

duction of the 3 total cross section, including the FSI com- 2 a9
ponent. Contributions to the differential cross section of the
singles runs, do/dQ),4, at this energy, are from pion ab-
sorption alone (B, 3N, and FS). For the setup of this
experiment, knock-out protons frofHe (s, 7= p) pn reach
a maximum energy of 12 MeV dg = 35°, which is below
the detection threshold of the telescog2é MeV).

The yield for singles runs is given by

At the angles measured, we calculateda(dQ)
=C-[(do/dQ)s,g—2(do/dQ),y] (see Table V and Fig.
12). Integration over all angles yields

Tmix=303y+t C-207¢g (19

N _ (called o as it contains a mixture of I8 and FSI cross
N=N1~K(Ns), (15 section$. Finally, we solve forogg to get
with N; the total number of events with the full targét,
the total number of events with the empty target, &the e X 303N (20)
beam counts normalization factor as defined above. The sta- P 117.2

tistical error is given by
where we used the average value of 1.17 for the factoin

d?o d?o ANE1 the present experiment, this technique could not be applied
A(dE aa )I dE.dO. No (16) to 7~ absorption due to various technical problems with the
1 = E1 7~ single-arm measurements. The total systematic error for
with AN composed of the errors iN, andN5 only. singles is slightly less than for the coincidence rySec.

Il B) as the uncertainty factor of the bars drops out. It

The starting point for our calculation of is the
gp FStm @amounts to 5% for ther* beam.

decomposition of the differential cross section of single
events forr", (do/dQ)sng:

do _,
o/ = I
L The momentum distribution of the spectator nucleon can

The numerical factors are the multiplicities of protons de-determine to what extent theN2absorption is a quasifree
tected in the telescope for each process. The first term on tH&ocess. It is given by
right-hand side is the 12 absorption differential cross sec- 42
tion actually measuredrable Il). The second term is a dif- —[—7 || dr 21

. . . pp3 d d p3 p3 . ( )
ferential 3\ absorption cross section, but actually only the 0,dps R

IV. RESULTS

do + 3/do + 3(do 1 A. Spectator momentum distribution
ao/, *claal *olaal - *7 5P
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. FIG. 9. Angular distribution of the I =" absorption(a) and
- the 2N 7~ absorption(b) on *He atT_=37.0 MeV. The solid lines
1 are the Legendre polynomial fits to the data. The dashed li@ in
is the angular distribution ofr* (d,pp) at 40 MeV[26], scaled by
1 the factor 1.5. The dotted line itb) is the theoretical result of
T Niskanen[43].

1000

Counts

500

tion obtained forz* (a) and =~ (b), with the data of the
N T - three telescopes added together. The angular configuration
0 50 100 150 200 250 300 350 chosen has the bars at 135°; one telescope at the conjugate
p, [MeV/c] angle (35°), one at 65°, and one at 95°. The momentum
region p;=320 MeVk corresponds to the angular region
FIG. 8. Spectator momentum distributionr{, g =35°, farthest from the conjugate angle. Thil &bsorption analy-
far=135°). (@) TOF of the neutrons detected in the bars vs theSiS showed that this is the only region without any FSI con-
calculated spectator momenta, showing different kinematic regiondfibutions. After calculating the I8 absorption phase space
region Il is the N absorption region, | and 11l are both dominated over the whole region, a least squares fit was made for the
by FSI. (b) Projection of(a) on theps axis. The peaks of the three
regions are overlappindc) Same agb), but after cut excluding
region |. The N peak is now cleaner, but still contaminated by the
tail of the FSI peak of region I.

Here, d?c/dQ,dp; is measured in the experiment, and _
p%d ps/rdRis the three-nucleon phase space, integrated overg
all variables except fops, and corrected for the experimen-
tal acceptances. The detailed description of this equation is o
given in [14,32. We calculated the phase space with the
experimental configurations using a Monte Carlo program. %
The resulting momentum distributions are shown in Fig. 7.

Tt PRI R SR T SR ST ST NN TRT SUNT ST SRS NN SN TR S TR E ST RO T S N S S S
They are compared tq the results of th_e mqmentum distribu- 0 100 200 200 200 500 600
tion measurementésolid and dashed lines in Fig) Tor a T [MeV]
proton in 3He, based on théHe(e,e’p) study by Janet al.
[22,23. One expects the proton and neutron momentum dis- FIG. 10. Results ofr* and =~ 2N and 3 absorption mea-
tributions in *He to be similar. surements orfHe at different pion energies. For details, see Table

The open circles in Fig. 7 show the momentum distribu-IX. The lines are a Lorentz fit to the™ data.

SERE:
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FIG. 11. The two solutions for polarization as predicted by par-  FIG. 12. FSI angular distributionga) The “mixed” results
tial wave amplitude analysis of the pion absorption experiments fo{da/d()) ,=C- [ (do/dQ) g 2(do/dQ),y] from 7* singles. A
T,=37.0 and 62.5 MeV. For both energies, the dashed line showpure 3N phase-space-like behavior would result in a flat distribu-
the asymmetry predicted by theD" solution giving more weight  tion. The difference in shape is due to the FSI contribution. Lab
to the D, channel; the solid line shows the asymmetry predictedangles are used as there is no unique c.m. system for the plotted
by the “S” solution giving more weight to the’s, channel. The  quantities.(b) (do/dQ)s, from the w~ HE FSI peaks. The distri-
predictions are based on theN27~ absorption results of the pution has a shape similar to thatof 2N absorption, in contrast
present work for 37.0 MeV, of Aniokt al. [13] for 62.5 MeV, and  to pure N phase space.
updatedpn elastic scattering phase shift84]. Included are the
theoretical prediction of Niskandd3] for 37.0 MeV, and the data Figure 8b) shows a projection on thg; axis of the scat-
of Pontinget al.[19] for T,=400 MeV. terplot Fig. §a). It can be seen that the three peaks cannot be
separated when looking at the spectrum of the recoil momen-
tum alone. In Fig. &), region | was removed from the scat-

f=0.041+0.006 for =™, consistent with those obtained in terplot, before making the projection. Now, t.hej @eak ap-
the 3N analysis(the last two lines of Table [}JI The phase pears more clearly sgparated. The Crosses in .F'g' 7 rgpresent
space was then multiplied by this factor and subtracted froni’® momentum distribution after subtracting, in addition to
the data over the whole region. The momentum distribution® 3\ phase space, this FSI pegegion | of Fig. &a)].
after this subtraction is shown by the solid circles in Fig. 7.This was done for the conjugate angle only; thus, FSI
For the region above 320 MeW/ where there are virtually Measured in the telescope at the 30° off-conjugate angle
no 2N and FSI contributions, the distribution approacheseémain, contributing to the momentum region between
zero. At lower recoil momenta, theNBbackground subtrac- ~150 and ~200 MeVk. The FSI of region Il (200
tion hardly makes a difference, due to the large FSI andMeV/c<p;<300 MeVk) which was not subtracted causes
2N absorption cross sections there. the two curvegsolid circles and crossg$o coincide in the
Lacking an analytic way to subtract the FSI, an attemptmomentum region above 200 MeVL.
was made to subtract it at least partially. To understand the For«* [Fig. 7(a)], where the FSI cross section is small as
procedure, it is useful to look at the scatter plot of TOFcompared to the I absorption cross section, the result
versusps [Fig. 8@)] for the same experimental conditions as shows satisfying agreement with the measurement of Jans
in Fig. 7(b) (). Three kinematical regions can be sepa-et al. in the 2N region (up to 150 MeVt). The deviations
rated: Region Il is the R absorption regionf{; around the between 60 and 110 Me¥/may be (at least partly ex-
rmsvalue of Fermi momentum iAHe). Region Ill is mainly  plained by a remaining tail of the FSI peak of region I. The
due to FSI, with gn pair recoiling against a single neutron. influence of the remaining tail of the FSI peak, in this mo-
Region | is also due to FSI. Here, am pair is recoiling mentum region, is even more evident in the momentum dis-
against a single proton which is recorded in the telescopéibution of 7.
with high energy{Fig. 6(b)]. Note that the cut made in Fig(® to separate region |

region p;=320 MeVLt. The normalization factors obtained
in this way were f=0.096+0.012 for =", and
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TABLE lll. Results for three-body absorption @t.=37.0 MeV.
The “angular distance” is the distandé degreesfrom the two-

body absorption peak.
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makes it plausible to treat, as a practical approach, tie 2
and N amplitudes incoherently.

B. Two-nucleon absorption

Angular
Range Distance 1. =* absorption on a(pn) pair
Orec o Of the bars for fre The differential cross sections are obtained as described in
00.0° 139.2° 10.7° 35.7° 0.1880.016 0.0820.015 Sec. lll. The results are listed in Table Il and shown in Fig. 9.
600° 48.0° 28.6° 57.9° 0.128.010 0.042-0.012 The sol_ld line is a fit to the data by a Legendre polynomial
700° 57.2° 10.7° 37.9° 0.0790.023 00640010 ©Xpansion of order 2:
40.0° 66.0° 286° 63.1° 0.1660.017 0.03%0.011 do/dQ =Ag+ A,P,(cosh). (22)
110.0° 93.8° 10.7° 37.4° 0.0940.006 0.036:0.006
50.0° 76.2° 10.7° 41.1° 0.0910.008 0.03%0.012 The asymmetry tern;(cosd) vanishes because of the in-
95.0° 109.8° 10.7° 39.7° 0.0#0.006 0.0230.010 trinsic symmetry of the distribution of two identical particles
35.0° 92.2° 10.7° 43.0° 0.1240.009 0.05%0.019 in the final state. We assume thatTa,I= 37.0 MeV onlys-
110.0° 118.0° 28.6° 61.6° 0.064.006 0.03%+0.009 and p-wave pions contribute to the process, and therefore
80.0° 126.8° 10.7° 42.1° 0.1#9.009 0.034-0.012 neglect higher order terms in the polynomial expansion. The
95.0° 135.0° 28.6° 64.9° 0.023.008 0.028:0.013  resultsA;=1250=40 ub, A,=1190+ 100 ub.
65.0° 143.8° 10.7° 43.4° 0.1270.011 0.024:0.016 The angle-integrated cross sectiony,+ is given by
47A,, divided by 2 (two identical particles in the final
(fy  0.092:0.024 00390018 State:
osy  1.2550.32mb 1.55:0.72 mb

Oongt = 27TAy=T7.920.5 mb. (23)

The error includes a systematic error of 6%.
from region Il is rather arbitrary. TheN absorption and the
FSI regions overlap here. No analytic separation of the two

regions is possible. Because of this uncertainty in FSI sub- e gifferential cross sections are obtained as described in
traction and because of the relative strength of the @S gec |1, Results are in Table Il and Fig. 9. The solid line is a

pecially for 77~), the 2N absorption analysis of the present f;; 15 the data by a Legendre polynomial expansion of order
work was not based on the recoil momentum distribution.,.

Instead, the energy spectra of the telescopes were used. They

2. w~ absorption on a diproton

allow a good separation of the different peaks. The recoil do/dQ=Ay+A;P,(cosd)+A,P,(coss). (24)
spectra such as the one shown in Fi¢c)8vere used as a

crosscheck. After the cut on FSI region | in the scatterplot, arhe results ~ Ay=68+2 ub, Ay=—T1%4 ub,
Gaussian fit to the I8 peak minimized the influence of the A,=85*4 ub.

remaining FSI tail underlying the high momentum end of the ~ The total cross section is

2N peak. The two methods gave consistent results for the o, = AmAg=0.85+0.08 mb. (25

differential 2N absorption cross sections.
The spectator momentum distribution also justifies t0 arhe main contribution to the error is from the systematic

certain gxtent the method of removmgNEbackground by error of 8%(cf. end of Sec. II].

subtracting 3l from 2N cross sections, disregarding possible

interference effects. At pion energies of 350 and 500 MeV,

FSI was not disturbing the momentum distribution. At these

energies a simultaneous fit to thé&l Z2egion (based on the The results of the R absorption, calculated as described

known momentum distribution as given by the solid line inin Sec. lll B, are summarized in Table Ill. The reduggdof

Fig. 7) and to the B} region (based on phase spacac- the fit of phase space to data at the 12 angular combinations

counted for all the observed events, without any obvioussaries between 0.9 and 2.5 far™ and between 0.4 and 1.5

interference effect{Smith et al. [32]). At 37.0 MeV, FSI  for #~. This indicates that the assumption thad &bsorp-

contaminates the region where interference effects shoultion behaves like a phase space at the individual angular

most easily be noticed150 MeVk<p;<200 MeVk). combinations is reasonable.

From the energy distribution in the telescopes, these events The error for the weighted averagg) shown in the table

are identified as belonging to the FSI peaks, not to tNe 2 is the error from the standard deviation fin The weighted

absorption peak. The situation is not as clear as at 350 araverage error off is much smaller ¢*: 0.0024, 7 :

500 MeV, and interference effects cannot be fully excluded0.0031. The large differences between the standard devia-

But after separating 12, 3N, and FSI, remaining interfer- tions and the weighted average errors indicate that our as-

ence effects can be only small as compared to these threimption of a constant factdr is reasonable over limited

components. In addition, the ratio of absorption cross secregions of the phase space but does not hold over the whole

tions betweenr"3He andx*d is observed to be consistent phase space. Lacking other possibilities to calculatg, we

with the number ofnp pairs at 37.0 MeM(see below Sec. use the averaged), which still should be close to reality as

V A 1 and[30]). The combination of these two observationsno extreme deviations ifi are observed.

C. Three-nucleon absorption
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TABLE V. Results for three-body absorption &t.=62.5 and 82.8 MeV.

62.5 MeV 82.8 MeV
eTEL abar f’JT+ fﬂ" aTEL abar f‘rr+ f‘n”
65.0° 133.0° 0.26:0.04 65.0° 129.9° 0.140.01 0.06:0.01
95.0° 129.9° 0.1£0.04 0.06:0.01
80.0° 114.0° 0.180.02 80.0° 110.8° 0.160.03 0.05:0.01

110.0° 110.8° 0.080.02 0.05:0.01
35.0° 97.0° 0.250.03
95.0° 97.0° 0.2¢0.02

50.0° 81.0° 0.260.04 50.0° 77.8° 0.040.01

110.0° 77.8° 0.0Z£0.01

40.0° 62.0° 0.1%0.03 40.0° 59.2° 0.1#40.02 0.06:0.02

70.0° 62.0° 0.120.03 70.0° 59.2° 0.050.01

60.0° 42.6° 0.1&0.06 0.06:0.02

90.0° 45.0° 0.2%0.04 90.0° 42.6° 0.160.02

(f) 0.21+0.04 0.09-0.02 (f) 0.13+0.04 0.06-0.02

oan 3.7£06mb  4.50.8mb TN 2.8+t0.8mb 34:1.1mb

D. Three-nucleon absorption atT, = 62.5 and 82.8 MeV E. Final-state interaction

The 3N absorption data of Aniokt al. [13] were reana- As explained in Sec. Illl D, the FSI cross sections for

lyzed in a way similar to the procedure described in Secar™ and#~ absorption were calculated in different ways. For
[l B, where Eq.(7) replaces the incorrect equation in Table 7", a mixed (lab) differential cross sectiondg/dQ)) mix

Il of [13]. The factorsf resulting from the fit and the total =C-[(do/dQ)¢,q— (do/dQ),y] was extracted from singles
3N cross sections are listed in Table IV. Fer at 62.5 runs. Forz~, the c.m. differential cross sections of the FSI
MeV, raw data were no longer available. In this case, thegeak at the high energy edge of the proton spectrum in the
average factotf) was extrapolated from the average ratio of telescope were calculated from coincidence runs. The result-
the new facto(f) to the one given ii13], atT,=82.8 MeV ing differential cross sections are listed in Table V and shown
(7" and7”), andT,=62.5 MeV (7). This ratio is 0.5— in Fig. 12.

0.6 in all three cases. Consequently, the resultihgt8tal Legendre polynomial fits to the two distributions yielded
cross sections are smaller by the same factor as those citedtime coefficients listed in Table VI. The total cross section for
the work of Aniol et al. [13]. One of these four N cross the 7~ HE FSI peak was calculated directly frof:

sections T,=62.5 MeV,7") was calculated in the work of

Aniol independently, based on singles runs, resulting in Orsi el ) =4mAg=0.350.03-0.07 mb. (26)
oay=3.6x0.4 mb. This value agrees with the one calculated
in the present reanalysigrgy=3.7+0.6 mb. The first error is from the fit only; the second one takes into

account the uncertainty o£20% due to acceptance prob-
TABLE V. (do/dQ)n,=C-[(do/dQ)gg—2(do/dQ),y] for  |lems, and the systematic error of 5%. For the tetal FSI
m* (from singles runs and the differential cross sections absorption, the yield of the low energy FSI peak has to be
(da/d€Q)es) e Of the FSI peak at the high energy edge fram  added. It is not necessarily identical to the HE FSI yield, as

coincidence runs. the two nucleons pairing off are different. But it can be ex-
N ~ pected to be similar. The total F&I~ cross section is there-
™ m fore estimated to be 0:70.2 mb.
(dodQ) ix (do/dQ) g e (do/dQ)es e For =", the integration over the angular range gives
(lab) (lab) (c.m) 47Ay= 9.4+ 0.6 mb(error including systematic errpwhich
Orev (ub/sn) (ubfsp Oc.m. (ubfsp is omix as defined in Eq(19). org is then calculated from
35° 1191177 26.6-4.9  37.7°  23.443 omx and oy, using Eq. (20. The result ops(7")
50° 924+ 120 7.9:2.9 53.6° 7.12.6 =2.4+0.7 mb.
60° 647+ 86
65° 682+88 3.3r1.4 69.3° 3.+1.3 TABLE VI. Legendre polynomial coefficients fordg/dQ) mix
80° 490+ 65 7.0:1.3 84.6° 6.81.2 (77) and @o/dQ)esi e (7).
90° 400t 81
95° 417+ 84 Ag Aé Aé 2
100° 19.4:3.0  1046°  20.83.1 H ® H X
110° 518t 55 ot 749+ 26 103+42 648+ 72 0.48

120° 58k 114 39.8:4.9 124.0° 43.4£5.3 T 28*2 —33%4 39+5 1.0
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TABLE VII. Cross sections and Legendre polynomial ratiosrdf and 7~ 2N absorption. Errors include
statistical and systematic uncertainties. The colWiy mi, shows the c.m. angles at which the minimum of
the Legendre polynomial fit forr~ absorption is found. The value @, cited for 165 MeV is from a fit
including A; (Mukhopadhyay{17]). p.w. stands for “present work.”

T, ToNg+ OoNm- Oc.m(min)
(MeV) mb Ay 1A mb AilAq Ay 1A deg
37.0 [p.w.] 7.9£0.5 0.95£0.09 0.85-0.08 —1.04+0.07 1.3t0.1 741
62.5[13] 10.2£1.0 1.14£0.11 0.7G:0.11 —0.82:0.13 1.6:0.2 80t 2
64[14,15 10.2+1.8 1.17#0.06 0.4:0.1 —0.90=0.05 1.4:0.1 781
82.8[13] 13.4+1.3 1.106:0.07 0.92£0.14 —0.79:0.13 1.740.2 81+2
119[14,15 17.3+2.0 1.1G£0.06 1.1:0.2 —0.77£0.15 1.7240.1 81+2
162[14,15 19.6+2.7 1.170.10 0.8:0.2 —0.69+0.05 1.9:0.1 83+-1
165[17] 17.0£2.6 1.0%0.09 0.91-0.20 —-0.76:0.14 1.4-0.2 872
206[14,15 13.0=£1.7 1.33:0.10 0.9£0.2 —-0.19+0.07 1.6:0.1 88r1
350[32] 2.19+0.19  0.86-0.08  0.6+0.21°
500[32] 0.72£0.07 0.44r0.06

V. DISCUSSION (Fig. 10 does not show any effect of th® resonance. Ex-

cept for the point at 64 MeV, the distribution looks fairly flat.
The average of all values is @:8.2 mb.

1. =* absorption on a(pn) pair With the assumption that onls- and p-wave pions con-
The ratio of the Legendre polynomial coefficients tribute at low energies, the number of transition amplitudes is

A, /A, (0.95+0.09) is close to unity as found at higher en- restricte.d to three,3 leading to thre_e finph stagtes: for
ergies(Table VII). This value is consistent with the value of Isw:O’ final pn = =Py, for 1,=1, final pn = °S,, or

A, /A, measured inr* absorption on the deuteraf.01 at D;. In t'he.followmg the thr.ee amplitudes will bg referred
both 35 and 40 Me\[26)). It is expected to be unity as long to by their finalpn states. Piasetzkgt al. [18] studied the

as thep partial wave leading to théD, final NN state is relation between the transition amplitudes for the three chan-
dominant[33]. The slightly smaller value measured at 37.0N€lS, and the coefficients of the Legendre polynomial fit to
MeV is in agreement with the trend for the deuterons at lowthe differential cross sections af absorption on the dipro-

energies, indicating an increasing contribution fremmave  toN- For the results of Anicdt al.[13] at T, =62.5 MeV they
absorption. found two possible amplitude solutions, both in agreement

The total cross section is a factor of £8.15 times the With the data. The solutions differ significantly in the relative
cross sections measured fo¢7*,pp) at T, = 35 and 40 strengths of the’S; and 3D, amplitudes, and are therefore

MeV [26], as expected from counting 1 pairs with the called the ‘S” and “ D” solution according to the dominant
deuteron quantum numbers ftHe. This and the factor of amplitude. Furthermore, they showed that the two solutions
~10 between ther™ and 7~ cross sections indicate that lead to a different angular dependence of the polarization of

even at this low energy the channel with an intermediatén€ final state proton.

AN is dominating other effects such as the higher density. The analysis Procedure as de_scribed by Piase&tlgl.
employs Watson'’s theorem allowing the usepof elastic-

2. 7=~ absorption on a diproton scattering phase shifts and mixing parameters to determine

T . ) . the phases of the three amplitudés]. In the present work,
The angular distribution of the differential cross sectionsyy;g procedure was applied t8,=37.0 MeV (T,=350

is backward peake(Fig. 9 as has been observed at all en- MeV) and repeated fof .=62.5 MeV (T, =400 MeV) us-
ergies at whichm~ absorption on®He has thus far been ing the SP93 phase shifts of ArnR4]. The resulting pre-
measured. The Legendre polynomial coefficients reported fOfjictions are shown in Fig. 11 and Table VIII. The inclusion
the different experiments, assuming oslyandp-wave pion ot 4 waves could lead to small changes in the results we

contributions, are listed in Table VII. The rati@;/Ao IS present. The polarization was measured in experiments at
rather stable over the whole energy range, especially when

averaging the two values reported for 162 and 165 MeV, yet ) . ,
slightly decreasing at low energies as fof absorption. The TABLI_E VIII. I?elatli/e strength of the three transition amplitudes
ratio | A, /A,| is a measure of the asymmetry of the distribu-COntibuting tom pp(*Sp)—pn, forl,=<1, based on the results of
tion. After averaging the values at 162 and 165 MeV, thethe pion absorption experiments.
general tendency is an increase in the asymmetry with de-
creasing beam energy, also reflected in smaller values qjion wave

A. Two-nucleon absorption

T,=37.0MeV  T,=625 MeV

oI : X oo ‘S “ D" ‘S “D”
Omin- These are indications of increasing contributions from bn) state S S
s-wave, and ofs- and p-wave interference, with decreasing | _=0 3P, 0.13 0.13 0.07 0.07
energy. =1 33, 0.59 0.27 0.52 0.09
The angle integrated cross sections are listed in Table VI 3p, 0.28 0.60 0.41 0.84

and Fig. 10. The energy dependence of the cross sections
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TRIUMF, using the inverse reactiah(p, = pp)p at proton  the present results of pion absorption at low energies, to-
bombarding energies &f,= 350, 400, and 440 MeV, corre- gether with the analyzing power measurements at corre-
sponding to pion energies df,=37, 65, and 85 MeV, re- Sponding proton energies, present a useful set of data for
spectively[19—21. Previous results af,=400 MeV [19] testing the strength of the.wave pion channel, short range
are presented in the figure, and show that tB&golution is  effects like HME and structure of the wave function at short

in much better agreement with the experiment than thé «  distances, and the ratio ofS,/°D; p-wave pion channels,
solution. i.e., the strength of the tensor force or the mixing parameter

The theoretical model of Maxwell and Cheufgp] for  €1-
7~ absorption on the diproton, based on one boson ex-
change, resulted in wrong asymmettforward peakep
Miller and Gal[36], using a six-quark bag model, succeeded
in producing the correct forward-backward asymmetry. An As seen in Table lll, the normalization factofsdo not
attempt to deduce the polarization behavior from a simple/ary much and not in any systematic way over the measured
model based effectively on one-pion exchange showed modngles(Sec. IV §Q meaning that the M absorption process
est agreement with the angular distribution, but did not rebehaves approximately like phase-space distribution. In con-
produce the zero shift and the rather dramatic behavior of thast to 2N absorption, the totall8 cross sections are similar
polarization close to the zero crossif@achman, Riley, and for @ and«~. This similarity was also observed at higher
Hollas [37], following the model of[38]). Models based on €nergies(Table IX). A comparison between the results at
pion exchange alone tend to exaggerate the strength of tt#ifferent energies is problematic. In part of the experiments
®D; transition amplitude while the six-quark bag mofla] ~ (Weberet al. [15] and present wobk the FSI was separated
gives too large &S, transition amplitude. No attempt has from the 3N absorption. The results of Aniat al. at 62.5
been made so far to combine the two models. MeV, even with the corrected phase-space forniaée Sec.

By introducing a Galilean-invariantNN coupling opera- 1V D), are larger than those of Webet al.[15] at 64 MeV,
tor in a model on the hadron level, Niskan@9] succeeded and this may be caused by residual FSI influences. Com-
to reproduce the asymmetry observed at 62.5 MeV satisfag?@red to the results of Webet al. [15], our results at 37.0
torily. He includedd- and f-wave pions in his calculations MeV show a considerable drop in the cross section. An ex-
which contributed non-negligible amplitudes, but did not ef-Periment with stopped pior{24] showed that the 8 phase
fectively influence the angular distribution, thus partly justi- Space is virtually empty; only collinear eventsNand FS)
fying the neglect of these partial waves. The polarizationcould be observed. Our result at 37.0 MeV is consistent with
predicted by this model resembles the ddt@—21] qualita- @ drop in N absorption strength at lower energies. The cross
tively and is similar to the S” solution of Fig. 11. The section for FSI increases at low energies, and at 37.0 MeV
model is less successful in reproducing the observed asynffecomes comparable to that oN3absorption. The energy
metry at higher energies and in predicting the total crosslependence of the results shows a wéakesonance shape
section, which is too high by a factor of 3-5 at 62.5 MeV (Table IX and Fig. 19 The error-weighted average of the
(similar disagreement at 37.0 MgV two results at 162 and 165 MeV is 6:4.6 mb.

In a recent experiment, the total cross sections near For 7", the ratiooay/(oay+ oay) is rather stablé20—
threshold forpp— ppm° were found to be five times larger 30%) in the energy range 62.5-165 MeV. At 37.0 MeV the
than predicted by theorfgQ]. In this reaction near threshold, ratio drops to 14%. The decrease of thd 2ross section
only theT=1, | ,.=0 channel contributes. This channel hasfollows the A resonance, as seen by comparison with
the same quantum numbers as ftig (final statepn) chan- d(7",pp) cross sections. The drop in the ratio shows that
nel for 7~ absorption on the diprotonsfwave pion. To  the 3N cross section decreases more rapidly thamthieso-
explain the unexpected enhancement of this channel, a heawance. In contrast to low energies, at energies abovelthe
meson exchangéHME) via a nucleon-antinucleon vertex resonance(350 and 500 MeY the 2N cross section de-
was proposedLee and Riskgd41]; Horowitz, Meyer, and creases more rapidly than thélXross section, causing an
Griegel[9]). Niskanen[42] studied the impact of the HME increase in the ratiersy/(oon+ o3n) t0 45%. Form™, the
on 7~ absorption on the diproton by incorporating the me-ratio shows a similar trend but with larger values than for
son exchange current effect into his previ¢g$] formalism. 7, due to the small¢~,pn) reaction cross section. If one
Inclusion of this effect which gives more weight to the assumesr(7~,2n)~o (7" ,2p) the values become compa-
s-wave pion channel results in a larger asymmetry of theable. The drop in the ratio at 37.0 MeV for both" and
angular distribution and in a shift of the zero crossing of ther™ is a consequence of the fact that at this low energy the
polarization curve to more forward angles. A second chang8N phase space starts to thin out.
made in[42] to adjust the strength of this channel was to The 3N absorption processes can be roughly divided into
replace the two-nucleorS-wave correlation function in two categories: R absorption accompanied by an interac-
3He calculated from the Reid soft core potential by a paramtion with the third nucleon, and genuiné3absorption. The
etrization of the Hajduk wave function ofHe (details and first category can be subdivided into an initial-state interac-
references iN39,472). Inclusion of the HME current and tion (ISl), hard final-state interactiofHFSI), and soft final-
application of the Hajduk wave function gave good agree-state interactiofiFSl). The latter process will be discussed in
ment with the experimental data at 62.5 M@42] without  Sec. V C. For the ISI, the incident pion interacts with one of
applying any scaling factor. The results for 37.0 MEA8]  the nucleons by scattering or charge exchange, and is after-
are shown together with the data in Fig. 9. Again, no scalingvards absorbed by the other two nucleons. It has been shown
factor for the theoretical absorption was used. In conclusion,44] that this process should have a clear experimental sig-

B. Three-nucleon absorption
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TABLE IX. Summary of7* and#~ 2N and 3N absorption cross sections. For all results, errors include
statistical and systematic uncertainties. p.w. stands for “present work.” The two valuel far"3absorption
at 350 and at 500 MeV are from two different methods of calculatigg, as explained if32] .

+ —

T a

T, O2N O3N O3 O2N O3N 93N
(MeV) (mb) (mb) ot oy (mb) (mb) oot Oay
37.0[p.w.] 7.9x0.5 1.3:0.3 0.14-0.04 0.85-0.08 1.6-0.7 0.65£0.12
62.5[13, p.w] 10.2+1.0 3.7+0.6 0.2720.05 0.76:0.11 45-0.8 0.870.04
64[14,15 10.2+1.8 2.8:0.5 0.21+0.06 0.4-0.1 3.260.7 0.89:0.05
82.8[13, p.w] 13.4+1.3 2.8:0.8 0.170.05 0.92:0.14 34:1.1 0.79:0.08
118[29] 21.3-1.0 6.0:0.6  0.22:0.02
119[14,19 17.3£2.0 4.4£0.6 0.20£0.04 1.10.2 4.0£0.6 0.78£0.06
162[14,15 19.6+2.7 6.050.8 0.23-0.05 0.8:0.2 5.0:0.6  0.86-0.04
162[29] 17.4x0.8 7.2:0.7 0.29-0.03
165[17] 17.0=2.6 9.2:2.3 0.35:0.09 0.9%0.20 4.2-1.2 0.82£0.07
206[14,15 13.0=1.7 2.5:0.6 0.16£0.05 0.9£0.2 4.0:0.7 0.82£0.06
239[29] 7.0=0.6 3.0:0.5 0.3G-0.05
350[16,32 2.19+0.19 1.53:0.27 0.410.06 0.6-0.2

1.80+0.16 0.45-0.05
500([32] 0.72+0.07 0.510.08 0.41:0.06

0.64+-0.08 0.47-0.06

nature in the form of a peak in the quantity process is of the same order of magnitude as theaBsorp-
m2=(T,+T3)?—(po+p3)>. We checked this quantity in tion process (1.30.3 mb. The factor between data and
our data(the kinetic energied; and momentg; are mea- phase space was observed to be up to 20 times higher at
sured in the experimenat 3N absorption configurations. No angles with FSI influence than elsewhere. On the other hand,
peak was found. For HFSI, one of the two on-shell nucleonghe angular range of the FSI is small, whereas the &b-
from 2N absorption interacts with the thirdormer specta- sorption occupies the whole region allowed by phase space.
tor) nucleon. The second nucleon of the initidédl 2bsorption ~ The combination of these two effects makes the above result
emerges with the energy it obtained in th&l Zbsorption for the FSI very plausible. The same is true for, where
process. Therefore, HFSI should be seen experimentally ithe estimated result of the summed LE and HE FSI peaks
the form of a peak i, (the energy of the proton detected in (0.7+0.2 mb is about half the value measured foN 3ab-

the telescopeat the 2N absorption energy, with the other sorption (1.6-0.7 mb. The similarity in shape of ther™

two nucleons sharing the remaining enei@y contrast to 2N and FSI differential cross section distributions is remark-

2N absorptiof. Again, no peak of this kind was seen at ab]e(Figs. 9 and 12 However, theoreti_cal calculations re-
3N configurations. lating these two processes are not available.

Weberet al.[15], following Fasano and Legl5], suggest
a two-step process in which two nucleons, after absorbing
the pion, form a six-quark bag. This bag interacts with the There is interest in comparing pion absorption and photo-
third nucleon leading to 8 absorption. The six-quark bag is disintegration. For heavy targets, photon induced reactions
expected to be long lived as it can achieve quantum numbe@® more sensitive to the nuclear interior compared to the
which prohibit it from decaying to two nucleons. With all Strongly absorbed pion probe. fitde this is not the case and

three nucleons involved in the last reaction step, this procedf€ comparison can be more sensitive to the intrinsic differ-
should have phase-space-like behavior. ences between the two probes. The spectra for ho#nd

: X induced reactions oAHe contain N, 3N phase space and
A genuine N absorption process was suggested by Ash N Lo o , )
ery [46] and followed by Mateos andiigicevic [47]. The FSI contributiong48,49. The technique of incoherent sepa

! . ration of 2N and 3N absorption was used also successfully
model is analogous to the two-nucleon absorption mech

nism which can be described aNN—AN—NN. For the aby dHoseet al. [50]. Higher energyy data are now avail-

. : . : able from Sudaet al. and Emuraet al.[51]. Data with polar-
3N absorption mechanism an intermediatdlN resonance ,oq ¥ rays are available from Rutt al.[52], and Tedeschi

is assumed to play the role of the in the 2N gbsorptiop et al.[53]. Calculations ofy+ (pn) andy+ (pp) 2N photo-
processFNNN— (7NN)N—NNN. The predictions of this  gjsintegration in®He are being carried out by Niskanen, Wil-
model are in good agreement with the data although MOrBelm, and Arenheel [54,55, also with Fadeev wave func-
detailed comparisons are needed in order to determine thgyns, The consistency of their approach is tested by

D. Pion absorption and photodisintegration

role of this mechanism inI8 pion absorption. comparison to bothy and pion data.
C. Final-state interaction VI. CONCLUSIONS
The cross section forw* absorption via FSI, We measuredrt absorption on quasideuterons and

Oegi+=2.410.7 mb, indicates that at 37.0 MeV the FSI absorption on diprotons atT_,=37.0 MeV using
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SHe(w",pp)p and He(w~,pn)n, respectively. In addition, The total cross sections fort and =~ are of similar
we measured theN8 and FSI absorption of™ and7~ on  magnitude, as observed at higher energies.
%He atT,=37.0 MeV, and reevaluated thé\3absorption at In the energy range 63—-119 MeV, thé&l Iross sections

T,.=62.5 and 82.8 MeV using the data of Aniet al.[13]. are nearly constant, for both™ and 7~. Compared to the
The experimental results of the™ absorption on a quasi- cross sections at these energies, the and =~ 3N cross
deuteron at 37.0 MeV show consistency with results of exsections at 37.0 MeV drop by a factor of 2 to 3. Conse-

periments carried out earlier at higher energies. quently, the ratioogy/(o,n+ o3y) drops at 37.0 MeV ¢+
The energy dependence of the total cross sections, ov@ind~). A drop in the 3\ cross sections at low energies is

the energy range from 37 to 500 MeV, follows thereso-  expected from the observation that for stopped pions the
nance. The absorption through an intermediate state is 3N phase space region is virtually emgga].

still qomi”am ~at 370 MeV. The ratio Related to this observation is the increase in the “soft”
o(2N,7")/o(2N,7") is close to 10(compared to~20 at  fing|-state interactiorftwo nucleons recoiling together back
the peak of thed resonance, anet4 at 350 MeV. to back against the thijdat 37.0 MeV. For stopped pions,

As a consequence of the dominance of tethe ratio of  «co|linear” events (2N and soft FSI made up for all the

. 3 . . . ..
the 2N absorptiono (7 *He)/o (7" d) at this energy is 1.5 eyents observed. This trend becomes visible at 37.0 MeV,
as throughout the\ resonance energy region. ~ where the FSI cross sections are of the same order of mag-
The dominance of thp-wave pion channel is reflected in pityde as the B cross sectionss#* and 7).
the ratio A;/Ao=0.95-0.09. The slight deviation from  The relative strength of the two-pignwave subchannels
unity is an indication of-wave pions beginning to contrib- (3, and 3D,) in the #~ 2N absorption process can be
ute at this energy, in agreement with observations of pioRested by measuring the polarization of one of the nucleons
absorption on the deuteron at low enerdi2§]. _in the final state. Such measurements via the inverse reaction
The_results ofrmr absorp.tlon on the Q|prqton are consis- gt corresponding proton beam enerdi#8—21] give prefer-
tent with the results at higher energies in the followingence to theS” solution(Fig. 11, Table VII). The absorption

points. ) experiments of the present work at 37.0 MeV and of Aniol
The total cross sections, over the energy range from 37 tgt 5|, [13] at 62.5 and 82.8 MeV, combined with the polar-
350 MeV, are nearly constant at abatit=0.8+0.2 mb. ization measurements mentioned, provide a complete data

The angular distribution of the differential cross sectionsphzse. This data base should enable and encourage further
is asymmetrigbackward peakedat all energies measured so theoretical calculations for the understanding of the mecha-
far (37-350 MeV. _ _ nisms involved in pion absorption on a diprotds, pair,

The asymmetry increases with decreasing energy, angng of details of the diproton wave function firle. In par-
reaches its largest value measured so far at 37.0 MeYcyjar, it should allow tests of different models, such as bo-

(Ar/Ag=—1.04£0.07). o son exchangéincluding heavy meson exchangand six-
The minimum in the angular distribution oflg/dQ) quark bagsi or their combination.

shows a systematic shift to smaller angles, with lower pion
beam energies.

The relative strength of the pios wave increases at
T,=37.0 MeV. From a partial wave amplitude analysis, it is
calculated to be 0.13. This increase causes the observed in- The support of E. Vogt and the TRIUMF management is
crease in asymmetrgshift of the minimum of the angular acknowledged by the Tel Aviv University collaborators. We
distribution. This strength makes the present data particulari$hank R. Redwine for useful discussions. We thank J. Vincent
useful to study heavy meson exchange and short range cdier construction and maintenance of the liquitle target,
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