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Two step processes in pion single charge exchange on2H at Tp15239 MeV
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Results from a measurement of the reaction2H(p1,pp)p° at Tp15239 MeV are presented. Because two
protons were detected, the measurement was sensitive to events which involved both nucleons in a substantial
way. Differential distributions are compared to the predictions of simple models. An integrated cross section
for SCX ~single charge exchange!, with the emission of two protons each with kinetic energy.25 MeV, is
presented.@S0556-2813~98!06112-3#

PACS number~s!: 25.80.Ls, 25.10.1s, 25.80.Gn
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I. INTRODUCTION

The pN interaction is one of the most fundamental rea
tions in nuclear and particle physics and has been extens
studied. The characteristics of this reaction are thus relativ
well known. The effects of adding a second nucleon to
interaction are currently of considerable interest. Efforts h
focused on pion absorption and double charge excha
~DCX! on nuclei, for which at least two nucleons must i
teract with the pion. Another possibility for examining th
three-body processes is by looking at single charge excha
~SCX! reactions for kinematics in which both nucleons p
ticipate substantially in the reaction. The simplest such p
cess to examine experimentally is SCX on the deuteron,
p1d→p°pp.

Pion single charge exchange reactions on2H have usually
been measured by detecting the two photons from the de
of the outgoingp° @1–4#. Only one previous work measure
the charge exchange reaction on2H by performing a kine-
matically complete experiment@5# in which the two outgoing
protons were detected. This experiment, however, meas
only in the reaction plane and also suffered from small so
angle coverage. The results reported here are from a la
solid-angle study ofp1d→p°pp in which the energies and
angles of the outgoing protons were measured with suffic
precision to determine the identity and momentum of thep°.
Because of the detection threshold on the energy of e
proton, the portion of the SCX reaction in which both nuc
ons participated was emphasized.

The experiment was performed in thepM1 channel at the
Paul Scherrer Institute@6,7# using the Large Acceptance De
PRC 580556-2813/98/58~6!/3469~9!/$15.00
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tector System~LADS!. LADS was constructed to stud
multi-nucleon pion absorption in the region of theD~1232!
resonance. In the process of analyzing the absorption da
became clear that other reactions could be studied as w
The characteristics important for studying any multi-bo
final state in the medium-energy regime~large solid angle
coverage and low energy thresholds for protons! also make
LADS a suitable detector for studying SCX where more th
one nucleon is involved. The triggers used to collect the d
did not distinguish events with neutral pions and so the S
data presented here were collected simultaneously with
absorption data.

II. EXPERIMENTAL APPARATUS

The LADS detector was built to cover a solid angle
very nearly 4p steradians@8#. A schematic of the LADS
detector is shown in Fig. 1. The detector consisted of a
sector barrel closed with 14-sector endcaps. To obtain a
rate trajectory information for charged particles, the detec
had two cylindrical coaxial multiwire proportional chambe
~MWPCs!. The scintillator portion of the detector was a
ranged into DE-E-E telescopes which provided particl
identification ~PID! and timing and energy information fo
the reaction products. The detector had a proton kinetic
ergy threshold of;20 MeV, a kinetic energy resolution fo
protons of 3–5 % FWHM, a vertex resolution of;1.0 mm,
and an angular resolution of;1°. The target was a
25.7 cm34 cm diameter carbon fiber/epoxy cylinder co
taining deuterium at a pressure of 95 bar.
3469 ©1998 The American Physical Society
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FIG. 1. Schematic of the LADS detector. From Ref.@8#.
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III. DATA ANALYSIS

The solid angle coverage of the LADS detector, combin
with its good energy and angular resolution and relativ
low proton energy detection threshold, allowed the exami
tion of different final-state event types. In this analysis,
events of interest were first separated from other events
corded. Contributions from backgrounds were subtracted
ter being determined by processing the data from empty
gets with the same isolation cuts described below. The b
normalization was determined, as was the acceptance o
detector. Acceptance determination involved simulation
different specific reactions and is described in Sec. IV.

A. Event identification

The first step in event identification involved requirin
that trajectory information was available from the MWPC
The vertex could be determined by the intersection of
tracks of two charged particles or taken to be the intersec
of a single track and the beam axis. Thus each charged
ticle had to have at least one MWPC hit associated with
and at least one charged particle had to have hits in b
MWPCs. A cut was applied along thez-position ~the beam
axis! of the vertex to ensure that the event originated in
2H.

After isolating events from the target region, SCX eve
were separated from the other events. The reaction chan
could be determined by the types of particles in the fi
state. This analysis required that an event produced two
only two charged particles in the detector, and that they
protons. Charged particles were identified using conventio
E2dE/dx and E2TOF particle identification~PID! tech-
niques. Neutral particles, usually photons fromp° decay,
were ignored in the analysis.

After the PID cuts, most of the charged pion events w
removed, but there was still some contamination from ot
channels, such as pion absorption. There also were pions
were misidentified as protons. Both forms of contaminat
were then removed, as described below, to obtain clean S
events. To simplify the analysis, a minimum kinetic ener
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of 25 MeV at the event vertex was required for all proton
The contamination frompd→pp absorption events wa

removed in two ways. It was required that none of the eve
contained back-to-back protons in thep12d c.m. frame, as
almost all of the back-to-back events were absorption eve
This cut removed only;0.3% of the interesting SCX
events. Also, a limit on the sum of the kinetic energies of
detected particles was applied to remove pion absorp
events which escaped the first cut.

The misidentified charged pions were removed in t
ways. One method applied a loose cut on theE2TOF spec-
tra ~independent of the PID procedure!. The other method
used the invariant missing mass calculated from the tw
proton kinematics. There is a prominent peak in the miss
mass spectrum at;135 MeV, the mass of the pion~see Fig.
2!, which corresponds to SCX. Events which had an inva

FIG. 2. Calculated invariant missing mass of the proton-pro
system. The double peak at 0 is an artifact of the calculation. N
the change in horizontal scale at 0. The Monte Carlo simulatio
described in Sec. IV A.
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FIG. 3. In thep12d c.m. frame, the kinetic energy of ‘‘proton’’ 1 is plotted against the kinetic energy of ‘‘proton’’ 2. The feature
the plots are described in the text.
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ant missing mass greater than zero were accepted in
analysis.

The effects of the SCX isolating cuts can be seen in F
3 and 4. In Fig. 3, the kinetic energy of ‘‘proton’’ 1 vs th
kinetic energy of ‘‘proton’’ 2 in thep12d c.m. frame are
plotted. The left plot shows the data after the target cut
PID. That is, both particles were determined by PID to
protons and the vertex of the event was within the tar
region. The region in the upper right is populated bypd
→pp absorption events; the horizontal and vertical ban
are from absorption events with protons which reacted in
plastic scintillator or passed through the detector. The el
soidal locus in the lower left is the region of the SCX eve
and the ‘‘wings’’ which follow the axes correspond topd
→ppn quasielastic scattering events with a misidentifi
pion. The plot on the right shows what remains after ap
cation of the SCX isolation cuts~no back-to-back, positive
invariant mass, total kinetic energy, and looseE2TOF! and
of the 25 MeV proton kinetic energy threshold.

Figure 4 shows a plot of the summed kinetic energy of
event vs the square of the invariant missing mass of the e
assuming that both charged particles were protons. The
on the left shows the data after target and PID cuts. The d
structure on the right containsp12d absorption events an
the dark structure in the upper left contains SCX events.
gray diagonal band across the plot corresponds to event
ur
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sociated withp12p quasielastic scattering. This is a resu
of the misidentified pions. The plot on the right has all t
SCX isolation cuts applied except the invariant mass cut
the total kinetic energy cut. The lines indicated show t
position of the invariant mass cut and the total kinetic ene
cut. The dot-dashed line is the position of the pion mass.
seen from the figures that the SCX events were cleanly s
rated from the other event types.

B. Normalization

To evaluate the cross section, the number of pions in
dent on the target cell and the number of target scatterers
to be determined. The number of pions reported by the be
defining scintillator@8# was corrected for muon contamina
tion, pion decay, and pions missing the target. The press
of the target gas of 95 bar was high enough to cause sig
cant deviation from ideal gas behavior. The correction fac
to calculate the number of scatterers in the target cell w
determined using Ref.@9#. Finally, a correction for the pres
caling of event types@8# was applied.

IV. RESULTS

Because of the large solid angle of LADS, many quan
ties could be investigated. These included various differ
ing mass.
FIG. 4. The sum of the kinetic energies of the detected protons plotted against the square of the proton-proton invariant miss
The features in the plots are described in the text.
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3472 PRC 58N. K. GREGORYet al.
tial quantities as well as the integrated experimental cr
section. Before this could be done, the response of the de
tor had to be understood so the effects of detector accept
could be taken into account.

A. Simulations

A Monte Carlo simulation was used to model the detec
response and to extrapolate the reaction in question ove
unmeasured kinematic regions, in particular below the
MeV threshold. The simulation was based on GEANT@10#
and designed to use the 4-vectors for protons and pions f
different event generators. The code contained the geom
of the scintillator portion of LADS as well as a simulation
the MWPCs. The simulation produced data files that w
similar to those produced by the data acquisition system.
simulated data were then processed through the same a
sis procedure as the experimental data to determine the
tector acceptance. This allowed us to correct for proton
action losses in the plastic scintillator, for MWP
inefficiencies, and for geometrical acceptances.

Several event generators were written. In the simplest,
three-body phase space for two protons and a pion was fi
uniformly. Also written were generators usingp-N andN-N
phase shifts@11,12# to simulate two-body interactions. All o
the phase shift generators used a ‘‘deuteron’’ which was
ated using the nucleon momentum distribution measured
(e,e8) experiments@13# to generate a weight for a specifi
target nucleon momentum.

All of the phase shift generators included the effects
Pauli blocking of the final state protons, represented by
suppression of pions scattered at forward angles. This
accomplished by a weighting function of the relative m
mentum of the final state protons, which rose from 0 to
between 0 and 300 MeV/c and stayed constant above.
addition, for the generators where the SCX occurred first,
polar angle distribution of the neutral pion was weighted
a function which increased from 0 to 1 between 0° and 4
and stayed constant above 40°. The resulting SCX mo
~see below! is consistent with the data of Parket al. @4#.

The generators using phase shifts could be separated
two groups based on the number of times the incident p
interacted with the target nucleons. The first group contai
generators in which the pion scattered only once. In the sp
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tator model, the incident pion charge exchanged only w
the neutron, and the proton in the deuteron was treated
spectator with a Fermi distributed momentum. The specta
model predictions in subsequent figures are those ma
SCX. The SCX–hard-FSI model assumed that the p
charge exchanged with the neutron and that the resultant
ton then underwent a ‘‘hard’’ collision with the spectat
proton. The predictions for the SCX–hard-FSI model a
marked in the figures as SCX-HFSI. In the single scatter
generators, the spectator nucleon was defined to be on-
in the deuteron, and the binding energy was taken into
count in the pion-nucleon interaction. The weights of t
angular distributions were determined by thep-N @11# and
N-N @12# phase shifts.

The other group of generators using phase shifts c
tained the models where the pion interacted twice. One g
erator used a model in which the pion first elastically sc
tered off the proton in the deuteron and then cha
exchanged with the neutron. The curves from this gener
are markedpISI-SCX in the figures. Another generator wa
based on a double-scattering model which required that
incident pion charge exchanged with the neutron in the d
teron before the neutral pion elastically scattered from
proton in the deuteron. The curves from this generator
marked SCX-pFSI in the figures. The angular weights of th
pion scatters were again determined by thep-N phase shifts.
The generators and the associated weights are summariz
Table I. A more complete description of the analysis of t
data and the models used in the simulation of the data ca
found in @14#.

TABLE I. Event generators used in simulating SCX. In th
table,s represents the differential cross section andrN is the mea-
sured nucleon momentum distribution in2H.

Event generator Monte Carlo weights

Phase space p°pp three-body phase space
SCX rN* sp1n→p°p

SCX-HFSI rN* sp1n→p°p* spp→pp

pISI-SCX rN* sp1p→p1p* sp1n→p°p

SCX-pFSI rN* sp1n→p°p* sp°p→p°p
bars are
FIG. 5. Polar angle of the reconstructed neutral pion in the laboratory frame with comparison to various models. The error
statistical only. The model calculations include the effects of the detector acceptance allowing for direct comparison to the data.



bars are

PRC 58 3473TWO STEP PROCESSES IN PION SINGLE CHARGE . . .
FIG. 6. Kinetic energy of the reconstructed neutral pion in the laboratory frame with comparison to various models. The error
statistical only. The model calculations include the effects of the detector acceptance allowing for direct comparison to the data.
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B. Acceptance correction and differential distributions

As was stated above, the results of the Monte Carlo sim
lations were used to determine the acceptance of the dete
The Monte Carlo data were processed in three ways.

LADSOFF0. The energy and angle information from t
Monte Carlo generators were taken as their vertex va
with no requirement on the minimum energy of the proto

LADSOFF25. The energy and angle information we
taken from the Monte Carlo generators as their vertex va
with the requirement that each proton had 25 MeV or m
kinetic energy at the vertex.

LADSON25. The results of the Monte Carlo generato
were run though the same analysis procedure as were
experimental data with a 25 MeV threshold on the kine
energy of each proton.

The first step in acceptance correcting the differen
spectra was determining which models seem to represen
data. This was done by comparing the LADSON25 distrib
tions with those from the experimental data. Their results
compared to the data in Figs. 5–9. The distributions in th
figures were normalized to be equal in area to the experim
tally obtained curves.

Figure 5 shows the angular distribution of the reco
structed neutral pions. The left panel shows the data di
bution compared with the pion single scattering mode
while the right panel is a comparison with the pion doub
u-
tor.
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scattering models and three body phase space. For the s
scattering simulations, the SCX model is forward-peak
while the SCX-HFSI model is backward-peaked. It is po
sible to understand the general location of these feature
considering the basic cross sections as well as the energy
the pion must lose to bring the protons above threshold.
the spectator model, the cross section is forward-pea
However, the pion in the FSI model must transfer enou
energy to the ‘‘SCX’’ proton so that this proton can scat
from the spectator proton and still remain above thresho
To do this, the pion must scatter by a large angle. The
that the spectator models do not reproduce the data
shows that the pion single-scattering models are not abl
describe the process seen by LADS. In contrast, it app
that the pion double scattering models reproduce the d
well. Figure 6 shows the kinetic energy distribution of th
reconstructed neutral pion. The position of the peak in
data is consistent with the incoming pion losing significa
energy at each of two scatters. The spectator model pea
too high an energy compared with the data. The SCX-HF
model also peaks at too high an energy and the shape at
energy does not follow the data.

The next three figures present the experimental distri
tions of the detected protons. Figure 7 shows the ang
distribution, and it appears that all models except for
spectator model fit the data reasonably well. Figure 8 p
tical only.
e plotted.
FIG. 7. Polar angle of the detected protons in the laboratory frame with comparison to various models. The error bars are statis
The model calculations include the effects of the detector acceptance allowing for direct comparison to the data. Both protons ar
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FIG. 8. Kinetic energy of the detected protons in the laboratory frame with comparison to various models. The error bars are s
only. The model calculations include the effects of the detector acceptance allowing for direct comparison to the data. Both pr
plotted.
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sents the kinetic energy distribution of the protons. All of t
models except the spectator model fit the data reason
well though the double scattering models fit the shape
best. Finally, Figure 9 presents the proton-proton open
angle in the laboratory frame. Again the double scatter
models fit the data well. The position of the peak in t
SCX-HFSI model can be understood by considering the
nematics; i.e., the position of the FSI peak results from
fact that a particle scattering from another particle of eq
mass at rest produces two outgoing particles with a
opening angle.

From comparing models to all the data, several conc
sions can be drawn. First, the models which require that
pion has scattered twice represent the data well. Sec
there appears to be little evidence of FSI in the data, wh
would be indicated by an enhancement at 90° in thep-p
opening angle; the output of this generator was not use
the further analysis of the data. Finally, while the data are
perfectly represented by the double scattering models, it d
appear that the great majority of the events seen come fro
double scattering process.

After having determined which models seem to contr
ute, the experimental data were fit simultaneously with
processed output of the Monte Carlo generators simula
pion single scattering~SCX! and the pion double scatterin
ly
e
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models~pISI-SCX and SCX-pFSI! with the normalization
of the distributions from each generator as the free par
eters. The distributions of thep°pp phase space model an
of the SCX-HFSI model were not used in these fits sin
they do not represent the data well.

Also, because of the similarity of their distributions,
was not possible to obtain precise separate results for
sizes of the two double scattering processes when fitting
three models simultaneously. Instead, the single scatte
model and one of the double scattering models were fit to
data. This was repeated with the other double scatte
model with very similar results. The small difference in th
results of the fits is included in the uncertainty of the amo
of the single scattering contamination~see Sec. IV C!. The
resulting sum of generators was used to acceptance co
the differential spectra according to the following expre
sion:

Ncorr~x!5Nexp~x!
( i 51

NmodelspiLADSOFF25i~x!

( i 51
NmodelspiLADSON25i~x!

, ~4.1!

where x is the specific histogram channel,i is a specific
reaction model,pi is the fit parameter for the specific mod
nly. The
FIG. 9. Proton-proton opening angle in the laboratory frame with comparison to various models. The error bars are statistical o
model calculations include the effects of the detector acceptance allowing for direct comparison to the data.
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PRC 58 3475TWO STEP PROCESSES IN PION SINGLE CHARGE . . .
i , LADSON25 and LADSOFF25 are defined above, a
Nexp(x) is the number of counts in the particular histogra
channelx.

Figures 10–14 show the data corrected for accepta
with a 25 MeV threshold on the kinetic energy of the pr
tons. Figures 10 and 11 are the spectra of thep° and Figs.
12–14 are the spectra of the protons.

In Fig. 15 we compare our data with the doubly differe
tial data of Parket al. @15# taken at 263 MeV. It is seen tha
as anticipated, the LADS data are mostly in the tails of
quasielastic peak and in the region where one would ex
to see multistep events. In the region of the quasielastic p
the poor agreement with Ref@15# is expected because of th
low acceptance of the LADS detector for single-scatter
events.

FIG. 10. Polar angle of the reconstructed neutral pion in
laboratory frame. The data have been corrected for the dete
acceptance but each proton has a 25 MeV minimum kinetic ene
The error bars are statistical only.

FIG. 11. Kinetic energy of the reconstructed neutral pion in
laboratory frame. The data have been corrected for the dete
acceptance but each proton has a 25 MeV minimum kinetic ene
The error bars are statistical only.
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The other kinematically complete measurement ofpd
→ppp° is that of Taciket al. @5#. This experiment was done
with small-solid-angle in-plane detectors set at discr
angles. It is not possible from the data acquired to restric
the analysis the solid angle coverage of our detector to si
late the arrangement in@5# and still be able to make a statis
tically significant comparison.

C. Integrated cross section

The integrated SCX cross sections measured in this w
are summarized in Table II. The total detected yield with tw
protons of at least 25 MeV, without correction for the dete
tor acceptance, is 1.2760.05 mb. The SCX cross section fo
protons above 25 MeV, fully corrected for the detecto

e
tor
y.

e
tor
y.

FIG. 12. Polar angle of the detected protons in the laborat
frame. The data have been corrected for the detector acceptanc
each proton has a 25 MeV minimum kinetic energy. The error b
are statistical only. Both protons are plotted.

FIG. 13. Kinetic energy of the detected protons in the laborat
frame. The data have been corrected for the detector acceptanc
each proton has a 25 MeV minimum kinetic energy. The error b
are statistical only. Both protons are plotted.
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3476 PRC 58N. K. GREGORYet al.
acceptance and inefficiencies, was determined using the
the simulations to the data to be 1.760.2 mb; the uncertainty
here is dominated from those of the fits, including sensitiv
to the parameters and sensitivity of the models to the ge
etry of the LADS detector in the Monte Carlo simulation.

It is also possible to extrapolate the cross section, for
part of SCX from double pion scattering events, down to
MeV proton energy using the LADSOFF0 generators. T
differential quantities indicate that the majority of the eve
seen by LADS came from double scattering processes.
was expected as two protons with kinetic energies above
MeV must have been detected. One could then determine
acceptance of LADS for the double scattering processes
do this, an estimate of the mixing ratio of the two proces

FIG. 14. Proton-proton opening angle, in the laboratory fram
The data have been corrected for the detector acceptance but
proton has a 25 MeV minimum kinetic energy. The error bars
statistical only.
of
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s
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25
he
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s

~pISI-SCX and SCX-pFSI! must be made. If one assume
that the process was dominated by theD excitation, and that
the scattering was incoherent, then the model which had
pion elastically scattering and then charge exchanging~pISI-
SCX! should contribute 9/4 as much as the model which h
the pion charge exchanging first~SCX-pFSI!. Assuming this
ratio, the total acceptance for the LADS detector for eve
of the double scattering type was determined to be 0
60.04, where the uncertainty is an estimate from stud
investigating the sensitivity of the acceptance to the Mo
Carlo simulations. Because of the similarity of the tw
double-scattering models in the simulations, the accepta
for double scattering events is in fact not sensitive to
exact ratio ofpISI-SCX to SCX-pFSI.

With the data extracted, the background subtracted,
the simulation to correct for the acceptance of the dete
processed, we determined an integrated cross section u

sSCX5
Yield

VLADSNtgtNp
, ~4.2!

where Yield is the number of events seen in the experim
VLADS is the acceptance of the LADS detector,Ntgt is the
number of scattering centers, andNp is the number of inci-
dent pions.

There is a nonzero probability of single-scattering eve
leading to two protons above threshold. The number co
be estimated by simultaneously fitting single and double p
scattering models to the data~see also Sec. IV B!. From this
it was determined that 8468% of the yield with both pro-
tons above 25 MeV is due to double scattering proces
with the remaining 1668% from single scattering.

Subtracting the single scattering cross section contam
tion and extrapolating the acceptance corrected distribut
to 0 MeV proton energy gave the total SCX cross sect
from double scattering processes to be 3.060.5 mb ~see
Table II!. The uncertainty is dominated by the model depe

.
ach
e

FIG. 15. Doubly-differential cross sectionsd2s/dVdE. The LADS data are the solid circles, the data from@15# are the diamonds. Note
the change of scale in the vertical axis. The 25 MeV threshold on the proton kinetic energy is applied to the data from this work.
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TABLE II. The cross section in the top row is the experimental yield. The cross section in the middl
is the integral of the acceptance corrected differential spectra. The cross section in the bottom
extrapolated to zero energy threshold and is corrected for both acceptance and single scattering co
tion.

Cross sections

Detected cross section withTp1
,Tp2

.25 MeV 1.2760.05 mb
Corrected cross section withTp1

,Tp2
.25 MeV 1.760.2 mb

Extrapolated cross section for double scattering withTp1
,Tp2

.0 MeV 3.060.5 mb
st
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ct
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ent
dence of the size of the single scattering contribution. E
mates of the total SCX cross section on2H at this energy
were made, based on measurements@1–3# at lower energies
and on the data of Ref.@4#, and were found to be not far from
the cross section of;29 @11# mb on the proton at this en
ergy. The present result thus indicates that double scatte
processes account for 10–15 % of the total SCX cross
tion at 239 MeV.

V. CONCLUSIONS

A unique measurement of pion single charge excha
has been made. The large solid angle of the LADS dete
and the measurement method provided access to mul
.

L
-

.
y

i-

ng
c-

e
or
le

scattering components of pion interactions with the deuter
The large solid angle also allowed examination of a num
of differential variables. This new data set should provi
useful constraints on calculations of multistep pion inter
tions in light nuclei.
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