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Results from a 4 solid angle measurement of the reactidhe(7*,ppp) and*He(=",ppp)n at incident
pion energies ofl _+=70, 118, 162, 239, and 330 MeV are presented. #de the total absorption cross
sections and their decomposition into two-proton and three-proton components are evaluaftte the
three-proton absorption cross sections are given. The differential distributions of the three-proton multinucleon
absorption mode of both nuclei are analyzed and compared to each other by making use of a complete set of
variables. The data are investigated for signatures of initial and final state interactions: it is found that more
than half of the three-proton yield cannot be accounted for by cascade mechanisms. The remaining strength
shows dependence on the incident pion angular momentum, but also structures that are not explained by simple
semiclassical model$§S0556-281@7)04006-3

PACS numbdps): 25.80.Ls, 25.10ks, 21.45+v, 13.75.Gx

[. INTRODUCTION there exist a mechanism in which the pion is coherently ab-
sorbed on more than two nucleons?

The existence of a multinucleon pion absorption mode in  Theoretical examples of such processes are the “alpha-
nuclei is now well established. Several experiments on thgole model” [17] or the “double-delta” mechanisnil8],
three-[1-8] and four-[9,10] nucleon systems have reported both of which involve four nucleons. Similar mechanisms
final states with three or more nonspectator particles after theave been constructed for three nucle¢d8]. But even
absorption of a pion. Measurements on heavier nuclei haveore exotic processes have been considered. For example,
given similar resultgfor a review see Ref11]). From these Fasano and Lef20] approach the three-nucleon force as an
data it is known that the relative strength of the multinucleoninteraction of a six-quark bag with a nucleon. Assuming the
absorption mode across theresonance region is significant six-quark bag to be an excitation of aNN system, this
and increases with nuclear mass and with incident pion engives a direct relation betweerN# and the three-nucleon
ergy. Most of the remainder of the total pion absorptionforce.
strength originates from the well-known quasifree mode, the Past experiments on the light systems suffered from limi-
absorption on a proton-neutron pairN2) [12]. tations in phase space coverage, kinematic definition, or sta-

Though we have a rough idea about the strength of théistical accuracy for the multinucleon channels. Hence inves-
multinucleon pion absorption mode, there is still very little tigations of differential distributions did not reveal details
knowledge about its origihl1,13. One important question which might signal specific dynamics. The common result of
is how much cascade processes contribute. Both initial statisese studies was that the outgoing particles of thsA3
interaction (ISI), where the incident pion scatters on a process were distributed uniformly oveN3hase space.
nucleon before being absorbed by conventionslA? and A very interesting question is how theN3\ mode, first
final state interactiofFSI), where one of the outgoing nucle- observed in the three nucleon system, appears in heavier nu-
ons of 2NA interacts with another nucleon in the nucleus,clei. The lightest nucleus in this contextible. Investigation
can lead to three energetic particles in the final staten this nucleus is also important because the final states can
(3NA). Despite focused searches for direct signatures obe measured kinematically completely for most configura-
such cascade mechanisms fiHe [5,14], until recently tions. Furthermore, while forr* absorption there is only one
[15,16] no significant strength was observed. In Rf5]  final state in3He: ppp, there are two important ones in
only a part of the multinucleon yield is explained in terms of “He: pppn andppd. A thorough investigation of the cross
an ISI process, and so the major question remains: Doesections and distributions of these final states should give
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FIG. 1. A schematic view of the LADS detector.

more knowledge about the contribution of cascade processesintillators stopped normally incident protons of up to 250
to the multinucleon strength. From the different nuclear enMeV, and measured their energy with an overall resolution
vironment one would also anticipate modifications like of about 3% FWHM. The trajectory information for charged
broadening of signatures or changes in the relative imporparticles was provided by two coaxial cylindrical multiwire
tance of mechanisms such as ISI and FSI. After these prgeroportional chamber@WPC's) inside the plastic cylinder.
cesses are taken into account, examination of the differentidlheir angular resolution was about 1° FWHM. The target
distributions may indicate if there is a common source forwas a high pressurn@p to 100 barsgas cylinder of 25.7 cm
the remaining yield. In particular, a coherent& process length and 2 cm radius with carbon-fiber/epoxy walls of 0.5
might show similar features in all distributions from nuclei mm thickness to keep background and particle thresholds
with A=3. The additional step to address this issue is thdow. A multicoincidence trigger logic allowed specific final
comparison of thepp)n channel in“He, where the neu- states of interest to be emphasized dependent on their
tron acted as a spectator, to thep() channel in®He. charged or neutral multiplicities.

This paper deals with results for the three-nucleon absorp- The =~ beam was defined by a set of plastic scintillation
tion on *He and“He, for incident positive pions at 70, 118, detector§BEAM) that counted the individual pions and re-
162, 239, and 330 MeV, resulting in three energetic protongnoved particles in the beam halo. Some 5% of the typical
measured with a# solid angle detector. Some of the resultsincident flux of about 16 momentum-analyzed pions per
on 3He have been reported earl[@};15]. The NA distribu-  second was finally accepted la 2 cmdiameter scintillator
tions of the reactior’He(7*,ppp) will be investigated in  placed about 50 cm upstream of the target center.
more detaill and compared to the analogous reaction
*He(=",ppp)n.

IIl. DEFINITION OF KINEMATIC QUANTITIES

Il. EXPERIMENT A. Independent variable set

The measurements were performed with the Large Accep- FOr the complete description of a known three-body final
tance Detector SystefLADS) (see Fig. 1 and Ref21])  state, five independent variables are required. It is convenient
which was built at the Paul Scherrer Institd®S)) in Villi-  to work in the center-of-masgg.m) system of the three out-
gen, Switzerland, to investigate in particular multinucleondoing particles, because their momentum vectors form a
pion absorption. With the large solid angle coverage of morélane in this frame. The orientation of the c.m. system in
than 98% of 4r and the low proton kinetic energy threshold SPace with respect to the laboratofiab) frame gives a
of Ty~ 20 MeV, a large fraction of the phase space wasstraightforward Qefmmor_‘] o_f three _mdependent varla}b!es, the
accessible to LADS even at low incident pion energies. ~ Euler angles, with the incident pion beam determining the

The detector consisted of a plastic scintillator cylinderZ coordinate axis. R
divided into 28AE—E—E sectors, each 1.6 m in active  The angle between the normalbf the c.m. plane and the
length. The ends of the cylinder were closed by “end caps,”beam axis is defined as the plane angleThe distribution
each consisting of 1AE — E plastic scintillator sectors. The over ¢ reflects the total angular momentum of a three-body
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2NA

FIG. 2. Scheme to illustrate the definition of the independent
variable set(see text for description of the variablehe angle FIG. 3. Schematic of a triangular Dalitz plot. The kinetic ener-
B, not shown in the scheme, is the azimuth of the normtd the  gies of each event are completely determined by a feigt,P at
c.m. plane around the beam axis. The two ellipses are an iIIustratioo(’y): (0,0)] inside the shaded area which shows the kinematically
of this c.m. plane in-planéhorizonta) and out-of-plandtilted). allowed region; particle thresholds cut from the legs of the triangle.
The regions expected to be populated by specific mechanisms
system[22—-24, analogously to the distribution over the po- (2NA, SFSI[for definition see Sec. IV B and Sec. V])gare labeled
lar angle in two-body reactions. The orientation of the pro-at the boundary of the Dalitz plgthreefold because of symmelry
tons within the plane is specified by the angle between on8N phase space (8A) uniformly fills the shaded area.
particle (which we take to be that with the lowest energy
and the projection of the beam axis onto the plane. Thiparticle c.m. systemQ=T,+T,+Ts, a highly symmetric
angle will be referred to as the rotation angle, The final  representation of the data can be defined: the triangular Dal-
Euler angle, the azimuth of the normalaround the beam itz plot (Fig. 3. The complete energy related kinematics of
axis, we will call 3. Because there was no polarization mea-an event(e.g., at pointP in Fig. 3 is expressed in terms of
surement in the experiment the events must be uniformlghe two coordinateg=(T;—T,)/\/3 andy=T;—Q/3.
distributed over this angle. A well-known property of the triangular Dalitz plot is its
An additional two independent variables are necessary toonstant event density in phase space and its correlation to
specify the final state completely. We choose the maximunangular configurations of the particles. Particle detection
and minimum opening angles between the three particles ithresholds impinge on the experimentally accessible region
their c.m. planenax and ¥min. The definitions of the four from the sides of the triangle, but do not modify the interior
nontrivial variables are illustrated in Fig. 2. region. A more detailed discussion about the different ab-
If p;, p,, and p; are the unit vectors of the outgoing SOrption mechanisms and their population of Dalitz plot re-
particle momenta in the three-body c.m. systemgions can be found in Ref4].
(T,>T,>Ts; T, :=kinetic energy of particlé), p,. the unit
vector of the incident pion momentum in the lab, and IV. DATA ANALYSIS

n=p,Xp1/|p,Xp,| the normal to the plane spanned by the A. Data treatment

three particles, then the independent variables are formally The vertex of each event was reconstructed with the tra-

defined as follows: jectory information measured by the MWPC'’s. Only events

n with track information for all charged particles, and thus a

,8=arctan—y, (3.1  well-defined vertex, were accepted. The spatial vertex reso-
Mx lution of about 1 mm FWHM allowed a very efficient elimi-

o nation of background events originating in the target walls
¢=arccog|p,-n|), (3.2  (see Fig. 4 Only events inside a volume of 100 mm up-

stream and downstream of the target center and 17 mm

. nX(p,xn) around the beam axis were used. Measurements with empty
Yy=arcCos Pz =~ =~ /> (3.3 targets indicated that these cuts reduced the wall background
INX(prxn)| to less than 4% for the 70 MeYpp events of*He, which
R was the worst case because of a wide beam and the low
Ymin=arcco$ps-pz), (3.4  ppp cross section. For the other energies this background
was considerably less.
Ymas= arcco$;32- 51)- (3.5 The data of each individual scintillator channel were cali-
brated to have the same gain and timj2d]. After correc-
, tion for small nonlinearities in the analogue branch a total
B. Dalitz plot

energy resolution of about 3% FWHM could be achieved.
An alternative independent variable set consists of thdogether with the MWPC’s angular resolution of roughly

three Euler angleg, v, £ together with the two kinetic en- 1° FWHM, this gave a reconstructed missing mass resolu-

ergiesT; andT,. Using the total kinetic energy in the three- tion for three protons of about 8 MeV, and of about 15
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FIG. 4. Vertex reconstruction plots with the target cell filled
with “He gas. Upper: For the projection in the beam directipng 10 20 30 40 50 60 70 80
radial cut of 17 mm was applied. The two sharp peaks reflect back
ground events from the target wall end caps. Lower: For the pro- E (Me\/)
jection onto the transversex{y) plane a cut of 10 cm upstream
and downstream of the target center was applied. The events from
the target gagbroad bumpcan be clearly distinguished from those
of the target wallgring around the centgr
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FIG. 5. E-dE/dx (upped andE-TOF (lower) spectra used for
the particle identification. The kinks around 20 MeV in the lower
plot are caused by the transition from th& to theE scintillators.

o The cuts applied for proton selection are also sh¢saiid curves.
MeV/c in missing momentum.

For the separation of protons from other particles like . L . .
pions and deuterons, conventioraldE/dx and E-TOF remaining pionic final states, mainly due to sllngle charge
(time-of-flight) particle identification(PID) techniques were €xchange, which are separated by about the pion mass. Fur-
applied. The latter was used for all charged particles witfhermore, most events where a proton underwent a nuclear
less than about 10 MeV energy deposit in Ehscintillators, reaction in the scintillator material and lost a part of its en-
because these were stopped in or just passed through the tf@fgy were rejected by this cut.
AE counters. Figure 5 indicates the reliability of these meth- For both *He and “He all three proton energies and
ods for reactions orfHe. The same proton separation cuts,angles were taken to be those given by the detector. For
indicated by the solid curves, were applied in fiiée analy-  *He this information was used to reconstruct the neutron’s
sis. mass and momentum, whether or not the neutron was also
In the next step only events with three protons and naletected; this provided better angle and energy resolution
identified charged pion were selected. In the case othan given by the detector directly.
“He all events with three protons with and without an addi- To eliminate events near the edge of the detector accep-
tional identified neutron were accepted. A cut on the recontance the polar angular range of the data was limited between
structed missing mass aof 15 MeV around the peak center 15° and 165°. With this cut the covered solid angle was
removed most of the background events originating fromslightly reduced to 96.6% of #.
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TABLE I. Summary of event generators used for the reactidHe(",ppp) and *He(=",ppp)n.
More detailed descriptions of the abbreviations are given in the textr’Alare differential cross sections as
a function of the polar scattering angle. Thé&s are momentum density distributions, tikeés are Jost
enhancement functions.

Nucleus Event generator Weighting factors
3NAED}))) 3NApp * Polcos@)] * Fpp
, SNAGpp 3NA(ppp * {1 Palcos@)]} * Fpp
He 2NAppp 3NAGpy * Pp * gana * Fpp
1Sl (ppp) Pp* Omp* Oana ™ Fpp
HFSlppp Pp ¥ oana* Opp ¥ Fpp
4NA(pppn) 4NA(pppn) * Fpp * Fpn
3NA(LP>PS)P ANApppy * N * Fpp * Fpn
. 3NA(Lp} )n ANApppn * oy * Polcos@)] * Fpp * Fpn
He 3NA(p/pp)n 4NA(pppn) *pn ¥ {l_PZ[COS(g)]} * Fpp * Fpn
2NA(pp)pn ANApppn * Pn* PN * Tana * Fpp * Fpn
1Slpppn PNT PN Oap ™ Oana ™ Fpp ™ Fpn
HFSkpppn PN PN T Tana T 0pp ¥ Fpp* Fpn

After all these cuts théHe data were clean, but a small (2NA,p)p) Mmodeled the two-nucleon absorption on a quasi-
background(about 2—3 % from deuteronic final states re- deuteron in®He. In this model the momentum distribution
mained in the*He data, where the deuteron was misidenti-(pp) of the spectator proton was taken from a calculation
fied as a proton. For such events the reconstructed “ney29] based onHe(e,e’p)d data[30] and the differential
tron” is parallel to the misidentified pl’oton. This baCkgrOUnd cross section for absorption on a deuterm’\(A) was ob-
was removed by rejecting events in which the reconstructeghined from a parametrization of experimental d&sd).
neutron angle was within 8° o_f one of the protons. This cutyith the two-step generators, distributions frofiSI+
also rejectgd some events with strongly corr'el'a'ted protonZNA) and (NA+HFSI) (HFSI is hard final state interac-
neutron pairs from the SFSI mechanisfor definition S€€ tion) cascade processes were simulated in simple semiclassi-
S_ec. VB an_d Sec. V B but these_ were corrected for in the cal models. In the ISI modé€ISI ), the incident pion was
final evaluation of the cross sections. i (ppp) I

irst scattered by one protdmith a momentum distribution
given by p,), according to the elastierN cross section
(o,p) calculated with the phase shift codeATrI [32], be-

Monte Carlo simulations were made to correct for thefore being absorbed on the recoiling quasideuteron according
acceptance and inefficiencies of the detector and to assist the the deuteron cross sectioo4y,). The suppression of the
physics interpretation of the data. For all simulations, theforward pion quasielastic cross section due to the proton’s
particles were tracked through a model of the detector usinginding energy was treated with a weighting factor that fell
the CERN GEANT software package. The simulated datalinearly from unity to zero for 500 Me\ and stationary
were then treated with the same analysis program as used fprotons, respectively. In the HFSI simulation (HES$}),
the real data. The experimental resolutions and hardwarthe pion was first absorbed on the quasideuteron moving
thresholds, as determined from the data for each scintillatiowith the initial momentum opposite to that of a proton
counter and MWPC, were applied to the simulated raw(p,), and then one of the outgoing protons was scattered off
events. The effects of geometrical acceptance, energy threstire remaining proton according to its elagidN cross sec-
olds, and reaction losses in the detector, as well as inefficiertion (o), calculated with the prograrsaid [33]; a mini-
cies of the chambers and the reconstruction code, were thusum momentum transfer of 150 Med/ivas required in this
reflected in the simulated particle distributions in the samesase. In both cascade models the energy needed to break up
way as in those of the experimental data. The reliability ofthe nucleus was included in the kinematics of the absorption
this procedure was tested in many ways and is discussed gtep.
detail elsewher¢l5,25-21. (b) “He: For the reactiofHe(#",ppp)n seven different

(@ 3He: Five different event generators, three one-stefevent generators, five one-step and two two-step, were found
and two two-step, were used for the reactionto be necessarysee Table): In the simplest case events
SHe(w",ppp) (see Table )t The simplest one-step genera- with three protons and one neutronN)} were generated
tor created final states with three nucleondNj3uniformly  with constant density in phase spacéN@,,r). There are
distributed over phase spaceN3,,,,). The events of this two possible BIA modes in thepppn final state of *He:
generator were additionally weighted by the Legendre poly{ppn)p and (ppp)n. The first one (BIA,,np) Was mod-
nomialsPo[cos()] and{1—P,[cos()]} to reflect compo- eled with a N phase space distribution WA pppny)» Where
nents from total initial orbital angular momentuin=0 one proton was weighted with a momentum distribution
(BNAG.Y) andL=1 (3NA; ), respectively, as proposed (py), calculated by Schiavill§34,35 to fit *He(e,e’p)°H

(ppP)/ ; ) .
by Smicevic and Mateog28]. The third one-step generator data [36]. The second mode (8A,y,) was simulated

B. Monte Carlo simulations
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similarly, assuming the spectator neutron to have the sami

momentum distribution as a proton. As fdHe, in these @ > r '
events theppp subsystem was additionally weighted with < 55 [ "h,“-.,-,v'-u'«"""""-"""*"“"-'-"“'».,W.
Legendre polynomials to take into account angular momen- 3 - "H":"’" ¢ "“"«,’.
tum effects (NAGn. 3NAGLL)- The quasifree RA So4 [ i
mode was treated as i*He, using the differential deuteron 2 - i -
absorption cross sectiorrgy,), and with the neutron and Wos - l""
one proton of the M phase space (MA;,pn) being F 1||ﬂ 3 . Y
weighted to be independent spectatopg)( Besides kine- 02 = | He(r”,ppp) '
matics and binding energy the 1SI and HFSI cascade genere - ,I’" T,=118 MeV ',
taors (ISkpppyn » HFSI(p_p_p)n) for “He differeq fr_om_those pf 0.1 E oy T >30 MeV .
He only by an additional momentum distribution weight o
for the spectator neutrorp(). 0 0772030 60 80 100 120 140 160 180

Finally, each nucleon pair of the described event genera: Proton—Proton Opening Angle ¥, (deg)
tors was additionally weighted with the Jost enhancement

functions F.PP and Fpp [3?—3&3 to t"’_‘ke '“K? account the FIG. 6. Differential efficiency for the proton-proton opening
Watspn-MlgdaI type soft final state 'mer"’,‘Ct'(’SFSD [40]. angle ¢, in the laboratory system. The steep falloff at low and
Thls_ is a WeII-kno_vvn coh_erent effect that increases the CrOSRigh angles is mainly caused by the finite segmentation of the de-
section of those kinematical configurations where the relativggcior.

momentum of two nucleons is very small. For proton-

neutron SFSI an effective range gf=2.60 fm and a scat- ripytions to the investigatedpp data sample were not well
tering length ofa=—23.7 fm were taken. The respective constrained in the fits. In these cases the contributing frac-
parameters for proton-proton SFSI werg=2.66 fm and tons[of, e.g., ppn)p events in the gpp)n channe] were

a=—7.70 fm. determined from the partial cross sections, evaluated from
the same data and published elsewHér@5|. These event
C. Fits and efficiency correction generators were A q, for 3He and NAppn -
. 4
Monte Carlo histograms for all event generators were3NAppnp @nd NA ), for “He. o
generated in three different ways. In a second step the differential efficiencigg(x) for

LADSON30: These histograms contained events whicifach simulated mechanismand variablex were determined
survived the full simulation of the detector’s acceptance andccording to
efficiency including all software cuts applied in the analysis

of the data. Thus all experimental losses and resolutions 7i(x :M_ (4.2)

were taken into account. In addition, a threshold of 30 MeV LADSOFF3Q(x)

was applied to all three protons; this rejected most of the ] ) o

2NA events(with one spectator protgrieaving predomi- Regions withz;(x) < 1% were removed. The efficiency

nantly those from BIA. corrected histograms were finally obtained with the formula
LADSOFF30: These histograms were formed from the 8

simulated events at the interaction vertex without any detec- N(x) = E o 2 1aNj(x) 4.2

tor restrictions or cuts applied except that all protons were o 7;i(X) '

required to be above 30 MeV kinetic energy.

LADSOFFO: These distributions were the same asyith p; the fitted normalization parametes;(x) the histo-
LADSOFF30, but without the minimum kinetic energy re- gram channel content per trigger typef the real data and

quirement. o . a; its corresponding prescale fac{@1] corrected for dead-
In a first step the LADSON30 distributions of the differ- time.

ent event generators were fitted to the real data % 30 In Fig. 6 a typical example of a differential efficiency,
MeV) with the normalizations as free parameters. This wasyeighted according to the proportions of each mechanism
done by simultaneous fits to various histogram sets with théound in the fit to the data, is shown as a function of the
CERNLIB routine MmINUIT: the five independent variables proton-proton opening angle. In this plot all losses caused by
(B, v, & ¥min, ¥mad, @ set of selected one-dimensional the reconstruction code, the MWPC's, reaction losses in the
distributions(proton polar angled,,, momentum of the least scintillators, uncovered acceptance, etc., are reflected. It be-
energetic protorp,, pseudoinvariant mass squaned [41],  comes clear from this plot that the differential efficiency has
proton-proton invariant masM ,, proton-proton opening to be determined for each investigated variable individually.
angle in laby,,) and a set of two-dimensional histograms However, the average efficiency integrated over all events is
with pronounced correlationséf, vs ps, mZ vs ps, m2 vs  of the order of 50%, varying slightly with the incident pion
6p). In addition, fits using all these distributions togetherenergy. Even when an extrapolation to zero threshold is
were made. made(LADSON30/LADSOFF0 this average efficiency re-
The maximum allowed yield of some event generatorsmains of the order of 30%.

where only the tails of the spectator momentum distributions This method of efficiency correction was also applied for
survived the applied cuts and thresholds, had to be fixedhe 330 MeV data. For this incident pion energy the most
This was because the resulting small, but not negligible, conenergetic protons after the absorption process may not be
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stopped by the scintillators and their kinetic energy is thus

underestimated. This typically causes a rejection of the event 10° F
by the PID or reconstructed missing mass cuts. Detailed in- - v T.= 330 MeV
vestigations orHe [42] using only the six measured angles i o T, =239 MeV
of the ppp final state events to reconstruct the protons’ ki- *",
netic energies gave the same physics results and thus showe 2 v ® T, =162 MeV
. . 104 v

that losses due to this “punch-out” effect were reliably Bo A T,= 118 MeV
taken into account in the Monte Carlo simulations. - %

In this paper, only differential cross sections corrected for L ® * Tn= 70 Mev

the efficiency will be shown in the figure@isually with
T, > 30 MeV andp, < 200 MeVk for “He), often to-
gether with the LADSOFF30 distributions weighted accord-
ing to the mean fractions of the fits to the various sets. The
error bars of the data points in the histograms reflect the
statistical uncertainties of the raw data and the simulations.
The cross sections cited in this paper for thresholds of 20
MeV and 30 MeV are mean values from the fits to the dif-
ferent histogram sets. The error is taken as half the difference
between the maximum and minimum values. The total and s,
partial cross sections for zero threshold are mean values o “‘“‘“&ﬁ* +
extrapolations from fits to the various histogram sets with
detector, 20 MeV and 30 MeV thresholds. The error bars are
the corresponding standard deviations of the results from the
various fits. To test the model dependence of the results fits
were also made with modified HFSI and ISI simulations, but L,
the cross sections were usually inside the error bars obtainet 500 200 600 800

with the above-mentioned methods. Neutron Momentum p, (MeV/c)

(do/dp.) / 4N—PS (arb. units)

D. Normalization o
FIG. 7. Momentum density distribution of the neutron from the

To evaluate the absolute normalization of the cross S€Greaction*He(*,ppp)n with T, > 30 MeV for five incident pion
tions, differential and integrated, the number of incidentenergies, divided by aM phase space simulation {4 ;) - The
pions and target nuclei had to be determined and correctionslid points are the data, arbitrarily normalized, while the shaded
for efficiency and acceptance losses had to be applied.  area represents a Monte Carldl &, simulation at 162 MeV

First the numbersN; of recorded events per trigger type where the neutron was weighted to be a spectator.
(for more detailed information see RdR1]) were scaled
with their deadtime corrected prescale factors. Then thenaterial between the beam counter and the target center;
number of incident piondlggay Was corrected for the frac- f:=fraction of pion decays from beam counter to target
tion which decay or react on their way from the beam defincenter;f,,,: =fraction of counted pions missing the target due
ing counter to the target and for the number of pions whichto multiple scatteringf,,: =efficiency of the beamline hodo-
miss the target entirely. A correction was also made for th&cope; p,.,:=density of the target gas(real ga3,
amount of contamination in the beam and the efficiency ofN, : =Avogadro constantn:=number of nuclei/target gas
the beamline hodoscope. Where possible these correctianolecule; M:=target gas molecular weight;,: =target
factors were determined from the dd@6,26,43. Its high  |ength.
pressure made it necessary to treat the helium as a real gasAll integrated cross sections cited in this paper were cor-
and include compression effects in the calculation of theected for the overall average detector efficiency, which was
number of scattererblg.,. Finally, all cross sections were obtained directly for each simulation from the homogeneous
corrected for efficiency losses in the way described in thexfficiency distributions of the independent variajsle
previous paragraph.

In summary the differential cross section over a variable V. RESULTS

x was calculated from the expression
A. Final states

d_U = M 4.3 As already mentioned, the absorption of a positive pion in
dx N Nscat 3He leads to only one final statppp. Consequently there is
only one possible RA mode. The situation becomes richer

with N(x) =histogram entry as determined in previous secin “*He, where three final statepppn ppd, and a weak
tion; N =Nggam-(1—F,) (1 —Ffsp)-(1—F,)-(1—Fy)-(1 p3He are accessible. The final state of interest for this paper,
—fm) - fri Nsca= (Prear NL-N/M)-ligi; Nggam :=number of  pppn, can be further classified according to three multi-
counts passing the BEAM logid;, : = fraction of muons in  nucleon modes:dppn), a 4NA mode where all four nucle-
the beam;f,: =fraction of pions that reacted in the beam ons are somehow involved in the absorption process; and the
defining counter;f, : =fraction of pions that reacted in the two isospin-different 8lA modes ppn)p and (ppp)n, the
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100 200 300 400 500 was important to take SFSI into account, both to determine
Relative Momentum p,,, (MeV/c) the lost yield and to reproduce the measured distributions
better, and so the Jost enhancement functions were included
FIG. 8. Measured relative momentum of proton-neutron pairdn all the Monte Carlo event generators. As seen in Fig. 8 the
from the reaction*He(s",pppn) at 239 MeV divided by a agreement between the anticipated and observed effect is sat-
LADSONS30 4NA,,n Simulation. The shaded area represents theisfactory. Although less pronounced, the effect of proton-
Jostpn-SFSI enhancement function. proton SFSI is also visible in the LADS data. Again, the Jost
parametrization describes it reasonably well, and was in-

analogous mode top(p) on 3He, with one nucleon acting cluded in the event generators.

as spectator. The partial cross sections of these modes and of

the additional absorption channels, as, e.gNA2 can be C. Differential cross sections
found elsewher¢7,25).

Besides theQ value and nucleon density, the reaction
“He(s",pppn) differs from that of *He(=*,ppp) by ad- One of the simplest variables to investigate is the polar
ditional degrees of freedom introduced by the presence of thangle®, of the protons in thepp subframe. The distribu-
neutron. The neutron momentum density distribution of thetion over this angle is presented in Fig. 9 f8He at an
reaction*He(w",pppn) with all three protons above the 30 incident pion energy of 118 MeV. Each event is represented
MeV kinetic energy is shown in Fig. 7 for each incident pion three times in this plot because of the proton multiplicity.
energy. It is apparent that the neutron was a spectator in The spectrum is fairly flat but with a minimum near
many cases, but sometimes took part in the absorption pr&0°, reminiscent of the I2A distribution. Thus this distribu-
cess as reflected by the flat part of the distribution. For dion may be described quite well by a simple mixture of the
comparison to the I8A mode in 3He one has to ensure that flat 3NA(L;%) phase space and th&2,,, distributions. As
one neutron in*He acted as a spectator. This was accom-a result of comparisons over such simple kinematic variables
plished to a good approximation by a cut pf< 200 as this angle or the recoil momentum it might be concluded,
MeV/c on the final state neutron momentum. It was appliedas was often the case with earlier experiments, that simple
to all further “He distributions shown in this papéexcept 3N phase space with aNeA admixture from the tail of the
Fig. 8. Further, in order to make the proton distributions spectator momentum distribution is sufficient to describe the
from the two target nuclei equivalent, those frothle are  three-proton final state. However, we show in this paper that
shown in this paper in the c.m. system of the three final statéhe examination of other variables and their correlations

1. Polar angle®,,

protons; we refer to this henceforth as {pp subframe. demonstrates that such a picture is too simple.
B. Soft final state interaction 2. Proton-proton opening anglab,,
The soft final state interactiof8FS) may cause pairs of It was demonstrated in one of our previous wofk$§]

final state nucleons to be strongly correlated with small relathat in *He ISI constitutes a significant fraction of thé\3

tive momentum. Figure 8 shows the SFSI effect observed bgross section. The proton-proton opening angle in the labo-
LADS and compared to a Jost proton-neutron SFSI enhanceatory frame is useful for demonstrating and determining the
ment function[37-40. However, due to the finite segmen- importance of both ISI and HFSI.

tation of the LADS detector such pairs often could not be If the three fast protons result from an initial state inter-
distinguished, which caused the event to be rejected. Thus &ction followed by the quasifreeN2absorption proced$Sl),
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FIG. 10. Proton-proton opening anglg,, in
the laboratory frame for the reactionHe
(7*,ppp) with T, > 30 MeV at T,= 239
MeV. The data were fitted with different combi-
nations of NAgy, (solid line), 3NA,,,
(dashed, 1S, (dash-dotte and HFS|,,p
(dotted, as described in the text. The shaded ar-
eas are always the sums of the fitted simulations.
The slightly different shapes of the data are due
to changes in the acceptance correction when dif-
ferent models are used.
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one proton pair should be almost back-to-back giving a peakletermined by the simulations, are indeed independent of
in the opening angle distribution near 180°. On the otheis.
hand, if the three fast protons stem from AR process

followed by a nucleon-nucleon rescatterifidfSI), one pro- 4. Plane angle§ and angular momentum dependence
ton pair s_hould have an opening angle around 90° because of A} tormer pion absorption experiments diHe and “He
the identical masses of the two scattered protons. were largely limited to measurements in a plane containing

To get an impression of the importance of these two-stephg peanyin-plang. LADS is the first experiment which has
processes, fits to the distributions of the data over the fivg,q ability to investigate fully the phase space outside this
'nsqr?gen‘:ﬁ:‘éeva”zg:ﬂ gf* g’r;fggéIgma)?o\;ver?h%erforrergi?on plane (out-of-plang. The angle¢ describes the degree to
usi : :

SHe(w*,ppp) atT,=239 MeV. For each set the five dis- which the event was out of plgpe.v 7

P a4 ' 4 As has been pointed out bhyiricevic and Mateoq 28],
trlbutlons_ were fitted simultaneously, with the strengths ofih o istribution of the plane angleis sensitive to the rela-
the reaction models as the only free parameters. tive angular momenturh, between the incident pion and the

TT‘;J"SI set of models was composed M RZ¢p,), and  5psarhing Bl system or, in other words, to the angular mo-
3NAqpp only, and the result of the fit is shown in Fig. mentumL of the three-nucleon final state. Under the as-
10(a). Though these models gave a reasonable description @f;mption of 3VA being a one-step process, the differential
the polar angle distribution at 118 Me¥ig. 9), they clearly  cross section taking into account angular momenta of up to
fail to reproduce the peak in the data around 160° at 239 ¢an then be parametrized by an expansion into Legendre

Mbetv'. AdXZ/DOF of 10.2(DOF: degree of freedojrwas  polynomials similar to the quasideuteron absorption model:
obtained.

The second set was made up M2&,,,, ISl ppp . and d2e do L
HFSI(ppp » @nd the result of the fit is shown in Fig. (). As dadcoE —da. = Ay Po,(COSE). (5.0
expected, the peak around 160° is reproduced only by the ISI pdcost ¢ n=0

model. However a peak at 90°, as suggested by the HFSI
model, is hardly visible in the data. Though thé/DOF '
improves to 7.7, these cascade mechanisms &W 2lone
are not able to provide a good description of the data.

The final set contained all five simulations discussed her:
and the fit result is shown in Fig. (€. The data distribution
is now reasonably described by the mode}g/DOF=2.1).

S

N

;

- AR

do/df (ub/deg)

The ISI peak around 160° is reproduced well and the HFS 8
contribution vanishes, but the dominant contribution is phas L 3 .
space distributed I8A. This indicates that a significant 6 £ “He(n",ppp)
amount of the multinucleon absorption strength®ie can- 4+ F T =118 MeV
not be explained in a semiclassical cascade picture. - T

2 = T,>30MeV

T T

3. Azimuthal angleB

o Dol vl b b by 1
The independent variabj reflects the azimuthal rotation —-1%0 -100 -5 0 50 100 150
of the ppp c.m. plane around the beam axis. Since no direc Azimuthal Angle § (deg)

tion other than the beam direction was specified in this ex-
periment, there should be no dependence on this angle. Fig- FIG. 11. Distribution of the azimuthal angje for the reaction
ure 11 shows that the data, corrected for the acceptanc&le(=",ppp) atT,=118 MeV.
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FIG. 12. Plane angle distribution of the§p) (a) and Epp)n o 0.1 ;_
(b) channel after absorption biHe and*He, respectively, for 239 @ 0 F
MeV incident pion energy. The dots with error bars are the effi- 20T ey v
ciency corrected data, the solid lines show a fit of the Legendre ~0.1 &= @ L4 ’”’///////////////////
expansion Eq(5.1). ~02 o
-03 | (b)
If the 3NA mode were distributed like a simple phase —04 Bl bl b e e

50 100 150 200 250 300 350 400

space withL =0, the cross sectiodo/d(), would be a con- 0
Pion Kinetic Energy T, (MeV)

stant. On the other hand, deviations from a constant density
in ¢ show that contributions from nonzero angular momen-
tum components are significant. The amount of the0 FIG. 13. RatiosA2/A0 (a) and A4/A0 (b) of the Legendre ex-
contribution should be related to the relative strengths ofansion Eq(5.1) of the plane angl€ as obtained from fits to the
different reaction mechanisms. ppp data (T,> 30 MeV; p,< 200 MeVk for 4He) for the nuclei
The data are shown in Fig. 12. As can be immediately3"'e gnq“He. The error bars include the .fit and normalization un-
seen the distributions are far from being constant. That hagerainties. The bands reflect the predicted energy dependences
two important consequences: First, th&l8 mode is not from our semiclassical cascade model\/A (shaded (I_SI+
distributed according to simple phase space as assumed A/ [left-hatched, e.g., bottom @8], and (NA+HFS) (right-
most previous work; and second, a purely in-pIanehatChed'
(£=90°) measurement of theN3A reaction leads to an in- sjon Eq.(5.1). These fits indicate that angular momenta of at
correct integrated cross section, if it is assumed that the dijeastL =2 are necessary to describe the data well. The Leg-
tribution is constant ovef. endre coefficient®\y, A,, andA, obtained from the fits are
The solid lines in Fig. 12 are fits of the Legendre expan-summarized in Table II.

TABLE 1. 3NA Legendre coefficientsEq. (5.1)] for the reactions 3He(w",ppp) and *He
(7" ,ppp)n, reflecting angular momentum components up to2. The first error bars of the coefficients are
the fit errors, the second error barsA® reflect the normalization uncertainties. The uncertainties for the
coefficient ratios contain both error sources.

ub ub ub & ﬁ
Nucleus T, (MeV) A"(E) AZ( ?) A“(?) Ao Ao
70 230+ 2+ 24 -82+3 -18+4 -0.36:0.04  -0.08-0.02
118 606-3+18  -242t6 -61+6 -0.400.02  -0.16-0.01
3He 162 884-4+24  -414+7 -47+7 -0.470.02  -0.05-0.01
239 506-3+20  -3875 72+5 -0.76+0.05 0.14-0.03
330 198-2+10  -186+3 64+ 3 -0.94+0.06 0.32-0.03
70 81+1+10 -39+2 -8+2 -0.48-0.07  -0.16-0.03
118 240-2+8 -88+ 4 -39+ 4 -0.370.02  -0.16-0.02
“He 162 48%3+29  -253+5 -18+5 -0.52-0.04  -0.04-0.01
239 409-2+13  -299+5 53+5 -0.73+0.03 0.13-0.01
330 289-3+14  -253+5 90+5 -0.88+0.05 0.310.02




The ratiosA,/A, and A,/A, are plotted in Figs. 1@)
and 13b), respectively, against the incident pion energy. The
energy dependencies of the ratios have opposite slopes, b
are the same foPHe and “He within the uncertainties. In
both nuclei higher angular momentum components becom:
more important as the pion energy increases. These ratic
may be compared to those describing the results of our simu
lations, which are also shown as shaded areas in Fig. 13. A
lower pion energies the data show ratios similar to those of
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the 2N A and HFSI models, while at higher energies they are
closer to the ISI models.

The fact that a second- and even higher order terms of :
Legendre polynomial are necessary to describe the distribu
tion of the plane angl€ shows that there is a contribution
from| =1 coupling of the pion to thel8 system. Since the 0 =
strongest interaction vertex in this energy region is the
wavemrN— A, this result could indicate that this vertex is the
initial coupling of the pion in the BIA mode. This charac-
teristic is present in both cascade procegt®k-2NA) and
(2NA+HFSI). Of course, this argument does not exclude
other A mechanisms, but if one also takes into account
the energy dependence of th&dB mode (see Fig. 22 a
coupling to theA appears likely in any case.

The Legendre coefficients can also be used to quantita
tively compare the BIA cross sections to those from previ-
ous in-plane experiments, where a constamtave matrix
element was assumed for extrapolation over unmeasure 0
phase space. From our parametrization of §hdistribution [
we calculate that using this assumption leads to an overest
mate of the amount of SA by 15%, 16%, 21%, 44%, and
59% for 3He, and 20%, 12%, 25%, 41%, and 55% for
“He, at pion energies of 70, 118, 162, 239, and 330 MeV,
respectively. Some of the previously reported results on — ‘
3He [2-5,8 may have reflected such overestimates, but 0 20 40 60 80 0
there is not very good agreement between them on the mag Plane Angle £ (deg)
nitude of the NA cross section. Nevertheless, the general
physics conclusion drawn in these papers, that there is a FIG. 14. Plane angle ¢ distributions of the
significant amount of BIA, is not changed by such errors. *He(#*,ppp) (left column and *He(=",ppp)n (right colump
We are convinced that the present results are considerabigactions forT =70, 118, 162, 239, and 330 MeV. All spectra are
more reliable because of the large solid angle coverage arffceptance corrected with a thresholdTof=30 MeV. The dots
the small systematic uncertainties. with the error bars are the data and the shaded areas the sums of the

Besides the physics information that can be gained fron}?im‘;'ztfrzs' |1_'g>e lines a“; tgje ﬁt:]ed Contrib“ti]?':_s 0(; the jilr_nulftions

[ . : or sollg), summe phase space toL=0 an =
description of the B channel and s decomposiion into 1oT0ashel 81 (dash-dotel and HESI doted. The fong-
. 3 o . dashed lines of the'He fits are the sums of the tails of the
mechz_inlsms. The da_ta on He for all five incident pion ANA(pppr and NA .y, simulations.
energies are shown in Fig. 14 and compared to those of

“He. The distributions are similar for both nuclei and reason- oo : .
ably well reproduced by the fits of the simulations. enhanced arounth|=180°, while the cascade mechanism
ISI peaks aroundly| =0°. HFSI lies somewhere in between

and is strongly asymmetric.
The detector acceptance changes these distributions con-
The rotation angley turned out to be the most sensitive of siderably. As can be seen from Fig.(bp a 30 MeV thresh-
the independent variables in distinguishing between reactiolld cuts most strongly around/|=180°. Thedistributions
mechanisms. With zero energy threshold, events uniformlpf 3N phase space events increase smoothly from
filling 3N and 4N phase space give a constant distribution iny=—180° to y=0° and fall off at positive angles almost
v, independent of the incident pion’s angular momentumsymmetrically. As expected, most of th&l A events are cut
while all other simulated absorption mechanisms show struceff, but the distribution should still be distinguishable from
tures. This is illustrated in Fig. 18 for the reaction the 3N phase space and ISI mechanisms. Only HFSI is no
SHe(w",ppp). As can be seen, theN2A mode is strongly longer very well separated. The least affected mechanism
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5. Rotation angley and its sensitivity to reaction mechanisms
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FIG. 15. Comparison of the rotation angle distributions of the
ppp final state from3He atT,=162 MeV for the different simu-

. e 0 b T 4
lations used in the analysis witfj, > 0 MeV (a) and withT, > 30 -100 0 100 —-100 0 0
MeV (b). Rotation Angle ¥ (deg) Rotation Angle ¥ (deq)
seems to be ISI which retains its clear signature ardyhd FIG. 16. Rotation angle y distributions of the
= 0°. SHe(w",ppp) (left column and *He(z",ppp)n (right column

The acceptance correcteg distributions are shown in reactions forT,=70, 118, 162, 239, and 330 MeV. All spectra are
Fig. 16 for events witiT,> 30 MeV. In all spectra there are acceptance corrected with a thresholdTgf=30 MeV. The dots
clear deviations from tFwe distributions foN3phase space with the error bars are the data and the shaded areas the sums of the

Sincey is independent of, these deviations cannot be ex- simulations. The lines are the fitted contributions of the simulations
4 P ’ for 2NA (solid), summed 8| phase space fob=0 andL=1

plained by the qbserved a}ngular momentum dependence, b&%ort-dashe)d ISI (dash-dottej and HFSI (dotted. The long-
must have a different origin. The structures become MOrGashed lines of the*He fits are the sums of the tails of the

pronoupced as the incident pion energy increases, indicating\lA(pppn) and N A, Simulations.
that using only a phase space model fdi/8then becomes
even less justified. . . . We note here again the similarity of the distributions in
The only models coming close to a satisfactory descrip; . . -

. both nuclei. Althoughy is rather sensitive to thresholds and
tion of the structures of the data are cascade ISI and phasge ; 4

o mechanisms, botAHe and*He show almost the same struc-
space BlA. Only a combination of these can produce 4ures at each ener
strong enhancement in yield in the central part of $hdis- 9y
tributions, broadly similar to that in the data. From the dis-
tributions for 2NA and HFSI one can also conclude that a lot ) |
of the observed strength cannot be explained by these opening angleymax
mechanisms, since both give a smooth minimum around In Fig. 17 and Fig. 18 the spectra of the minimum and
|v|=0° and peak in regions where the cross section is smalmaximum opening angleg,,, and ., respectively, are
Nevertheless, the detailed structures in the data around 0° acempared for®He and “He at the different incident pion
not well reproduced by the simulations, and possible impli-energies. No distinguishing structures exist in these variables
cations of this will be discussed below. and the data are reasonably well reproduced by the fits. The

6. Minimum opening angley,,, and maximum
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FIG. 17. Minimum opening angle,,, distributions of the FIG. 18. Maximum opening angl@,,, distributions of the

*He(=*,ppp) (left column and *He(=*,ppp)n (right column SHe(w",ppp) (left column and *He(=",ppp)n (right column
reactions forT, =70, 118, 162, 239, and 330 MeV. All spectra are reactions forT ., =70, 118, 162, 239, and 330 MeV. All spectra are
acceptance corrected with a thresholdTef=30 MeV. The dots  acceptance corrected with a thresholdTgf=30 MeV. The dots

with the error bars are the data and the shaded areas the sums of thigh the error bars are the data and the shaded areas the sums of the
simulations. The lines are the fitted contributions of the simulationssimulations. The lines are the fitted contributions of the simulations
for 2NA (solid), summed Bl phase space fot=0 andL=1  for 2NA (solid), summed Bl phase space fot=0 andL=1
(short-dashed 1SI (dash-dottef] and HFSI (dotted. The long-  (short-dashexl ISI (dash-dottel] and HFSI (dotted. The long-
dashed lines of the*He fits are the sums of the tails of the dashed lines of theé'He fits are the sums of the tails of the
ANApppr) and NA o, Simulations. ANA(pppn and NApqp Simulations.

; : then the third nucleon is a spectator and is almost at rest
fact that there is strength almost down itq,,=0° is a re- i S '
g " while the other two are about equal in kinetic energy and

flection of the proton-proton soft final state interaction.
Again, the distributions are very similar for both nuclei. emerge back-to-back. These events populate the bouncary
region aroundk=0 MeV and minimumy (see Fig. 3 and
: the two other symmetrically equivalent regions. Events with
7. Dalitz plots strongly correlated ejectiles, resulting from SFSI, are charac-
As already mentioned above, the triangular Dalitz plot isterized by two particles with similar momenta with the third
characterized by a constant event density in phase spacene in the opposite direction. Such final states are found in
Therefore, any deviation from uniformity is a reflection of a the boundary region at=0 MeV and maximuny. Both ISI
nonconstant matrix element. FoN2\ this means that any and HFSI processes produce structures in the Dalitz plots,
structures in this Dalitz plotexcept in the threshold regions whose locations are dependent upon the incident pion en-
are evidence for processes with more distinct kinematic feaergy. As examples, we show the results for our I1SI and HFSI
tures than phase space. If the absorption procesNi&, 2 simulations for 3He at 162 MeV in Fig. 19. The central
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tions in these regions. The degree of disagreement between

100 = |S| data and simulations seems to increase with the pion energy.
g 75 It should be noted that these structures are correlated to the
~ - unexplained features in the distributions of the rotation angle
> 50 |- v. Various semiclassical multistep models, e.g., involving
E A —N dynamics, were tested to account for these bumps, but
25 no explanation was found.
o E It is also interesting to note that these unexplained struc-
F tures exist in the®He data(Fig. 20 as well, but to consid-
-25 F erably lesser extent. Our semiclassical models do not explic-
- itly take into account the different nucleon densities and
—50 wave functions offHe and*He. Therefore, effects that may
_75 B - depend strongly on these quantities, such as interferences
- % between partial waves of elementary processes, are not ac-
=100 Bl bt b e counted for in our simulations. If a coherenN3. process
did indeed exist, one should also expect some interference
100 HFSI between the partial waves of this process and A2 The
75 £ increasing importance of the unexplained structures with the
- incident pion energy and their different strengths fite
50 F and “He could also suggest such an effect, since we know
- that the relative multinucleon absorption yield as compared
25 to the total absorption cross section shows a similar ten-
oE dency.
—-25 = D. Integrated cross sections and fractional decomposition
E into mechanisms
-50
75 E 1. Cross sections
F % (@) 3He: The total and the I2A and A partial cross
=100 Eronlionbionboo it bbb | sections for absorption oAHe are given in Table lll. The
—-100-75-50-25 0 25 50 75 100 3NA partial cross sections were obtained from the distribu-
x (MeV) tions discussed in the previous section, using the fitted

Monte Carlo distributions to correct for the detector accep-
) ] ) ) tance and to extrapolate over unmeasured kinematic regions,
FIG. 19. Triangular Dalitz plot of a simulation of the I&Ippe) in particular down to very low proton energy. The fits pro-

and the HFSI(lower) process form* absorption on’He at 162 vided in addition the separation of th&\2 from the 2NA
MeV. All protons were above a threshold of 30 MeV. The two plots ields. Also given in Table Il are the total yields of three

have the same normallzatlons W|th the same numper of events geé-rotons above 20 and 30 MeV: these yields are less model
erated. For comparison the location of a simulation of tihgA2

strength with no proton energy threshold appliedntour line$ is dependent, not requinng the extrapolation to low energy, and
also shown in both plots. also have no subtraction of theNZ\ component. .
For the three central energies, the total absorption cross

region of the Dalitz plotsX=0 MeV andy=0 MeV), where  sections given in Table lll are taken from R&¥], which
all three particles have about the same kinetic energy, iseported the results of an earlier analysis of these data which
mainly filled by the NA phase space simulations. was carried out in a way designed to minimize the uncer-

The advantage of this work in studying Dalitz plots is thetainty on this quantity. In contrast, the analysis reported here
full solid angle coverage of LADS and therefore the simul-provides a more detailed identification of thK 8 yield than
taneous measurement of all kinematic regions. In Figsthat of Ref[7]. Thus, the N A partial cross sections given in
20 and 21 the Dalitz plots for the reactions Table Ill for these three energies are the differences between
SHe(w*,ppp) and *He(w*,ppp)n, respectively, are the total cross sections from Rdf7] and the A cross
shown for the five measured pion energies and compared t&ections of the current analysis.
the sum of the fitted simulations. The threshold of 30 MeV At 70 and 330 MeV the total absorption cross sections
kinetic energy for all protons cuts off theNA regions in all  given in Table Il were obtained as follows. For all events it
plots. was required that at least two protons be fully measured,; if

Both in the data and in the simulation plots we find de-the third proton was not measured it was reconstruieith
viations from a constant event density. However, for bothkinematic redundangyfrom the two measured ones. If all
nuclei and all five energies the boundary regions of the Dalthree protons were measured, the momentum of the lowest
itz plot data are reproduced by the fitted simulations. Thisenergy proton was taken to be that given by a similar recon-
indicates that the contributions of SFSI, HFSI, and ISl to thestruction of its kinematics from the other two protons, rather
3NA(ppp) yield are reasonably well understood. This is notthan the measured value; this provided a more internally con-
the case for the Dalitz plot interior: in particular tAele data  sistent set of data. Then this full data set was fitted with the
(Fig. 21 show significant deviations from the model predic- procedures described in this paper, and the result provided
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Data Simulations
< > S+
2100 L2100 He(m".ppp)
> > : i
0 0 il
-100 -100
118 MeV
100 100
0 0
-100 -100
162 MeV
100 100
0 0
—-100 —-100
100 100
0 0
-100 -100
100 100
0 0
~100 -100
-100 0 100 —100 0 100
x (MeV) x (MeV)

FIG. 20. (Color). Triangular Dalitz plots for the reactiotHe(w",ppp) atT,=70, 118, 162, 239, and 330 MeV with,> 30 MeV. Left

column, acceptance corrected data; right column, sum of simulations normalized to the data according to the fractional decomposition of
Table V. For each energy the plots of the data and the simulations are normalized to the same maximum vaudiiadtien. The color

sequence blue, green, yellow, brown, black indicates the increasing yield. Each change in color corresponds to an equidistant change in the
linear z scale.
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Simulations

3 3
L4100 2100

> >
0 0
-100 -100

118 MeV
100 100
° «i__.k. °
—100 -100
100 100
0 0
—-100 —-100
100 100
o) 0
-100 —-100
100 100
0 0
~100 ~100
—100 0 100 —100 0 100
x (MeV) x (MeV)

FIG. 21. (Color). Triangular Dalitz plots for the reactictHe(#",ppp)n atT,=70, 118, 162, 239, and 330 MeV witf,>30 MeV and
p,<200 MeVk. Left column, acceptance corrected data; right column, sum of simulations normalized to the data according to the fractional
decomposition of Table V. For each energy the plots of the data and the simulations are normalized to the same maximum value in the
direction. The color sequence blue, green, yellow, brown, black indicates the increasing yield. Each change in color corresponds to an
equidistant change in the linearscale.



55 PION ABSORPTION ON3He AND “He WITH ... 2947

TABLE Ill. Total absorption and partial A and A cross sections for positive pion absorption on
SHe (o,ps for 118, 162, and 239 MeV are from Rdf7]). The total $ yield is also given for different
thresholds. For RA and the 9 yields the first error is due to different models and fits, and the second error
reflects the normalization uncertainties.

Total 2NA 3NA 3p yield

T,>20 MeV T,>30MeV
T Tabs T(pp)p (ppp) oy o
(MeV) (mb) (mb) (mb) (mb) (mb)
70 19.4:2.1 16.6-2.2 2.8£0.6+0.3 2.59+0.04+0.27 1.50:0.03+0.16
118 27.3-0.8 21.0:1.1 6.3:0.7+0.2 5.8G:0.06£0.17 3.8740.04£0.11
162 24.70.7 17.1-0.8 7.6:0.5+0.2 7.25-0.08+0.21 5.56-0.08+0.16
239 10.0:0.4 6.2:0.5 3.8:0.2+0.2 3.61+0.03+0.14 3.12:0.03+0.12
330 3.1-0.3 1.9-0.4 1.2-0.2+0.1 1.26-0.02+0.06 1.18-0.01+0.06

the total absorption cross sections at these two energies. Tlre detail in Ref.[25]. We will restrict ourselves here to the
2NA partial cross sections were again obtained by subtrageresentation of the A partial cross sectionsryppn .
tion of the ANA from the total cross section. Total cross which are given in Table IV. Our data points are higher than
sections obtained by this procedure for the three central erx previous measurement at 118 M@8, but in agreement
ergies were consistent with those from Réf. with another one at 165 MeYA0].

The two errors given for thel$A cross sections in Tables It is striking that the IA(ppp) cross section offHe is
Il and IV reflect the separate uncertainties due to the variousmaller than that orfHe at the three lower pion energies,
models and choices of distributions used for the fits and tavhereas simple counting of the number of nucleons would
the beam normalization, respectively. The uncertaintieguggest that théHe cross section would always be higher.
given for the total cross sections combine both errors. Thethough we again find a shape of th&l&(ppp) vield (Fig.
2NA uncertainty is gained from the quadratic sum of the22) that is very similar to a\ excitation function, the peak
error on the total and on theN3A yield. position is shifted to higher energies thandife. As already

The energy dependence of th&l& cross sectionr,p)  mentioned there are competing channelélite that can re-
peaks at a higher energy than the absorption cross section move strength from therpppn. For example, final state
(Fig. 22, but shows a similar shape. This strongly suggestsnteractions may move parts of the yield to thepd) and
that A excitations also play a significant role ifN3absorp-  (pppr) channels. Because of cross section arguments these
tion. losses are expected to be larger at lower incident pion ener-

Compared to previous measuremefis-5| the total ab-  gjes, which might explain the deficit in yield compared to
sorption and the RA cross sections of this work are some- 3He in this energy region. Another reason could simply be

what higher at 70 and 118 MeV, while they agree well forthe higher binding energy ofHe, which reduces the avail-
pion energies of 162 MeV and higher. This result causes @ple phase space especially at low energies.

shift in the peak energy and brings the observations on |t should be again noted here that the cross sections with
%He into better agreement with those on other light nucleinresholds 1,>20 MeV or T,>30 MeV and p,<200
[25,31. Our 3NA cross sections appear a bit higher thanpevi/c), given in Table 1V, are not corrected for tails of the

those of Ref[4], but about match the data of Re[Q.,3,5]. other channels, IRA, 3NA(ppn), and ANA, while the zero
The lesser systematic uncertainties in the cross sections @freshold yields are.

this work make us believe that these are more reliable.

(b) “He: Because absorption ofHe often leads to a
pppn final state, the total andNeA cross sections for this
nucleus cannot be determined with the procedure described One of the main issues of this paper is to address the
in this paper. How to determine these quantities is describeduestion of how much of theNBA cross section can be un-

2. Decomposition oBNA into mechanisms

TABLE IV. 3NA cross sections for the reactidie(w=",ppp)n. The 3 yield is also given for different
thresholdgin these cases the neutron momentum was required to be less than 20€) MM first error is
due to different models and fits, the second error reflects the normalization uncertainties.

3NA 3p yield
T,>20 MeV T,>30 MeV
Ta I(pppin 7 (ppp)n 7 (ppp)n
(MeV) (mb) (mb) (mb)
70 2.0:0.6£0.3 1.04:0.01=0.14 0.52:0.01+£0.07
118 3.8:0.4+0.1 2.38:0.03+0.08 1.54-0.02+0.05
162 5.9-0.4+0.4 3.95-0.02+0.24 3.08:0.04+0.19
239 4.3-0.2+0.1 2.92-0.03+0.09 2.56£0.03+0.08
330 2.6£0.2+-0.1 1.89-0.03+0.10 1.73:0.02+0.09
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cross sections. IfHe particularly, the ISI is presumably

JED - ® ‘He(n',ppp) suppressed at low energies due to binding energy effects:
- 8 + O *He(r",ppp)n pions at Iow_ |nC|d_ent energy cannot easily transfe_r e_nough
2 - energy quasielastically to overcome the proton’s binding.
s ' F — 0.60m Because of the absence of distinct signatures in the data,
5 & E the attributed division between NBPS(L=0), 3N-PS
= g (L=1), and HFSI was very dependent on the conditions of
S s E the fit. However, the sum of the two phase space models
» - alone was typically given as about two thirds of thR /&
§ 4 F (ppp) cross sectiorfand almost always over halfin addi-
O - tion, the N-PSL=1) part tended to be favored over
< 3 s 3N-PS(L=0) in “He at all pion energies and itHe above
M ) o resonance.
- Any HFSI yield indicated by the fits was usually smaller
1 B than the ISl yield, which might be a reflection of tiNeN
- cross section being weaker than that #eN. On the other
0 Bondlon b bbb b Lo hand, the kinematic signatures for HFSI appear to be less
0 50 100 150 200 250 300 350 400

marked than for I1SI, making the determination of its strength
less secure.

It should be noted here that in all models the effect of
FIG. 22. NA(ppp) cross sections fofHe and*He. The solid ~ SFSI is included. Though hard to quantify, the yield from
line is the parametrized deuterium absorption cross se¢8dh  this is stronger at low pion energies and, because of the
scaled by a factor of 0.60. proton-neutron SFSI, also itHe than in®He. However, it is

small compared to theNBA(ppp) cross sections.

derstood in terms of cascade processes. It was shown in Ref.
[15] that in theA-resonance region between 3% and 12% of
the total pion absorption cross section®fe, or 13—33 % of
the 3N A yield, can be attributed to an ISI process followed In this paper we have presented an analysis of the three-
by 2NA. Of course, these fractions are interesting also belovproton ANA on 3He and“He making use of a complete set
and above the resonance region, and especially on thef variables. Distributions and cross sections were deter-
heavier*He nucleus. mined for five incident pion energies over theresonance

Decompositions of the zero-thresholdNA(ppp) reac- region.
tion into cascadelike ISI and other processes, deduced from We have shown that measurements in noncoplanar geom-
the fits to the data described in this paper, are given in Taetries are important for the investigation of multinucleon
ble V. As in Ref.[15] it was found that it was not possible to pion absorption. Hence the assumption made by previous
reliably deduce the relative strengths of HFSI adl fhase  experiments, that theNBA mode is distributed likes-wave
space (B3I-PS from the fits, and so the individual contribu- phase space, is too crud&wave components apparently are
tions from these models are not given. The percentages givereeded to describe the noncoplanar behavior of the data,
in Table V are average values of the results of fits to differ-consistent with an initialwN— A coupling occurring in
ent variable sets and with various thresholds applied. Th@NA. The importance of coupling to thk is also supported
cited uncertainties are the standard deviations of the resultsy the energy dependence of th&l&(ppp) cross section
from the fits of our models. for both nuclei.

The fraction of the BIA(ppp) yield attributable to the Fits to the data suggest that a significant fraction of the
mechanisn{lSI+2NA) appears to increase with pion energy 3NA(ppp) vield can be described by a semiclassid¢&ll+
for both *He and“He. This trend can be understood quali- 2NA) cascade model. This fraction increases with the inci-
tatively by simple consideration of the freeN and 2NA  dent pion energy as would be expected with theouplings

Pion Kinetic Energy T, (MeV)

VI. CONCLUSIONS

TABLE V. Fractional decomposition of theNBA(ppp) cross section into absorption mechanisms at zero
threshold for the reaction®He(=",ppp) and *He(=",ppp)n.

*He *He
(2NA+HFS) (2NA+HFS)

+3N—PSL=0) +3N—PSL=0)
T, (MeV) (ISI+2NA) +3N-PSL=1) (ISI4+2NA) +3N-PSL=>1)
70 2627 % 747 % 118 % 89+ 8 %
118 173 % 83+3 % 4+3 % 96+ 3 %
162 212 % T2 % 16-5 % 84+5 %
239 262 % T4-2 % 299 % 71+9 %

330 285 % 7225 % 38+13 % 62+ 13 %
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in both steps. The data do not reveal distinct kinematic sigsented here, the probability that a significant part of the
natures as suggested for a similaN(®+HFSI) cascade pro- 3NA cross section stems from a cohereht rocess involv-
cess; however, given that tféN cross section is signifi- ing dynamics not yet considered in this paper cannot be ex-
cantly smaller than therN one, this relative weakness may cluded. Indeed, the similarity of thepp distributions ob-
not be surprising. served for He and “He and the difficulty in describing
Our investigations of the differential cross sections sugsignificant features of the data in the context of the models
gest that these ISI and HFSI cascade mechanisms, approionsidered may point to such new dynamics. It is also strik-
mated by semiclassical models, can account for less than haf{g that the relative size and energy dependence of the
of the total NA(ppp) yield in both *He and*He. We have  3NA(ppp) cross section ifHe and*He are not at all con-
approximated the remaining yield with=0 andL=1 3N  sjstent with expectations from simple models which essen-
phase space distributions. However, there are additiongjally depend on the numbers of target protons and neutrons.
structures in the data, especially in the rotation angle diStriHowever, one expects that ifHe the other channels,
butions and the Dalitz plots, that are not reproduced by anyppn), (ppd), and @Eppn), will compete with the ppp)
of our models. _ 3NA channel. Therefore, a definitive explanation of the ratio
The 3NA(ppp) distributions in both nuclei are remark- of the ppp yield in the two nuclei must wait at least for a
ably similar, even showing the same unexplained structuregomparison of these competing channels. In this regard a
The degree of similarity seems surprising since our Cascadﬁhantitative comparison of théHe (ppp) and (ppn) chan-

models suggest significant smearing of the distributions as gejs should prove especially instructive in understanding the
consequence of the different nuclear environment'lite. isospin structure of the A process.

This indicates that the same mechanisms are responsible for
the 3N absorption on°*He and“He.

We were unable to find an explanation for the structures
by varying the details of our models or considering other
plausible multistep processes, e.g., involvihg N dynam- We thank the technical staff of the Paul Scherrer Institute
ics. However, none of these models permits the inclusion ofor the support provided to this experiment. We also thank
interference between partial waves of different elementarH. Kamada and M. Locher for useful discussions. This work
processes, which could be the origin of some of these struawas supported in part by the German Bundesministerium fu
tures. In fact, very preliminary results of Faddeev-type cal-Forschung und Technologi@MFT), the German Interna-
culations of them-He absorption[44] suggest that such tionales Buo der Kernforschungsanlagé€lidgh, the Swiss
interferences may be important. National Science Foundation, the U.S. Department of Energy

Finally, considering the overall results of the analysis pre{DOE), and the U.S. National Science FoundatibiSP .
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