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Pion double charge exchange and inelastic scattering on3He

M. Yuly,* W. Fong,† E. R. Kinney,‡ C. J. Maher,§ J. L. Matthews, T. Soos,i J. Vail,¶ M. Y. Wang,** and S. A. Wood††

Department of Physics and Laboratory for Nuclear Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

P. A. M. Gram‡‡

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

G. A. Rebka, Jr. and D. A. Roberts§§

Department of Physics, University of Wyoming, Laramie, Wyoming 82071
~Received 7 June 1995; revised manuscript received 9 December 1996!

Measurements were made of the doubly differential cross sections for three inclusive pion reactions on
3He: p2 double charge exchange~DCX!, andp1 andp2 inelastic scattering. The cross sections for DCX
were measured at incident pion energies of 120, 180, and 240 MeV, and at angles of 25°, 50°, 80°, 105°, and
130°, while inelastic scattering cross sections were measured at 120, 180, and 240 MeV and scattering angles
of 50°, 80°, 105°, and 130°. In each case the outgoing pion energy spectra were measured from 10 MeV up
to the kinematic limit. The DCX spectra exhibit a double-peaked structure at forward angles that can be
understood as a consequence of a sequential single charge exchange mechanism. Model calculations based on
this mechanism are in rough agreement with the measured spectra. The doubly differential cross sections
measured for the inelastic scattering reactions exhibit a prominent quasielastic peak. A distorted-wave impulse-
approximation calculation of the quasielastic cross sections has been performed and a comparison made with
the measurements.@S0556-2813~97!01204-1#

PACS number~s!: 25.80.Ek, 25.80.Gn, 25.80.Ls, 27.10.1h
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I. INTRODUCTION

Much recent research has focused on the interaction
pions with individual nucleons. A complete description
thepN interaction, however, although useful in understan
ing many of the interactions between pions and nuclei
insufficient to explain all possible nuclear reactions. P
cesses such as absorption, intermediateD propagation within
the nucleus, and multiple scattering all require the prese
of more than one nucleon. One motivation for the resea
described in this work is to gain a better understanding of
role of double scattering in pion-nucleus reactions by co
paring reactions in a single nucleus to which double scat
ing contributes different amounts. The reactions obser
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were inclusive double charge exchange~DCX!,
3He(p2,p1)3n, and inclusive inelastic scattering
3He(p2,p2) and 3He(p1,p1).
The fact that, atD-resonance energies, positive pio

scatter preferentially from protons while negative pions sc
ter preferentially from neutrons can be exploited to gain
qualitative understanding of the amount of double scatter
to expect in each of these processes. The reac
3He(p2,p2) proceeds primarily through single scatterin
from the sole neutron in3He. The DCX reaction,3He
(p2,p1), requires that at least both protons be involved
conserve charge. The simplest mechanism which can
scribe this reaction, the sequential single charge excha
~SSCX! mechanism shown schematically in Fig. 1~a!, is in-
herently a double scattering process. For3He(p1,p1), in
which the scattering takes place primarily from one or bo
of the two protons, one expects both single and double s
tering to occur. One therefore expects a much larger con
bution from double scattering processes in3He(p1,p1)
than in 3He(p2,p2), and the double scattering compone
of the inelastic cross section should be closely related to
magnitude of the DCX cross section.

II. PREVIOUS EXPERIMENTAL WORK

A. Double charge exchange„DCX…

The earliest inclusive DCX measurements were made
the JINR Synchro-cyclotron in Dubna by Batusovet al. @1#
using nuclear emulsions. Later experiments by Batusovet al.
@2# and Gilly et al. @3# were performed in which total DCX
cross sections on a range of nuclei from He to Pb were m
sured. After this pioneering work, most inclusive DCX e
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55 1849PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
periments concentrated primarily on the4He nucleus, using
bubble@4–6# and spark@7# chambers, often in a search fo
tetra-neutron states. The first modern measurement@8# of
doubly differential cross sections for inclusive DCX w
made at the Schweizerisches Institut fu¨r Nuklearforschung
~SIN, now the Paul Scherrer Institute, or PSI! for the
16O(p1,p2) reaction.
Two previous experiments have examined the DCX re

tion in 3He. The first, published by Sperindeet al. @9# in
1970, used the Berkeley 4.6 m cyclotron in a search fo
three-neutron resonance. Only one spectrum was meas
for 140 MeV incident pions at an average scattering angle
about 30°, with detected outgoing pions having kinetic en
gies between 40 and 125 MeV. The measured spectrum
fered significantly from pure four-body phase space,1 exhib-
iting instead a double-peaked structure. This was origin
interpreted as a possible tri-neutron resonance. It was
shown by Phillips@10#, however, that interactions betwee
two of the nucleons in the final state could account for

1Phase space is the cross section distribution obtained if one
sumes that the matrix element, which contains the ‘‘physics’’ of
problem, is constant. Thus, four-body phase space correspon
p1A→p1N1N1(A22).

FIG. 1. Schematic diagram of~a! the SSCX mechanism,~b! the
meson-exchange mechanism of Germond and Wilkin@43#, and~c!
the pn absorption mechanism of Jeanneretet al. @6# for the
3He(p2,p1)3n reaction.
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shape of the DCX spectrum. The second experiment
performed by Stetzet al. @11# at the Clinton P. Anderson
Meson Physics Facility~LAMPF! using the EPICS spec
trometer. These results consist of doubly differential cro
sections at 140 MeV for laboratory angles of 20°, 30
50°, and 80°, at 200 MeV for 23.5°, and at 295 MeV f
30° and 120°. The double-peaked structure is also see
these measurements, although the resonance param
computed for the high-energy peak depend on the incid
energy and scattering angle, thereby virtually eliminating
possibility of a tri-neutron resonance. These measurem
had relatively large uncertainties. Moreover, the measu
ments of Stetzet al. and Sperindeet al. made at the same
incident energy and scattering angle disagree at high ou
ing pion energies.

An extensive study of the 4He(p1,p2) and
4He(p2,p1) reactions, over the incident energy range 12
240 MeV, with good statistical accuracy and complete co
erage of the outgoing pion energy spectrum, reveale
double-peaked structure at forward angles in this nucleu
well @12,13#. This result is in striking contrast to the spect
seen in DCX on heavier nuclei (16O to 208Pb! @14#, in which
this structure is absent, and which roughly resemble the
tribution of events in four-body phase space.

B. Inelastic scattering

As with the DCX measurements, the earliest measu
ments of inelastic pion scattering were made with nucl
emulsions@15#. Later measurements were made on a vari
of target nuclei using cloud chambers@16–18# and scintilla-
tion counters@19,20# to detect the outgoing particles. Th
first modern experiment to measure inelastic pion-nucl
scattering was performed by Binonet al. @21# at the CERN
Synchro-cyclotron.

Inclusive inelastic scattering of pions from the3He
nucleus has been studied near theD resonance in three pre
vious experiments. The earliest results were published
Whitneyet al. @22#. In this experiment, the doubly differen
tial cross sections for the3He(p1,p1) and 3He(p2,p2)
reactions were measured using the EPICS spectromet
LAMPF at 60° and 120° for 200 MeV incident pions, and
120° for 295 MeV incident pions. A later experiment, pe
formed by Kleinet al. @23# at SIN ~now PSI!, used the SUSI
spectrometer to detect the outgoing pions. This experim
measured outgoing pion energy spectra at 170, 220, 270,
320 MeV incident pion energy over a broad ran
~45°–135°) of angles. Recently, a third experiment has b
reported by Khandakeret al. @24,25# which measured inclu-
sive inelastic scattering on2H, 3He, and4He at 96.5 MeV
and at angles from 40° to 125°. This measurement was m
at the Tri-University Meson Facility~TRIUMF! using the
QQD spectrometer. In all of the previous experiments,
measured spectra exhibit a prominent peak located very
the outgoing energy for scattering from a free nucleon. O
can conclude therefore that the inelastic scattering proces
3He is dominated by quasifree interactions with single nuc
ons.

III. EXPERIMENTAL APPARATUS AND PROCEDURE

The present experiment was performed at LAMPF usin
180° vertical bend, double-focusing magnetic spectrome
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1850 55M. YULY et al.
The experimental apparatus and procedure are very simil
those of Woodet al. @14,26#.

The 120–240 MeV incidentp6 beam from the high-
energy pion channel~‘‘ P3’’ ! first passed through an ioniza
tion chamber, which was used to determine the relative fl
Since this device was sensitive to all charged particles in
beam, it was necessary to normalize the flux measurem
each time the beam transport elements were adjusted.
size~about 1.6 cm in diameter! and position of the beam spo
were continuously monitored by a small multiwire propo
tional chamber placed downstream of the ionization cham
and 30 cm upstream of the target. Downstream of the tar
the pion beam struck a 6 mmthick polyethylene~CH2) tar-
get. Three-element plastic scintillator telescopes were pla
on each side of the CH2 target to detect pions scattered
90°. These telescopes were used to monitor the positio
the incident beam, as well as to provide a check on the
determined by the ionization chamber. The response of
telescopes was sensitive essentially only to pions, since b
contaminants are very unlikely to scatter at 90° into the te
scopes.

The spectrometer~shown in Fig. 2! has an effective solid
angle of about 16 msr and a momentum bite of about 8%

FIG. 2. Drawing of the 180° vertical bend, double-focusi
magnetic spectrometer. Pions travel through vacuum from the
get, through two 90° dipole magnets, to the focal plane. There
2.5 cm break in the vacuum for WC0, the midspectrometer w
chamber, which is used to require that a particle traverses the e
spectrometer. Particle trajectories are traced back to the focal p
using information from two wire chambers, WC1 and WC2. T
scintillator is used to distinguish positive pions from protons,

well as to provide TOF information. The C˘ erenkov detector sepa
rates pions from electrons and positrons.
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focuses in both the horizontal and vertical directions so
detector system could be relatively small, and it requires
detectors at the entrance to the spectrometer, allowing hig
luminosities to be used. The 180° vertical bend of the m
net provides stringent selection of the charge of the dete
particle. Finally, the short flight path~3.5 m!, which was
entirely in vacuum except for a 2.5 cm interruption for
midspectrometer wire chamber, allowed low-energy pions
reach the focal plane with minimal corrections for scatter
and decay.

The detector system had five components: a wire cham
~WC0! placed in the mid-plane of the spectrometer, two w
chambers~WC1 and WC2! near the focal plane that wer
used to reconstruct trajectories, behind these, a 1.6 mm s
tillator ~S1!, that provided an accurate time reference for t
trigger as well as pulse height information useful in the ide
tification of particles, and lastly a fluorocarbon~FC-88!
C̆erenkov detector that distinguished electrons from pio
The anode and one of the cathode planes of each wire ch
ber @27# consisted of orthogonal arrays of wires. Positi
information in two dimensions was obtained from a dela
line readout of individual wire signals.

The trigger was a fourfold coincidence among the th
wire chambers and the scintillator. The information record
in each event comprised the pulse heights of the signals f
the scintillator and the C˘ erenkov detectors and the dela
times of the signals from the wire chambers. Inclusion of
midspectrometer wire chamber guaranteed that a particle
passed through the spectrometer, which accomplished a
cial reduction of the trigger rate due to room backgroun
The timing information available from this chamber was a
used to distinguish pions from very slow protons.

Liquid 3He was condensed from a closed volume into
target flask by passage through condensing coils immerse
a 4He bath maintained at a temperature below thel point by
pumping. The4He reservoir could be replenished contin
ously from a 500 l storage Dewar through a ‘‘helitran’’ tran
fer tube, allowing uninterrupted operation of the target c
ostat for several days at a time. The target flask wa
vertical cylinder 25 mm in diameter and 75 mm high with
51 mm thick Mylar wall. It was surrounded by 4 layers o
0.64mm aluminized Mylar superinsulation and, at a radi
of 19 cm, a 13mm aluminum heat shield maintained at liq
uid nitrogen temperature. The insulating vacuum of the c
ostat was contiguous with that of the spectrometer vacu
chamber.

The pressures of the saturated vapor in equilibrium w
the liquid in both the bath and the target flask were measu
by redundant precision gauges. These measurements
recorded continuously throughout the experiment to estab
the density of the3He liquid in the target.

The target flask, an identical empty flask, and a CH~sty-
rofoam! cylinder of the same dimensions as the flasks w
arrayed vertically on the axis of rotation of the spectrome
An elevator mechanism could position each of the three
gets in the path of the beam, permitting convenient meas
ment of the empty target background and ofpp scattering,
which was the reference cross section in this experimen

To measure the doubly differential cross sections the
get was exposed to an incident pion beam and events w
collected at given spectrometer momentum settings until
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55 1851PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
tistical uncertainties of approximately 5% in the number
detected pions were achieved. Data were collected a
MeV intervals in outgoing pion energy. In addition to ea
complete set of3He observations, a series of observatio
was made measuring the background from the empty ta
walls. This process was repeated for each spectrometer a
and incident energy. Each time the incident energy,
hence the normalization of the beam monitors, was chan
a series of CH normalizations at different spectrome
angles was performed.

Doubly differential cross sections for the3He(p2,p1)
reaction were measured for outgoing pion kinetic energ
from 10 MeV up to the kinematic limit at incident energie
of 120, 180, and 240 MeV for scattering angles of 25
50°, 80°, 105°, and 130°, and 25° and 50° at an incid
energy of 210 MeV. The3He(p1,p1) and 3He(p2,p2)
cross sections were measured over the same outgoing
energy range, at incident energies of 120, 180, and 240 M
for scattering angles of 50°, 80°, 105°, and 130°. Obser
tion of the inelastic scattering reactions at 25° was preven
by a large background due to the spectrometer intercep
the beam.

IV. DATA ANALYSIS

The goal of this experiment was to measure a dou
differential cross section for each reaction, incident pion
ergy, scattering angle, and outgoing pion energy studied.
doubly differential cross section is related to observa
quantities as follows:

d2s

dVdEp
5

Ndetec
NincDVDEpxr f df l

, ~1!

whereNdet is the number of pions detected,Ninc is the num-
ber of pions that were incident,x is the effective thickness o
the target,r is the density of the target,DV is the effective
solid angular acceptance,DEp is the range of outgoing pion
energy,ec is a correction of the spectrometer acceptance
to multiple scattering and energy loss,f d is the correction
due to pion decay, andf l is the dead-time correction.

The analysis proceeded in eight steps.

A. Wire chamber calibration and phase space definition

Calibration constants relating time differences of sign
from wire chambers to position were established by placin
collimated 55Fe source at precisely measured positions
front of the chambers. For each event, the position inform
tion from WC1 and WC2 was used to reconstruct the part
trajectory back to the focal plane of the spectrometer. Rec
structed trajectories were tested for conformity with the d
tribution in phase space of particles that could have b
transmitted from the target to the focal plane by the sp
trometer.

B. Particle identification

To calculate cross sections it was necessary to sepa
the pions from the other particle species that also cau
triggers. Protons were generally eliminated by their la
pulse heights in the scintillator. At a spectrometer setting
f
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about 156 MeV/c, where the protons were just reaching t
scintillator, however, many of the protons deposited
same amount of energy as the pions in the scintillator. In
case, the protons were distinguished by their longer time
flight ~TOF! between WC0 and S1.

Since pions, as well as electrons,2 emit C̆erenkov radia-
tion at spectrometer settings greater than 180 MeVc
(Tp588 MeV!, it was not possible to use the C˘ erenkov de-
tector to distinguish electrons from pions on an event-
event basis. Instead, a more indirect method was used
general, the number of pions can be written:

Np5
N,2 f e

,Ntotal

f p
,2 f e

, , ~2!

whereNp is the number of pions to be determined,N, is the
total number of particles that emit less than a certain amo
of C̆erenkov light,Ntotal is the total number of events, an
f e

, and f p
, are the fractions of electrons and pions, resp

tively, which emit less than the chosen amount of C˘ erenkov
light given a pure electron or pion source. A similar equati
exists using the number of particles that emit more than
selected amount of C˘ erenkov light,N.. The dependence o
the random uncertainty inNp on the C̆erenkov light cutoff
was shown to be relatively flat over a large range of chann
@28#, and the cutoff corresponding to the minimum unce
tainty was selected. The fraction of electrons,f e

, , was deter-
mined at a spectrometer setting of 53.8 MeV/c, where it was
possible to separate the electrons from the pions using
pulse heights in S1. This fraction was used for all spectro
eter settings, since at these momentab'1 for electrons, and
the C̆erenkov spectrum depends only onb. The pion frac-
tion, f p

, , was determined for each spectrometer setting
observing inelastic scattering and assuming the spectrum
be purely pions with no electron contamination. This a
sumption is reasonable, since the cross sections for reac
which produce electrons are much smaller than the quasie
tic scattering cross section.

C. Acceptance and dispersion

The momentum acceptance,Dp/p, and dispersion were
determined by scanning a peak~either a 3He quasielastic
peak or app elastic scattering peak from the CH targe!
across the spectrometer focal plane by changing the s
trometer magnetic field. The changing acceptance across
focal plane resulted in changes in the observed area of
peak. The relative acceptance as a function of focal pl
position was determined by this method, and was used
correctNp . The effective total momentum acceptance w
determined to be about 8% by integration across the en
focal plane. Measurement of the acceptance at a single
tral momentum suffices to establish the performance of
spectrometer when associated with the extensive meas
ments of the magnetic field configuration that have pre
ously been made for these magnets. These show the con

2Electrons or positrons, depending on the charge setting of
spectrometer. The word ‘‘electron’’ will be used generical
throughout this discussion.
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1852 55M. YULY et al.
ration to be unchanging over a range of fields extending
over 18 kG. A typical acceptance function is shown in R
@14#, which also cites references to previous studies of
properties of the spectrometer.

D. Normalization

The absolute number of incident pions,Ninc in Eq. ~1!,
was obtained by comparison ofpp elastic scattering mea
surements~from the CH target! with known cross sections
determined by interpolation using the energy-depend
phase shift programSCATPI @29# . The effective total solid
angle,DV, and the effective target thickness,x, were in-
cluded in this calibration. This procedure was repeated
several scattering angles for each setting of the beam tr
port system in order to improve the accuracy of the norm
ization, as well as to check for the presence of ang
dependent effects.

E. Background subtraction

The pions counted with the empty target were primar
those scattered from the walls of the target cell. For DCX
background was typically only about 8%, and never m
than 15%, of the full-target rate, and was measured to ab
30% accuracy. For inelastic scattering the background
typically 15–30 % of the rate with the full target, and w
measured with an uncertainty of less than 10%. The m
surements with the empty target were treated in the s
manner as those with the full target, and properly normali
background data were subtracted point by point from
full-target data.

F. Corrections

Corrections were made to account for other effects t
would change the shape and magnitude of the cross se
distributions. The number of pions detected was reduced
decay as they traveled from the target to the detectors.
proximately 80% of the pions survived at 200 MeV, while
10 MeV only 30% survived. Some of the decay muons t
versed the spectrometer, while others did not. In fact, i
possible for pions that would not have traversed the sp
trometer to decay into muons that could. Since the dete
system could not separate the muons from pions, these
fects were accounted for by Monte Carlo methods wh
produced the factorf d in Eq. ~1!. This procedure is describe
in greater detail in Ref.@14#. Muon contamination from pion
decay in the spectrometer was simulated with theDECAY

TURTLE @30# code. The fraction of muon contaminatio
ranges from 1% at 10 MeV to 20% at 200 MeV outgoi
pion kinetic energy. A different Monte Carlo program
MUCLOUD @12,26#, was used to simulate decays in the sc
tering chamber.MUCLOUD used the uncorrected cross se
tions in an iterative procedure to obtain the correctio
which were typically 0–30 %. Energy loss and multiple sc
tering in the target and in WC0 changed the effective acc
tance of the spectrometer; these were corrected for by
factor ec , which was determined by simulation to be diffe
ent from unity only for outgoing pion energies less than
MeV. The maximum value ofec was about 1.3.
to
.
e

nt

at
s-
l-
-

e
e
ut
as

a-
e
d
e

t
ion
y
p-
t
-
s
c-
or
ef-
h

-
-
,
-
p-
he

An effect that is commonly observed to distort inelas
scattering spectra, particularly in the large energy-loss
gion, is so-called ‘‘slit scattering,’’ in which an elasticall
scattered particle penetrates or scatters from an aperture
appears in the low-energy region of the spectrum. Since
spectrometer used in this experiment had no entrance slit
did not expect this to be a problem. As a check, the p
yields from a CH2 target and from a pure12C target of equal
thickness were measured. The ratio of the yields of pio
elastically scattered from12C was unity, verifying the targe
thickness equality. For outgoing pion energies below
MeV, a ratio ofY~CH2)/Y(

12C! 51.0560.01 was found,3

independent of energy. This result implies that around 5%
the inelastic yield in this energy region is due to the prese
of thepp elastic scattering peak~at 90 MeV, in this case!.
Since this correction is small and it is not obvious how
apply it to the3He(p6,p6) spectra, it was ignored. Such
correction would have a negligible effect on the magnitu
of the differential and total cross sections and on the unc
tainties in these quantities.

G. Integrated cross sections

Integration of the doubly differential cross sections ov
outgoing pion energy yielded an angular distribution. Th
integration was carried out using the trapezoid rule. T
cross section was assumed to be negligible at 0 MeV, a
when required, the high-energy end point was extrapola
linearly from the last two measured points. Since
(p6,p6) it was desired to determine the angular distributi
for inelastic scattering only, the elastic peak was exclud
Also excluded were the lowest-energy points in the 5
spectra where the cross section appears to rise. It is belie
that this increased yield arises from muons which the an
sis procedure failed to eliminate. The uncertainty in ea
differential cross section was calculated as the sum
quadrature of the uncertainty in each trapezoid’s area.
uncertainty in the extrapolation of the end points to ze
cross section was estimated to be one-half of the contribu
to the integral from the end point regions. In all cases th
uncertainties@28# were small compared with the systema
uncertainties discussed in the next section.

The total reaction cross sections were determined by
ting the angular distributions with sums of Legendre polyn
mials. The regions at forward and backward angles w
extrapolated by linearly extending from the extreme m
sured angles with the slope given by the derivative of
Legendre polynomial sum at that point. Pauli blockin
should become important and suppress the cross sectio
forward angle inelastic scattering. To account for this, f
ward angle inelastic scattering was extrapolated to 0° at
value of the most forward cross section that was measu
The uncertainty in the total cross section was determined
fitting the Legendre polynomials to the angular distributi
plus and minus the uncertainty at each angle. The uncerta
in the extrapolation was determined according to the p

3All corrections were applied to these data. In particular,
‘‘cloud muon’’ correction was different for the spectra from the tw
targets.
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TABLE I. Systematic uncertainties in the experiment.

Systematic Uncertainties~%!

Reaction Energy Angle dependent Overall normalization
~MeV! Thick.a I.C.b Total SCATPI 3Hec CHd Total Overalle

3He(p2,p1) 120 4.2 3.0 5.2 2.0 2.0 2.5 3.8 6.4
180 7.6 2.1 7.9 2.0 2.0 2.5 3.8 8.8
210 ,1.0 3.9 3.9 2.0 2.0 2.5 3.8 5.4
240 4.5 0.8 4.6 2.0 2.0 10.0 10.4 11.4

3He(p2,p2) 120 4.2 2.4 4.8 2.0 2.0 2.5 3.8 6.2
180 7.6 1.4 7.7 2.0 2.0 2.5 3.8 8.6
240 4.5 0.8 4.6 2.0 2.0 10.0 10.4 11.4

3He(p1,p1) 120 1.9 1.0 2.1 2.0 2.0 2.5 3.8 4.4
180 3.3 0.5 3.3 2.0 2.0 2.5 3.8 5.1
240 ,1.0 3.2 3.2 2.0 2.0 2.5 3.8 5.0

aUncertainty in target thickness due to possible misalignment~see text!.
bNormalization uncertainty due to variation in ionization chamber response~see text!.
cUncertainty in3He target density.
dUncertainty in CH target density.
eIncludes angle-dependent and normalization uncertainties only. The uncertainties which depend
energy of observation are included along with the statistical uncertainties in the plotted error bars.
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scription of Kinney@12#. These uncertainties@28# were less
than or comparable to the systematic uncertainties discu
in the next section.

H. Systematic uncertainties

There are systematic uncertainties of three types: th
that depend on the energy of observation and on the ang
observation, and those associated with the overall norma
tion. The uncertainty that depends on the energy of obse
tion includes contributions from the electron-pion separat
procedure, which typically contributed 2.5%, together w
contributions from estimates of the corrections for ene
loss and multiple scattering in the target and in the midsp
trometer wire chamber, and for effects of pion decay a
muon contamination, which contributed an additional 5
The uncertainty in the correction for energy loss and multi
scattering was estimated to be equal to one-half of the
rection applied. The uncertainty in the corrections for pi
decay and muon contamination was estimated to be one
of the difference between the correction derived from
simulation described earlier, and that given by account
only for the loss of pions by decay within the spectromet

An angle-dependent uncertainty~see Table I! arises from
possible misalignment between the axis of the target and
of the spectrometer, which will produce changes in both
thickness of the liquid3He seen by the beam and in th
effective acceptance of the spectrometer. These uncertai
were estimated together by comparison between the
served angular variation of the differential cross section
pp scattering and that predicted from interpolation of t
known cross sections.

Normalization uncertainties~see Table I! are of two
kinds; those that are due to slowly varying changes in
response of the ionization chamber and the density of
3He target, and those that involve the determination of
absolute scale of the measured cross sections by norma
tion to pp scattering. Variation in the ionization chamb
ed
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response, due to changes in ambient temperature and
sure, was monitored by continuous comparison with
downstream scattering measurement. Since these varia
were observed to occur on roughly the same time scale as
changes of spectrometer angle, they were included with
angle-dependent uncertainty. Variation in the target den
was estimated by interpolation between recorded obse
tions of the target pressure~temperature!. The absolute scale
of the cross section involves measurement of the CH ta
density, which was accurate to 2.5%~except for the thick-
ness used with the 240 MeV negative pion beam, for wh
the CH target density was known only to 10%!, and mea-
surement of the energy of the incident pions which infl
enced the accuracy of the interpolated cross sections der
from SCATPI @29#. The predictions of the code are accurate
2%. The uncertainties due to the determination of electron
dead time, spectrometer dispersion, and wire chamber
ciency were insignificant compared to those listed above

V. RESULTS

A. DCX cross sections

The doubly differential cross sections measured for
3He(p2,p1) reaction at incident energies of 120, 180, a
240 MeV for laboratory angles of 25°, 50°, 80°, 105°, a
130°, and at 210 MeV for 25° and 50° are displayed in Fi
3–6. A double-peaked structure similar to that observed
4He(p6,p7) @12,13# is clearly seen at forward angles. Th
double peak disappears with increasing angle, a beha
which was also seen in4He. In the case of4He, the height of
the higher-energy peak diminished with decreasing incid
pion energy until it completely vanished somewhere betw
150 and 120 MeV. In3He, however, two distinct peaks re
main even for energies as low as 120 MeV, although
relative size of the high-energy peak does seem to be dim
ished. The differential cross sections at each angle are sh
in Fig. 7, and the total DCX cross sections for each incid
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1854 55M. YULY et al.
energy are listed in Table II. For comparison, Table II a
gives the DCX cross sections for4He.

In the present experiment, because only the outgo
p1 is detected, it was not possible to distinguish betwe
DCX @3He(p2,p1)3n# and pion-induced pion productio
~PIPP! @3He(p2,p1)p2pnn#. Pion production is not ex-
pected to be a significant source of contamination be
about 200 MeV, however, since this reaction can only oc
at energies above the threshold at about 170 MeV, resu

FIG. 3. Doubly differential cross sections for3He(p2,p1) at
120 MeV for laboratory angles 25°, 50°, 80°, 105°, and 130°. T
uncertainties indicated include the statistical uncertainty and
systematic uncertainties which depend on the outgoing pion ene
g
n

w
r
g

in a severely constrained phase space. Even in the 210
240 MeV DCX measurements, the contamination could
pear only at the lowest outgoing pion kinetic energies.

To estimate the contribution from PIPP, doubly differe
tial cross sections for the3He(p1,p2) reaction at 240 MeV
were measured~see Fig. 8!. With incidentp1, there is no
corresponding DCX reaction. Also plotted in Fig. 8 are t
corresponding3He(p2,p1) doubly differential cross sec
tions for comparison. Integration of the3He(p1,p2) spec-
tra yields differential cross sections of 5.960.9 mb/sr at
25°, and 1.560.4 mb/sr at 130°, for 240 MeV inciden
pions. Since3He(p1,p2) is at most only about one-tenth o

e
e
y.

FIG. 4. Same as Fig. 3 but at incident pion energy 180 MeV
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55 1855PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
the 3He(p2,p1) cross section, one would expect th
3He(p2,p1)p2pnn reaction to make up only about one
fifth of the 3He(p2,p1) cross section. Because pion pr
duction is seen to be so much weaker than DCX, and lim
to a small range of low outgoing pion energies, no correct
for this effect has been made to the DCX cross secti
presented.

Doubly differential cross sections for inclusive DCX
intermediate mass nuclei are found to have a shape simil
that predicted by the four-body phase space, correspon
to a pion, two knocked-out nucleons, and the resid
nucleus in the final state. Figure 9 compares the presen
sults for 3He(p2,p1) at 180 MeV for laboratory angles o
25° and 130° with the predictions of three-body phase sp
i.e., the reactionp213He→p11n1(2n), where two neu-
trons recoil together with no internal motion, and with t
predictions of four-body phase space, i.e., the reac
p213He→p11n1n1n, where three neutrons recoil inde
pendently. As was the case for4He @12,13#, the data do not
agree with either phase space prediction.

Figure 10 compares the doubly differential cross secti
for 3He(p2,p1) with those for 4He(p2,p1) measured by
Kinney et al. @12,13#. The most striking difference is th
relative size of the two cross sections. In these simple nu
DCX must result in changing the two available protons
neutrons and one would naively expect the probability of
reactions to be about the same. Apparently, competing
cesses@31# promoted by the presence of a single additio
neutron suppress the DCX cross section in4He. The other
major difference between the doubly differential cross s
tions for 3He and 4He in Fig. 10 is that the spectra fo

FIG. 5. Same as Fig. 3 but at incident pion energy 210 MeV a
laboratory angles 25° and 50°.
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4He appear to be shifted approximately 20 MeV downwa4

in energy, consistent with the difference between the bind
energy of 3He ~7.7 MeV! and the binding energy of4He
~28.3 MeV!.

The double peaks at forward angles were seen in the
liest DCX experiments on3He @9#. One early interpretation
of the structure was that the higher-energy peak resu

4Although it is difficult to quantify the exact amount the peaks a
shifted with respect to each other, the difference in the high-ene
end points of the spectra, especially at 130°, is approximately
MeV.

d

FIG. 6. Same as Fig. 3 but at incident pion energy 240 MeV
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1856 55M. YULY et al.
from the existence of either bound states or broad continu
resonances in the three-neutron system. A three-nuc
resonance with an excitation of 15 MeV had been adduce
explain the continuum neutron spectra in the charge
change reaction3He(p,n)3p measured by Williamset al.
@33#, and the first DCX measurements were undertaken
part, to look for it. Sperindeet al. @9# found a double-
peaked structure at forward angles similar to that observe
the present experiment, and interpreted it in terms of a th
neutron resonance at an excitation of 12.5 MeV. Later m
surements@11# of the 3He(p2,p1) cross section for a wide
range of incident energies and observation angles sho
similar features, but it was found that they did not imp
resonance parameters consistent with those of Sperindeet al.
or Williams et al. Phillips @10# demonstrated that the hig
outgoing energy peak could be explained by an interac
between two of the neutrons in the final state, and a la
theoretical study by Offermann and Glo¨ckle @34# showed
that a low-energy resonance in the three-neutron system

FIG. 7. Angular distributions for3He(p2,p1) at 120, 180, 210,
and 240 MeV. The uncertainties indicated include the statist
uncertainty, the uncertainties arising from the extrapolation and
tegration procedure~see Sec. IV G!, and the systematic uncertain
ties which depend on the outgoing pion energy and angle.

TABLE II. Total cross sections for the3He(p2,p1) reaction
including statistical and all systematic uncertainties. For comp
son, 4He(p1,p2) and 4He(p2,p1) total cross sections from Ref
@12# are also listed.

Incident Total cross section
energy 3He(p2,p1) 4He(p1,p2) 4 He(p2,p1)
~MeV! (mb! (mb! (mb!

120 395628 128613 —
180 1210695 489623 418625
240 20616230 1014637 1075676
m
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extremely unlikely. For a review of the evidence collect
for the existence of3n bound states and continuum res
nances up to 1987, see Ref.@35#.

In order to test whether or not the high-energy peak in
present data is caused by a resonance, the four-body p
space distribution for each reaction times a normalizat
constant was fitted to the lower peak of each DCX spectru
A Gaussian distribution was fitted to the higher-energy pe
from which the centroid and width of the peak were det
mined. The missing masses determined for the higher-en
peak varied greatly over the range of energy and angle s
ied. The excitation energy, which Williams@33# found to be
15 MeV and Sperinde@9# found to be 12.5 MeV, was found
in the present work to vary from 19.5 MeV for 25° and 12
MeV to 68.4 MeV for 80° and 240 MeV. The excitatio
energy seems to increase both with increasing scatte
angle and increasing incident energy. Because the varia
in the excitation energy is much larger than any possi
uncertainty in the measurement, one must conclude that t
is no evidence that the high-energy peak is a resonant sta
three neutrons in the final state of the reacti
3He(p2,p1).

B. Comparison of DCX results with theoretical calculations

The simplest mechanism that accounts for DCX is
quential single charge exchange~SSCX!, as depicted in Fig.
1~a!. The double-peaked structure in the DCX spectrum

l
-

FIG. 8. A comparison of doubly differential cross sections f
3He(p1,p2) ~squares! with 3He(p2,p1) ~circles! at 240 MeV
for laboratory angles 25° and 130°. The uncertainties indicated
clude the statistical uncertainty and the systematic uncertain
which depend on the outgoing pion energy.

FIG. 9. A comparison of doubly differential cross sections f
3He(p2,p1) with the prediction of three-body~dashed line! and
four-body~solid line! phase space at 180 MeV for laboratory ang
25° and 130°. The phase space predictions have been normaliz
have the same singly differential cross section as the data.
uncertainty indicated includes the statistical uncertainty and the
tematic uncertainties which depend on the outgoing pion energ

i-
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55 1857PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
FIG. 10. A comparison of the
doubly differential cross section
for 3He(p2,p1) ~squares! and
4He(p2,p1) ~diamonds! at 180
and 240 MeV for laboratory
angles 25° and 130°. Also com
pared are the cross sections f
3He(p2,p1) ~squares! and
4He(p1,p2) ~diamonds! at 120
MeV for laboratory angles 25°
and 130°. The4He data are taken
from Kinneyet al. @12,13#.
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forward angles can be explained as a consequence o
p-wave nature of the single charge exchange~SCX! interac-
tion in theD-resonance region, where the SCX cross sec
is forward and backward peaked. There are three way
which SSCX can produce DCX at forward angles: succes
~a! forward-angle SCX reactions,~b! intermediate-angle
SCX reactions, or~c! backward-angle SCX reactions. Fo
forward-angle SCX, the cross section is large while the
ergy loss is small, so~a! will lead to a high outgoing energy
peak. Similarly,~c! will lead to a low outgoing energy peak
since the most energy is lost by pions which scatter ba
ward. In case~b! the cross section for scattering at interm
diate angles is relatively small, leading to suppressed D
cross sections at intermediate outgoing energies. The
sence of a double-peaked structure in the spectra from h
nuclei @14# is presumably the result of initial- or final-sta
interactions, which will be much more probable in hea
nuclei and will tend to smear out these peaks.

The SSCX model has been the basis of a variety of
culations of DCX@26,36–41#. Almost all have used the fixed
scatterer approximation, in which the specific dynamics
the pN interaction are not included, thereby neglecting t
propagation of the intermediateD within the nucleus as wel
as ignoring the critical impact of Fermi momenta on t
scattering amplitudes. The influence of binding energy is
troduced only into the calculation of phase space. Differ
approximation schemes have been applied, such as clas
and semiclassical cascade calculations@26,37,41# and ap-
proximate solutions to the Boltzmann equation@40#, with
varying degrees of success. To date, only the cascade c
lations of Osetet al. @41,42# attempt to include the effect o
the nuclear medium on the intermediateD propagation. In
the lightest element studied by Oset,9Be, a double-peaked
structure is clearly evident, although the shape differs sign
cantly from that measured@42#.

Other reaction models besides SSCX have been propo
One such is the meson exchange mechanism of Germ
and Wilkin @43# shown schematically in Fig. 1~b!. In their
calculation, the DCX reaction proceeds through scatter
from exchange mesons in the nucleus. This calculation c
pletely ignored spectator nucleon effects, but neverthe
showed agreement with the energy dependence of the
4He DCX cross section better than any other early calcu
tion. Later calculations of Robilotta and Wilkin@44# have
the
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shown that when one includes also the contact pion prod
tion amplitude with the pion-pion scattering amplitude, t
latter mechanism is greatly reduced in strength. The qu
deuteron absorption mechanism of Jeanneretet al. @6#,
shown in Fig. 1~c!, is quite successful in predicting DCX
cross sections on4He at energies above theD resonance. In
this model, a pion is first produced through the react
p1n→p1p2p, and then one pion is absorbed on apn pair.
The success of this model at energies above about 280 M
leads to the conclusion that this three-nucleon process
major contributor to the DCX cross section above theD
resonance. Jibuti and Kezerashvili@45# have made predic-
tions using a model which includes SSCX, meson exchan
and more complicated mechanisms. In their calculation,
initial and final (3He and4He! nuclear states were expande
in a hyperspherical basis, and three- and four-body nonlin
differential equations were solved. However, their results
rather difficult to evaluate, as they appear to agree with d
@7# which were later shown to be incorrect, as well as w
other, presumably correct, data@3#.

The semiclassical SSCX calculation for4He of Kinney
@12# took into account several important nuclear medium
fects, and predicted doubly differential cross sections t
agreed quite well with measured cross sections. We h
repeated this calculation for3He. In this model, which is
based on formalism developed earlier by Thies and Hu¨fner
@40,46#, the incident pion interacts sequentially with the tw
protons only. Hence only the leading, or ‘‘double scatt
ing,’’ term in the transition matrix is used, i.e.,

T5(
i51

A

(
jÞ i

A

t iG0t j , ~3!

where thet i are the in-medium transition operators for sc
tering from thei th nucleon, andG0 is the in-medium pion
propagator. The in-medium transition operator is appro
mated by the freepN transition operator evaluated at a
effective relative energy@47#:

t i~E!5t free~E2Tc.m.2Ui2HA21!, ~4!

whereHA21 is the nuclear Hamiltonian with the dependen
on thei th nucleon separated out,Tc.m. is the center-of-mass
kinetic energy of the system formed by thei th nucleon and
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1858 55M. YULY et al.
the incident pion, andUi is the nuclear potential felt by th
i th nucleon. The nuclear potentialUi is approximated by a
single constant valueU, which is treated as a phenomen
logical parameter. Using a harmonic oscillator model
3He, the central depth of the potentialU was determined
from the 3He binding energy to be about 29.4 MeV, whi
the volume expectation value of the potential is about 1
MeV. The transformation of the reaction angle was treated
suggested by Lenz@47#. The free transition matrix elemen
used in the present calculation was derived from the f
pN cross section predicted by Arndt@48#, which is an em-
pirical energy-dependent phase shift representation of
cross sections.

In order to simplify the calculation, several approxim
tions were necessary. The most severe was neglecting
absorption. This process is thought to be surface peaked
is assumed to affect the cross section simply as an ov
decrease in magnitude, i.e., a reduction of incident fl
Thus, one expects the outgoing pion energy dependenc
the calculated doubly differential cross sections to be m
accurate than their absolute magnitudes. Effects from c
pling to absorption channels in the intermediate or final s
are also neglected. However, DCX must involve an isos
T51 nucleon pair, and absorption is not thought to be i
portant in pion interactions withT51 pairs @49#. Plane
waves are used to describe the pion and neutron contin
states, neglecting distortions.S-state harmonic oscillato
wave functions corrected for nuclear center-of-mass mo
were used to describe the protons; the oscillator param
was determined to be 1.61 fm by reproducing the root-me
square radius of3He measured in elastic electron scatteri
@32,50#. The success achieved by describing quasifree p
scattering as a single nucleon knock-out process@51,23,24#
leads to the approximation of treating the intermedi
nuclear state as one hole plus one free particle.

Selecting the specific amplitude for scattering fro
nucleon 1 to nucleon 2, as is shown in Fig. 11, we may w

Af0~kW8,pW 18 ,pW 28,kW !5E d3qE d3p2^kW8,pW 28ut2uqW ,pW 2&^pW 2uf1s&

3
1

E2q2/2mp2~p18!2/2MN2E1

3E d3p1^qW ,pW 18ut1ukW ,pW 1&^pW 1uf1s&, ~5!

whereE1 is the energy of nucleon 1. This amplitude can
calculated numerically. To simplify the computation, ho
ever, the intermediate pion is constrained to propagate c
sically through the nucleus by performing a Wigner transf
mation @46# and taking the classical limit\→0.

Figure 12 shows the results of this calculation in compa
son with the data; the different curves represent differ
choices for the average nuclear potential. For DCX occurr
in the nuclear interior, the mean potential is approximat
29.4 MeV ~dot-dashed curves!, whereas DCX occurring pri-
marily near the nuclear surface would require a mean po
tial near zero~dashed curves!. The predicted spectra exhib
features qualitatively similar to those seen in the da
namely, a double peak at small angles and a single pea
r
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larger angles. At incident energy 180 MeV, the calculatio
generally overestimate the measured cross sections. Th
presumably due to the approximation of using plane wa
for the pion and knocked-out nucleon wave functions a
neglecting pion absorption. At 240 MeV the sensitivity to t
potential depth is small, and the calculations provide a go
representation of the data for angles forward of 90°.

Given the approximations that have been made in
present SSCX calculation, it is probably not reasonable
expect better agreement with experiment. The fact that
shape and magnitude of the measured cross sections
roughly consistent with the predictions leads to the conc
sion that SSCX is the most likely primary mechanism
volved in the DCX reaction.

C. Inelastic scattering cross sections

Doubly differential cross sections for the3He(p2,p2)
and 3He(p1,p1) reactions are displayed in Figs. 13–1
These spectra are seen to be dominated by a broad peak
the outgoing pion kinetic energy for freepN scattering. This
quasielastic peak is interpreted to be the result of incohe
scattering from each of the nucleons in the target nucleus
some spectra an elastic scattering peak is also seen a
highest outgoing pion energies. Evidence for multiple sc
tering is found in the enhanced cross section on the lo
energy side of the quasielastic peak in the forward-an
spectra at 180 and 240 MeV. These more complex proce
will be discussed later.

It is possible to interpret simply some of the features
the quasielastic peak by a kinematic analysis that inclu
the Fermi motion of the struck nucleon. The energy loss
the pion can be simply related to the momentum of
nucleons as follows, where the struck nucleon has been
sumed to be nonrelativistic:

v5
q2

2MN
1
qW •PW i

MN
1e, ~6!

wherev is the energy loss of the pion,PW f and PW i are the
final and incident nucleon momenta,e is the ‘‘separation
energy,’’ andqW 5PW f2PW i is the momentum transfer. Thi
translates to a quasielastic peak centered atq2/2MN1e with

FIG. 11. Diagram of the SSCX process showing the interme

ate pion momentumqW and the incident and knocked-out nucleo

momentapW 1, pW 2, pW 18 , andpW 18 .
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FIG. 12. Doubly differential cross sections re
sulting from the SSCX calculation of Kinney@12#
at 120, 180, and 240 MeV for laboratory angle
25°, 50°, 80°, 105°, and 130° using the avera
nuclear potentialsU15U250 MeV ~dashed
line!, U15U25217.5 MeV ~solid line!, and
U15U25229.4 MeV ~dot-dashed line!. The
points are the result of the present measureme
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a width of 2qPi /MN . The width of the quasielastic pea
s, and difference between the center of the peak and
average outgoing pion energy for freepN scattering,e,
which have been determined by fitting a Gaussian distri
tion to those doubly differential cross sections greater t
one-third of the height of the quasielastic peak, are listed
Table III. The uncertainty ine was estimated to be either th
change ine when only cross sections greater than two-thi
of the quasielastic peak were included in the fit, or t
change ine required to increase thex2 of the original fit by
one, whichever was greater.

Moniz @52,53# has shown for electron scattering that
simple Fermi gas model is sufficient to describe the gen
features of the quasielastic peak, withe being the ‘‘average
separation energy,’’ andPi related to the Fermi momentum
For pion scattering, however, a constant ‘‘average separa
energy’’ is not sufficient to describe the behavior ofe, which
varies with incident pion energy. In fact,D-hole calculations
predict that the value ofe should increase with increasin
scattering angle@51#.

Cross sections for quasielastic scattering from3He and
e

-
n
in

s
e

al

on

4He are compared in Fig. 19. The scale has been adjuste
give both spectra the same maximum to allow easy comp
son of the shape. The width of the3He quasielastic peak
determined by fitting a Gaussian distribution to the data
20.2 MeV, which is narrower than the width of the4He peak
~25.7 MeV!, and is consistent with the 40% difference se
in electron scattering experiments@54#. Indeed, one expect
the 4He peak to be wider, since the nucleons in4He have a
higher Fermi momentum. The3He quasielastic peak is
shifted by 5.2 MeV toward higher energies with respect
the 4He peak, presumably reflecting the difference in se
ration energy~the binding energy per nucleon in3He is 2.6
MeV, while in 4He it is 7.1 MeV!, plus effects which cause
e to vary with incident energy.

Angular distributions for the inelastic scattering proces
have been obtained by integrating the spectra of Figs. 13
over outgoing pion energy, as described in Sec. IV G. T
resulting differential cross sections are shown in Fig. 20
will be important to keep in mind, in making comparison
with empirical models and theoretical calculations, that th
data represent all inelastic, not just quasielastic, process
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1860 55M. YULY et al.
To compare the differential cross sections for inelas
scattering from 3He with those for scattering from fre
nucleons, normalized free cross sections were obtained.
normalization factor,N, is defined via the relation

FIG. 13. Doubly differential cross sections for3He(p2,p2) at
120 MeV for laboratory scattering angles 50°, 80°, 105°, a
130°. The lower-energy arrow indicates the average outgoing
energy for freepN scattering, while the higher-energy arrow ind
cates the outgoing pion energy for elasticp23He scattering. The
results of the DWIA calculation using the IEP~dashed line! and
FEP~solid line! are also shown. Only the statistical uncertainty a
the systematic uncertainties which depend on the outgoing
energy are indicated.
c

he

dsQE

dV
5
N
3 H 2ds

dV
~p6p→p6p!1

ds

dV
~p6n→p6n!J ,

~7!

where the left side represents the cross section
p623He quasielastic scattering and the differential cro
sections on the right side are the freepN cross sections. A
value ofN was determined forp1 andp2 scattering at each
incident energy by dividing the measured inelastic scatter
cross sections at 105° and 130°~angles where multiple scat
tering should be negligible! by the average freepN cross

d
n

n

FIG. 14. Same as for Fig. 13 but for 180 MeV incident pions
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55 1861PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
sections@see Eq.~7!# given bySCATPI5 @29# and taking the
weighted means of the results at the two angles.N was found
to vary between 1.6 and 2.6~see Ref.@28#!, with the smallest
values occurring at 180 MeV, where the cross section
pion absorption~the dominant effect reducingN below the
‘‘free’’ value of 3! is the largest.

The dotted curves in Fig. 20 represent the cross sect
given by Eq.~7!. Forp1 scattering at 180 and 240 MeV, th
measured cross sections at 80° lie above the curves, pre

5Charge symmetry was assumed, i.e., (ds/dV)(p6n
→p6n)5(ds/dV)(p7p→p7p).

FIG. 15. Same as for Fig. 13 but for 240 MeV incident pions
r

ns

m-

ably reflecting the presence of multiple scattering. At 50
the cross sections are below the curves. Although mult
scattering is certainly present~see the prominent ‘‘shoul-
ders’’ on the low-energy sides of the peaks in Figs. 17 a
18!, the overall cross section is reduced by Pauli blocki
This latter effect is particularly evident at incident ener
120 MeV, where multiple scattering appears, from the sh
of the spectrum, to be small.

D. Comparison of inelastic scattering results
with theoretical calculations

The earliest attempt to model inelastic pion scatter
used the so-called ‘‘pole-mechanism’’@55#, in which the ma-

FIG. 16. Same as for Fig. 13 but for3He(p1,p1).
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trix element is expressed in terms of a virtual dec
A→(A21)1N ~determined experimentally from pickup re
actions! and freepN scattering. Later, semiclassical mode
@56,57# were used in which the pions followed straight-lin
paths through the nucleus, along which they were attenua
The standard method for describing pion inelastic scatte
in the fixed scatterer approximation, however, is the distor
wave impulse approximation~DWIA !. In these calculations
the wave function of the incident and final pion, and of a
knocked-out nucleons, are distorted by the optical poten
of the residual nucleus.

FIG. 17. Same as for Fig. 13 but for3He(p1,p1) at 180 MeV.
y

d.
g
d

al

Pion inelastic scattering has also been calculated using
D-hole approach, which allows theD to propagate through
and interact with, the residual nucleus@47,58–62#, but so far
there has been no fullD-hole calculation for inelastic scat
tering on 3He. Calculations for16O @51,63# and 4He @64#,
however, seem to indicate thatD propagation and interaction
are important effects which must be considered if one is
have a complete picture of the interaction of pions with n
clei.

The general factorized DWIA codeTHREEDEE of Rees,
Chant, and Roos@65,66# has been previously applied to th
3He nucleus by both Kleinet al. @23# and Khandakeret al.

FIG. 18. Same as for Fig. 13 but for3He(p1,p1) at 240 MeV.
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55 1863PION DOUBLE CHARGE EXCHANGE AND INELASTIC . . .
@24,25#. These DWIA calculations for3He were found to
agree quite well with the measured shape and magnitud
the quasielastic peak, except at forward angles where
calculations generally overestimated the cross section.

This code has been used to predict the doubly differen
cross sections for inelastic scattering from3He in the kine-
matics of the present experiment. In this formulation, wh
assumes a quasielastic mechanism, the knocked-out nuc
(N) and spectator system (S) are explicitly included:
3He(p,p8N)S. The knocked-out nucleon phase space is
tegrated to produce an inclusive cross section for quasiela
scattering. The cross sections from protons and neutrons

TABLE III. Positions and widths of quasielastic peaks.e is the
difference between the average outgoing pion energy for freepN
scattering and the energy of the centroid of the quasielastic p
and s is the Gaussian width parameter determined by fitting
data as described in the text.

Incident 3He(p1,p1) 3He(p2,p2)
energy e s e s
~MeV! Angle ~MeV! ~MeV! ~MeV! ~MeV!

120 50° 3.860.7 4.260.4 3.961.0 8.661.3
80° 14.862.4 11.261.8 12.960.4 14.061.8
105° 19.661.4 12.261.8 18.161.4 13.563.8
130° 23.960.5 10.460.7 24.561.1 13.762.2

180 50° 3.760.4 9.661.0 5.260.3 12.060.8
80° 9.860.9 14.160.9 9.761.2 15.461.1
105° 14.460.5 12.061.0 13.860.2 15.360.2
130° 19.260.2 13.060.8 19.261.8 14.160.5

240 50° 5.460.8 14.761.7 4.960.7 15.261.4
80° 8.464.5 18.960.3 5.963.1 18.261.1
105° 11.160.9 18.561.6 7.661.4 20.863.5
130° 15.061.2 15.661.0 12.360.9 17.361.6

FIG. 19. Comparison of quasifree pion scattering on3He and
4He at 240 MeV and scattering angle 130°. The circles are the c
sections for3He(p1,p1) ~right-hand scale! from the present ex-
periment, while the diamonds are those for4He(p1,p1) @12# ~left-
hand scale!.
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then weighted by the number of each species presen
3He, and summed to form the total quasielastic cross sec
The (p,p8N) cross section is determined by evaluati

the transition matrix for specific initial and final states b
factorizing according to the standard DWIA prescriptio
@66#, using the single nucleon wave function for3He of Lim
@67#. The incident and final distorted pion wave functions a
calculated with a modified Klein-Gordon equation@68#
where the potential has the Kisslinger@69# form, using the
energy dependence of thes- and p-wave parameters given
by Cottingame and Holtkamp@70# and the3He charge dis-
tribution of Ref.@32#. The knocked-out nucleon wave func
tion is distorted according to a Woods-Saxon parametriza
of the optical potential in a semirelativistic Schro¨dinger
equation@71#, where only the real part of the optical pote
tial is used to describe the inclusive3He(p,p) cross section
@72#. The half-off-shell transition matrix is approximated b
the pN phase shifts of Rowe, Salomon, and Landau@73#
according to two simple prescriptions@66#. In the initial en-
ergy prescription~IEP!, the half-off-shell transition matrix is
approximated by the on-shell matrix evaluated at the ini
pion energy, while the final energy prescription~FEP! evalu-

k,
e

ss

FIG. 20. Angular distributions for 3He(p2,p2) and
3He(p1,p1) compared with the normalized free nucleon cro
sections~dotted line, see text! and with the DWIA calculation using
the IEP ~dashed line! and the FEP~solid line!. The uncertainties
shown include the statistical uncertainty, the uncertainties aris
from the extrapolation and integration procedure, and the syst
atic uncertainties which depend on the outgoing pion energy
angle.
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1864 55M. YULY et al.
ates the on-shell transition matrix at the final~after scatter-
ing! pion energy.

The results of the calculation are shown as the das
~IEP! and solid~FEP! curves in Figs. 13–18. As was foun
by previous authors@23–25#, the calculation reproduces th
shapes, positions, and magnitudes of the quasielastic p
fairly well, except at 50°. Here the calculated cross sectio
larger than that measured, presumably due to the negle
Pauli blocking. The positions and widths of the peaks cal
lated forp1 scattering are in generally better agreement w
the measurement than is the case forp2 scattering, where
the calculated peaks~particularly at 120 and 180 MeV! are
too narrow and occur at too low an energy. Experimenta
thep6 peak positions and widths are more nearly similar
there is any difference it is in the opposite direction: Ta
III reveals a tendency for a larger widths and smallere
~thus higher energy! for p2 scattering.

In the energy region below the quasielastic peak the
culation underestimates the measured cross section, pa
larly at forward angles. This is almost certainly due to m
tiple scattering with large energy loss, which is not explici
included. Secondary interactions enter implicitly through
distortions of the outgoing wave by the optical potenti
which will redistribute strength from the quasielastic peak
lower outgoing pion energies. The use of an optical poten
for 3He is at best naive, especially for the final-state dist
tions where the pion is in fact interacting with a two-nucle
system following quasifree scattering, and should not be
pected to reproduce the measured spectrum in detail.
most important feature of the distorting potential is its lar
imaginary part arising from pion absorption, which has t
effect of reducing the cross section overall by a large fac
This is illustrated in Fig. 21 in which the PWIA result i
compared with the DWIA result and with the data forp1

scattering at incident energy 180 MeV and scattering an
130°.

FIG. 21. Comparison of the results of the PWIA~dashed line!
and the DWIA ~solid line! calculations using the IEP fo
3He(p1,p1) at 180 MeV and scattering angle 130°.
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The angular distributions predicted by the DWIA calcul
tion are shown in Fig. 20 as the dashed~IEP! and solid~FEP!
curves. In comparing the results with the data, it must
remembered that the model assumes a single pion-nuc
interaction, whereas the measurement includes all inela
scattering processes. The calculated and measured diffe
tial cross sections are in better overall agreement forp2 than
for p1 scattering. This agreement may be fortuitous, ho
ever, since the calculation did not reproduce the shape
magnitude of the quasielastic peak forp2 scattering. The
excess of measured over calculated cross section forp1

scattering at intermediate angles for 180 and 240 MeV
be traced to the ‘‘multiple scattering tail’’ below the quas
elastic peak~see Figs. 17 and 18!. At 50°, it appears that the
effects of multiple scattering and Pauli blocking conspire
produce a largely fortuitous agreement between experim
and theory. At 120 MeV, the large difference between
calculated results using the IEP and the FEP casts doub
the validity of either approximation.

In Table IV the predictions of the PWIA and DWIA mod
els for the total inelastic scattering cross sections,s IS , are
compared with the experimental results, obtained by in
grating the angular distributions as described in Sec. IV
The uncertainties in the theoretical cross sections arise f
the extrapolation procedures used, which were similar
those used in integrating the experimental data. It is seen
the PWIA grossly overestimates the cross sections, whe
the DWIA predictions are generally consistent with the me
surement.

E. Comparison of „p1,p1
…, „p2,p2

…, and „p2,p1
…

cross sections

Simple isospin arguments can be used to predict the r
tive strengths of the inelastic scattering and DCX reactio
For example, using the isospin Clebsch-Gordan coefficie
obtained forpN total isospin states, neglecting theT51/2
channel, and assuming quasifree scattering, yields a ratio
p1 to p2 inelastic scattering cross sections on3He of 1.73.

Table V shows the ratios of the differential and total cro
sections for3He(p1,p1) to those for 3He(p2,p2). One
sees the best agreement with the value of 1.73 at the ce
of theD resonance~180 MeV!, as expected. The ratio move
away from 1.73 at higher and lower incident energies. T
tendency is also exhibited in the data of Kleinet al. @23#.

TABLE IV. Total inelastic scattering cross sections for th
3He(p1,p1) and 3He(p2,p2) reactions, and predictions o
PWIA and DWIA calculations. The uncertainties quoted are d
cussed in the text.

Incident s IS ~mb!
beam Data PWIA DWIA
~MeV! ~IEP! ~FEP! ~IEP! ~FEP!

120p2 6063 117614 7268 91621 57613
120p1 11665 177626 118618 140654 95638
180p2 9868 186614 177612 13068 12068
180p1 169610 326628 313625 160634 156629
240p2 93613 114610 139610 8669 108610
240p1 144611 196617 234618 95615 116617
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TABLE V. Ratios of 3He(p1,p1) to 3He(p2,p2) differential and total cross sections. Statistical a
all systematic uncertainties are included.

Incident
energy s(p1)/s(p2)
~MeV! 50° 80° 105° 130° Total

120 1.7860.15 1.9760.15 1.9960.15 1.9660.15 1.9360.14
180 1.7860.18 1.9060.19 1.9360.19 1.5960.16 1.7260.18
240 1.4660.19 1.8860.23 1.4460.18 1.4360.18 1.5560.24
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One can examine the dependence of this ratio on outg
pion kinetic energy. At the quasielastic peak~especially near
the center of theD resonance at incident energy 180 MeV!,
one would expect the ratio to be close to the predicted va
of 1.73, since at this energy multiple interactions are pres
ably relatively unimportant. Figure 22 shows these ratios
termined at each angle for 120, 180, and 240 MeV. Th
ratios are in the general region of 1.73 over most of the ra
of outgoing pion energy, with close agreement at the qu
elastic peak~indicated by arrows!. One can calculate the
s(p1)/s(p2) ratio assuming only double scattering in th
T53/2 channel, with the result 4.48. On the assumption t
double scattering becomes increasingly important as the
going pion energy decreases, one might expect the meas
ratio to rise toward this value with decreasing energy.
general this behavior is not observed, although a rising tr

FIG. 22. Ratio of the doubly differential cross sections f
3He(p1,p1) to 3He(p2,p2) determined from the data~points!,
the PWIA calculation~dashed line!, and the DWIA calculation
~solid line!. The dotted line at 1.73 is the value given by isosp
assuming pureT53/2 scattering. The uncertainties indicated i
clude statistical and all systematic uncertainties.
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at 50° and 80° for 180 and 240 MeV can be discerned.
The ratios formed from the doubly differential cross se

tions at 240 MeV~as in Fig. 22! might be affected by pion-
induced pion production~PIPP!. Summing the measure
single-nucleon PIPP cross sections@74–76# and distributing
this total cross section according to four-body phase spac
approximate the doubly differential cross section~see Ref.
@77#! produces an increase in the ratio of about 5% at
outgoing pion energy of 20 MeV for scattering at 50°.

The reduction ofs(p1)/s(p2) may be due to the effec
of pion absorption following quasifree scattering. Ap1 will
scatter predominantly from a proton, ejecting it from t
nucleus, leaving apn pair, which can absorb thep1. A
p2, on the other hand, will scatter predominantly from t
neutron, leaving app pair. Since absorption onT51
nucleon pairs is strongly suppressed, thep2 has a larger
probability of surviving to appear in the spectrum.

The decrease in the ratio seen at very low outgoing p
energies may arise from Coulomb distortions, as the rep
sive ~attractive! interaction ‘‘pushes out’’~‘‘pulls in’’ ! the
p1(p2) spectra to higher~lower! energy.

Comparison of the PWIA and DWIA calculations de
scribed previously can be used to obtain a better underst
ing of the effects ofT51/2 scattering and distortions of th
outgoing pion and nucleon waves on the ratio. In the PW
the ratio remains very nearly 1.73, showing that theT51/2
channel has little effect on the ratio even down to the low
measured outgoing pion energy. On the other hand, dis
tion of the outgoing waves, which is included in the rati
calculated in the DWIA, seems to be quite important, ca
ing the ratio to decrease rapidly with decreasing outgo
pion kinetic energy. Some evidence for this behavior is s
in the data, although the calculated effect is generally far
large. This could be due to the choice of pion optical mo
parameters. To check the validity of the Cottingam
Holtkamp parametrization, thep623He elastic scattering
cross sections were calculated and compared with data at
and 180 MeV~see Ref.@28#!. The calculated cross section
are about a factor of 2 too low, suggesting that the absorp
part of the potential is too strong. If absorption were over
timated, s(p1)/s(p2) would be reduced, as discusse
above. In a previous study of elastic and inelastic scatte
on 3He at 100 MeV, Khandaker@25# found that the potentia
that best fitted the elastic data had reduced absorption c
pared with the Cottingame-Holtkamp parametrization, b
that the inelastic cross section was relatively insensitive
the choice of optical model parameters.

One can assess the probability of double scattering
comparing the inelastic and DCX data. If much of th
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1866 55M. YULY et al.
strength at low outgoing pion energies is due to double s
tering, then the low-energy inelastic cross section, scale
account for isospin, may be similar to the low-energy DC
cross section, which requires interaction with both protons
the 3He nucleus. Figure 23 is a plot of the3He(p2,p2) and
3He(p1,p1) scattering cross sections compared to
3He(p2,p1) cross sections at 180 MeV. Th
3He(p2,p2) cross sections have been divided by a factor
5.75 and the3He(p1,p1) cross sections by 25.75; thes
factors are obtained from the isospin Clebsch-Gordan c
ficients assuming that each reaction proceeds via two ste
theT53/2 channel@78#. One sees that forTp< 50 MeV the
spectra have roughly the same shape and magnitude.
fact that the (p1,p1) and (p2,p1) cross sections are gen
erally lower than those for (p2,p2) can be attributed to
absorption competing with the second scattering~or charge
exchange! in each of the former cases.

VI. SUMMARY AND CONCLUSIONS

Both DCX and inelastic scattering yield informatio
about the effect of pion multiple scattering in a nuclear t

FIG. 23. Comparison of the doubly differential cross sectio
for 3He(p1,p1) ~solid circles!, 3He(p2,p2) ~solid squares!, and
3He(p2,p1) ~diamonds! at 50°, 80°, 105°, and 130° for 180 MeV
incident pions. The3He(p1,p1) and 3He(p2,p2) cross sections
have been divided by the isospin factors 25.75 and 5.75, res
tively ~see text!.
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get. To this end, doubly differential cross sections have b
measured for the3He(p2,p1) reaction, and the inelastic
3He(p1,p1) and 3He(p2,p2) reactions at 120, 180, an
240 MeV for scattering angles of 50°, 80°, 105°, a
130°. The DCX cross sections were also measured at
and at 25° and 50° at an incident energy of 210 MeV. O
going pions were detected from about 10 MeV up to t
kinematic limits. The doubly differential cross sections ha
been integrated to obtain both angular distributions and t
reaction cross sections.

The data have been compared with phenomenological
culations for both the DCX and inelastic scattering reactio
For DCX, a calculation was performed using the semiclas
cal SSCX model of Kinney@12#. The results of the calcula
tion agree reasonably well with the measured cross secti
considering the nature of the approximations made. T
modest success of this calculation in describing the d
leads one to believe that SSCX is the dominant mechan
by which the DCX reaction proceeds in this energy ran
For inelastic scattering, a DWIA calculation using th
method of Chant and Roos@65,66# has been performed. Th
results of this calculation agree well with the measured cr
sections. At low outgoing pion energies, the DWIA calcu
tion underestimates the cross section. This can be unders
as a possible effect of multiple scattering, since the DW
calculation explicitly allowed the pion to interact only onc

The ratio of the3He(p1,p1) to 3He(p2,p2) cross sec-
tions is found to be close to 1.73, the value expected ass
ing quasifree scattering andT53/2 dominance. The energ
dependence of this ratio is better reproduced by the PW
than by the DWIA calculation, indicating that distortion
have been over-~under-! estimated forp1 (p2) scattering,
or that the measuredp1 cross section has been enhanced
multiple scattering effects, as expected. Additional empiri
evidence that multiple scattering is occurring at low outgo
energies is found in the comparison of the inelastic and D
spectra. Multiple scattering is expected to be an import
effect in pion-nucleus reactions because of the strength of
pion-nucleon interaction. In fact, if one assumes that
double scattering component of the inelastic scattering c
section is consistent with the DCX cross section scaled
cording to isospin considerations, then double scatter
seems to account for up to 20–30 % of the inelastic stren

The DCX and inelastic scattering processes are rea
ably well understood phenomenologically. However, a m
detailed understanding of the spectra must await more rig
ous self-consistent calculations that describe the produc
and propagation of an intermediateD, as well as its interac-
tion with the nuclear medium.
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Mansky, J. L. Matthews, T. Soos, G. A. Rebka, Jr., and D.
Roberts, Phys. Rev. Lett.62, 1837~1989!.

@32# J. S. McCarthy, I. Sick, and R. R. Whitney, Phys. Rev. C15,
1396 ~1977!.

@33# L. E. Williams, C. J. Batty, B. E. Bonner, C. Tschala¨r, H. C.
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