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Inclusive measurements of thepp˜pnp1 reaction at 420 and 500 MeV
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Inclusive measurements of the pion differential cross sections and analyzing powers have been carried out
for the pp→pnp1 reaction at 420 and 500 MeV using the SASP spectrometer at TRIUMF. Pion energies
from the onset of the continuum down to about 25 MeV were covered in the angular range from 23° to 100°
~lab!. Total cross sections of 0.75060.075 mb and 2.7760.28 mb were determined for thepp→pnp1

reaction at 420 and 500 MeV, respectively. The experimental results are presented and discussed within the
framework of a partial wave analysis. Theoretical predictions from a covariant one-boson-exchange model that
includes final state interactions, provide a good description of the data. The pion spectra, in the region
corresponding to low relativenp energies, are also well described by a final state interaction model that uses
the pp→dp1 cross sections as input. Details of the determination of the background corrections and detector
efficiencies will be discussed.@S0556-2813~99!03606-7#

PACS number~s!: 25.10.1s, 21.45.1v, 24.70.1s
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I. INTRODUCTION

The fundamental pion production reactionsNN→NNp
have been much studied at intermediate energies since
meson factories came into operation nearly thirty years a
These reactions play central roles in the nucleon-nucleon
teraction and in the interaction of a nucleon with a nucle
However, the data on these reactions are far from comp
in providing a comprehensive picture of the field. This
certainly the case for thepp→pnp1 reaction. Recent de
tailed measurements near threshold have become avai
for this reaction@1–3# that seek to explore the role ofs-wave
pion production. Such low-energy pion results make imp
tant connections to soft pion theorems and chiral pertur
tion theory. Other investigations involving kinematical
complete measurements@4,5# of differential cross sections
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and analyzing powers have been made at 800 MeV. In a
tion, analyzing powers and spin correlations have been
vestigated in a number of experiments in the energy ra
from 420 to 1250 MeV @6#. These investigations wer
strongly motivated by the structure observed in sp
dependent proton-proton scattering and their link to the p
sible existence of dibaryon resonances. In the energy ra
from 350 to 500 MeV few cross section and analyzing pow
data exist. A previous study reported inclusive measurem
@7# of pion differential cross sections and analyzing pow
at 400 and 450 MeV. These measurements covered a lim
pion energy range and suffered from limited statistics. E
lier measurements in this energy range are discussed in R
@8–11#. A summary of the data sources in the literature
NN→NNp reactions up to about 1981 can be found in R
@12#. In the present study inclusive measurements are
sented of pion differential cross sections and analyzing p
ers at 420 and 500 MeV that span the pion energy reg
from the onset of the three-body continuum down to pi
energies as low as 25 MeV~lab!. The angular range covere
extended from 23° to 100°~lab!. The internalnp excitation
energies range from 0 to about 80 MeV; thus relativenp
angular momentum valuesl np greater than 0 will be impor-
tant. Only l np50 ~neglecting the deuteronD state! contrib-
utes to thepp→dp1 reaction. Contributions of these highe
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l np values in thepp→pnp1 reaction will be explored in this
investigation.

A more detailed knowledge of thepp→pnp1 reaction is
also important to further our understanding of the role of
primary NN→NNp reactions in the two-bodyA(pW ,p1)B
reactions. This is discussed by Falk@13# in connection with a
phenomenological model of theA(pW ,p1)B reaction.

II. THEORY

There are several theoretical models of theNN→NNp
reaction appropriate to the energy range presently of inte
Ideally, bothNN elastic scattering and single pion produ
tion should be predicted by the same theoretical model. O
such unitary model is that of Dubach, Kloet, and Silbar@14#.
A basic feature of this model is the careful attention given
two- and three-body unitarity. The predictions of this mod
for a variety of spin observables are in moderate agreem
with experiment. Other groups have also developed uni
models, notably Matsuyama and Lee@15#. In this model pro-
vision is made for both the conventional meson excha
mechanisms and the possible dibaryonic excitations of
quark states. More recently, Engelet al. @16# and Shyam and
Mosel @17# have carried out calculations within a framewo
where the dynamics of the production process is descr
by a covariant effective one-boson-exchange mo
~CEOBEM!. The final state interaction effects are treated
the Watson-Migdal theory@18#. In this model all the calcu-
lations are performed in a fully covariant manner. The mo
incorporates the exchange ofp, r, s, and v mesons and
treats both nucleon and delta isobar excitations as interm
ate states. The propagation of the exchanged mesons
intermediate baryons is described by using the correspon
covariant propagators. The parameters of the model~cou-
pling constants and cutoff masses! are determined by fitting
to theNN scattering data over a range of beam energies@16#.
Predictions from this model for the cross section distrib
tions for the current experiment at 420 and 500 MeV will
presented. At the present time this model does not prov
predictions of the analyzing powers.

A common classification of these reactions is provided
their isospin decomposition according to Rosenfeld@9#, des-
ignateds i j . Here i is the isospin of the initialNN system
andj is the isospin of the finalNN system. The reactions tha
shall concern us in the present study are

~a! p1p→d1p1, s10
d ,

~b! p1p→p1n1p1, s101s11,

~c! p1p→p1p1p0, s11.

The two-body and three-body final states where thenp sys-
tem hasT50 are indicated bys10

d and s10, respectively.
Much is known abouts10

d from extensive cross section, an
lyzing power, and spin correlation measurements from inv
tigation of thepp→dp1 reaction and its inverse@19#. On
the other hand,s10 is less well known, in part because an
NN induced reaction that gives rise tos10 is also accompa-
nied by s11 or s01. Thus the investigation of reaction~b!
above, involves a combination of these two isospin term
e
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s- A further, more detailed, classification of the transitio
occurring in thepp→pnp1 reaction is given in terms of the
partial wave amplitudes. An analysis of the differential cro
section and analyzing power distributions to extract th
partial wave amplitudes will be presented in Sec. V C. Ta
I gives the low angular momentum states allowed in

TABLE I. Low-lying angular momentum states and parti
wave amplitudes in thepp→pnp1 reaction.

pp system pn system
Jp S L spn l pn S8 Lp Class Amp

Tpn50 12 1 1 1 0 1 0 Ss a1

01 0 0 1 0 1 1 Sp a0

21 0 2 1 0 1 1 a2

12 1 1 1 0 1 2 Sd a3

22 1 1 1 0 1 2 a4

22 1 3 1 0 1 2 a5

32 1 3 1 0 1 2 a6

02 1 1 0 1 1 1 Pp c1

12 1 1 0 1 1 1 c2

22 1 1 0 1 1 1 c3

22 1 3 0 1 1 1 c4

21 0 2 0 1 1 2 Pd c5

12 1 1 1 2 1 0 Ds c6

01 0 0 1 2 1 1 Dp c7

21 0 2 1 2 1 1 c8

12 1 1 1 2 1 2 Dd c9

22 1 1 1 2 1 2 c10

22 1 3 1 2 1 2 c11

32 1 3 1 2 1 2 c12

Tpn51 02 1 1 0 0 0 0 Ss b0

22 1 1 0 0 0 2 Sd
22 1 3 0 0 0 2

01 0 0 1 1 0 0 Ps b1

21 0 2 1 1 2 0 b2

12 1 1 1 1 0 1 Pp
02 1 1 1 1 1 1
12 1 1 1 1 1 1
22 1 1 1 1 1 1
22 1 3 1 1 1 1

21 0 2 1 1 0 2 Pd
21 0 2 1 1 1 2

21 0 2 0 2 2 1 Dp
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3210 PRC 59R. G. PLEYDONet al.
pp→pnp1 reaction. HereTpn is the isospin andspn andl pn

are the spin and orbital angular momentum of the finalpn

system, which combine to form the channel spinSW 85sWpn

1 lWpn . The pion orbital angular momentum is designated
Lp . The final column gives the partial wave amplitudesai in
a notation which corresponds to that of Blankleider a
Afnan @20# for the isoscalarspn51 and l pn50 final states;
for the isovector final states thebi are the amplitudes define
by Daehnick@21#. The remaining isoscalar final states a
designated with the amplitudesci . For the sake of brevity
many of the partial wave amplitudes for channel spinS8
52,3 and greater have not been shown.

The shape of the pion momentum distribution is det
mined byspn , l pn , andLp . In particular, the final nucleon
states3S1 and 1S0 give rise to a pronounced final state i
teraction ~FSI! that greatly enhances the spectrum at l
relative np energies. Following the designation used
Rosenfeld@9#, the lettersS, P, D are used to specify the
orbital angular momentum statel pn , and s, p, d to specify
the orbital angular momentum stateLp . Together, these two
letters specify the ‘‘class’’ of the transition, as shown by t
second last column in Table I. A general discussion of
anticipated contribution to the cross section of these differ
classes, based on simple physical concepts~dependence o
matrix element on momentum, phase space, final state in
actions, etc.! has been presented by Rosenfeld@9#. Specifi-
cally, the phenomenological pion momentum distributi
@9,10# can be expressed as

FIG. 1. Momentum distributions~c.m.! for the pion differential
cross section as defined by Eq.~1! for the transition classes given i
Table I. The possible Legendre polynomial terms that modu
each of these distributions are indicated.
y
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dpp
}j

mp

Ep

h

Ep
h2Lp11Ql pn11/2. ~1!

Here Q5T02Tp , whereT0 is the maximum pion kinetic
energy andh is the pion momentum in units ofmpc. The
expression comprises the square of the matrix element,
portional to h2LpQl pn, and the phase space factorjhQ1/2;
j5@m(Q14m)#1/2/(Q12m), and m is the mean nucleon
mass. The pion wave function includes the normalizat
factor (mp /Ep)1/2. Final state interactions are accounted f
by multiplying the above expression by the term 1/(Q
1E* ). For the 3S1 pn nucleon stateE* is the binding en-
ergy of the deuteron~2.22 MeV!, and for 1S0 E* is the
energy of the antibound~or virtual! state~0.065 MeV!.

Figure 1 illustrates the pion momentum distributions
defined by Eq.~1! for most of the transition classes given
Table I. These are center of mass~c.m.! distributions calcu-
lated for 500 MeV proton bombarding energy. For conv
nience and brevity, we will at times refer collectively toSs,
Sp, andSdasS-class transitions, and to the others asP-class
and D-class transitions, or evenP/D-class transitions. All
the S-class transitions are qualitatively similar, with the
pronounced enhancement at high pion momentum~low np
internal energy!. However, theSs-class distributions, be-
cause of the FSI, drop less rapidly with decreasing pion m
mentum. The remaining transition classesPs, Pp, Pd, and
Dp are also qualitatively similar. The c.m. momentum a

e
FIG. 2. Momentum distributions~c.m.! for the pion analyzing

powers for the transition classes given in Table I. The poss
associated Legendre polynomial terms that modulate each of t
distributions are indicated.
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angular dependence of the differential cross section is g
by a linear combination of the momentum distributions m
tiplied by appropriate Legendre polynomial functionsPl ;
the multiplying functions that are permitted are noted in F
1. The expression for the cross section~see Sec. V C! also
contains interference terms between the different classe
transitions. For example, there are such interference te
from theSsandSd classes. In this particular case the cor
sponding shape of the momentum distribution is identica
that for theSp transition class. More generally, interferen
between terms in the pion angular distribution can occur o
if the final nucleon states are identical@9#. This immediately
rules out the possibility of interference between terms fr
s10 ands11.
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Analyzing powers, which arise from such interferen
terms between different classes, as well as from interfere
within classes, also have associated momentum distribut
which fall into two main groups. This is illustrated in Fig. 2
In parallel to that for the cross section, the expression for
c.m. momentum and angular dependence of the analy
power is given by a linear combination of the momentu
distributions multiplied by appropriate associated Legen
polynomial functionsPl

1 ; the multiplying functions that are
permitted are noted in Fig. 2.

The expression for the pion angular dependence in
pp→pnp1 reaction in terms of the amplitudes defined
Table I is obtained from basic reaction theory@22# and is
given by
ds

dV
~u,f! [SmS8m8]5u (

LLpJ
~21!LaLpS8LS

J
~SmL0uJm!~S8m8Lpm2m8uJm!YLp

m2m8~u,f!u2. ~2!
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HereaLpS8LS
J represents the partial wave amplitudes,ai ,bi ,

ci . S and S8 are the initial and final channel spins, respe
tively, L is the initial orbital angular momentum, andLp the
pion orbital angular momentum, as defined in Table I. T
quantization axis is in the direction of the incident prot
beam. Partial spin cross sections, more appropriate to
present case of a transversely polarized beam, are related
simple way to the sums appearing in the above express
The product terms of the spherical harmonics are easily
interpreted in terms of the Legendre functions. Because
the very large number of terms that result, the coefficients
the products of the amplitudesa ia j* cannot be presente
here. However, a comparison was made with the tabula
of Blankleider and Afnan@20# for those terms involving the
ai amplitudes. The present formulation led to expressi
that were identical to those of Ref.@20# for the differential
cross section and and the analyzing power.

III. THE EXPERIMENT

A. Polarized proton beam

The experiment was performed in the proton hall of t
TRIUMF laboratory using the large acceptance second
spectrometer~SASP!. Polarized proton beams from the op
cally pumped polarized ion source~OPPIS! were extracted
from the TRIUMF cyclotron at energies of 500 and 4
MeV, with a momentum dispersion on target
211 cm/%. Beam intensities ranged from approximat
0.1 to 8 nA, depending on spectrometer angle and magn
field setting, and the beam polarization was typically in t
range from 70 to 75 %. The beam polarizationP was mea-
sured using an in-beam polarimeter~IBP! ~Ref. @23#!.

Energy calibration of the incident proton beam was c
ried out using the measured pion energies for thepp
→dp1 reaction, obtained from the acceptance calibrat
runs. From eleven measurements at each beam energy
latter was determined to have the values 499.8560.28
-

e

he
n a
n.
e-
of
f

n

s

m

y
tic
e

-

n
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60.53 MeV and 419.7960.2860.36 MeV. The first error
represents the standard deviation in the measurements
the second the systematic error from the uncertainty in
reaction angle and the SASP momentum calibration.

The number of beam protonsNp was measured using th
IBP and a secondary emission monitor~SEM! ~Refs.
@23,24#!, positioned upstream and downstream of the targ
respectively. These two instruments were calibrated in p
vious experiments using a Faraday cup and provided in
pendent measurements of the beam intensity. A problem
uncovered with the SEM at very low beam intensities
'0.1 nA; in effect, the ratio of the SEM current to the IB
current increased at these currents by about 5%. An expl
tion consistent with these observations, and later qua
tively verified by measurement, was the existence of an S
dark current. Empirical corrections were made to account
this. A second problem with the use of the SEM is that it
a charge integrating device with an output rate of,10
pulses/s atI 51 nA. Hence this device could not be used
measure separately the proton flux for spin up and spin do
beam polarizations at the high spin-flip frequency of 40 H
since there are insufficient pulses from the integrator for e
period of spin up or spin down. Consequently, the SEM w
used to measure the total proton flux, and the IBP was u
to determine the division of this total flux between the up a
down spin states. Several further issues related to the b
flux measurements will be discussed in a later section.

B. Liquid hydrogen target

The target constructed for this experiment provided th
target cells within the cryostat, one for liquid hydroge
(LH2), one for liquid deuterium (LD2), and an empty
~dummy! cell for background measurements. In addition
ZnS beam-viewing screen, backed with a layer of CH2, was
mounted outside of the cryostat. The actual LH2 cell con-
sisted of two 25.4mm thick stainless steel foils mounted o
a 0.5 cm thick ring, 7 cm in diameter. The absolute press
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3212 PRC 59R. G. PLEYDONet al.
within the cell of 16.0 to 16.5 psi resulted in bulging of th
foils to produce a central cell thickness of 0.9860.02 cm.
Changes from one target cell to another could be acc
plished remotely, while changes in target angle had to
made manually.

C. SASP spectrometer

Pions were detected in the SASP spectrometer@25#. This
spectrometer is a quadrupole-quadrupole-dipole~QQD! mag-
netic system with a dispersion/magnification ratio of 4
cm/%. It has a solid angle exceeding 12 msr, depending
software cuts, and a momentum acceptance, expresse
terms of the percentage momentum deviationd5@(p
2p0)/p0#3100, extending well beyond the210 and115 %
design limits. Herep0 is the momentum of the central tra
jectory. Because of the relatively short flight path of abou
m it is well suited for the detection of pions. The resoluti
at the design maximum central momentum of 660 MeV/c is
0.02 %Dp/p. A detailed account of the design and operati
parameters of the spectrometer has been presented@26#. It is
instrumented with a front end multiwire drift chamber~FEC!
at the entrance to the first quadrupole, and two vertical d
chambers~VDC1 and VDC2! and a scintillator hodoscope
comprising two layers of scintillators, at the exit of the d
pole.

D. Data recording

The event trigger was defined in terms of coincide
events in each of the scintillator elements and the first pl
of VDC1. By not including the FEC in the event trigge
considerably higher beam currents could be tolerated.
ticle identification of the pions was obtained from partic
time-of-flight ~with respect to the cyclotron rf! and energy
loss in the focal plane scintillator.

Each foreground run with the LH2 target was accompa
nied by a background run with the empty~dummy! cell. In
order to cover the full momentum range of the outgoi
pions from thepp→pnp1 reaction up to five momentum
settings of the spectrometer were required. The highest
mentum setting for each angle was always chosen to pos
the peak from thepp→dp1 reaction atd'12%, where the
acceptance of the spectrometer was still close to unity.
cross sections from this reaction were used for monitor
and normalization of the data.

IV. ANALYSIS

A. Data reduction

The event-recorded data were analyzed with the prog
NOVA @27#. Pion events were selected on the basis of th
energy loss in the scintillator and time-of-flight~TOF!
through the spectrometer. An example of this event selec
is shown in Fig. 3, where well defined groups of pions a
muons are identified. In some cases the TOF did not sepa
the two groups adequately and other means had to be us
effect the separation. This will be discussed in Sec. IV
The large intensity of the muon group, relative to that of t
pion group, will also be addressed there. The wire cham
information from the FEC and VDC’s was used to reco
struct the particle trajectories. Aberration corrections in
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bend-plane coordinateu as defined in the TRANSPORT
convention@28#, had to be applied in order to optimize th
resolution. Particle trajectories extrapolated back to the
get position served as the basis for making cuts for the fi
event selection. Representative of the target distributions
the plots of Fig. 4, showing the position (Xi) and angle (u i)
in the spectrometer bend plane, and the position (Yi) and
angle (f i) in the nonbend plane. Cuts were placed on th
four variables at 63.5 cm, 6100 mr, no cuts, and
660 mr, respectively.

Each event was corrected for the mean energy loss in
target, corresponding to corrections of 0.5 to 2 MeV/c to
the pion momentum. Because of the large acceptance
SASP (643 mr in the scattering plane! a large kinematic
spread is present. A correction was thus also applied
shifted the momentum value~preserving the samenp invari-
ant mass! to the value that would be observed at the cen
scattering angle of the spectrometer. Figure 5 shows a
mentum spectrum taken at an angle of 24° and 420 MeV,
a field setting that includes the peak from thepp→dp1

FIG. 3. Particle identification spectrum showing particle ene
loss in the scintillator as a function of the output of the time
digital converter~TDC!. The time scale is 0.25 ns/channel. Time
flight increases to the left.

FIG. 4. Reconstructed pion trajectories at the target posi
showing the position (Xi) and angle (u i) in the spectrometer bend
plane and the position (Yi) and angle (f i) in the nonbend plane.
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reaction. The resolution is 1.1 MeV/c ~FWHM!, which is
nearly adequate to effect a clean separation between the
body peak and the onset of the continuum.

A composite wire chamber efficiency was determined
the ratio of the number of events where each of the cham
~FEC and VDC’s! had one, and only one, properly decod
track, to the number of events identified as pions, toge
with a hit in one of the planes of the FEC. The VDC ef
ciency results were tested by further calculations where v
ous combinations of 2, 3, and 4 VDC planes were cons
ered. These showed the variations expected due to
correlations in the hit patterns for adjacent planes, but
veracity of the composite values as defined above was
firmed. The errorehCh

in the calculated efficiencyhCh is
given by @29#

ehCh
5AhCh~12hCh!

N
,

whereN is the number of times the efficiency condition
evaluated.

The computer livetime was defined ash live5 latch/event,
where event is the number of events satisfying the trig
condition and latch is the number of events processed by
detector electronics. The error in this quantity is defin
similarly to the error inhCh , above.

Corrections to the measured pion flux to account for
decay of pions in the spectrometer system were investig
in a Monte Carlo study. This study yielded an effective sp
trometer lengthLeff , from which the pion survival probabil
ity hp was calculated using the expression

FIG. 5. Pion momentum spectrum taken at 420 MeV and 4
The three-body continuum begins 2.5 MeV/c below the two-body
peak.
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hp5exp@~2mpc3Leff!/~tc3pp!#.

Heretc57.804 m, is the pion decay length. Because of
large acceptance of SASP this effective length depends
the central momentum setting of the magnet and on the fo
plane position of the event. For central trajectories,Leff var-
ied from 7.6 m at 300 MeV/c to 8.3 m at 80 MeV/c.

The acceptance of the SASP spectrometer as a functio
the percentage momentum deviationd was calibrated using
pions from thepp→dp1 reaction. Pion decay correction
as well as all the other corrections made in the cross sec
calculations~discussed below!, were applied.

In order to adequately account for the large variations
eSASP and hp associated with different events, the quant
1/(eSASPhp), was calculated and stored for each event. T
event weight thus represents the yield information norm
ized for the relative spectrometer acceptance and the
survival fraction.

The spin-dependent differential cross section for a giv
momentum interval was calculated according to the exp
sion

d2s/dVpdpp5Np /@hChh liveNpNtDVpDpp#.

HereNp is the number of events, normalized for the relati
spectrometer acceptance and the pion survival fraction
discussed above, andNp andNt are the number of inciden
protons and the number of target nuclei per cm2, respec-
tively. The solid angle is given byDVp and the pion mo-
mentum interval isDpp . This expression applies to the tota
spin up or spin down cross section, according to the sele
input quantities. The background subtracted cross sec
was next calculated

d2s/dVpdpp5d2s/dVpdpp~LH2!

2d2s/dVpdpp~dummy!.

Denoting the differential cross section of the above e
pression simply bys, for brevity, the spin averaged differ
ential cross section is given by

s5
@P~↓ !s~↑ !1P~↑ !s~↓ !#

@P~↑ !1P~↓ !#
.

Here↑ and↓ refer to the spin up and spin down direction
the incident beam polarization, respectively. The analyz
power is given by the expression

AN05
@s~↑ !2s~↓ !#

@P~↓ !s~↑ !1P~↑ !s~↓ !#
.

B. Pion decay and muon background

Pion decay corrections discussed previously account
the loss of pion flux because of the'8 m distance between
the target and the scintillator hodoscope. Two other proble
related to pion decay were identified in this experiment. T
first is related to the measurement of a low cross sec
continuum in the presence of a large flux of pions in t
target region. For example, at 500 MeV and a spectrom
angle of 24°, pions from thepp→dp1 reaction and the
early part of the continuum from thepp→pnp1 reaction,

.
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3214 PRC 59R. G. PLEYDONet al.
have momenta of'290 MeV/c and give rise to decay
muons with momenta of 160 to 300 MeV/c. These muons
are strongly focussed in the direction of the original pi
velocity. While the flux of muons at the higher momentum
not significant relative to the strength of the detected p
flux, this is not the case for the 160 MeV/c muons, where
the pion continuum cross section is already much lower. F
thermore, the muons, with their 2.2ms lifetime suffer neg-
ligible decay, unlike the pions.

A second Monte Carlo study was undertaken to inve
gate the transport of muons, generated between the ta
and the entrance of the spectrometer, to the top end dete
system. The pion flux generated at the target was mod
from the currently measuredpp→dp1 and pp→pnp1

cross sections. Fortunately, in some of the continuum m
surements good TOF separation between pions and m
was achieved, and these could be used to test the M
Carlo predictions. In Fig. 6 several such comparisons
tween the measured and predicted muon spectra are
sented. The agreement is not uniformly good, which is
too surprising since the muon-generating pion flux, and
transport through the system, could be modeled only
proximately. However, while the intensity of the muon spe
trum was subject to considerable uncertainty, the calcula
shape was judged to be much more reliable. In addition,
degree of separation of the muons from the pions had to
estimated in the pion identification spectrum, before the s
traction could be made. Consequently, the calculated m
spectrum was normalized to the experimental muon sp
trum and a 30% error included in the subtraction. Figure
shows the complete momentum distribution of the differe
tial cross section and analyzing power for 500 MeV and 2
before and after correction for the muon background. Si
the muons have a 2.2ms half life the calculated muon spec
trum was divided by the pion survival fraction before carr
ing out the subtraction. The bump which appears
'160 MeV/c arises from the decay of pions from thepp
→dp1 reaction, where the muon is produced at 180° in

FIG. 6. Measured muon spectra, together with the Monte C
predictions~solid line!, ~a! 420 MeV, 55°,~b! 420 MeV, 75°,~c!
500 MeV, 24°,~d! 500 MeV, 85°.
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pion center of mass frame. The positive analyzing power
thepp→dp1 reaction is reflected in the bump inAN0 at this
same momentum. The corrected analyzing power is given

Ac5
smAm2smAm

sm2sm
,

wheresm is the measured unpolarized cross section,sm the
muon unpolarized cross section, andAc , Am , andAm are the
corrected, measured, and muon background analyzing p
ers, respectively. For this particular angle the correct
seems to be underestimated, since the corrected spectru
the analyzing power still exhibits a slight bump
'160 MeV/c.

A second effect of pion decay is the presence of long t
at the base of the approximately Gaussian momentum
sponse function of the system. The main Gaussian com
nent had a typical width@full width at half maximum
~FWHM!# of about 2 MeV/c for 300 MeV/c pions, most
of which is contributed by the energy loss spread in the
get. Tails on this peak arise from decay muons that h
momenta and directions very close to those of the origina
pions and are sufficiently similar in their TOF that the
cannot be distinguished from pions. Assuming symmetry,
tail on the low-momentum side of thepp→dp1 reaction
peak was approximated by the measured tail on the h
momentum side of the peak, and directly subtracted. T
strength of this tail and the effect of subtraction from t
continuum is shown in Fig. 8; typically these tails repr
sented a 2 to 15 %background in the region where the co
tinuum was at its maximum. Finally, a response function

lo

FIG. 7. Momentum distributions before and after subtraction
the muon background for 500 MeV and 24°.
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the magnetic spectrometer to a monoenergetic pion gr
was defined from the measured tails and used to perfor
deconvolution of the continuum. This deconvolution resul
in the subtraction of a nearly linear background varying fro
6 to 13 % of the measured spectrum over the range from
to 300 MeV/c.

C. Results

The experimental distributions of the differential cro
sections and analyzing powers, after corrections for
above effects, are shown in Figs. 9–12. The curves show
these figures will be discussed in Secs. V and VI. An eva
ation of the normalization uncertainties and the errors in
data is presented in the following section. Here we ma
several observations about the data, insights for which
came apparent during detailed fitting and the extraction
the partial wave amplitudes. At 420 MeV and 25.1°,
shown in Fig. 9, data from the highest momentum spectro
eter bite does not match smoothly with the data from
second bite in the region of'175 MeV/c. The problem
seemed to be with the highest momentum bite data in
region'173–190 MeV/c. Fortunately, the number of suc
data points is relatively small compared with the much lar
number near the peak. The outcome of the analysis was
strongly influenced by these points. At the same energy
at 34.9° the cross section over most of the pion momen
range was considerably larger than that of any plausible
subsequently made; these data were considered to be u
able and were omitted from the fitting procedure. Whet
the problem with these data is a result of muon contam
tion, which was not properly accounted for in the bac
ground subtraction procedure, or some other effect, rem
unclear.

D. Normalization and errors

1. Statistical errors

Statistical uncertainties were calculated for all the qua
ties that enter the expressions for the cross sections and
lyzing powers@Np , hCh , h live , Np , P(↑), andP(↓)]. Typi-
cally these errors were very small in all, except possibly

FIG. 8. Subtraction of the tail on thepp→dp1 reaction peak
from the pp→pnp1 reaction continuum. The tail from thepp
→dp1 peak is represented bysd which, after subtraction, yields
ss .
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first quantity. In addition, statistical errors arising from th
muon subtraction, the subtraction of the tails on the pe
and finally the deconvolution, were added in quadrature
the above. In Figs. 9–12 these combined statistical errors
shown.

2. Systematic errors

The solid angle of the SASP spectrometer depends
complex way upon the cuts applied to the reconstructed
ticle trajectories. Generous cuts were used in the current
periment and this, together with the experience of ear
studies, led to an estimation of the solid angle ofDV
513.564% msr. Target thickness uncertainty, noted
Sec. II B, contributed a62% error, and the target angl
uncertainty,61%. Normalization of the pion yield to ac
count for the SASP acceptance and the pion survival fr
tion, as expressed througheSASPandhp ~Sec. III A!, contrib-
uted a63% error. From the experimental calibration data
the SEM and IBP the estimated error in the proton flux m
surement is62% for each device. For the IBP this does n
include the uncertainty in the thickness of the CH2 polarim-
eter target; the latter is difficult to establish, given the lar
variations in density that characterize commercially availa
CH2 foils. For this reason the SEM was used for the absol
proton flux measurement. Combining the above errors yie
a normalization uncertainty from these sources in the cr
section data of66%.

However, through the use of two different CH2 foils in
the IBP at each of the two beam energies it was establis

FIG. 9. Differential cross section distributions for thepp
→pnp1 reaction at 420 MeV. The errors shown on the data poi
are the statistical errors only. The solid line is a fit to the d
according to Eq.~6!. The dashed line is a calculation from th
covariant one-boson-exchange model that includes FSI effects.
dot-dash line is a calculation without FSI effects.
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3216 PRC 59R. G. PLEYDONet al.
that there was an internal inconsistency of about 6% in
proton flux measurements at the two energies. If it is
sumed that the IBP gives the correct relative proton fl
~since it depends on the well knownpp elastic cross sec
tion!, then the total charge measured by the SEM is'6%
low at 420 MeV, relative to that at 500 MeV. Calculate
cross sections at 420 MeV will be correspondingly high
this amount. In anticipation of thepp→dp1 reaction re-
sults, discussed below, all the 420 MeV cross section d
were reduced by 6%.

3. pp̃ dp1 reaction results

A measurement of the differential cross section and a
lyzing power of thepp→dp1 reaction was automatically
included at each of the angles for which measurements o
pp→pnp1 reaction were carried out. These measureme
provided important checks on the data extraction proced
and ultimately on the cross section normalization and be
polarization. The results are shown in Table II, together w
the accepted values obtained fromSAID @30#. Only the statis-
tical errors are indicated for the measured data. As expla
above, the 420 MeV cross section data have been reduce
6%. The agreement of the measured and accepted valu
the analyzing powers is very good at both energies, w
differences typically about 0.01. The cross sections at
MeV tend to be lower than theSAID values by 0.961.9%,
while at 420 MeV the cross sections are higher than theSAID

values by 1.662.8%. The overall agreement of the measu

FIG. 10. Differential cross section distributions for thepp
→pnp1 reaction at 500 MeV. The errors shown on the data po
are the statistical errors only. The solid line is a fit to the d
according to Eq.~6!. The dashed line is a calculation from th
covariant one-boson-exchange model that includes FSI effects.
dot-dash line is a calculation without FSI effects. The 55° and 1
data were taken without the FEC and are subject to an additi
10% normalization uncertainty.
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pp→dp1 cross sections with those ofSAID are thus well
within the bounds of the normalization uncertainty of66%.

Also shown in this table, under the heading PPID, a
values for thepp→dp1 reaction calculated from a param
etrization of the Bugg amplitudes@19# as discussed in Falk
@13#. These also are in good agreement with bothSAID and
the current experimental measurements, and are used in
final state interaction model calculations described in the
lowing section.

4. pp̃ pnp1 reaction results

In addition to the normalization uncertainty of 6% app
cable to thepp→dp1 reaction, several further normaliza
tion uncertainties apply to thepp→pnp1 reaction. These
arise from the uncertainty in the muon background (66%)
and the uncertainty in the subtraction of the tails on the p
and the deconvolution (65%). Adding these quantities re
sults in a normalization uncertainty of610% for the pp
→pnp1 reaction data.

A comparison of the present data with the data from R
@7# was made by plotting the peak cross sections as a fu
tion of the pion lab angles. Since the energies for the pres
measurements are 420 and 500 MeV, vs 400 and 450 M
for the earlier ones, only a general observation can be m

s
a

he
°
al FIG. 11. Analyzing power distributions for thepp→pnp1 re-
action at 420 MeV. Errors shown on the data points are the sta
tical errors only. The solid line is a fit to the data according to E
~7!. The dashed line is an application of the FSI prediction acco
ing to Eq.~8!.
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PRC 59 3217INCLUSIVE MEASUREMENTS OF THEpp→pnp1 . . .
the two data sets appear entirely consistent in terms of
magnitudes and the angular dependence of the peak c
sections.

V. COMPARISON WITH MODEL CALCULATIONS

A. Final state interaction model

While the agreement of the present experiment for
pp→dp1 reaction cross sections with expected values
very satisfactory, as discussed above, this is not necess
sufficient confirmation for the veracity of thepp→pnp1

reaction cross sections. This is so because of the contin
nature of the latter reaction and the smallness of the c
section. An independent assessment of the cross section
the onset of the continuum can be made through a comp
son with the two-bodypp→dp1 reaction as described be
low.

For reactions such aspp→(pn)p1, where there is a fina
(pn) pair that can remain in a bound, as well as an unbo
state, Boudardet al. @31# have shown that a simple relation
ship connects the amplitudes for the two processes. The
pression of this relationship is

M ~pp→$np%kp
1!52A 2pm

a t~k21a t
2!

e2 idM ~pp→dp1!.

~3!

FIG. 12. Analyzing power distributions for thepp→pnp1 re-
action at 500 MeV. Errors shown on the data points are the st
tical errors only. The solid line is a fit to the data according to E
~7!. The dashed line is an application of the FSI prediction acco
ing to Eq.~8!.
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Here a t5Ame, wherem is the average nucleon mass,e is
the deuteron binding energy, andd is the uncoupledS-wave
triplet phase shift at relative momentumkW . The basis for this
relationship is the observation that when a scattering w
function is extrapolated to the bound state pole, the resu
proportional to the bound state wave function. Hence
S-wave proton-neutron scattering

lim
k→ ia t

H 2Aa t~k21a t
2!

2p
e2 idck

t(2)~r !J 5cd~r !. ~4!

By introducing the phase space factors for the two- a
three-body final states into the expressions for the respec
cross sections, and making several kinematic approxi
tions, they obtain

d2s

dVdx
~pp→$np%p1!5

p~x!

p~21!

Ax

2p~x11!

3
ds

dV
~pp→dp1!. ~5!

The internal excitation energy of thenp systemQ is related
to x through the expressionx5Q/e5k2/me. In the overall
c.m. frame,p(x) is the momentum of the pion in thepp
→pnp1 reaction andp(21) the momentum of the pion in
the pp→dp1 reaction. These quantities are evaluated at
same c.m. energy, hence the same bombarding energy.

Implicit in the above analysis is that the quantum numb
of thenp pair are the same as those of the deuteron, nam
S51 andT50. These restrictions thus limit the applicabilit
of the model to thes10 cross section, and onlypn Swaves.
Boudard et al. @31# have applied the above model to th
cross section data of thepp→pnp1 reaction at 400 and 450
MeV ~Ref. @7#!. Within the limited rangeQ,20 MeV of the
data, and the rather large statistical errors, very good ag
ment was observed.

We have used this model and carried out a simultane
fit to the present data at all angles over a small range
excitation energy. Since thes11 cross section is already sig
nificant, even at 420 MeV, this contribution was first su
tracted from the experimental data. The details on thes11
cross section are given in Sec. V B. The independent c
section data for thepp→dp1 reaction that was used in thi
comparison was obtained from the parametrization PPID
noted in connection with Table II. Results of this fitting pr
cedure are shown in Figs. 13 and 14, at 420 MeV and
MeV, respectively. Thex2 values~per degree of freedom!
for the fits were 3.0 and 4.2, with absolute normalizatio
~defined assexp/s th) of 0.98 and 0.96, at 420 MeV and 50
MeV, respectively. Primarily, the largex2 values appear to
arise from differences in the angular distributions betwe
the experimental data and the inputpp→dp1 reaction val-
ues. It should be noted that the steeply rising portion of
curves were not included in the fit. Also, for the 55° spe
trum at 500 MeV, where the FEC chamber data were m
ing, a shift in the momentum scale of a few MeV/c is ap-
parent between the experimental data and the calcul

s-
.
-
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3218 PRC 59R. G. PLEYDONet al.
TABLE II. Experimental values of thepp→dp1 differential cross sections and analyzing powers,
gether with the predictions PPID andSAID. The cross sections are given in the lab frame. Statistical er
only are shown; the overall normalization uncertainty is66%.

Tp u lab ds/dV (mb/sr) AN0

~MeV! ~deg! Exp PPIDa SAIDb Exp PPIDa SAIDb

500 23.6 670.563.3 695.0 698.3 0.28660.006 0.239 0.262
35.0 370.961.5 377.1 377.1 0.23960.005 0.202 0.230
45.0 201.461.4 204.3 202.8 0.12160.009 0.084 0.103
55.0 130.6 128.8 20.01360.007 20.027 20.027
65.1 114.460.5 116.3 115.0 0.01660.005 20.002 20.004
75.2 122.860.5 124.3 123.8 0.10160.004 0.083 0.089
85.1 136.360.7 133.0 132.9 0.16460.007 0.141 0.154

100.0 133.6 134.0 0.21260.006 0.173 0.186

420 25.1 298.960.9 292.3 297.0 0.07360.003 0.058 0.079
34.9 182.160.8 169.0 171.9 20.01360.004 20.031 20.007
45.0 93.660.5 93.9 92.4 20.18460.007 20.209 20.199
55.0 61.460.5 63.2 60.2 20.34960.008 20.344 20.367
65.1 58.160.3 56.9 55.3 20.31760.006 20.294 20.307
75.1 58.960.2 59.5 59.7 20.16460.005 20.167 20.162
85.1 63.260.2 62.1 63.3 20.07160.004 20.071 20.059

100.0 60.4 61.4 0.00660.006 0.002 0.014

aFrom the parametrization discussed in Ref.@13#.
bFrom phase shift solution SP94 of Ref.@30#.
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curve. Nevertheless, given that the calculation represent
absolute independent assessment of the cross section
agreement is very good.

B. Contribution of s11

An estimate of the pion production cross sections defi
in the introduction can be obtained from the isospin deco
position parametrization of VerWest and Arndt@32#. For
s10

d , s10, ands11 the values~in mb) are 1047, 704, and 120
respectively, at 420 MeV, and 2224, 1945, and 494, resp
tively, at 500 MeV. Thus, while thes11 cross sections are
considerably smaller than thes10 cross sections, they are no
negligible. Moreover, the c.m. angular distribution of the d
ferential cross section corresponding to thes11 term is quite
different from that for thes10 term, and this may have
large effect on the shape of the pion momentum distributi
in the laboratory frame.

Experimental data on thes11 cross section is availabl
through a number of studies, and particularly the study of
pp→ppp0 reaction@33#. In the common form in which this
differential cross section is generally expressedds/dV} 1

3

1b cos2u, b'0.05 with a large uncertainty, and approx
mately constant from 400 to 700 MeV. The energy dep
dence of s11 deduced in thepp→ppp0 reaction study
can not be used directly in thepp→pnp1 reaction, because
of the difference in the masses ofp1 andp0. It is reasonable
to assume that the cross sections will be approximately e
at the same c.m. pion momenta. In this manner thes11 cross
sections at 420 and 500 MeV in thepp→pnp1 reaction
were estimated to have values of 69 and 502mb, respec-
tively. The latter value is in good agreement with the Ve
West and Arndt value quoted above, while the one for 4
an
the

d
-

c-

s

e

-

al

-
0

MeV is much lower. Values for b of 0.054 and 0.041 we
used at 420 and 500 MeV, respectively.

The shapes of the c.m. pion momentum distributions w
modelled from the ones given in thepp→ppp0 study, as
expressed by Eq.~1!. These are nearly symmetrical bel
shaped functions, dropping to zero at the minimum a
maximum pion momentum. Final state interaction effects
the maximum pion momentum appear to be quite sm
above 400 MeV.

From the complete specification of the c.m. different
cross section for thes11 term, laboratory pion momentum
distributions were generated for each of the angles of
pp→pnp1 reaction study. These results did, indeed, in
cate that thes11 term makes a large relative contribution
the spectrum, particularly for c.m. angles around 90°.

C. Partial wave amplitude analysis

The formalism introduced in Sec. II leads to the followin
expression for the c.m. pion differential cross section:

4p
d2s

dVpdpp
~up ,pp!5(

g,l
Ag l f g~pp!Pl~cosup!. ~6!

The symbolg on the pion momentum distribution functio
f g(pp) labels the transition class~or classes! that are repre-
sented in the distribution~see Fig. 1!. Each of these momen
tum distribution functions was normalized to unity, name
* f g(pp)dpp51. The Ag l comprise bilinear sums of the
products of the partial wave amplitudes Re(a ia j* ) defined in
Table I. In addition, they include all the angular momentu
coupling terms that arise from Eq.~2!. These quantities are
treated as the unknowns in the fitting procedure and th
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values extracted from the data. Knowledge of theAg l thus
provides a measure of the strength of a particular clas
transitions. However, the strength of the individual amp
tudes~or product of amplitudes! within a given class of tran-
sitions, cannot be determined from this procedure, si
there is insufficient information available. In a similar fas
ion the expression for the analyzing power distribution
given by

4p
d2s

dVpdpp
~up ,pp!AN0~up ,pp!

5(
g,l

Bg lgg~pp!Pl
1~cosup!, ~7!

where theBg l comprise bilinear sums of the products of t
partial wave amplitudes Im(a ia j* ), and gg(pp) is the mo-
mentum distribution function~see Fig. 2!.

Since an experimental pion momentum distribution a
fixed laboratory angle represents a wide range of c.m. ang
it was most convenient to transform the theoretical distri
tions, represented by Eqs.~6! and ~7!, to the laboratory
frame, rather than to transform the experimental data to
c.m. frame. The laboratory theoretical functions were th
used in a fit to the experimental data for all the angles sim
taneously to extract, first theAg l , and subsequently theBg l .
Typically these fits involved about 200 data points at 4
MeV and about 350 data points at 500 MeV.

FIG. 13. Final state interaction fits according to Eq.~5! to the
peak region of the momentum distributions at 420 MeV.
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1. Cross sections

Such fits to the cross section distributions are shown
the solid lines in Figs. 9 and 10 for 420 and 500 Me
respectively. With the exception of the high momentum p
of the 25.1° spectrum and the 34.9° spectrum at 420 M
~as explained in Sec. IV C! these curves represent genera
good fits to the data over the whole momentum ranges fo
the angles. Nevertheless, thex2 values~per degree of free-
dom! for these fits was unusually high at'5. A likely ex-
planation for this lies in the difficulty of representing th
SASP acceptance and pion decay correction over the
wide acceptance of the spectrometer. Despite the calibrat
and modeling of these effects the data at the ends of a g
momentum bite did not always match smoothly with the a
jacent bites. The contribution to thex2 because of such mis
matching is large. By adding a 3% error to each data po
thesex2 were reduced to values less than 2.

What is well established from the fitting procedure are
overall coefficientsAl5(gAg l , i.e., the coefficients of the
Legendre polynomials. The results are given in Table III, a
represent an average over a number of fits where diffe
input assumptions and constraints were used. Of the two
of results shown for 420 MeV, the first one does not inclu
a P4 term in the fitting procedure. The second fit shows th
including aP4 term alters theP2 term about 10%. Only the
fitting errors are shown in the table; not included is the ov
all data normalization uncertainty. The total cross section
given by the coefficient ofP0. Since thes11 cross section
was first subtracted before the fitting procedure was car
out, the coefficients of 681 and 2266mb represent thes10

FIG. 14. As above, for 500 MeV. The 55° and 100° data we
taken without the FEC and are subject to an additional 10% n
malization uncertainty.



o

at

he
tr
am

io

on

th
ec
s

t
or
fo
in

a;

in

ol
rie
re
s

n
0

ial
e
ted

ple
this
any

e
-

-

ize

le
e
b-

fall
. 1
he
sec-
ince
the
ch
lier

wo

si-

the

in-

n
s all

g
e
ype

e

3220 PRC 59R. G. PLEYDONet al.
total cross sections. As noted in Sec. V B the formulation
VerWest and Arndt@32# gives values of 704 and 1945mb,
respectively. TheP4 coefficients are poorly established;
both energies the improvement in thex2 obtained by includ-
ing a P4 term was negligible.

Also shown in Table III are comparison results for t
pp→dp1 reaction. These were obtained from the parame
zation PPID, discussed in Sec. IV D 3, evaluated at the s
bombarding energy of 420 and 500 MeV. TheP0 and P2
coefficients are observed to be comparable for both react
and for both energies. This reflects the dominance of thea2
resonant amplitude. The presence of this amplitude al
leads to equalP0 andP2 coefficients.

2. Analyzing powers

Fits to the analyzing power distributions are shown by
solid lines in Figs. 11 and 12 for 420 and 500 MeV, resp
tively. Unlike the situation for the cross section distribution
here no subtraction for thes11 analyzing powers was firs
made to the data; these analyzing powers are only po
established@33#. Consequently the fits represent results
the measured experimental analyzing powers, compris
s10 ands11. Equation~7! requires cross section input dat
the fitted results from the above section~includings11) were
used for this. These fits, using only the statistical uncerta
ties in the data points, resulted inx2 values close to unity.
The extracted coefficients of the associated Legendre p
nomials are given in Table IV. Once again, the table ent
represent an average over a number of fits where diffe
input assumptions and constraints were used. Of the two
of results shown for 420 MeV, the first used onlyS-class
terms in the fit. The difference between it and the seco
entry suggests thatP/D-class terms are not important at 42
MeV.

TABLE III. Coefficients Al5(gAg l (mb) in the Legendre
polynomial expansionPl of the differential cross section for th
pp→pnp1 reaction.

P0 P2 P4

420 MeV 66567 53968 a

681611 604642 71610
1047 1147 43 pp→dp1

500 MeV 226669 2103642 68653
2300 2437 2107 pp→dp1

aP4 term not included in this fit.
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Table IV also shows the associated Legendre polynom
coefficients for thepp→dp1 reaction. These were onc
again obtained from the paramterization PPID, and evalua
at the bombarding energies of 420 and 500 MeV. A sim
comparison between the reactions cannot be made in
case because the analyzing power is very sensitive to
additional terms that are present in thepp→pnp1 reaction
~including, of course, the contribution ofs11). Thus, for ex-
ample, theP1

1 term at 500 MeV has opposite signs for th
pp→pnp1 andpp→dp1 reactions. This is not too surpris
ing since, for thepp→dp1 reaction, contributions from the
terms Im(a1a2* ) and Im(a2a6* ) are both large and of oppo
site sign.

3. Contribution of P/D-class terms

The coefficients presented in Tables III and IV summar
the primary results of the present experiment for thepp
→pnp1 reaction. Fortunately, additional information, whi
not at the individual amplitude level, but at the level of th
contribution of the different transition classes, can be o
tained. Because the momentum distribution functions
into two main groups, as noted in connection with Figs
and 2, with each group comprising a different set of t
transition classes, the contribution of each to the cross
tion and analyzing powers can be assessed. However, s
these groups of functions do not form an orthogonal set,
uncertainties in determining the contribution of each is mu
greater. This information was already contained in the ear
analysis and is now presented in Tables V and VI.

We first discuss the cross section results in Table V. T
columns appear under each of the headingsP0 andP2, rep-
resenting the further breakdown into different sets of tran
tion classes. The coefficientsAG l represent a limited sum
over g of the Ag l . Thus the second column labeledSs
1Sp1Sd represents contributions, expressed in terms of
amplitudes of Table I, fromua0u2,ua1u2,ua2u2,ua3u2, etc.; the
fourth column labeledSp1Sd represents contributions from
ua2u2, . . . ua6u2, Re(a0a2* ), and Re(a1a3* ). Hence, the first
column under each of the Legendre polynomial headings
cludes the transition classes where thepn orbital angular
momentum state isl pn50. For convenience we will refer to
these collectively asS-class transitions. The second colum
under each of the Legendre polynomial headings contain
the remaining terms forl pn51,2. Collectively these will be
referred to asP/D-class transitions. Practically, the fittin
was limited toPp1Pd1Dp in this category, as the tabl
indicates. Furthermore, possible cross terms of the t
TABLE IV. CoefficientsBl5(gBg l (mb) in the associated Legendre polynomial expansionPl
1 of the

analyzing power for thepp→pnp1 reaction.

P1
1 P2

1 P3
1 P4

1

420 MeV 2138.663.0 14.863.6 26.861.5 23.861.2 a

2143.161.5 14.761.3 21.661.1 23.161.2
284.3 23.7 56.2 2.1 pp→dp1

500 MeV 2259.264.8 33.163.8 172.062.2 23.360.8
318.6 60.2 228.3 11.9 pp→dp1

aS-class only terms included in fit.
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TABLE V. CoefficientsAG l (mb) in the Legendre polynomial expansionPl of the differential cross
section for thepp→pnp1 reaction.

P0 P2

Ss1Sp1Sd Pp1Pd1Dp Sp1Sd Pp1Pd1Dp

420 MeV 66567 53968 a

673610 10615 576638 38657

500 MeV 2027626 239619 19676510 1826510

aS-class only terms in this fit.
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SsDs, SsDd, SpDp, SdDs, andSdDd that appear in the
expression for the cross section were not included in
fitting procedure. Doing so would have resulted in a funct
set that was much too large, leading to results that could
be interpreted. A meaningful division of theP4 term into
S-class andP/D-class terms could not be made. The fi
entry in Table V for 420 MeV shows a fit usingS-class terms
only. Comparing this result with the second entry that u
bothS-class andP/D-class terms suggests thatS-class terms
alone are sufficient at this energy. On the other hand, at
MeV the P/D-class terms are important, although not ve
large, in theP0 coefficient. Large uncertainties are asso
ated with the two terms that make up theP2 coefficient.

A similar division of the coefficients of thePl
1 for the

analyzing powers into groups involvingS-class cross terms
only, and those involvingPP-class terms, are shown in th
heading of Table VI. The first column under each of thePl

1

represents the former terms. Specifically, a term likeSsSp
would include a contribution from Im(a1a2* ), while PpPd
would include a contribution from Im(c2c5* ). The coeffi-
cientsBG l thus represent a limited sum overg of the Bg l .
The table shows that at 420 MeV the non-S-class terms are
generally small, with significant uncertainties. This is cons
tent with the observation for the cross section that at 4
MeV S-class terms alone appear to be sufficient to desc
the data. At 500 MeV the non-S-class terms are clearly im
portant. Indeed, usingS-class terms only resulted in a ver
poor fit to the analyzing power data.

D. Phenomenological description of the analyzing powers

A phenomenological interpretation of the earlierpp
→pnp1 reaction study@7# made a prediction of the analyz
ing powers based on the analyzing powers of thepp
→dp1 reaction. This prediction involved calculation of th
pp→dp1 analyzing powers at the pion c.m. angle and p
momentum observed in thepp→pnp1 reaction. Analyzing
powers calculated in this way were in good agreement w
e
n
ot

t

s

0

-

-
0
e

h

experiment. The equivalent formulation is obtained by
modification of the FSI calculation, Eq.~5!, that now be-
comes

d2s

dVdx
~pp→$np%p1!

5
P~21!

P~x!

E~x!

E~21!

Ax

2p~x11!

ds

dV
~pp→dp1!.

~8!

Here P and E are the c.m. incident proton momentum a
energy. The two reactions are now evaluated at quite dif
ent c.m. energies, except whenQ is small. This expression
should be a good approximation, to the extent that the fi
pn state is3S1. Applying this expression to the calculatio
of the analyzing powers leads to the results shown by
dashed lines in Figs. 11 and 12. With the exception of
more forward angles the analyzing powers are surprisin
well represented by Eq.~8!. Even for the forward angles
there is good agreement in the vicinity of the highest p
momenta. This level of agreement emphasizes the close
nection between the two-body and three-body final state

E. Covariant one-boson-exchange model

In Sec. II a brief description was given of a covaria
one-boson-exchange model@16,17#. Predictions from this
model for the cross section distributions are shown in Figs
and 10. All the parameters used in these calculations are
same as those given in Refs.@16,17#. The dashed lines rep
resent the full calculations in which FSI effects are include
the dot-dash lines are calculations without the FSI effe
The laboratory angle information in these figures applies
the experimental data; the theoretical calculations were m
at 5° intervals, i.e., 25°, 30°, etc. Most notable is the lar
TABLE VI. CoefficientsBG l (mb) in the associated Legendre polynomial expansionPl
1 of the analyzing

power for thepp→pnp1 reaction.

P1
1 P2

1 P3
1

SsSp1SpSd PpPd SsSd1SdSd PpPp SpSd PpPd

420 MeV 2137624 27611 20618 21166 3566 21466

500 MeV 122685 2382640 60657 279613 18867 216617
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difference between the two calculations in the vicinity of t
highest pion momenta. Without the FSI the calculatio
greatly underpredict the cross sections in this region. T
general shape of the theoretical curves with the FSI follo
the shape of experimental data very well over most of
momentum range. However, the experimental data hav
stronger angular dependence; thus while the larger angle
fit rather well, at forward angles the data are quite a
higher. The total cross sections given by this model are 0.
and 2.532 mb for the energies of 420 and 500 MeV, resp
tively. This compares with the experimental values
0.75060.075 and 2.7760.28 mb at these two energies, r
spectively.

VI. SUMMARY AND CONCLUSIONS

Differential cross sections and analyzing powers ha
been measured for thepp→pnp1 reaction over the pion
angular range from 24° to 100°~lab! at 420 and 500 MeV.
The inclusive measurements in this single arm experim
covered pion~lab! energies from the onset of the three bo
continuum to energies as low as 25 MeV. The totalpp
→pnp1 reaction cross sections extracted from the analy
were 0.75060.075 and 2.7760.28 mb at these two ener
gies, respectively. These values include the contribution
both T50 andT51 final isospin states~i.e., s10 ands11).
Values fors11 could not be separately ascertained, but w
fixed at values of 69 and 502mb, respectively, deduce
from the pp→ppp0 reaction. The errors shown above a
dominated by the overall normalization uncertainty
610%. A summary of the earlier data for thepp→pnp1

reaction is presented in Fig. 16 of Ref.@2#. The results from
this experiment are consistent with these earlier data
have error bars which are much smaller. Calculations fr
the parametrization of VerWest and Arndt@32# ~a curve for
which is also shown in the above figure! lead to values of
0.82 and 2.44 mb, respectively, at these two energies.
dictions from the one-boson-exchange model~with FSI!
@16,17# are 0.681 and 2.532 mb for these two energies,
spectively. Both are a bit smaller but within 10% of th
results of this experiment.

The coefficientsA0 andA2 in the Legendre expansion o
the differential cross section are well established from
present analysis, as shown in Table III. However,A2 has a
somewhat greater uncertainty because it is not indepen
of the value of theA4 coefficient. The latter was not we
established in this analysis. Also of note is the fact that
ratio A2 /A0 is approximately unity for both thepp
→pnp1 and pp→dp1 reactions for both of the energie
This is consistent with the dominance of the resonanta2
amplitude.

Table IV shows that the coefficientsBl in the associated
Legendre expansion of the analyzing powers are well es
lished from the present analysis, with small uncertainties
the dominant terms.

An effort to further subdivide the coefficientsAl and Bl
into S-class and non-S-class terms was presented in Tables
and VI. The evidence is not compelling that the latter ter
are necessary at 420 MeV. However, they are essentia
500 MeV, where the analyzing powers in particular, cou
not be fit usingS-class terms only. The internalnp excitation
s
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energies can attain values as high as 50 and 85 MeV at
lowest measured pion energies, for bombarding energie
420 and 500 MeV, respectively. Thus it is not surprising th
there should be contributions from transitions involvingl pn
.0. Perhaps surprising is the observation that such con
butions appear to be so small at 420 MeV.

The shapes of the pion momentum distribution functio
are quite different for theSsandSpclass transitions becaus
of FSI effects, as shown in Fig. 1. Thus for this case alon
is possible to make some statement about the contribution
the cross section of the individual amplitudesa1 and a0
1a2. Table VII indicates these contributions as obtain
from the analysis of Sec. V C. At energies from threshold
330 MeV the contributions of these amplitudes has been
sented by Daehnick@21#. A power law dependence of th
square of these amplitudes is indicated;ua1u2}h2.9 and
ua2u2}h4.4, with the same dependence fora0 as fora2. Ex-
trapolating from these lower-energy data to the energies
420 and 500 MeV results in the cross section contributio
shown in the second last column of Table VII. The stro
disagreement of these values with those from the pre
experiment indicates that such an extrapolation is not va
Indeed, at these higher energies the magnitude ofua1u2 has
leveled off, whileua2u2 is increasing at a rate more rapid tha
h4.4. Simple phase space considerations@9# predict depen-
denciesh2 andh4 compared with the values of 2.9 and 4.
Table VII also gives the contributions of these amplitudes
the pp→dp1 reaction cross sections. For further compa
son we note that thea1 contribution to this reaction actually
drops from 420 to 500 MeV, while for thepp→pnp1 reac-
tion it remains constant. Thea1 amplitude contribution
dominates the cross section in thepp→pnp1 reaction up to
330 MeV @21#, decreasing to about 7% at 500 MeV.

The results presented in Tables V, VI and VII, and t
related discussions, clearly depend on the momentum di
bution functions~Figs. 1 and 2! that were used in the analy
sis. How the various conclusions would be modified with
different set of distribution functions is not easy to asse
short of a complete reanalysis using different input assum
tions. Unfortunately, there are no other theoretical pred
tions for these distribution functions appropriate to this e
ergy range. The above concerns do not apply to the res
presented in Tables III and IV; the coefficients in these tab
were quite insensitive to a range of fitting attempts wh
different constraints were imposed.

The predictions of the covariant one-boson-exchan
model, with the inclusion of FSI effects, provide a very go
fit to the experimental data, in general. However, the exp

TABLE VII. Contribution to thepp→pnp1 cross section (mb)
of the amplitudesa1 and (a01a2).

Exp Daehnicka pp→dp1 b

420 MeV a1 19365 288 78
a01a2 47165 318 907

500 MeV a1 193614 650 55
a01a2 1831614 1092 1910

aExtrapolated from the low energy results of Daehnick@21#.
bCalculated from the parametrization PPID@13#.
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mental data show a stronger angular dependence. Cal
tions from this model without FSI effects greatly underp
dict the cross sections at the higher pion momentum val
Thus in this region of low relativepn energies FSI effects
are very pronounced and must be included in any mode
this reaction. Total cross section predictions of the CEOBE
model are somewhat lower, but within 10% of the curre
experiment.

In the present form of the CEOBEM model, the rescatt
ing among the final particles is considered to be independ
of the primary pion production process. Inherent therein
the assumption that the reaction takes place over a very s
region of space, which is expected to be well fulfilled f
reactions at low energies. Otherwise, the distortion of
final state will have to be calculated more precisely using
same interaction as that leading to pion production. Mak
these changes represents a major new theoretical unde
ing.
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The CEOBEM introduces some new elements in the p
nomenological analysis of the present reaction as comp
to earlier such models. It highlights the importance of p
forming the calculations in a fully covariant way which wa
lacking in the previous models@14,15,34–36#. It is possible
to describe the production of bothp1 and p0 in pp colli-
sions near the kinematical threshold within one consist
picture within this model. At the same time, there is n
unrestricted freedom to choose the parameters of the m
so as to fit the pion data.
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