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M. Planinic® D. Androic® G. BackenstossD. Bosnaf® T. Dooling® M. Furic® P. A. M. Gram® N. K. Gregory?
A. Hoffart>” C. H. Q. Ingran, A. Klein,® K. Koch,” J. Kéhler?! B. Kotlinski,” M. Kroedel! G. Kyle> A. Lehmann®’
A. O. Mateos! K. Michaelian’ T. Petkovig® R. P. Redwiné, D. Rowntree’ N. Smicevic,* R. Trezecial
H. Ullrich,? H. J. Weyert:” M. Wildi,* and K. E. Wilso#

(LADS Collaboration
IUniversity of Basel, CH-4056 Basel, Switzerland

2University of Karlsruhe, D-7500 Karlsruhe, Germany
SLAMPF, Los Alamos, New Mexico 87545
“Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
SNew Mexico State University, Las Cruces, New Mexico 88003
60ld Dominion University, Norfolk, Virginia 23529
"Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
8University of Zagreb, HR-10000 Zagreb, Croatia
(Received 7 October 1999; published 5 April 2D00

Results from a 4 solid angle measurement of the reactinf +“*He—ppd at incident pion energies of
T,+=70, 118, 162, 239, and 330 MeV are presented. Integrated cross sections are given for the final states
with energetic deuterongd) and (pd)p. The differential cross sections are described by a complete set of
five independent variables and various other kinematic variables and compared to cascade and phase space
models where deuterons were formed by a semiclassical pickup model. The data are investigated for signatures
of initial and final state interactions: it is found that more than half of {hed) yield cannot be explained by
these mechanisms. The remaining strength is reasonably well reproducé&tliiya8e space models followed
by pickup.

PACS numbd(s): 25.80.Ls, 25.10ts

[. INTRODUCTION Although investigation of pion absorption ofHe has
given some important insight into 3NA, a more interesting
Pion absorption on a free nucleon does not occur sincease is*He. The presence of an additional nucleon opens up
energy and momentum cannot be conserved. Il\fff232)  additional physics channels which can compete with the
resonance region most of the total pion absorption strength iBNA process, and yet the system is still simple enough that
systems with few nucleons comes from the two nucleon abthe experimental kinematics can be completely determined
sorption (2NA) quasideuteron mode. However, several ex-for most of the final states. There are two significant final
periments on light nucldil—13] have reported that a signifi- states forz* absorption on*He pppnandppd. Results of
cant fraction of the absorption cross section is due to eventa detailed investigation of the cross sections and distributions
in which the energy of the absorbed pion is shared betweeof the first one have been published receftly,1§, but the
three or more particles. Particularly, some small solid angleecond one, thppd, remained less well investigated. In the
experiments orfHe in theA resonance region have reported work of Mateoset al.[17], ppd distributions were reported
that the energy distribution of about one quarter of the abto show some indications that after pion absorption a pickup
sorption cross section appeared consistent with three-nucle@i a neutron or proton, by one of the outgoing nucleons,
phase spacgl-5]. could follow, thus forming theppd final state. However, for
The absorption reaction of a pion on a nucleus has oftesuch conclusions more detailed comparisons with models are
been subdivided into a genuine absorption part and into secteeded. Therefore the investigation of the distributions of the
ondary modificationgsuch as rescattering procegsdse to  ppd state is necessary to complete our knowledge about the
the surrounding nuclear medium. Recent large solid angl8NA pion absorption mode ifiHe.
measurements of the pion absorption cross section on the In this paper all models leading to energetic final state
few body system$13—-15 have reported that there is a sig- deuterons explicitly assume a pick-up mechanism to form
nificant, but not dominant, contribution to the three nucleonthe deuteron. Other approaches could be used for some chan-
absorption(3NA) cross section from a process in which the nels, such as using a quasifreé +t— p+d cross section as
pion initially interacts with one of the nucleofmitial state  input (see Ref[19], for example. It turns out, however, that
interaction (ISI)] before being absorbed on a deuteronlikethe pickup mechanism reproduces thé+t— p+d angular
pair. Another cascade process would be 2NA followed by aistributions rather wel(see Sec. IV € bringing the two
nucleon-nucleon interactiofffinal state interaction(FSI]. models close to equivalency. In any realistic model the deu-
However, no clear signal of that process has been seen in theron form-factor imposed on an underlyipgvave distribu-
helium isotopes[12,15; recent Faddeev-type calculations tion will be a dominating influence on the deuteron distribu-
[16] also suggest it should not have a large probability.  tions (as is indeed apparent in the data
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In the present paper we report results of pion absorption
on “He into theppd final state. Data at five incident positive
pion energieg70, 118, 162, 239, and 330 Mg¢Were mea-
sured with a 4r solid angle detector. Some of the results

. . . . . —~ 25000 —
have been reported earli¢d7,18. Distributions will be £ 22500 3
compared to different models which include pickup by one 5, . 3
of the outgoing nucleons. E NS
IIl. EXPERIMENT 190003
12500 3
The experiment was performed at th&11 channel at the 10000-;
Paul Scherrer InstitutéPS)) in Villigen, Switzerland with 7500
the Large Acceptance Detector SysteiinADS) [20,2]] 5000 3
which was designed to study multinucleon pion absorption. 2500 =
There are two characteristics of LADS which combined 07
make an important improvement compared to previous pion 0180160140
absorption experiments. These are the solid angle coverage E(Mev) 120400 4 s 1
of the detector of 98% of # and the low detection threshold 40 20 1s\t§“
energyT,~20 MeV for protons and,~30 MeV for deu- 20

terons. Thus, only small extrapolations of the measured dis-
tri.butions are needed. The detector was cyIin'dr'icaI i_n shaprtahe p-d separation. The pion energyTs, = 118 MeV and the reac-
with an active volume of 1.6 m length. It was divided into 28 ;; "¢ “He(m" x).

AE-E-E plastic scintillator sectors, read out at both ends,

and two 14 sectoAE-E “end-cap” blocks to close the cyl- charged particles with less than 10 MeV light deposited in
inder. The scintillators stopped normally incident protons ofthe E scintillators, because these were stopped in or just
up to 250 MeV. Two coaxial cylindrical wire chambers pro- passed through the thitE counters. Figure 1 illustrates the
vided tracking information for charged particles with an an-p-d separation when using tHe-dE/dx technique.

gular resolution of about 1° and a vertex resolution of less In the next step only events with deuterons and protons
than 2.5 mm full width at half maximuntFWHM). The  but with no identified charged pion were selected. A cut on
target used in the experiment consisted of a 4 cm diametefle reconstructed missing mass 6f20 MeV around the
25.7 cm long carbon fiber cell, with walls of 0.5 mm thick- P€ak center removed most of the background events origi-

ness to keep background and particle threshold low, contaif!@ting from remaining pionic final states, mainly due to
ing “He at a pressure of 100 bar. single charge exchange, which are separated by about the

T n . . . . pion mass. Furthermore, most events where a proton under-
| at;—rhg eltn ecé?oergtq\-/rvhi(t:)r? acrguvx;s ddiﬁzri]\/?gu:?g?orﬁ)lsésttr;cesgr\:\tgr went a nuclear reaction in the scintillator material and lost a

. o ] . : . art of its energy were rejected by this cut.
identified by time-of-flight and pulse height analysis. From aep In the analysgi); of the dleuteroni)é final states, a significant

total incident flux of about & 10°/sec, a beam rate of about pohjem is the possibility of misidentifying a proton as a
1x10°/sec was acceptedyba 2 cm diameter scintillator  geyteron since there are many more of the former. In order to
placed about 50 cm upstream of the target center. determine the probability of mistakenly identifying a proton
Events were classified in the trigger logic according to thegs a deuteron or a proton as a pion, data were used from the
number of charged and neutral particles detected in LADS innteraction of 330 MeVar’s with 3He and the method of
coincidence with a valid incident pion. The various eventRef.[22]. The probability for a proton to be misidentified as
types were then prescaled individually according to the physa deuteron was determined as a function of proton energy. It

FIG. 1. E-dE/dx spectra used for particle identification showing

ics interest of the information they contained. was between 2 and 3% for proton energies above 40 MeV
but rose to up to 11% for low energy protons. The probabil-
ll. DATA ANALYSIS ity for a proton to be mistakenly identified as a pion rose

smoothly from 0% at low energy to above 11% above 200
MeV. For the “He data most of the events where protons
The reconstructed interaction vertex position was used tovere misidentified as deuterons were later removed by the
eliminate events from the target end walls, using the trajecreconstructed missing mass cut.
tory information measured by the multiwire proportional To eliminate events near the edge of the detector accep-
chamber§MWPCS. Only events with track information for tance the polar angular range of the data was limited between
all charged particles, a vertex within 10 cm upstream and5° and 165°. With this cut the solid angle coverage was
downstream of the target center and within 1.7 cm of theslightly reduced to 96.6% of #. For events with only two
beam axis were accepted. Vertex reconstruction plots can &harged particles detected, this cut was further reduced to

A. Treatment of raw data

found in Ref.[15]. 20°—-160°.
For the separation of protons and deuterons from pions o
and other particles conventionatd E/dx andE-TOF (time- B. Normalization
of-flight) particle identification(PID) techniques were ap- Once the absorption events were isolated, the measured

plied (see Fig. 4 in Ref[15]). The latter was used for all raw counts were normalized to the number of incident pions
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and target scatterers to yield a raw cross section. Corrections TABLE |. Summary of event generators used to simulate the
were made to the number of incident pions to account fogifferent absorption mechanisms of the reactioh+“He— ppd.
contamination in the beam, for the number of pions |lostMore detailed descriptions of the abbreviations are given in the text.
through decay or reactions before reaching the target, and f&acho represents a differential cross section as a function of the
pions missing the target. The largest systematic uncertaintjolar scattering angle. The, represents a one-nucleon momentum
in the determination of the normalization resulted from thisdensity distribution,pq represents a deuteron momentum density
last correction. It was measured by examining the radial disdistribution, andF g the pickup weighting step function.
tribution of events from the air upstream and downstream of

the target, and the uncertainty in this correction ranged be- EVent generator Weighting factors
tween 3 and 12 %. The number of target scatterers was dQNA(pppn)erickup ANApon * Foick
termined from measurements of the pressure and temperature
of the target. The areal density of the target was typicalIySNA(L,@.;p%)nJr pickup ANAS o on Pol cos@)T* Frick
4.5x 107 nuclei/cnt, and was known with an uncertainty of 3NAL=L -+ pickup AN oot 1= Pl oSO T i
1%. In addition, a correction was applied for each trigger,g, + pickup T pure
type to account for its prescale factor mentioned in Sec. Il, to~ °PP" PNPN Tt ptp” T2NA T pick
yield the raw cross sectiof23,24). HFSkpppn+ pickup PNPNT2NAY T oF pick
2NA(pp)d P4 TanA
IV. MONTE CARLO SIMULATIONS AND FITS 2NA G, pion * o Fo

A. Classification of events

In this paper we use the nomenclature that final state , .
nucleons(deuterons inside the round brackets participated Were then treated with the same analysis program as used for
in the reaction while those outside were spectators, indepefi?€ réal data. The experimental resolutions and hardware
dent of whether they were detected. This classification of dhresholds, as determined from the data for each scintillation
final state according to the particles which have participate§ounter and MWPC, were applied to the simulated raw
in the absorption reaction is called the “physics channel.”events. The effects of geometrical acceptance, energy thresh-
On the other hand for the full decomposition of fned final ~ olds and reaction losses in the detector, as well as inefficien-
state of*He into absorption mechanisms a classification intocies of the chambers and the reconstruction code, were thus
“selected channels” turned out to be useful. The purposegeflected in the simulated particle distributions in the same
was to produce separate distributions for the physics charway as in those of the experimental data. The reliability of
nels (pd)p and (ppd) to get more constraints for the fits. this procedure was tested in many ways and is discussed in
These selected channels were defined by the following clasietail elsewher¢13,23.
sification scheménote the use of square brackets to denote For the reactionm™ +*He— ppd, seven different event
them: generators were found to be necess@ge Table)l All of

[pdlp: Tp>30 MeV; T,>30 MeV; T,,=30 MeV; them were based on mechanisms of the 2NA, 3NA, and 4NA

absorption modes, as found in our previous works
[ppd]: Tp1>30 MeV; T,,>30 MeV; T4>30 MeV; ;
[ppld: Toa>30 MeV: Toy>30 MeV: Ty=30 MeV. [15,17,18, followed by the pickup of a neutron by one of the

outgoing protons. This pickup model will be discussed in

The distributiond pd]p and[ppd] presented in this pa- more detail in Sec. IV C. The seven event generators are
per will always be with these thresholds on the laboratoryd€Scribed here. _
kinetic energied” corrected for energy loss in the apparatus, [N the quasiiree 2NA model (2Nfy,q) the absorption
To test the model dependence of the extrapolations of thEaS been taken as occurring on a quasideuteron inside the

cross sections down to zero threshold and their decomposi-H€ nucleus, using Ritchie’s parametrizatife] for ab-

tions into mechanisms a data set with the same classificatiotP'Ption on a deuteron and a deuteron momentum distribu-
scheme, but a 20 MeV threshold, was also investigated. ThEON Pd calculated by Schiavilld26]. Here the final state
variations in the results are reflected in the quoted uncertaifi®utéron is treated as a spectator, and no pickup is involved.
ties. Distributions of thépp]d selected channel will not be !N the quasifree 2NA-pickup model (2NAyq),) the ab-
shown since the resolution of the missing mass in the experCPtion has been taken again to be the same as that on a free

ment was not sufficient to separate events with a spectat§{euteron using Ritchie’s parametrizatifb] and weighted
deuteron from those with an unboupd pair, as can be seen first with spectator proton and neutron momentum distribu-
in Ref. [17]. tions py from Ref.[26], and then weighted with the addi-

tional pickup weighting as mentioned above. An alternative
model has also been tested for the (2\4},) channel where
the pion is absorbed on a quasitritékl(7",pd) with one
Monte Carlo simulations were made to correct for theproton acting as a spectator. For that purpose the differential
acceptance and inefficiencies of the detector and to assist tlieoss section of pion absorption on a quasitriton has been
physics interpretation of the data. For all simulations, thetaken from the Ref{7] and weighted with spectator proton
particles were tracked through a model of the detector usingistribution as above. The distributions from both models
the CERN GEANT software package. The simulated datawere similar.

B. Monte Carlo simulations
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To model the one-step 3NA followed by pickup also found that distributions of four-nucleon phase space fol-
(3NAG 0+ Pickup, 3NA -+ pickup), the neutron in the  lowed by pickup angpd phase space are similar and so the
4N phase space distribution was weighted with a momentuntatter was also not included into the fitting procedure.
distribution (py) from a calculation by Schiavill§26] ad-
justed to fit the*He(e,e’p)°H data[27]. To take into ac- C. Pickup model
count angular momentum effedi$5,28 the events of this

enerator were additionally weighted by the Legendre poly- ; .
gomials P[cosE)] (3NAyL>° 9)1 andy{l— Pz?cos@)]}p ydependmg on the relative momentum between a proton and

o1 >N N ppp)n the pickup neutron. For estimating the width of the step func-
(3NA(ppn); for the definition of¢ see Sec. IVD. tion the very simple approach of RéB1] was used, which
It was found, looking at the distributions from different consists of using classical kinematics in the nonrelativistic
variables, that it is impossible to distinguish between the Woypproximation. Because of the relative motion of the nucle-
processes. ons within a deuteron, their individual momenta at the in-
stant of pickup are not simply one half of the deuteron’s

momentumﬁd. Rather, the proton was taken to have a mo-
and mentum

The pickup was represented by a simple step function

7" +*He—(ppp)n followed by pickup-(ppd)

7" +*He— (ppn)p followed by pickup-(ppd), 5p:;5dt 50

where it was assumed that the intermediate state is similar

for the (ppp) and (ppn) casede.g., N phase spageThat ~ and the neutron a momentum

is the reason whyfdpn)p models, followed by pickup, were 1

not included. While in principle thep(pn)p pickup process Pn==PaT Po.

can also have a term proportionalRg[ cos)], the fits with- 2

out it appear to be adequate and the resulting analysis is > ) o )
consistent with that of Ref[15]. The distributions of Whe_repo is the momen_tum associated with |nte7rnal relgtlve
(ISl pppn+ Pickup) and (HFS}ppn-+pickup) were gener- motion. Its magnitude is taken as the deuteron’s Fermi mo-
ated by an incoherent superposition of the two elementarf?€ntum, about 70 Me\. _

processes followed by pickup. In the ISI model the pion was All combinations ofpn pairs available after the absorp-

first scattered by one proton, moving with Fermi momentumtion Were weighted with the pickup weighting function. In

(pn), according to the differential elastiep cross section MOSt cases the lowest energy proton picks up the spectator
(Gmtpmtp, Calculated withscaTpi [29]), before being ab- neutron since that proton has the greatest chance to have its

sorbed on a quasideuteron recoiling from fhresystem with relzlﬂive (;non:entlrj]m W;Lhi? :Ee Stei functiodn.l s iustified
a momentum distribution of{ py), with the quasifree 2NA n order to show that thé pickup model is justified, a

: : . Monte Carlo simulation was made for the process
Ccross sectiond,na) [25]. A suppression of the forward pion 3H(r*.pd) and compared to the data from the RE]
quasielastic cross section was taken into accolibl. The L P . o
other two ISI processes, a quasielastic scattering ofrthe Figure 2 shows that our model gives a reasonable description

on a neutron ¢ ,+,_, »+n) and a charge-exchange reaction ofOf thg data. 'In the case dfte the d|§tr|bgt|ons are also

+ 0 consistent with a model where the pion is absorbed on a
the typemr " n—7°p (0 ,+n_.~0p), both followed by the ac- o3 £ : . i

. 7 . quasitriton*H(#",pd) with one proton acting as a specta
tual quasifree absorptionogys) On a quasideuteron, were tor
simulated as in Ref.18] and found to have similar distribu- '
tions as the first one. In the HFSI model the pion was first . . )
absorbed on a quasideuteron moving with Fermi momentum D. Fits and efficiency correction
opposite to that of the recoilingn system pypy), and then For the complete description of a three-body final state,
one of the outgoing protons was scattered off the recoil profive independent variables were usgd v, &, ¢min, and
ton according to its differential elastisiN cross section ., Which have been introduced in Rdfl5]. The five
(opp), calculated withsaib [30] and with a minimum mo-  variables listed above are calculated in the center of mass
mentum transfer of 150 Me¥¢/ The second way of model- (c.m) of these three particleg. and 8 are Euler angles de-
ing the HFSI process was the same as above, except that seribing respectively the angle between the normal to the
the second step one of the protons was scattered elasticallyree-particle plane and the incident beam and the azimuthal
off the neutron ¢,,) which has picked up a spectator pro- angle of that plane, while reflects the distribution of pro-
ton. The distributions of the second HFR@icluding pickup  tons and deuteron within the plang;,,, and ., are the
model were not distinguishable from the first one. For allminimum and maximum opening angles between pairs of the
these models, the pickup weight between @il pairs was three particles.
added as a third step. The relative strength of the seven different physics pro-

To model four-nucleon absorption followed by pickup cesses were determined by simultaneous fits to kinematic

(4NAppn T pickup), three protons and one neutron weredistributions of the two selected channgted]p and[ppd],
generated with constant density in phase space (gi4) with the normalizations of the seven processes as free param-
and then weighted with the pickup weighting function. It waseters of the fit. A more detailed description of the fitting
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FIG. 2. The differential cross sectiatho/d() of the reaction
SH(#7*,pd) (the solid circles with error baydrom Ref.[7] com-
pared to Monte Carlo simulatior{dashedl of the pickup model for
incident pion energies of 68a), 119 (b), and 210 MeV(c). The

normalization of the Monte Carlo distributions is a free parametery1av/ the overall size of these corrections is roughly a factor

procedure can be found in Refd5,18. Fits were done to
various histogram sets with the CERNLIB routivenuIT:
the five independent variableg( v, &, ¥min, ¥may, @ Set of
selected one-dimensional distributiofysroton polar angle
0, , deuteron polar anglé,, proton kinetic energy,, deu-
teron kinetic energyly) and a set of two-dimensional histo-
grams with pronounced correlationg,(vs p,, 4 Vs pq, mf
VS Py, M3 VS py, M VS 6, M s 6,), wherem, is defined
in Refs.[13,32. In addition, fits using all these distributions
together were made.
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The normalizations of some event generators had to be
fixed, since due to the applied cuts and thresholds only small,
but not negligible, spectator momentum tails contributed to
the investigategh pd data sample. In these cases the contrib-
uting fractions were approximated from the partial cross sec-
tions, determined with the same data and published else-
where [17]. These event generators were 2N4y and
2NA pq)p for the[ppd] selected channels.

The analysis was repeated with two different thresholds
defining the selected channels. The average value obtained
from the simultaneous fits with different histogram sets and
thresholds was taken as the result for the contribution from
each physics channel. The uncertainty associated with the
fitting procedure was estimated from the variation of the re-
sults obtained under the different conditions. Using the re-
sults of the fit to define the relative strengths of the various
models required to describe the raw data, these were then
corrected for the acceptance and inefficiency of the detector
using these Monte Carlo simulations.

In this paper, only the efficiency corrected histograms will
be shown. The error bars of the data points in the histograms
reflect the statistical uncertainties of the raw data and the
simulations.

V. RESULTS
A. Partial absorption cross sections

The partial absorption cross sections for the deuteronic
channels are presented in Table Il. These cross sections are
corrected for all detector inefficiencies, thresholds, and ac-
ceptance cuts. Except for thed)p channel at 239 and 330

of 2 (see also Ref.17]). We have previously reported values
for cross sections of thepfpd) and (pd)p physics channels
[17] but those presented here use more detailed models. The
agreement between this work and our previous publication
[17] obtained for the cross section of both channels is within
the quoted uncertainties. Figure 3 shows a comparison of the
deuteronic final state cross sections to cross sections from
other “He pion absorption physics channels from Refs.
[17,18. The cross section attributable to thed)p process
falls steadily with increasing incident pion energy while the
energy dependence of thpfd) cross section shows a broad

TABLE |l. Partial cross sections of the reactien” +“*He— ppd, extrapolated to zero threshold, for the
(ppd) and (pd)p physics channels and with 30 MeV threshold for the protons and deuterons fqrtlaég

and[ pd]p selected channels. All cross sections are in mb. The given uncertainties reflect the normalization
uncertainties and the systematic uncertainties due to the results of the different models and fits, added in

quadrature.
Tt Channel 70 118 162 239 330
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
0 (pd)p 3.0+0.4 2.650.2 1.70.2 0.7-0.1 0.2£0.1
0 (ppd) 1.5+0.2 3.2£0.6 4.7+0.7 1.5£0.1 0.7:0.1
30 [pdlp 2.4x0.2 2.2:0.1 1.5-0.1 0.6:0.1 0.2:0.1
30 [ppd] 0.37+0.05 0.85-0.07 1.3:0.1 0.60+0.05 0.29-0.04

054604-5



M. PLANINIC et al. PHYSICAL REVIEW C 61 054604

M 10 _ MW“M‘ :li

& *He(n*,pd)p

(b) J[ » ‘He(n*,ppd)

e Y

20

~ C 4
€12 | (a) 2 “He(n".ppn)p He(n",pd)p
~ r 4 + i F ~40
o C + o *He(n*,ppp)n > o 70 MeV > 5
10 . . - C
s - Jf o *He(n*,pppn) 580 - P b
= [ Q L Q B
e 8 r + 360 —A R
n = © L ff el =
= = L] ® 20
§ 6 - + ‘J|’ NGl ;“l‘ NG
o - b F y b B
© 4 $ ¢ Jﬁ C 20 F \ v10:ﬁ 1
: © A \ W
2 - N & ¢ 0 1 B ] L1l [ 0 7|
- i + O 118MeV s
o |||I|I |||III|||I||||I|||II|I|I|II|||I| [ v, 30 j 11smev )
Lo r '\‘ﬁé
° 40 | - ww‘w
| 20 h
5 i - !

——
——
o
E
E
o

Cross Section ¢ (mb)
N

239 MeV
resonancelike behavior peaking somewhere around 16
MeV. The contribution of theppd final state to the total
absorption cross section appears to fall as a function of en 5 M
ergy from 13% at 70 MeV to 6% at 330 MeV. o |
With these results and those of REE8B] we were able to 0 L Tl 0 e LI
determine an estimate for the total pion absorption cross sec 100 200 300 50 100 150
tion at the incident pion kinetic energy af,+ =330 MeV, Teo (MeV) O (deg)
which ~we have not prewouslly reported._ We  find FIG. 4. The laboratory kinetic energy and polar angle distribu-
0330 MeV)=14.0+1.5 mb. This cross section was de- yjsns of the deuteron in the selectiold] channel(acceptance cor-
termined assuming thaip)d/pn partial cross section can yecteq for incident pion energies of 70, 118, 162, and 239 MeV
be estimated from the well known cross section of the reacfrom the top. The data are dots with error bars, the fitted sums of
tion 7" +d— pp by scaling it with the factor 2.5. The partial the simulations are the shaded areas. Normalization uncertainties
cross section for thep(n) pp was extrapolated from Rf17] are not included in the error bars.
and all other partial cross sections were taken from Re.
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distributions of the selectefpd]p channel. However, the
B. Differential cross sections partial cross section can still be determined, and for distribu-
The non-2NA cross section in thpd final state consists tions o_f the selecteppd] channel such Ios_ses were reliably
primarily of contributions from thefd)p and (pd) chan- taken into account by the Mor_1te Carlo S|mulat|ons._Th_ere-
nels. In this section the acceptance corrected differential dide"e: for the highest incident pion energy only the distribu-
tributions will be shown for five incident pion energies for 10NS of the selectefippd] channel will be shown.
the [ ppd] selected channel and four incident pion energies
for the [pd]p channel. These distributions are intended to
show the quality of the fits. The data will be compared to the Figures 4 and 5 show the energy and angular distributions
summed contributions of the fitted models. of deuterons and protons in the selecfgdl] channel. The
For the incident pion energy of 330 MeV the highest en-distributions of the pd)p channel are consistent with the
ergetic protons after the absorption process were not stoppefuteron resulting from pick-up by an outgoing nucleon,
by the scintillators and their kinetic energy is underestimategmerging preferentially at backward angles. The preference
[15]. These events are then removed by the missing mader the emission of the deuteron at backward angles can be
cut. It was found 33] that this problem seriously affects the qualitatively explained as being due to the smaller momen-

1. (pd)p physics channel
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tum transfer necessary for the pickup reaction at these
angles. The main contribution comes from the 2ZN#,
model as described in Sec. IV B. The comparisons of the fit
with the data show that the overall agreement is fair.

FIG. 6. pp-opening angle distributions in the laboratory frame
acceptance correctedn the selected ppd] channel. The data
%dots with error bars were fitted with 2NA,,q (solid line),
3NA(pppnt pickup (dashed, ISl ppn+ pickup (dashed-dotted
) 2NA (dotted, HFS +pickup (not shown, and
2. (ppd) physics channel 4NA$Z)ppn)+pickup (not :shl(c?\‘/)vpr))r,1 az degcribed in the text. The

The low energy forward peaked behavior of the deuteronshaded areas are the sums of the fitted simulations. Normalization
in the selectedppd] channel(see Fig. 8 suggests that the uncertainties are not included in the error bars.
incoming pion initially scatters from a proton, which picks
up a neutron to form a deuteron, while the pion is absorbegies higher than 118 MeV. One of the main issues of this
in the second step by the remainipm pair. To further paper is to address the question of how much of the 3NA
strengthen this argument one can look at fhp opening absorption mode in*He is ending up, via pickup, in the
angle in the lab system. If the deuteron really comes from théppd) channel and what fraction of it can be understood in
m-p process, then the™ +d—p+p should be undisturbed terms of cascadepickup (IS|,ppn+pickup, HFS|yonn
and one can see an opening angle signature around 160%.pickup) processes.
This is indicated in Fig. 6. A comparison of the data distri- In Refs.[13,15,18 we found that a significant fraction of
butions with the I1SI followed by pickup model distributions the three-proton cross section dhle and *He around and
shows that this signature can be seen at incident pion eneabove theA resonance can be accounted for by an ISl
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FIG. 7. Distributions of the or-
thogonal variables (acceptance
correctedl in the selected ppd]
channel. The structurelegsangle
is not shown. The shaded areas are
the sums of the fitted simulations.
For further information see Fig. 6.

mechanism followed by 2NA. It was also found that a pos-3He p was not accessible to this experiment, but its yield is
sible contribution of a HFSI mechanism cannot be easilyknown to be weakabout 0.6% of the total absorption cross
distinguished from a @ phase space distribution, but it was section atT =120 MeV) [10] and therefore it is neglected
observed that the HFSI yield leading to three energetic propere. Although the uncertainties of most of the fractions are
tons usually seemed to be smaller than the ISI yield. Morgainer |arge, the results show which processes are more im-

than half of the  yield was found not to be explainable by
simple cascade processes bottPiie and*He. In this work

a decomposition of th@pd final state was done with a si-
multaneous fit of seven models to the distributions of the
data. The quality of the fits is illustrated in Figs. 7, 8, and 9.
The fit to the orthogonal variable set is good, and also the
polar angle and kinetic energy spectra are fitted well. Th
results of the decomposition, extrapolated to zero threshold,

are given in Table Ill. The percentages given are average. X _
values of the results of fits to different variable sets and wittdicate that this seems to be the less important cascade pro-

different thresholds applietsee Sec. IV . The cited un-

portant and also some trends in the energy dependences. One

may conclude that ISI followed by pickup is able to explain

significant strength of thep(pd) yield, being more important

at higher incident pion energies. This result is consistent with

results from our previous publicatiof$3,15,18 where evi-

c_gence for signatures of ISI in thgp3nultinucleon channel of
He and“He was discussed extensively.

The fractions found for the HFSiIpickup mechanism in-

cess. Although ISl followed by pickup is found to be impor-

certainties are the standard deviations of the results from thi@nt, more than half of thep(pd) yield cannot be accounted
fits models. In Table IV the fractions of the multinucleon for by our semiclassical cascade models. The remainder is
yields of the possible absorption mechanisms after pion abwell fitted by simple 3 phase space followed by pickup
sorption on“*He are compared to the total pion absorptiondistributions, if angular momentum components up pto
cross section of'He. The third open multinucleon channel wave are taken into account.

054604-
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TABLE Ill. Multinucleon cross sections for the reactien” +“He— ppd and their fractional decompo-
sitions into absorption mechanisms. The numbers are extrapolated to 0 MeV threshold. The errors on the
fractional decompositions indicate the stability of the results under the choice of different fitting procedures.
3N-PS is the sum of the two (3!\!5)p)n+ pickup and 3N$Jpp)n+ pickup) given 3NA channels. The cross
section for the 2NA modé(pp)d] was fixed(see texk

T, (MeV) 70 118 162 239 330
(1S pgyn + Pickup) 9+5% 27+16% 46+ 12% 39-3% 31E7%
(HFSkyop0+ pickup) 11-8% 9+15% 6+10% 0+0% 9+11%
BNA; o+ Pickup 35+ 9% 47+ 11% 24+ 12% 1057% 5+ 7%
3NAG, o+ Pickup 17+14% 8+7% 19+6% 42+ 4% 43+8%
3N-PS(ppp) + pickup 52+ 7% 56+ 10% 43+ 10% 52+ 6% 48+8%
4N-PS(pppn) + pickup 17+ 14% 8+5% 5+3% 10+4% 1267%
T(ppg) (Mb) 1.5+0.2 3.2¢0.6 4.700.7 15+0.1 0.7-0.1
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TABLE IV. Fractions of the multinucleon yields of the possible absorption mechanisms of the reactions
7" +*He—pppn (taken from Ref[18]) and 7 +*He— ppd compared to the total pion absorption cross
section of “He (taken from Ref[17]). The given uncertainties on the individual mechanisms are those of
Table Ill scaled appropriately. The uncertainties of the columns “Tpgbn” and “Total ppd” are gained
from the errors of the cross sections of the respective final state and those of the total absorption cross
sections added in quadrature.

T, (MeV) 70 118 162 239 330

af‘oﬁg, (mby) 35.0+5.3 52.1-3.9 50.5-4.6 26.6-2.0 14.0:1.5
(ISI4+-2NA) 3+4% 1+1% 3+2% 11+=3% 15-5%
(2NA+HFS)) 8+5% 6+-3% 3+3% 1+1% 1+2%
3N-PS(pn) 12+4% 13+3% 17+4% 15-2% 26+-3%
3N-PS(ppp) 4+2% 6=1% 10=2% 12+-3% 13+3%
4AN-PS(pppn) 1+1% 3=1% 4+1% 8+1% 13+3%
Total pppn 28+=7% 29+-4% 37*=5% 47+=5% 68+ 10%
(ISI+-2NA+pickup) 0+1% 2+1% 4+1% 2+1% 2+1%
(2NA+HFSI+pickup) 0+1% 1+1% 1+1% 0+1% 0+1%
3N-PS+pickup 3+1% 3+1% 4+1% 3+1% 2+1%
AN-PS(pppn) + pickup 1+1% 0+1% 0*+1% 1+1% 1+1%
Total ppd 4+1% 6=1% 9+2% 6+1% 5+1%

C. Comparison with pppn final states VI. SUMMARY AND CONCLUSIONS

In order to see what fraction of eaglp pn generator dis- In this paper we have presented an analysis offthe
appears into appd final state, according to our pickup final state after the absorption of a positive pion e for
model, events of th@ ppn generators which have one final five energies across th&(1232) resonance. Using a com-
state proton and neutron with relative momentum within theplete set of five independent variables for this three particle
step function were counted. It has been found that approxifinal state and simple models, which comprise 2NA, 3NA,
mately the same fraction of events froN hase space and and 4NA models from Ref[18] followed by pickup, the
ISI generatorgwhich are the most important onegoes to  yield was investigated for contributions from the cascade
the ppd final state. mechanisms where the basic 2NA process is accompanied by

In Table V, cross section ratigspd/(ppd+pppn) from jnitial or final state interactions plus pickup. The cross sec-
the data are compared to the same ratios where the inputs a{gns of the opd) and (pd)p physics channels were evalu-

yields from the simulations. For the data with a 30 MeV ateqd. For the first time an estimate of the total absorption
threshold the ratio data/MC is roughly independent of theyoss section at 330 MeV of pion incident energy is given.
incident pion energy, but the normalization can vary freely. The distributions of the selectégd] channel are consis-

This energy '”depe’?der.“ ratio, In combmaﬂon with the IOWtent with absorption on a quasideuteron pair, followed by the
ppd final state contribution to the total absorption cross sec-

tion, indicates that the picture drawn from the analysis of the;)l L?I;Ttg::lfa?i\?:;tm?oz)ér? r\:vehgl;ethﬂe]guggl?sgargsotgfgga aoltnh(;uguha_
composition of thepppn data of Ref.[18] would not be bp P q

significantly modified by taking account of the influence of 5|tr|ton_ H(m".pd) with one proton acting as a spectator
the deuteronic channels. also gives a good description of the data. Fits to the data
suggest that a significant fraction of thpfd) yield can be
) _ described by a semiclassicdlSI+2NA+pickup cascade
TQ‘BLEhV' Data cross SheCt'O,” rat'qud/(,pI%dJ;pppﬂ) CO”C“' _model. The data do not reveal distinct kinematic signatures
I‘;?irc?nstsvitthetzzr?ﬁréztrl\zf d"sv 3%;”;)3%2\‘; yields from the MC simuz o o gested for a simild2NA+HFSI+pickup cascade

process. However, our investigations of the differential cross

T (MeV) T, (MeV) 70 118 162 239 330 s_ections suggest that these _ISI ar_wd HFSI cascade mecha-
nisms, approximated by semiclassical models, can account
0 Data 13% 17% 20% 11% 7% for less than half of thedpd) yield, similarly to the analysis
0 MC 8% 6% 5% 35% 25% of the pppn channel. The issue of whether the large non-
2NA vyield can be explained only by sequential processes
30 Data 12% 10% 10% 6% 4% remains unresolved. In order to understand the substantial
30 MC 200 15% 1.3% 1% 0.7% Multinucleon absorption yield, it remains imperative to have

a realistic calculation of 3NA.
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