PHYSICAL REVIEW C, VOLUME 60, 024603

Total cross sections of the charge exchange reactigar, 7% on 2H, He, and *He
across theA (1232 resonance

A. Lehmannt* D. Androic® G. BackenstossD. Bosnar® T. Dooling® M. Furic® P. A. M. Gram® N. K. Gregory?
A. Hoffart>” C. H. Q. Ingran?, A. Klein,® K. Koch,” J. Kohler! B. Kotlinski,’_ M. Kroedel! G. Kyle> A. O. Mateos’
K. Michaelian! T. Petkovic® M. Planinic® R. P. Redwiné,D. Rowntree! N. Simicevic,* R. Trezeciak H. Ullrich,?
H. J. Weyert” M. Wildi,* and K. E. Wilsoft
(LADS Collaboration

lUniversity of Basel, CH-4056 Basel, Switzerland

2University of Karlsruhe, D-76128 Karlsruhe, Germany

3Los Alamos Meson Physics Facility, Los Alamos, New Mexico 87545
“Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
SNew Mexico State University, Las Cruces, New Mexico 88003
0ld Dominion University, Norfolk, Virginia 23529
"Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

8University of Zagreb, HR-10000 Zagreb, Croatia

(Received 10 December 1998; published 30 June 1999

Results from a 4 solid angle measurement of the inclusive reactiar (z°) on 2H, 3He, and“He at
incident pion energies of .+=70, 118, 162, 239, and 330 MeV are presented. The single charge exchange
total cross sections were determined, and are compared to previous results and simple models of
w—few-nucleon interactions. On the helium isotopes a strong damping of the cross sectiona ([1282)
energy region is observed. Total cross sections of the breakup reactierfH — " pn are also given.
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PACS numbgs): 25.80.Gn, 25.106ks, 13.75.Gx, 14.20.Gk

I. INTRODUCTION a 4 detector which allowed an efficient detection of th®
decay photons. The paper provides the first systematic SCX
With the help of more powerful computers the nucleartotal cross section data on a set of light nuclei across the
few-body problem has become fully solvable for hadronenergy region of the\ (1232) resonance.
scattering on the deuteron, and may soon be so for the light
systems®He and “He. With this base the medium effects Il. EXPERIMENT
caused by adding additional nucleons to the deuteron can be

. X . The data were taken with the Large Acceptance Detector
studied precisely, and possible effects of subnuclear degreesgystem (LADS) [22]. This detector \?vas buiIFt) at the Paul

of fr.equm on the 'nuclear force may be observed. Thus thgcherrer Institutg PS) in Villigen, Switzerland, for a de-
ava|lab!l|ty of a r_ellable data set on theN and 7T_NN SYS™  tailed investigation of multinucleon pion absorption modes.
tems W_lth and Wlthout_ a nuclear environment will be crucial However, the large solid angle coverageq8% of 4r), the
for testing the theoretical models. _ low charged particle threshold(,~20 MeV for proton$
~ While there are several measurements of charged piogny the relatively high detection efficiency;€30%) for
inelastic scattering on the deuter@or a recent review see photons made it also a powerful device for the study of pi-
[1]) and also on the helium isotopé®r recent publications  gnic single charge exchange reactions.
see, e.g.[2—7]), the amount of pionic single charge ex-  The two main components of LADS were a modular scin-
change(SCX) data on these nuclei is considerably less. Meatillator array of 280 channels for the energy spectroscopy and
suring SCX usually requires the detection of the two photongwo coaxial, cylindrical multiwire proportional chambers
of the decaying=®, and this is difficult to do with good (MWPCS for the determination of the charged particle tra-
efficiency. That is the main reason why to date there are verjectories. The scintillator array consisted of a plastic cylinder
few experimental data even for SCX 8l [8—15), most of  around the beam axis divided into 28E-E-E paraxial sec-
them being measurements of differential cross sections, andrs, 1.6 m in active length and read out at both ends, and
there are only four measurements of the total cross sectiotwvo 14 sectorAE-E “end-cap” blocks to almost close the
[8—11]. Recently, three-body calculations of the SCX differ- cylinder. The inner radius of the cylinder of 30 cm was
ential cross section oAH in the A resonance region were enough to provide reasonable neutron-gamma discrimination
performed by Garcilaz¢16—18. For the helium isotopes by time of flight (TOF). The thickness of th& layers was
there are even fewer SCX dafd9-2] available and no designed to stop protons of up to 250 MeV and to detect
calculations exist. about every third neutral particle. A specially developed high
In this paper we present SCX total cross sections on theressurgup to 100 barsgas cylinder, of 25.7 cm length and
nuclei ?H, 3He, and “*He at incident pion energies of 70, 2 cm radius with only 0.5-mm-thick carbon-fiber/epoxy
118, 162, 239, and 330 MeV. These data were obtained witkvalls, was used as the target vessel.
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The =" beam was defined by a set of thin plastic scintil- 2 544,
lator detectors that served to count the incident number of 5 : *He(m*,n)X
pions and to reject the beam halo. To suppress accidental 8 -
coincidences with other beam bursts the master electronics T = 239 MeV
gate was closed for 60 ns before and after an event was
registered. About 5% of the typical incident flux of more B
than 16 momentum-analyzed pions per second was finally -
accepted Nggav) by a 2-cm-diameter plastic scintillator 3000
counter upstream of the target.

]

4000

h

N T, = 118 MeV

7

Ill. DATA ANALYSIS 2000

A. Data treatment

The main requirements for an event being classified as 1000
SCX were the detection of at least one charged particle, no
charged pion in the final state, and a TOF signature for both
photons of ther® decay. With these simple conditions and 0
with the help of an invariant missing mass variaffter the
definition see Eq(3.2)] most of the background events were Reduced TOF 1/f ins)
rejected. FIG. 1. Reduced TOF spectfa2] of neutral particles emitted

after reactions of the typéHe(=*,N)X whereN stands for a neu-
1. Charged particle detection tral particle. The dip between neutrons and photons illustrates the

With the trajectories of the detected charged particles aif'stification of then-y separation cut at 1.5 ns.
interaction vertex was reconstructed by using the MWPC
information. This vertex was well defined when at least twoSlightly reduced the solid angle coverage for events includ-
charged particles were detected; for events with only ond"d an energetic neutral particle. .
charged particle detected the closest approach of its trajec- The thus identified neutral particles were assigned as pho-
tory with the beam axis was taken as the vertex. This methoéPns if they had a reduced TOF of less than 1.5 ns and if they
allowed us to efficiently remove background events originathad deposited more than 14 MeV of light in tRecounters.
ing from the end-cap walls of the target cylinder. Only The latter cut was applled to_ reject low energy photons from
events inside a region of 100 mm upstream and downstrea@ther nuclear reactions. In Fig a reduced TOF spectrum for
a background from the radial target walls of typically a few N- discrimination. The TOF resolution is sufficient to sepa-
percent(in the worst case 14% fofH atT,=70 MeV) of  rate them® decay photons from neutrons.
the data of interest. This background was finally removed by For this kind of SCX analysis it is crucial to measure the
subtracting data from empty-target runs. photon detection efficiency as accurately as possible. Fortu-
The identities of the detected charged particles were dedately, since LADS is a # detector, we were able to deter-
termined by conventionaE-dE/dx and E-TOF particle ~Mine an average photon efficiency by a simple counting of
identification (PID) techniques(for more details about the the number of events with one photoNy(,) and with both
PID and the calibration of the scintillators see, e.g., Refphotons Ny,) of the 7° decay detected. One then gets the
[22]). If one of these charged particles was identified as #fficiency , with the equation
pion, or if it had a reduced TOfefined as the time of flight
normalized to a 30 cm flight pathof less than 1.5 ns, the 2
event was rejected. This method ensured that most of the ”v:m-
charged pion scattering events were removed already at this e

step, and that the background from the small pion production A thorough analysis showed that the thus determined ef-
yield at the higher beam energies was negligible. Pion ab

sorption events were oractically completely removed b anficienciesny were the same within uncertainties for all pion
puion € P y completely ! Y energies and targets. The independenceg,obf the incident
upper limit cut on the summed kinetic energies of the iden-

o . ; pion energy was also verified by Monte Carlo studies. There-
:g'?ﬁectﬁgt?fgr?éﬁg/egrf;g?ic?ég;u;?gﬂmmhwh was set fore, an average over all incident pion energies and analyzed

targets was taken as the photon efficiengy. However,
because of the segmentation of the LADS scintillation
counters, thisy, was dependent on the numbewof detected

A neutral particle in LADS was identified by a signal in particles(nucleons or deuteropsn the final state. To take
an E counter with no corresponding signal in either the  this into account the measured SCX partial cross sections
counter or a MWPC. Moreover, events with a neutral particlewere individually corrected by the photon efficiencies, ,
hit in the inner ring of the end-calp counters were rejected which depended on the multiplicities of the detected charged
to remove accidentally counted beam pions. This conditiorparticles. These average photon detection efficiencies were

(3.9

2. Photon detection
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He(n*,p)ppr® with two photons detected were used for the further evalua-

i tion of the cross sectiohsAll peaks are on the right side of
M= 0, 938, and 1875 MeVcorresponding to 0, 1, and 2
undetected nucleojs reflecting an additionally missing
pion. This pion was actually identified asm by its decay
photons, but did not enter in the calculation. The integration
of these peaks gave the raw SCX cross section.

*He(n*,pp)pn” I
3

©;
T

= He (", ppp)n°

B. Monte Carlo simulations

Monte Carlo simulations were made to correct for the
acceptance and the charged particle inefficiencies of the de-
tector. For all simulations, the particles were tracked through
a model of the detector using the CERMANT software
package. The simulated data were then treated with the same
analysis program as used for the real data. The experimental
i resolutions and hardware thresholds, as determined from the
b i .| 1 data for each scintillation counter and MWPC, were applied
0 250 500 750 1000 1250 1500 1750 2000 2250 to the simulated raw events. The effects of geometrical ac-
Invariant Missing Mass m.;, (MeV) ceptance, energy thresholds, and reaction losses in the detec-
tor, as well as inefficiencies of the chambers and the recon-
struction code, were thus reflected in the simulated particle
particles detected, and oitdotted ling or two (shaded argapho- distributions ir.] th.? same way as in those of the expgrimental
tons tagged. The histogram is corrected neither for the photon effid@t@. The reliability of this procedure was tested in many
ciency nor for the acceptance. The areas actually used for the d¥vays and is discussed in detail elsewh2@,24).
termination of the photon efficiencies and the SCX cross sections
were the mass intervals between <7@,,;<200 MeV, 1070
<Mpys<1400 MeV, 2016=my, <2350 MeV (for *He and*He), (@ 2H The main (one-step SCX event generator for
and 2946=m;; <3300 MeV (for “He). 2H was of the type?H(#*+,#%)p with the positive pion

charge exchanging on the bound neutron and the recoiling
evaluated to ber, ;=(32.0:0.4)%, 7,,=(29.9-0.4)%, proton being a spectator with a momentum distribution ex-
and 7, ~3=(28.0+0.5)% for one, two, and more than two tracted from €,e’) data[25]. The angular distributions of

Detected Cross Section ogy (ub/MeV)

FIG. 2. Invariant missing mass spectrum of the reactioh
+3He— #%pppatT,+=239 MeV with one, two, or three charged

1. Event generators

charged particles detectésee also Sec. Ill D the charge exchange reaction on the neutron were calculated
) o with the help of7N phase shift$26]. Earlier measurements
3. Invariant missing mass [13] and calculationg18] showed that forward going®s

The kinetic energied; and the angles of the detected from SCX on?H are suppressed due to Pauli blocking. This
charged particles were sufficient to calculate for each evergffect was taken into account by a weighting function of the
an invariant missing mass®i,,is, which was defined by the vector sum of the momenta of the two protons after the
equation charge exchange, which rose linearly from zero at 0 MeV/

to unity at 300 MeV¢, and remained constant above. This

2 approximation reproduced the shape of the known differen-

Mpmis= \/ E,+Eg— 2 Ei) ~ Phis: (3.2 tial cross sections satisfactorily, as is demonstrated in Fig. 3.

' Although only the data of the above-described event gen-

with E,=T,+m,, Eg=my, andE;=T;+m being the erator were used for the determination of the acceptance cor-

total energy of the beam pion, the target nucleus, and th

charged patrticlé, respectively, and
Pr=2 P

ection for the real data, data samples of three additional
two-step event generators were analyzed to get an estimate
for the uncertainties of these acceptance corrections. These
may be caused by pion double scatteriritygo generators:
33 w'p—='p, then #'n—7%; 7 n—x, then =%
—7%p) and nucleon final state interactiofisne generator:

. 7 n— ), thenpp—pp). These semiclassical generators
is defined as the missing momentum of the reaction with  were based on simple cascadelike interactions and will not
andﬁi as the momenta of the pion and the charged final statbe further discussed here.
particle i, respectively. The missing mass histograms were (b) *He For the SCX event generators of the’ +3He
used to reject the leftover background events from other re— 7% pp reaction the®He nucleus was modeled by a pair
actions and to determine the raw SCX cross sections. of independently moving protons with a recoiling neutron. In

A typical histogram of the invariant missing mass with this model the momentum distributions of the protons were
the charged particle cuts described above and one or twimken from a calculatioi27] based on®He(e,e’p)d data
photons detected is shown in Fig.(Bote that only events [28]. The angular distributions of the charge exchange reac-

Pmis=
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step SCX models, while the uncertainties were estimated
T, = 164 MeV using the pion double scattering, final state interactfe@l),

and phase space models described above. To determine these
uncertainties double scattering and/or FSI contributions to
the SCX total cross sections of up to 20%, 40%, and 60% for
the 2H, 3He, and“He targets, respectively, were assumed.
With this the acceptance correction uncertainties due to mul-
tiple scattering contributions should be safely covered.

L Variations due to modified shapes of the spectator momen-

- ¢ Data (Park et al.) tum distributions are also covered by these uncertainties.

- —— Monte Carlo model

_

SCX cross section do/dQ (mb/sr)

_1 . .
PR PR PP RPN AR BFRrEI AP B B
10 20 40 60 80 100 120 140 160 180 C. Normalization

7’ Polar Angle ©,,, (deg) To evaluate the absolute normalization of the cross sec-
tions the number of incident pions and target nuclei were
determined and corrections for efficiency and acceptance
losses were applied.

First the numberd\; of recorded events per trigger type
(for more detailed information see Rd22]) were scaled

tion on the recoiling neutron were again calculated with thewith their dead time corrected prescale factag (Then the

help of 7N phase shift§26]. Pauli blocking was accounted Nnumber of incident piondlgeay Was corrected for the frac-

for in a similar way as for SCX orfH. tion which decay or react on their way from the beam defin-
Also for ®He only the (one-step generator of the type ing counter to the target and for the number of pions which

SHe(w",7%)pp was used for the acceptance correction ofmiss the target entirely. A correction was also made for the

the real data. However, the uncertainties of these acceptanégount of contamination in the beam and the efficiency of

corrections were estimated using similar pion double scattethe beamline hodoscope. Where possible these correction

ing and final state interaction generators as listed above, arféictors were determined from the dd@8,24,33. Its high
the simplem®ppp phase space distribution. pressure made it necessary to treat the target as a real gas and

(c) “He The SCX event generators of the™+*He  include compression effects in the calculation of the number
— % p(pn/d) reaction were very similar to those dHe,  Of scatterersNg.,. Finally, all raw cross sections were cor-
except that théHe nucleus was modeled to be a system of dected for the photon efficiencies, which were determined
proton and a deuteron, which are both independently movirom the data, and for acceptance losses, which were esti-
ing, and with the neutron recoiling from thisd system. The ~Mated with Monte Carlo simulations.
momentum distribution of the proton was taken from a cal- The SCX total cross sectionsscy were taken as the sum
culation by Schiavilla[29,30 which was adjusted to fit Of the SCX partial cross sectionsoscxm, With different
“He(e,e’p)3H data[31]. The momentum distribution of the detected particlénucleons and deuteronmultiplicities m.
deuteron was also determined by Schiavilla to fitThe following expression was applied:

“He(e,e’d)?H data. Pauli blocking between the two protons
after the SCX step was taken into account in the same way as
described above.

The (one-step generator of the type'He(w",#=°p)pd
was again used to correct the real data for acceptance losses,
and double scattering generators ana%pd phase space with Ny ==,a;N; ;= number of events with two photons
distribution were applied to estimate the uncertainties. detectedm muIt|pI|C|ty of detected particlegucleons or
deuteronkin the final stateN,.: = number of particles pass-
ing the beam defining trigger corrected for l0SSNS,,:: =

The factors which were necessary to correct for acceparumber of target scatterers,..: = correction factor of ac-
tance and charged particle efficiency losses are listed ineptance losses, angl, .. = average photon detection effi-
Table I. The valuesf(,.) are those derived with theone-  ciency per detected particle multiplicity.

FIG. 3. Comparison of the SCX differential cross sectiorfbh
atT_=164 MeV. The dots are data of the reactitid(=, 7% nn
[13]. The solid line is the result of our Monte Carlo simulation of
the reaction®H(= ™", #%pp, arbitrarily scaled to match the data.

Uscx—z Oscxm™ N_Neow acc 2 — (3.9

scat m 777m

2. Acceptance correction

TABLE |. Acceptance correction factoffg for the SCX total cross sections Gi, *He, and“*He.

T. (MeV) 70 118 162 239 330
2y 4.07+0.22 2.76-0.09 2.42-0.09 1.820.11 1.53-0.10
3He 3.41-0.37 2.26:0.15 2.11-0.13 1.85-0.13 1.53-0.12
“He 4.31-0.70 2.15-0.22 1.94-0.15 1.79-0.14 1.57-0.12
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TABLE II. (7", #% SCX total cross sections otH, *He, and

“He, in mb. 50 |- d(n*,m)
e LADS
T,(MeV) 70 118 162 239 330 i o Rogers
2y 48+10 18116 35331 26.6-2.3 14.8-15 40 - 0 Pewitt
3He 2706 13.3-1.2 24120 24120 159-1.4 i A Norem
4He 5.0-1.2 18.0:2.2 34.2:3.7 33.1-2.9 34.7+3.1 % Brunhart

D. Treatment of uncertainties

The uncertainties of the SCX total cross sections were
calculated from the uncertainties of the SCX partial cross

SCX Total Cross Section og (mb)

30

20

PHYSICAL REVIEWBD 024603

~~
~,
-
e
-
e
-

sectionsoscxm added in quadrature. These include the sta-
tistical errors(which were usually smalland the systematic
errors caused by the normalization uncertainties of the num- "."."].. L,
ber of pions on the target (2—-15%), the number of target © "5 oo %0
scatterers(1%), and background from the target walls

(<3%).' and omompone_nts of the Mon_te C_arlo f';l_cce_ptance FIG. 4. Energy dependence of the SCX total cross section on
correction such as reaction losses, particle identification, anel; 1o open dots are the only previously published data of Rogers
vertex reconstruction. The latter errors were estimated to bgnq | edermar{8] (#*d), Pewitt et al. [9] (7 d), Norem [11]
about 3% altogether. (w*d), and Brunhartet al. [10] («d, not corrected for pion ab-

Further important errors were taken into account with thesorption. The lines are calculations based on recent partial wave
uncertainties in the acceptance correction due to other thasolutions of the reactions™n— 7% [26] (solid line) and of the
one-step charge exchange processes. These uncertainties yagnic breakup of thewrd system[ [33] (dashed ling and [34]
ied in the range of 3—7 % fofH, 6-11% for 3He, and (dotted ling]; the latter two calculations are scaled by a factor of
8-16 % for *He, dependent on the incident pion energy. 024 to fit the data.

A crucial error source was the photon detection effi-
ciency. For an estimation of these the individual statisticakalculations by Garcilazp18] at these energies gives total
uncertainties oN,,, andN,, were used to determine an ef- cross sections in agreement with the LADS data.
ficiency error per incident pion energy, per target, and per The solid curve in Fig. 4 is the cross section for the pionic
nucleon multiplicity. Additional errors foN,, were consid- charge exchange on the neutfor(7*,7%p] as determined
ered which took into account charged pion contaminationsy the partial wave analysis of Arnet al.[26]. The dotted
(upper limit of the pion detection inefficiencies of the two and dashed curves were extracted from two different partial
MWPCs: 0.15=2.25%) and radiative absorpti¢d% at 70  wave analyses of theNN system. The dashed line reflects
MeV, 2% at 118 MeV, and 1% at the higher pion energies an analysis fitting therd elastic scattering data up to 500
These uncertainties were added in quadrature and then usgfby [33], while the dotted line was gained from a combined
to calculate the mean and the standard deviation of the ph%‘nalysis of the reactionsp—pp, md— md, and md—pp
ton efficienci_es per nucleon rT_]uItipIicity weighted by these[34]_ These two curves reflect the shapes of the pionic
errors. The final ph.oton.detectmn uncertainties turned out t%reakup cross sections which are the sum of the reactions
be small and are given in Sec. Il A 2. (717++2H —7%p and 7" +2H —=*pn, and were deter-

All the discussed errors were added in quadrature and .4 by taking the difference between the'd reaction

gave the uncertainties of the SCX total cross sections cited in . + : .
Table II. cross section and the"d—pp absorption cross section,

both directly calculated witlsAiD [33]. Scaling these predic-
tions for the full pionic breakup cross sections by a factor of
0.24 gives good agreement with the new SCX data.
A. SCX total cross sections ofr*+2?H — 7%p The new data suggest that the SCX total cross section on

The SCX total cross sections of the reactiefi +2H Z.H might peak at a higher energy than the SCX cross sec-
—a%p are given in Table II. In Fig. 4 these values are tion on the unbound nucleon, and that it decreases more
compared to earlier measuremefgs- 11 and to various cal- Slowly above the resonance. The energy dependence of the
culations. The earlier data points are in good agreement witfata agrees well with the two partial wave predictions for the
the LADS SCX cross sections, except that at 330 MeVfull pionic breakup cross sections 8hl. Thus the fraction of
which appears low. Although not shown, we note that thethe full breakup total cross section o due to SCX is
SCX differential cross sections ofH, measured by Park about 24% throughout the whaole resonance region. This is
et al. [13] for incident pion energies of 164, 263, and 371 significantly larger than the-17% charge exchange contri-
MeV, are about 20-30% lower than the LADS results.bution at resonance given by isospin for pion single scatter-
However, integrating the results of the relativistic three-bodying on an unboungb-n nucleon pair.

co e by by by e by

200 250 300 350 400
Pion Kinetic Energy T, (MeV)

IV. RESULTS
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To our knowledge the only previously reported SCX total
cross section data on the helium isotopes in the energy re-
gion of theA resonance are those of Balesétaal. at T+
. d(n*,n°) =110 and 160 Me\{19]. However, these authors were not
able to distinguish between SCX and absorption reactions
and their data have to be interpreted as an upper limit for the
» ‘He(r",n%) SCX total cross section. Taking into account the recently
measured pion absorption total cross sections*sie at
these energigl85], the SCX cross sections of Balesafal.
are incompatible with our measurement. In view of the sub-
stantially better detector the LADS data can certainly be con-
sidered as the more reliable.

Recently, Yuly et al. [7] reported inelastic NCX total
cross sections for the reactidie(7, ") at incident pion
3 energies of 120, 180 and 240 MeV. Taking the inelastic
F NCX cross sections to be unchanged between 162 and 180
T R R R T T MeV, we then deduce the fraction of SCX in the pion inelas-

Pion Kinetic Energy T, (MeV) tic total cross sectiofNCX+SCX) on 3He to be 10%, 12%,
and 14% at 118, 162, and 239 MeV, respectively. These

FIG. 5. Energy dependence of the SCX total cross sections ofractions are lower than those on an unboymah pair
the reactionsr* +?H — #%p, =" +°He —#°ppp, andm’+*He  (~17%) and on?H (Sec. IV A), which is expected for in-
—m’pp(pn/d), as determined by this work. The data dfle for  igents* because of the proton excess e.

70, 239, and 330 MeV are shifted slightly to make them distin- g1 gata can also be used to estimate the fraction of SCX
guishable from the data dH and “He. Note that the cross section in the pion inelastic total cross sections 8He. These in-
is displayed per neutron of the target nucleus. elastic cross sections can be evaluated by taking the differ-
B. Inelastic non-charge-exchange total cross sections ence between ther*-*He total cross sections, which were
of ¥ +2H =t pn determined by Brinkmiter and Schlaile[36] with a phase
shift analysis of elastic scattering data, and the eldsiso

pion inelastic non-charge-exchang®CX) cross sections L0) and absorptioni35] cross sections ortHe. The frac-

were also determined. This was accomplished by requiringlonS of SCX in the pion inelastic cross sections'bfe were

the detection of the charged pion and at least one nucleon &pund to be 14%, 18%, 23%, 26%, and over 30% at incident
the 7" pn final state. The extrapolations for acceptance andion energies of 70, 118, 162, 239, and 330 MeV, respec-
efficiency losses were done with Monte Carlo simulations intively. At and above resonance these fractions are larger than

a similar way as for the SCX cross sections. We find theone would expect for an unbourgn pair (~17%).
following total cross sections for the reactiom® +2H The increased fraction of SCX in the pion inelastic cross

— ' pn: 20+3, 58+4, 114-7, 82+5, and 44-3 mb for  sections of the isoscalar nucl&i and“*He at and above the
the incident pion energies of 70, 118, 162, 239, and 33@ peak energy is similar to that predicted by theoretical cal-
MeV. The uncertainties were estimated by taking into ac-culations for heavier nucldB7]. These predict an enhance-
count the normalization errors, a 3% acceptance correctioment of the isospin ratio of the SCX compared to the NCX
error, and an overall 5% error on the pion detection effi-cross section due to interference between processes gener-
ciency. With this all uncertainties are safely covered. ated bywN andAN interactions. However, in contrast to the
There are no published data for the pion inelagi€X  fractions on?H those on*He (and ®He) show a strong en-
+SCX) total cross sections ofH, but the sum of our NCX ergy dependence, which is further evidence that effects due
and SCX total cross sections can be compared to the pionio the nuclear environment are important already in the he-
breakup cross sections calculated with the partial wave soldium isotopes.
tions of Refs[33,34. We find good agreement.

+ 0

50 —  n(x',m

LI B

40

T

s CHe(n",n%)

30

20

SCX Total Cross Section 6e / Neutron (mb)

Fro{ T T T T T T T T T 7

To cross-check our SCX total cross sections b the

D. Discussion

C. SCX total cross sections ofr™ +3He — #%ppp and

Comparing the energy dependences of the SCX cross sec-
=t +*He - =%p(pn/d) paring dy dep

tions in Fig. 5, it is seen that while fofH it reflects the

The SCX total cross sections féHe and “He are also  underlyingA excitation clearly, this is much less the case for
given in Table II. For a better illustration, in Fig. 5 they are “He. Here the relative weakness of the cross section per
compared to the SCX cross sections on the neutron and ameutron at resonance indicates that effects due to the nuclear
the deuteron. We find that the shape of the excitation funcenvironment are already strong #*He interactions. The
tion around theA(1232) resonance changes drastically bystrength maintained at the higher energies may be due to
going from a single unbound neutron to a bound neutron irmultiple pion interactions, enhanced by the increasing phase
“He. This indicates that medium effects due to the nucleaspace available for multiparticle final states.
environment are very important already in the helium iso- To get an estimate of the size of pion double scattering
topes. (DS) processes, we may compare the SCX total cross sec-
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o
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tions on>He and*He, the NCX[2,7], and the double charge
exchangdDCX) (see, e.g.,7,38,39) cross sections on these
nuclei. If one neglects other interactionsscx andocx are
composed of both pion single and double scattering contri-
butions, whileopcx is expected to be dominated by DS only.
Thus the size ofrpcx compared targcx andoycy is related

to the amount of DS in the inelastic reactions. Then by com-
paring these three total cross sections and using plausible
in-medium estimatef37] of the isospin ratios for ther p
—atp, w'n—=%, and v n— " n cross sections, it is
possible to estimate the fraction of DS in the NCX, SCX, and
inelastic (Eine= OnexT Tsext 0pex) total cross sections.
Here it was assumed that, apart from the isospin factors, the
probability of the pion undergoing an interaction was depen-

} T, ~ 162 MeV

o'gcx/AN5
* (" m)p (05
i . A(ﬂ+,ﬂ°)X LADS
L = A(RYA%X Ashery

SCX Total Cross Section gg / Neutron (mb)
>

dent only on the number of available protons or neutrons. o A(RT,m°)Y Ashery *
For w*-3He we estimate that about 10%, 15%, and 30% , L . . .
of o @t T,=118, 162, and 239 MeV, respectively, is due j 10 102

to DS. The DS contributions i, were also estimated for Number of Nucleons (A)
7~ -*He (using the data froni7]) and found to be about 3

times smaller than those far*-3He. A large reduction is . ;
9 tions per neutroriprotor] of the reaction of the typé (", 7%X

Ff‘XpeCted from simple isospin considerations. Fefe we (solid dotg [A(7,7°)Y (open doty] for incident pions of around
find that roughly 5%, 10%, 25%, and35% of o at T, 162 MeV energy. The data &>4 are taken from Ref41].
=118, 162, 239 and 330 MeV, respectively, is due to pion
double scattering&here is no value at 70 MeV sinegycy is
very smal). It may appear surprising that DS contributions
are larger form"-He than for =" -*He. However, this is
already indicated by the smaller DCX cross section“efe
compared to that oriHe [7].

This analysis also gives estimates of the fractions of DS in ooy, 0~ 0¥y
SCX and NCX separately. The fraction irscy is found to
be always significantly larger than thatdarcy, which tends
to agree with earlier findings on heavier nucldil]. The A - 0 N
enhanced SCX double scattering yield is certainly one origin osed T T )~USCXA_0_61 (4.2
of the strong damping of the shape of theexcitation in the
SCX total cross sections &"'e and4He. This conclusion is W|th O-glcx being the Cross section on a free nucleon_ 'Vk"S

also supported by the pion inelastic scattering results of YU'Yjependence is similar to that determined in RéL], and is
et al.[7] and Baumgartneet al.[2] where the energy depen- giso consistent with the findings for the NCX total cross
dence of both cross sections indicates that this damping isections for nuclei withA=6 [42]. In a simple picture, the
less pronounced in the NCX reaction. Thus multiple pio”exponent ofA in the denominator of Eqg4.1) and (4.2
scattering processes appear to become increasingly more ifgnyld be zero for a transparent nucleus. For a strongly in-
portant in the SCX channel above resonance. The energgracting but nonabsorbing incident particle, the exponent in
dependence of the cross section indicates that this is the cagf: denominator is typically about one-third. However, pions
for both °He and*He. _ are strongly absorbing and an exponent of around 0.6 is nor-
The strong reduction in the SCX total cross section peimgally understood as a reflection of the important role of
neutron on®He and “He compared to that on the unbound apsorption in pion-nucleus reactions. As can be seen in Fig.
neutron at and below resonan@ég. 5, where there is little g the helium isotopes follow thia dependence fairly well,

multiple scattering, shows that other medium effects are alsgydicating that the strong damping of the cross section is
important. To explore this further, it is instructive to compare cgnsistent with the trends for heavier nuclei.

the SCX total cross sections on light nuclei to those on

heavier targets. |nC|l:ISi\(e7T(+,7T.O) result_s were given by V. SUMMARY AND CONCLUSIONS

Bowleset al. [40] for incident pion energies of 50 and 100

MeV, but their cross sections appear high compared to the In this paper we have presented SCX total cross sections
trends observed in our data. SCX total cross sections weren the nuclei’H, *He, and*He for pion energies across the
also measured by Ashergt al. [41]: these authors give A(1232) resonance. Only few data of this basic observable
(7", 7% and (@~ ,7°% results for some nuclei throughout were available before. The SCX cross sections on
the whole mass range at the resonance energy of 160 Me\PH exhaust about one-quarter of the pionic breakup cross
In Fig. 6 the data of Refl41] are compared to our results. section, almost independent of the pion energy(staled

The displayed data suggest that near the peak oAtheso-  energy dependence matches well with predictions of partial

FIG. 6. Nuclear mass dependence of the SCX total cross sec-

nance the SCX total cross sectiof§.y on a nucleus with
massA and proton numbeZ can be approximated by the
following power laws:

e 4.1
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wave solutions for the pion inelastic cross section?sh on 3He and“*He, but that other nuclear medium effects like,
This is different in the helium isotopes, where the fractione.g., absorption, are also important.

of SCX in the pion inelastic cross section becomes larger

with increasing energy. This and also the relative strengths ACKNOWLEDGMENTS
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