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This paper presents a large solid angle measurement of the positive pion absorption cross séktearah
its decomposition into partial channels. The total absorption cross sections at incident pion kinetic energies of
T,+=70, 118, 162, and 239 MeV are 3%, 52+ 4, 51+5, and 272 mb, respectively. These values are
lower than those reported in some previous experiments. At all pion energies a large fraction of the absorption
cross section is due to multinucleon channg&0556-28138)03108-3

PACS numbd(s): 25.80.Ls, 14.20.Gk

I. INTRODUCTION established, the reaction on that nucleus is restricted to the
one final state with three protons. Thus, for the investigation
Because of energy and momentum conservation, pion atef the nature of multinucleon absorption, the reactiorf bie
sorption is kinematically forbidden on a free nucleon and isis more representative of the situation in heavier nuclei,
highly suppressed on a single nucleon in the nucleus. Thugvhile still being reasonably simple. Specifically, thie ab-
in lowest order, pion absorption must take place on at leastorption onT=1 nucleon pairs is possible in 2NA and the
two nucleons. Several experiments in the 1980's havd = 1/2 final state is accessible in 3NA; in addition the four-
shown, however, that a significant fraction of the absorptiorlucleon absorption reactioNA) is possible, a channel
cross section consists of events in which three or more nuclévhich has been suggested could be stri@14. Further-
ons carry away a substantial amount of the engfgs)]. more, t_he much mcrea_sed nuc_:lear d4enS|ty might also enhance
The study of pion absorption on few-body systems pro_dynamlcs not favored ifHe. Finally, *He may be the heavi-

vides the most direct means of elucidating the reactioreSt nucleus where it is possible to completely define experi-

mechanisms involved in multinucleon pion absorption. Thementally the kinematics of most of the final states. Under-

study of pion absorption ofHe allows one to examine the standing pion absorption processes'hie is, however, more

contribution from three-nucleon absorpti@NA), in which complicated compared to the casefe partly because of

Il thr f the final state nucleons share the momentum ntge possibility of deuteronic final states.
a €e of the linal State nucleons share (ne momentum and absorption reaction ofHe is less well understood

energy O.f the incoming pi_on in a substantial way. Several[han that on®He, and even the data on the total absorption
small solid angle, kinematically complete measurements o ross section do, not agree wEL5—19. A study of the con-

A )
He in th.eA'(12:'32) resonance region have reported that t.hetributions of partial absorption cross sections to the total has
energy distribution of about one-quarter of the absorptio

heen reported by one small solid angle experiment at 118

cross section appears consistent with three-nucleon phaﬁ/?ev [19], using large extrapolations of the measured distri-
space[3—-8]. Recent large solid angle measurements of theoutions, while other experimenti20—24 have provided

FAO? tﬁbrsoriptlon iCL?];?S ﬁtecgopnﬁHg [rgalzr?t havr?trisbhci\ilvrr]l i some partial cross sections at several energies. In this paper
thg 3NeAeCI’SOZlSSSgeCti((;ﬁ f,ror:: ao rogessain ,V\(l:f?ich trl:eo iO?}we report a measurement of the total absorption cross
R . P . € PIONsection on“He and its decomposition into channels accord-
initially interacts with one of the nucleoritial state inter-

) . ) . ing to the number of participating nucleons and the final
action “Sl.)] b_efore being absqrbed ona deut.eronhke palr'stgte, for incident positﬁ/e pi(?n kir?etic energies of 70, 118,
The contribution from events in which there is a nucleon-162 and 239 MeV
nucleon final state interactiofFSI) after the absorption of ’ )
the pion does not appear to be strong, and thus a large frac-
tion of the 3NA cross section remains unexplained.

Although the experimental facts surrounding absorp- The experiment was carried out at th&11 channel at the
tion on 3He in the resonance region are now fairly well Paul Scherrer Institut¢PS)), using the Large Acceptance

Il. EXPERIMENT
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Detector System(LADS). This detector was designed to ing energy, contamination by events containing neutral or
study multiparticle states following pion absorption, and itscharged pions was reduced to an insignificant level. More
large solid angle and low energy threshold allowed the dedetailed information on the procedure used for the extraction
termination of the integrated cross sections with only smalbf pion absorption events can be found in R¢&6-29.
extrapolations of the measured distributions. For the case of

“He, it was possible to completely reconstruct the kinematics B. Normalization

of the final state for most absorption reaction channels.

As it is described in detail elsewhef&5], only general
aspects of the detector are summarized here. The LADS d
tector was cylindrical in shape with an active volume 1.6 m
long. It consisted of 28\E— E—E plastic scintillator tele-

Once the absorption events were isolated, the measured
faw counts were normalized to the number of incident pions
and target scatterers to yield a raw cross section. The number
of incident pions was counted by the beam defining counter.

scopes packed closely together to form a cylinder. PhotomqurreCt'onS were made to account for contamination in the

tipliers were mounted on both ends of the scintillators allow—tigﬁgb;?grg]?eglémger tg]:a F;;)rnztloztnéh;glrjgTogzcr?ﬁsgi;re?ﬁé
ing the determination of the time-of-flight for detected 9 9get, P 9

particles. To increase the total solid angle coverage, annulﬁ‘rget' The largest systematic uncertainty in the determina-

endcap detectors with entrance and exit holes for the bea |82 OII wssb;aegszfggzl'ng('gr?“rriiunﬁ]if:g;?{;hésislt?isguig;egg
were inserted at each end of the cylinder. The solid anglé ' y )

coverage e deectorwas 6% of A comval cyin. 511127 8 3 Upear and e of e et
drical wire chambers provided tracking information for y 9

0 .
charged particles with an angular resolution of about 1° an&2 %. The number of target scatterers was determined from

a vertex resolution of 1 mm. The energy threshold for de_measurements of the pressure and temperature of the target.

. The areal density of the target was typically %.50?
tected charged particles was roughly 20 MeV and the energXuclei/cmz and w);s Known wi?h an uncgrﬁ')aint; of 1%. In
resolution for charged particles was 3—5 % full width at half ’ ‘

maximum(FWHM). Neutrons, detected with a probability of addition, various combinations of charged and neutral par-

roughly 35% for energies above 12 MeV, were distinguisheotiCIes in the det_ectpr were prescaled in the trigger to ephance
from photons by time-of-flight. Neutron azimuthal and polarevents of physics interest over background. A correction for

angles were determined withih 7°. The target used in the this was applied for each trigger type to yield the raw cross

experiment consiseta 4 cmdiameer, 25,7 cm long car- *CE2629, The relenly ofie evvector oy
bon fiber cell with walls of 0.5 mm thickness, containing P y

“He at a pressure of 100 bar. known pion absorption cross section on deuterium.

The incident beam was defined using plastic scintillator
detectors which counted individual pions; these were identi-

fied by time-of-flight and pulse-height analyss 2 cm di- ~ The goal of the analysis discussed here was to provide
ameter counter 50 cm upstream of the target center definagta| and partial absorption cross sections, the latter classified
the size of the beam, and sets of counters upstream of LAD&ccording to which particles participated in the reaction. Par-
ensured that only single incident particles were counted agcipating particles were usually emitted with high momenta,
valid beam pions. From a total incident flux of about hile spectators had momentum distributions consistent with
3% 10°/sec, the defined beam rate was typically 10°/sec.  those found in the ground state of thele nucleus. Since the
Events were classified in the trigger logic according to th&ina| state momentum distributions of the partial cross sec-
number of charged and neutral particles detected in LADS ifjon classes overlapped each other kinematically, the decom-
coincidence with a valid incident pion. The various eventpgsition of the final states into these classes was done with
types were then prescaled individually according to the physthe help of reaction models. The final state distributions gen-

IV. ANALYSIS

ics interest of the information they contained. erated from these models were fit to the data, and the partial
cross sections for the entire kinematic region were deter-

. EXTRACTION AND NORMALIZATION mined. The reaction models used will be described in Sec.

OF THE DATA IV C. Before describing the data analysis it is useful to

_ _ clarify the meaning of terms that will be used.
A. Extraction of absorption events

To determine the absorption cross sections, the events
originating from the target gas were first selected and those
from nonabsorption reactions removed. The reconstructed in- For the 7 *-*He absorption reaction there are three pos-
teraction vertex position was used to eliminate events fronsible final statespppn, ppd, and p*He. The cross section
the target end walls, while data from empty target runs werdor absorption leading to thp3He final state is smalisee,
used to subtract those from the cylindrical target walls. Thee.g., Ref[19]) and will not be considered further here. Com-
magnitude of the empty target subtraction varied with theponents of the two other final states are then distinguished
beam energy and the numbers of particles detected, but waere according to the following.
typically less than 5%. Events containing charged pions were (i) The “physics channel,” a classification of a final state
removed from the sample by time-of-flight adé&/dx vs E according to the particles which have participated in the ab-
particle identification technigues, reducing the charged piorsorption reaction, which are the partial cross sections given
contamination to typically less than 2%. After the applicationin this paper. Physics channels are denoted in this paper us-
of cuts on the missing mass, missing momentum, and missng parentheses. Thus an event in which partieesnd b

A. Classification and nomenclature
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participated, while particle was only a spectator, belongsto ~ TABLE I. The raw cross sectionén mb) in the six selected
the (ab)c physics channel. The physics channels considere@hannels. These are the cross sections before any acceptance cor-
in this analysis are gp)pn, (pp)d, (pn)pp, (PPP)N rections or decompositions into physics channels are performed.

(ppn)p, (PppPN), (pd)p, and Epd).
(ii) The “detected channel,” a classification according to

Selected channel 70 MeV 118 MeV 162 MeV 239 MeV

the number of particles detected in the experiment. These are  [pp] 14.6 18.7 16.5 5.3

denoted in boldface. An event in which only three protons [pppl 0.6 1.3 2.3 1.7

were detected would be classified as being in thppjn [ppn] 0.6 1.2 1.8 1.0

detected channel. Because of the low energy threshold and [pppn] 0.1 0.4 0.8 0.9

large solid angular acceptance of the LADS detector there is [pd] 1.5 1.3 0.8 0.1

a strong correspondence between the detected channels and [ppd] 1.2 2.1 2.1 0.8

the number of participating and spectating particles. Partici-

pants tend to be above the detector threshold and spectator Total 18.7 24.9 243 10.0

particles tend to be below it. For example, thEpg)n de-
tected channel is largely populated by thepp)n physics
channel, with some contribution fronpp)pn, (ppn)p, and

(pppN). : _
(iii) The “selected channel,” a subset of one or more S&Me requirements as those in tpg@ p] channel, except that
detected channels, in which certain kinematic conditions:[he reconstructed heutron momentum was above 250 beV/
Selected ppd]. This contained events from the detected

have been imposed to enhance the importance of one gﬁ{d) channel, with a cut requiring the sum of the kinetic

more physics channels in the selected data. Selected chann . L
are denoted by square brackets. Thus the selected chan%q (tar:g"ienscggebnet r;))igghly 50 MeV larger than the kinetic energy

[ppp] consists of those parts of the detected channels ggjecteq pd]. This contained events from the detected
(ppp)n and (ppp)n where all the protons have more than 30 (54 5 channel, with a cut requiring the sum of the measured
MeV and the neutron momentum is less than 250 MeV/ inetic energies to be roughly 35 MeV above the incident
The imposed kinematic cuts selectively enhance the fraopion kinetic energy, and with the missing momentum of the
tional contribution from ppp)n so that it dominates the se- undetected proton required to be under 200 MeVThe
lected channel. The specific definition of each of the selecteghissing momentum cut was chosen to be 50 Me\twer

mentum of the undetected proton less than 250 MeV/
Selected[pppn]. This contained events satisfying the

channels is given in Sec. IV B. than that used to define spectators in other selected channels
to eliminate contamination in the data attributable 7ted
B. Selected channels knockout from*He in which the deuteron is detected and the

As mentioned above, for the determination of the crosgon absorbed in the _scmtlllator.
section of the physics channels, selected channels were de- The raw cross sections for each pf the selected cr_\annels at
fined which enhanced the fract,ion of one or two physic each measured energy are shown in Table I. The differences

. L AN . etween the raw cross sections given here and the final re-
channels. This resulted in kinematic distributions dominate ; ; N : .
sults given in Table I[Sec. V) indicate the combined size of

by these one or two physics channels, which was particularl he corrections to the data for inefficiencies and extrapola-
useful in the comparison with models used in the analysis to. e : ) : P
ions due to missing solid angle and particles being below

simulate these channels. The selected channels used in the
analysis are summarized below.

Selected pp]. This contained events from the detected
(pp)pn/d channels, where the missing momentum was less
than 250 MeVt and a cut was placed requiring the sum of  To obtain the partial and total absorption cross sections
the two proton energies to be roughly 50 MeV above thefrom the raw cross sections, Monte Carlo simulations of the
IanIdem pion kinetic energy. In addlt.lon’ the opening angle TABLE II. Decomposition of the total absorption cross section,

etween the two protons was required to be greater than . ; "
140° in their center of mass system. according to the reaction participants. The results for
. . (ppp)n, (ppn)p, and Eppn) are taken from Ref.39]. All cross
Selected ppp]. This contained events from the detected o tions are in mb.

(ppp)n and (ppn) channels, with each proton having at

least 30 MeV kinetic energy, and the invariant missing massppysics channel 70 MeV 118 MeV 162 MeV 239 MeV
always calculated from the momenta of the three protons;
being equal to the neutron mass. The momentum of the neu- (pp)d/pn 19.9£3.2 28.4:2.6 24125 10.9-1.0

reshold.

C. Simulations and fits to the data

tron was also always reconstructed from the momenta of the (ppp)n 2.0£0.7 3.8:05 59:0.7 4.3t04
three protons, and was required to be less than 250 ®leV/  (ppn)p 7.2-13 9.8:13 10914 6.0:0.7
Selected ppn]. This contained events from the detected (pppn) 0.6£0.3 17402 17405 2202
(ppn)p channel, with each detected proton having at least 30 (pd)p 2504 2502 2102 0801
MeV kinetic energy. The magnitude of the neutron momen- (ppd) 22+0.3 4103 4204 1501
tum and the momentum vector of the undetected proton were (pn)pp 0.6+0.3 1809 1.6:08 0.9-04
reconstructed from the momenta of the detected protons and
the direction of the neutron. The reconstructed neutron en- Tota] 35+5 52+ 4 51+5 27+2

ergy was required to be greater than 30 MeV and the mo
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FIG. 1. The missing mass reconstructed from two observed pro- FIG. 2. The polar angl® of the two protons from the selected
tons in the selectelp p] channel. The dark solid line is the data, the [pp] channel in ther-d center-of-mass system. The dark solid line
hatched distribution is the sum of the fitted Monte Carlo distribu-is the data, the hatched histogram the sum of the fitted Monte Carlo
tions. The dashed line is the contribution fromp)d and the light  distributions. The yields have not been corrected for detector accep-
solid line the contribution fromg{p)pn. The vertical line indicates tance and losses, nor for the effects of the kinematic cuts applied.
the deuteron mass and the arrow ghreend point. The yield has not
been corrected for detector acceptance and losses, nor for the

. ) ) $hodels was in general good. Some deviations were, how-
fects of the kinematic cuts applied.

ever, seen between the simple phase space distributions and
the observed angular distributions. Because of the large solid
data were performed. The inputs to these simulations werangle covered by the experiment, extrapolations due to miss-
models of various absorption processes, together with a déag solid angle were small.
scription of the detector including all inefficiencies, thresh-  For the multinucleon channels involving a deuteron in the
olds, and geometrical acceptan¢e§,28. The partial cross final state, the generators were empirically modified to give
sections were determined by fits of the modeled absorptiodistributions matching those observed experimentally. The
processes to the data. The relative contributions of thesgd)p channel was modeled as 2NA followed by neutron
modeled processes to the detected cross sections, folded wisitkup by an exiting proton, with the remaining proton as a
corrections for detector efficiency and acceptance limitaspectator. In the data, deuterons appeared preferentially
tions, yielded the partial cross sections. backward and so an additional weighting of the simulation
In this analysis only a few absorption processes werdy their angular distributions was required in order to obtain
modeled, providing reasonable descriptions of the data. Tha reasonable description. Similarly, thppd) three-body
(pp)d and (pp)pn channels were modeled as 2NA with phase space distributions were modified by an additional
absorption occurring on a quasideuteron inside fite  weight to take into account the peaking of the deuteron en-
nucleus, using Ritchie’s parametrizatipB0] of absorption ergy toward lower energies which was observed in the data.
on a deuteron, with either a spectatbor spectatopn pair After generation according to the various models, the par-
(using single nucleon and deuteron momentum distributionsicles were tracked through a simulation of the detector
calculated by Schiavilld31]). For the other channels the which included realistic resolutions and the digitization of
simplest models consistent with the data were used, since thrutputs of various detector components. The simulated data
corrections for inefficiencies and acceptances were generallyere then run through the same analysis program used to
not strongly sensitive to the model assumption. This insensianalyze the experimental data, and identical cuts were ap-
tivity was also the case for the separation of events into thelied to both. The simulations and the experimental data
different physics channel§i.e., the partial cross sections were thus subject to the same thresholds, geometrical accep-
given here. tance effects, reaction losses, efficiencies for particle detec-
The four-body final state channelpgp)n, (ppn)p, and  tion and identification, and wire chamber and software re-
(pppn were modeled using four-nucleon phase space diseonstruction inefficiencie$26,28. The uncertainty on the
tributions, with additional weights for the first two such that cross section determination associated with using the Monte
the spectators had the single particle momentum distributio@arlo simulation for these corrections was assessed by com-
of “He. These were additionally weighted with the Jost enparison with selected data samples in which the kinematics
hancement functions,, andF ,, [32—34 to account for the was overdetermined. This uncertainty was estimated to be
effects of soft final state interactiof85—37 with standard about 6%.
parametrizations of the effective range and scattering length The relative strengths of the seven different physics pro-
[38], as described in Ref12]. The agreement between the cesses were determined by simultaneous fits to kinematic
energy distributions obtained from the data and the simplelistributions from the six selected channels, with the normal-



946 A. O. MATEOS et al. PRC 58

.0 F 70 MeV 60 60 [ 70 MeV 15 E
100 :— 40 40 - 10 b
50 |- 20 [ 20 [ 5F
0 Pl 0 0F ' 0k
- 200 & 118 MeV 100 L o100 F 118 MeV 0
E ) E F ) E
(R Ent 2 5 LR
g 100 F Ty 2 s0f S2p
= : z = : z
g sof S5 L 3 5F 20¢
T g s ! B ok T o A s B ok
§ 200 | 162 MeV g200 | g0 162 MeV gof
2 E E-1 E 2 F E-1 F
o 150 E_ 0150 : ) 100 | o 60 E
100 | 100 ¥ [
E E 50 [ r
50 50 | [ 20
P SSSSSS ok oL Ss=- ok
- 239 MeV 150 |- 100 | 239 MeV 80 -
100 g i 60 -
: 100 [ 3 g
F F E 40 -
o so [ 0 -
g 25 | 20 F
JEEESs o L= : o b o LB :
0 100 200 300 O 50 100 150 0 100 200 300 O 50 100 150
T, (MeV) 0, (deg) T, (MeV) 0, (deg)

FIG. 4. The laboratory kinetic energy amddistributions of the

FIG. 3. The laboratory kinetic energy amddistributions of the three protons for the selecté@ppri] channel, as in Fig. 2.

three protons for the select¢dpp] channel, as in Fig. 2.

izations of the seven processes as free parameters. The si- Events were selected in which there was a proton with a
multaneous fit was performed over three different histogrankinetic energy of at least 100 MeV, a neutron, and no pho-
sets for the selected channels, including both one and twdon. Using the momentum and angle information of the pro-
dimensional histograms. The histograms in the various sef®n and the angle information from the neutron, the momen-
included among other things the sum of the energies of the

detected particles, the missing momenta, the energy and 60 [ 70 MeV h
angle distributions of the particles, opening angles, and . 20 -
energy-angle correlations. 40 X

The analysis was repeated on the three histogram sets r s
with three different thresholds defining the selected channels. 20 [ i
Kinetic energy thresholds, missing mass, and total energy 0 3 U 0 ;
cuts were raised and lowered by 10 MeV and missing mo- C 118 MeV -
mentum thresholds were varied by50 MeV/c from the s 60 E 540 [
central values defining the selected channels as given in Sec. % a0 [ s
IV B. The average value obtained from the simultaneous fits 05 r %20 L
with different histogram sets and thresholds was taken as the ‘g 2 T |
result for the contribution from each physics channel. The 3 4t s 3 oL
uncertainty associated with the fitting procedure was esti- § 60 [ 162 MeV % 60 [
mated from the variation of the results obtained under the § 3 g |

different conditions. For a given quantity, it was taken to be a0 a0 -
the standard deviation of the results obtained from the nine . L

, ) X ; . , 20 [ 2 [
simultaneous fits. Figures 1 —10 show one-dimensional kine- r r
matic distributions for the selected channels as an indication 0 [y oF
of the quality of the fits to the data. 30 239 MeV %
w0t £
D. Estimate of (pn)pp absorption 20 _
The relatively weak [in) pp absorption channel was not nor 10 —
well measured; because of large background at the trigger 0 LSS o EES .
level, candidate events were strongly suppressed by prescal- 0 100 200 300 0 50 100 150
ing. For this reason, thepf) pp channel was not included in Tp (MeV) 8, (deg)

the global fit procedure and we were only able to make rough FIG. 5. The laboratory kinetic energy adddistributions of the
estimates of its contribution. two protons from the selectdgppn] channel, as in Fig. 2.
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FIG. 6. The laboratory kinetic energy amddistributions of the FIG. 8. The laboratory kinetic energy amddistribution of the
neutron from the selectdgppn] channel, as in Fig. 2. proton in the selectefpd] channel, as in Fig. 2.

tum of the neutron and the momentum of the unobservetions determined from the simultaneous fit of the physics
unboundpp system were reconstructed. The missing mo-channels to the select¢gn] channel were subtracted. The
mentum of the unobservaub pair was required to be below resulting cross section was extrapolated over unmeasured re-
300 MeV/c to obtain the selectefipn] channel. Contribu- gions, assuming that the angular distribution ph{pp ab-
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FIG. 7. The laboratory kinetic energy amddistributions of the FIG. 9. The laboratory kinetic energy amddistributions of the

deuteron for the selectdghd] channel, as in Fig. 2. deuteron for the selectdghpd] channel, as in Fig. 2.
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5E 5F
g . C Based largely on Ref(18] it had been previously sug-
00 100 200 300 % 50 100 150 gested[43,44] that the total absorption cross section in-
T, (MeV) 8, (deg) creased dramatically frorfHe to “He, possibly signaling the

onset of a new absorption process available only in heavier
FIG. 10. The laboratory kinetic energy afdlistributions of the  nyclei. The results presented here exclude the possibility of
two protons for the selectdppd] channel, as in Fig. 2. such a dramatic rise.

The partial absorption cross sections for the various phys-
sorption is roughly the same apf) pn absorption, and then ics channels are presented in Table Il. These cross sections
multiplied by a factor of 3 to take into account in a rough were corrected for all detector inefficiencies, thresholds, and
manner the neutron detection efficiency. The uncertainty iracceptance cuts. We have previously repofte@ precise
the estimate of gn)pp was taken as half its value. The values for thepppn final state cross sections using more
resulting cross section obtained in this analysis is consisterntetailed models than those discussed here. These results are
with the measured cross section of 18552 mb at 118 given in Table Il for the four-body multinucleon channels
MeV of Ref.[19] for =~ absorption on*He leading to an [(PPP)N, (PpM)p, and @Eppn)]. The agreement obtained
energeticpn pair. for the cross section in thpppn final state in the current
global analysis, and that of Ref39] and in Table I, is
within the quoted uncertaintiesee Sec. V B The uncer-
tainties in the total and partial cross sections were obtained
A. Total and partial absorption cross sections by combining in quadrature the fit procedure uncertainty and
the normalization uncertainty, except for then) pp channel
where a 50% uncertainty was assigned as described above.

V. RESULTS

The total pion absorption cross sections were determine
from the global fit to the datéhe quality of which is shown
in Figs. 1-10. The results are shown in Fig. 11 along with
the world data set, and the result ofAahole model calcula-
tion [40] scaled by an arbitrary factor of 0.75. The present An overwhelming fraction of the cross section in the se-
measurement at 118 MeV is in good agreement with that ofected[ pp] channel comes from the 2NA process, which
Steinacheet al. [19], but is lower than the measurement of was simulated with thepp)d and (pp)pn generators. The
Baumgartneret al. [18]. The experiment of Ref.18] mea-  resolution of the missing mass in the experiment was not
sured the pion absorption cross section by subtraction of theufficient to separate events with a spectator deuteron from
cross section in which a charged pion was detected in ththose with an unboungdn pair, as can be seen in Fig. 1.
final state from the published total pion scattering cross sec- The imposed requirement that the missing momentum be
tions[41]. Since neutral pions were not detected, this deterless than 250 MeW causes the missing mass of the un-
mination of the absorption cross section required an estimateoundpn pair to peak near thpn endpoint, as can also be
of the single charge exchange cross section; this has recenthgen in the figure. Although it is apparent from the figure that
been measured at 160 MeM?2] and found to be 5.5 mb the 2NA reaction preferentially leaves a deuteron spectator,
larger than the estimate used in Réf8] at 170 MeV. How- it is also clear that the fraction with pn pair spectator
ever, even if the results of Refl18] are adjusted for this cannot be determined reliably with this method. It does,
difference they remain higher than the total absorption crosBowever, appear that the contribution from 2NA with an un-
sections presented here. bound spectatopn pair is relatively weak.

B. Two-nucleon absorption
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FIG. 13. The energy dependence of the cross section attributable
to non-2NA processes leading to the four-body final spgi@n
Figure 2 shows that the result of the simultaneous fit to all

channels gives a good description of the selefsol] data.
Nevertheless, the separation between thp)pn and other
pppn final states is not secure with the resolution of this
experiment. The cross sections for the@pn final states
given in Table Il are taken from Reff39] and differ slightly
from those determined by the fits in this analysis. Hence th
2NA cross sections given here are those required for intern
consistency between the total absorption cross section det
mined here and all other partial cross sections.

Figure 12 shows the absorption cross sections attributegt

to ZII\:A fW'th e|the_r ad or pn pair Sple:gtgtzog algp]g Vﬁlg?)tshe MeV by Steinacheet al.[19] is shown for comparison. The
results from previous measuremeqts,22,23. The two channels in which three nucleons participate show reso-

measurement i‘c.’ in _agreement With_ the existing data and_ tr}?ancelike peakingsee Table I, and contribute the majority
2NA cross sectlo; is roughlyh2.5 tllmes the to;c)al absofrptlonOf the strength in th@ppn final state. The gpr)p process
cross section on deuterium. The relative contribution of 2NA : . :

to the total absorption cross section falls as a function of’i ppears to dominate over thpp)n process. As discussed
energy from roughly 2/3 below the resonance to less than 1/2

well above the resonance. The falloff of the 2NA fraction of £

ergy rises. A similar behavior was observed®ide with the 6 . +

2NA fraction falling from 86% at 70 MeV to 61% at 330 I
MeV [12]. 5 j(

FIG. 12. The 2NA strength in pion absorption 6He.

agreement with the proton and neutron angular distributions
can be improved by taking into account the orbital angular
momentum of the incident piofb2]. Inclusion of ISl in the
simulations of Ref[39] also improved the agreement with
the energy distributions, in particular for thppp] channel

t 239 MeV. However, for the integral quantities reported
ere, the discrepancies between the distributions obtained
& om the simple models and the data are not important.

The amount of cross section attributable to phepnfinal
ate is shown in Fig. 13. The cross section measured at 118

the total absorption cross section as a function of energy is
consistent with absorption results obtained on heavier nuclei °
[45-51], which show a steady decrease as the incident en-

~
T

C. Multinucleon absorption into four-body final states 4|

The pppn non-2NA absorption is comprised of three
physics channels, two with one spectator nucle@pn 7
and (ppn)p, and one in which all four nucleons participated, i ¢
(pppn). Figures 3—6 show the quality of the global fits in 2
these channels. The sharp spikes at forward and backward I
angles in the neutron angular distributions come from the
segmentation of the counters in the endcap region, and are ¢ Steinacher (Ref. 19)
reproduced by the simulation. The phase space representa- ¢ Lot 1ty Lo 1ol
tions of (ppp)n, (p_pn)p, and (ppp_n)_ appear to describe the_ 0 50 100 150 200 250 3°$n (Me\ffo
data rather well, given their simplicity. There is a systematic
tendency for the data to be more forward and backward FIG. 14. The energy dependence of the cross section attributable
peaked than the simulations. In R¢B9] it is shown that to non-2NA processes leading to the three-body final igte

1~ @ LADS
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in Ref. [39], the ratio of ppn)p to (ppp)n is large at low  or that 2NA absorption tends to pick out portions of the wave
energies (3.61.2 at 70 MeV and falls as the energy rises function in which the spectator has a high initial momentum
(1.4+0.2 at 239 MeV. If final state interaction$FSl) com-  [53]. These arguments, however, are unable to explain the
prised the bulk of the multinucleon cross section in this enforward peaking of the deuteron angular distribution. More
ergy range then one could understamp()p being larger deta_lled comparisons with models are needed before a con-
than (ppp)n and also the fall of the ratio with energy. How- clusion can be reached.

ever, in this energy regime one expeetd interactions, and hThe cross section attributed t% tmaphd final state is ¢
hence(ISl), to dominate oveNN interactions(FSI). Initial shown in Fig. 14, again compared to the measurement o

state interactiondSl) should by isospin arguments favor the Ref.[19]. The energy dependence of tep(d) cross section

shows a broad resonancelike behavior, peaking somewhere
(ppp)n channel over thef(pr)p channel, so that one may between 118 and 162 MeV, and accountg for bgtween 5 and

cpnclude that the mechanisms which lead Fo these Cross se§-% of the total absorption cross section. The cross section
tions are not yet understood. The contribution from the

(pppn) process, in which all four nucleons participate, ap_attnbutable to thefdd)p process is slightly smaller, and falls

pears to be small and nearly independent of incident pior?teadlly with increasing incident pion energy.

energy, accounting for at most 18% of this yield at the high-
est energy. For a more detailed discussion offtpgn non-

2NA absorption channels see RE39)]. This paper has presented a measurement of the total ab-
sorption cross section for the absorption of positive pions on
D. Multinucleon absorption with a deuteron in the final state 4He at 70, 118, 162, and 239 MeV. The total cross section
was also decomposed into channels according to the number
of participating nucleons and the final state. The largest con-
Jribution to the total cross section is attributed to 2NA, the

tions of deuterons and protons in the seledted] channel contribution of which decreases as a function of energy from

and those of the select¢dpd] channel are shown in Figs. 9 2/3 of the to_tal at 70 Mev to roughly 1/2 at 239 MeV.
and 10. The multinucleon absorption cross section was separated

The distributions of the selectdgd] channel appear to into two _final statespppn and pp_d. The pppn fi_nal state

be consistent with absorption on a quasideuteron pair fol_contr|but|on to the total absorption cross section increases
lowed by the pickup of a neutron by one of the outgéingfrom about 25 to 50 % from the lowest to the highest mea-
protons. In such a picture the proton and deuteron are emigured energy, while thppd final state contribution appears

ted roughly back-to-back with the deuteron preferentially at© f! sl_ightly asa funption of energy from 13% of the total
Ughly v " P iy bsorption cross section at 70 MeV to 9% at 239 MeV.

backward angles. The preference for the emission of the de® ; )
While the measurement of the total absorption cross sec-

teron at backward angles can be qualitatively explained as ay dits d ition b ber of
being due to the smaller momentum transfer necessary fof°" On "He an Its decomposition by number of spectators

the pick-up reaction at these angles. provide usefL_JI constraints on the ma_tgnitude of possible
The selectedppd] channel(see Figs. 9 and 1Gs some- genuine multlnugleon processes, _the issue of whether _the

what more difficult to understand. The deuteron energy spedf"rge non-2NA yield can be explalne_d solely by sequentlal_

tra are peaked toward lower energies than one would expearocesses such as IS and_ FSI remains unresolved. The ulti-

from simple phase space distributions, and the angular digpate answer to this question may be foynd only by a com-

tributions of the deuterons become increasingly forwardParson of the _m(_easured t_otal and pa_rt|al absorption cross

peaked with increasing pion energy. These observations sugections to realistic theoretical calculations.
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VI. SUMMARY AND CONCLUSIONS

The non-2NA cross section in thpd final state consists
primarily of contributions from thed)p and (ppd) chan-
nels. Figures 7 and 8 show the energy and angular distrib
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