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Kinematically complete measurement ofpp˜pnp1 near threshold
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Cross sections forpp→pnp1 have been measured at incident proton energies of 294.3, 299.3, 306.3, 314.1,
and 319.2 MeV (0.11,h,0.42) to investigate hadronicp1 production near threshold. Pion angular distribu-
tions are presented for 294.3, 299.3, and 319.2 MeV. At 294.3 and 299.3 MeV they are consistent with
isotropy, indicatings-wave dominance for the angular momentum of thep1pn system. The shapes of the
pn, np1, andpp1 invariant mass distributions provide further evidence for dominance ofs-wave mecha-
nisms close to threshold. At 319.2 MeV significant anisotropy indicates contributions from higher partial
waves. The total cross sections show an energy dependence consistent with an early partial conservation of
axial current based calculation and with a recent calculation that considers onlys-wave contributions. Tenta-
tive values for the strongest contributing partial wave amplitudes are presented.@S0556-2813~97!01307-1#

PACS number~s!: 25.10.1s, 11.40.Ha, 13.75.Cs, 21.30.Cb
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I. INTRODUCTION

The study of pion production processes close to thresh
originally was initiated in order to explore the application
fundamental symmetries to near-threshold phenomena.
rent algebra and soft pion techniques@1# were utilized, and
isospin symmetry and general commutation relationships
tween operators were exploited. A central hypothesis in th
investigations was the partial conservation of axial curr
~PCAC!, where the pion current is taken as the primary m
diator for low energy processes such as pion decay, Gam
Teller neutron decay, and pion-nucleon scattering. The r
tions derived from these considerations are called the
energy theorems, and modern models often use them as
starting point. Chiral perturbation theory@2# has recast thes
ideas in modern language and has put them on a firmer
oretical basis. Experimental capabilities have now develo
to the point where these ideas can be tested in detail. S
the primary application in nuclear physics has been to n
threshold photoproduction ofp0 mesons from the proton
The leading order chiral perturbation theory calculations@3#
are in good agreement with thep0 cross section data from
Bonn @4#.

*Present address: Department of Physics and Computer Sci
Christopher Newport University, Newport News, Virginia 23601
†Present address: Thomas Jefferson National Accelerator Fac

Newport News, Virginia 23606.
‡Present address: Physics Department, Western Michigan Un

sity, Kalamazoo, Michigan 49007.
560556-2813/97/56~1!/20~18!/$10.00
ld

ur-

e-
se
t
-
v-
a-
w
eir

e-
d
far
r-

The major subject of this paper is an experimental stu
of pp→pnp1 very close to threshold. Gell-Mann and Wa
son @5# and Rosenfeld@6# examined the properties of pio
production throughpp as well asgp collisions near thresh-
old, including thepp→pnp1 reaction. They used genera
isospin and phase space arguments to predict the spin,
pin, and energy dependence of the cross section and in
duced much of the terminology forpp inelastic reactions in
use today. Schillaci, Silbar, and Young@7# used these idea
to calculate the energy dependence of the total cross sec
of all pp inelastic channels near threshold. They used PC
for the pion vertex, the Adler-Dothan theorem@8# to simplify
the calculation, and fittedNN phase shifts.

Modern hadron facilities such as the Indiana Univers
Cyclotron Facility~IUCF! have the capability for much im
proved accuracy in pion production experiments very clo
to threshold. The first results from the Indiana Cooler ri
were published by Meyeret al. @9# for the total cross section
of pp→ppp0. The lowest beam energy used was 5.4 M
abovep0 threshold, where the maximum pion energy in t
center-of-mass~c.m.! frame was 2.3 MeV. Since the thresh
olds differ for various hadronic pion production processes
is convenient to present results in terms ofh, the maximum
pion momentum in the c.m. frame measured in units of
pion mass. In this notation the data of Ref.@9# closest to
threshold haveh50.186. Recent results from CELSIU
~Uppsala! @10# for the same interaction are in excelle
agreement with the data of Meyeret al., and withh as low
as 0.08 extend thepp→ppp0 data even closer to threshol
~the maximum pion kinetic energy in the c.m. frame at th
lowest energy is 0.40 MeV!. Older total cross section mea
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56 21KINEMATICALLY COMPLETE MEASUREMENT OF . . .
surements forpp→ppp0 from TRIUMF @11# are of lower
accuracy, but in agreement with the more recent resu
TRIUMF results of differential cross sections and analyz
powers for pp→dp1 have been published by Korkma
et al. @12# and of total cross sections fornp→dp0 by Hutch-
eon et al. @13#. The lowest energynp→dp0 data have
h50.015. The first experimental cross sections
pp→pnp1 near threshold~with a minimum h of 0.112!
were reported in a recent Letter by the present authors@14#.
The pion angular distributions were shown to be close
isotropic, indicating sensitivity to thes wave. This paper
provides a more complete analysis of the same data set

A major interest in experiments near threshold is the p
sibility to learn about thepNN vertex. Within a few MeV of
threshold, thes wave will dominate unless there is a near
resonance. Experiments at intermediate energy facilities h
previously studied the role of theP33 pN resonance~the
D) that peaks at 1232 MeVpN c.m. energy and has a widt
of 120 MeV. Experiments at totalpN c.m. energies well
below theD mass are required to deduce the strength of
pN s wave and compare it with theoretical predictions.
conjunction with a calculation that focused on the effects
theD intermediate state, Lee predicted that theD contribu-
tion to pp→pnp1 ~which can enter through either theNN
or pN interaction! is roughly 15% of the total cross sectio
@15#. Similarly, a recent calculation of Engelet al. suggests
that the contribution of a delta isobar is not important
energies below 350 MeV@16#.

Current determinations of the on-shellpNN coupling
strength by low energyNN andpN scattering experiment
agree to within about 5%, but the off-shell dependence
much less certain and has proved to be quite model de
dent. The off-shellpNN interaction is masked in most ex
periments by the strength of theD resonance. It is often
parametrized in terms of a vertex range~also referred to as a
cutoff momentum! in a monopole form factor with publishe
results in the range of 0.6–1.5 GeV/c. Determinations based
onpN data@17,18# tend towards the low end of that interva
and fits toNN data give the higher values@19,20#. The fit to
pp→dp1 by Vogelzang, Bakker, and Boersma@21# also
requires a vertex range below 0.9 GeV.

The diagrams expected to contribute most strongly
NN→NNp reaction close to threshold are shown in Fig.
Since the pion momentum must be provided by two nuc
ons, direct production from a single nucleon@Fig. 1~a!#
would normally be a minor contributor inNN→NNp reac-
tions. A more likely contribution comes from the rescatteri
diagram shown in Fig. 1~b!. Close to threshold the ex
changed particle should be the pion because of its low m
but the contribution of other mesons@Fig. 1~c!# and theD
resonance@Fig. 1~d!# in the intermediate state must be co
sidered. All of the diagrams in Fig. 1 depend on t
s-wave pNN strength. Intermediate state particles are
shell, and their momentum is not fixed even when the ex
nal kinematics are fixed.

Evidence fors-wave dominance in the hadronic pion pr
duction processes is mixed. For thepp→dp1 reaction, the
analyzing power seen by Korkmazet al. @12# is significant
even at the lowest beam energy, 3.2 MeV above thresh
This implies a strongp-wave~or higher angular momentum!
pN strength independent of any model. On the other ha
s.
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dominance of thes-wave pN reaction for thepp→ppp0

data seemed established based on the observation tha
energy dependence follows the phase space for a rea
mechanism withs waves in both theNN andpN interac-
tions @9#. However, the magnitude of the cross section w
not explained by calculations based on the traditional
proach of Koltun and Reitan or Miller and Sauer@22,23#,
where only pion-mediated interactions were included a
evaluated on shell. The total cross sections obtained in th
calculations were a factor of about 5 smaller than the exp
mental results. The simplest diagrams are insufficient eve
carefully calculated using modernNN potentials. Part of the
explanation is that the leading pion rescattering diagram
suppressed forp0 production because the isospin indepe
dentpN scattering length~often parametrized asl1) is un-
usually small.

Schillacci, Silbar, and Young@7# used on-shells-wave
pNN information and had to estimate the off-she
NN→NN interaction in the intermediate state, which led
an estimated uncertainty of a factor of 2, a range that
include the new IUCFpp→ppp0 cross sections@9#. Subse-
quent calculations by Lee and Riska@24# and Horowitz,
Meyer, and Griegel@25# are similar in spirit although the
NN scattering diagrams are explicitly calculated. All of the
authors use onlys-wave pion production. The last two ca
culations add reaction mechanisms involving isoscalar he
mesons in the intermediate state@Fig. 1~c! with a s or v#.

The discussion about the appropriate treatment
pp→ppp0 is continuing. A different explanation for the un
derprediction has been advanced by Hernandez and Oset@26#
who generate a large off-shell pion rescattering contributi
A recent paper by Hanhartet al. @27# reexamines the as
sumptions of the above formulations by treating the had
kinematics exactly and by including all terms in the pio
production Hamiltonian. It is of interest that their result f
direct pion production@Fig. 1~a!# has a smaller magnitud
~factor of roughly 2! than the earlier calculations@9,23,22#
and a somewhat different energy dependence. With a dif
ent formalism than Hernandez and Oset they also fin
much smaller enhancement due to the off-shell effects

FIG. 1. Diagrams showing the most basic processes contribu
to theNN→NNp reactions. Diagram~a! signifies direct produc-
tion, ~b! indicates pion rescattering,~c! involves heavy meson ex
change, and~d! is production through theD resonance.
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22 56J. G. HARDIEet al.
pion rescattering. Finally, two calculations using a hea
baryon formulation of chiral perturbation theory have be
published@28,29# for pp→ppp0. They evaluate the direc
diagram, pion rescattering, and the lowest orderD diagram,
and obtain total cross sections a factor of about 5 lower t
experiment@9#.

In 1996 Engelet al. @16# published a relativistically cova
riant one-boson-exchange calculation that presents cross
tions for pp→ppp0 as well aspp→pnp1 for the energy
range of 300 MeV to 2 GeV. The neglect of final state int
actions in the published study significantly diminishes th
expected accuracy near threshold. However, a recent re
by Shyam and Mosel@16# rectifies this omission and obtain
cross sections within about 25% of thepp→pnp1 cross
sections presented below, as well as of the availa
pp→ppp0 data.

Previous to this experiment, the lowest beam energy
which modern cross sections were published was 400 M
@30#, compared to a threshold energy of 292.3 MeV. F
earlier data closer to threshold, the separation
pp→pnp1 from pp→dp1 was difficult and ambiguous
Thus, s-wave dominance had not been established
pp→pnp1. The present experiment was designed to m
sure the angular distributions forpp→pnp1 to address this
issue@14#. The experimental difficulties inpp threshold ex-
periments are considerable. Unless an essentially pur
windowless hydrogen target is used, pion production fr
target impurities or the target windows will dominate. In th
experiment one must measure a small cross section, of o
1 mb, by either detecting very low energy pions or reacti
nucleons that are confined to very small laboratory ang
The Indiana Cooler Ring provided a suitable site for this ty
of work. The standard internal target is a reliable, windo
less hydrogen jet of adequate density~up to
1016 atoms/cm2), and beam improvements in recent yea
have led to a very low level of background. In addition,
large-aperture 6° bending magnet was designed and inst
for this experiment and has become a permanent part o
ring. As a consequence the detection of reaction protons
neutrons at very small angles became practical, and k
matically complete measurements could be made for the
ergies of interest.

In this paper, we present and discuss differential cr
sections for the reactionpp→pnp1 near threshold. Beam
energies from 294.3 MeV~2 MeV over threshold! to 319.2
MeV were used. At the lowest energy, the maximum p
c.m. kinetic energy is 0.86 MeV. By completely determini
the final state momenta, we can calculate the cross sec
with respect to any variable. A more detailed, unpublish
account of the analysis methods is available@31#. Since a
novel experimental technique was employed, we present
tails of the experiment and a discussion of the normaliza
and acceptance issues. Cross sections will be presented
respect to beam energy, thep angle in the c.m. frame, an
the pn, pp1, andnp1 invariant masses.

II. EXPERIMENTAL CONSIDERATIONS

A. Kinematics

The threshold for the reactionpp→pnp1 is 292.3 MeV.
Very close to threshold, the reaction products have neglig
y
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kinetic energy in the center-of-mass frame. This means
all three reaction products emerge near 0° in the labora
frame. For energies above the pion production threshold,
nematics give the maximum laboratory frame scatter
angleu i of the i th particle as

tanu i5
b i

gc.m.bc.m.A12b i
2/bc.m.

2
, ~1!

wheregc.m. andbc.m. are the usual relativistic kinematic pa
rameters of the center-of-mass frame relative to the lab
tory frame.b i is the maximum velocity of thei th particle in
the center-of-mass frame, and is given byb i5Pi /Ei where

Ei5
Ec.m.
2 1mi

22~mj1mk!
2

2Ec.m.
, ~2!

andEc.m. is the total c.m. energy. Table I shows the ma
mum laboratory scattering angle for all three particles a
function of incident beam energy. In order to make a kin
matically complete measurement of this reaction it is nec
sary to detect two of the outgoing particles. We decided
detect the nucleons for two reasons. First, the geometr
the jet target assembly and of the experimental site make
difficult to design a detector system which would allow d
rect detection of the pions over their full angular rang
whereas the restricted laboratory angle for the nucleons
duces the physical size and cost of the detectors. Secon
large fraction of the lowest energy pions would decay bef
reaching a suitable pion detector.

B. Accelerator requirements

The experiment was performed at the ‘‘T’’ site of th
IUCF Cooler Ring where the beam undergoes a 6° bend
its original configuration the T site contained two small 3
bending magnets with narrow gaps that did not permi
satisfactory detection of reaction products. We construc
and substituted a large-gap 6° magnet, which functions b
as a ring bending dipole and as a low resolution spectro
eter. The entrance aperture of this magnet is 12.5 cm high
19 cm wide. This arrangement is shown in Fig. 2. Since
magnetic rigidity of the reaction protons is approximate
half that of the beam, a reaction proton emerging at 0° w
be bent by about 12° while the unscattered beam protons
only bent by 6°. Neutrons will of course not be deflected
all. This experimental geometry allowed measurement of
reaction products down tou50°. Reaction protons could b
detected over a range from about 3° to the right of the be
to 17° to the left of the beam.

TABLE I. Kinematic limits of the laboratory polar angles fo
the outgoing particles in the reactionpp→pnp1.

Beam energy umax
p .umax

n umax
p

~MeV! ~deg! ~deg!

294.3 4.75 16.5
299.3 8.8 31.7
306.3 12.3 47.4
314.1 15.2 65.7
319.2 16.8 180.0
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56 23KINEMATICALLY COMPLETE MEASUREMENT OF . . .
Threshold measurements place special requirement
accelerator performance. The strong energy dependenc
pion production cross sections near threshold require
small incident energy spread and a stable central beam
ergy. Schillaci, Silbar, and Young@7# predicted a total cross
section forpp→pnp1 of about 1mb and an energy depen
dence ofds/dE50.5 mb/MeV for a beam energy of 294.
MeV ~2.0 MeV above threshold!. The IUCF Cooler ring pro-
vides a beam energy resolution of aboutDE/E51024 and is
also stable to this level of accuracy. This translates into
inherent error of 0.01mb at our lowest beam energy. A mor
serious systematic error in beam energy arises from any
certainty in the ring circumference. The beam velocity
given by

b5
L f

Hc
, ~3!

whereb is the velocity of the ring protons,L is the ring
circumference,f is the ring rf frequency,H is the ring har-
monic ~i.e., how many beam bunches are stored in the rin!,

FIG. 2. Top view drawing of the CE03 detector stacks at
IUCF Cooler T site. DC1 and DC2 are the (x,y) drift chambers.
The detectors calledDE, E, neutron hodoscope, and veto are
plastic scintillators. The recoil detector is a position-sensitive so
state detector mounted inside the first pumping stage of the ga
target. As our coordinate frame we choose thez axis in the beam
direction at the target. Thex axis is chosen to point towards th
center of the Cooler Ring, andy points up, out of the page. We tak
the origin to be at the center of the jet target. The center of the
large-aperture magnet is located atz544 cm.
on
of
a
n-

n

n-

and c is the speed of light. The present experiment det
mined a ring circumference of 86.7860.02 m from then and
p opening angles at 294.3 MeV. The error implies an unc
tainty of sE50.14 MeV in the beam energy. This indepe
dent check is in excellent agreement with other recent r
calibrations. For the current experiment, the systematic
ergy error is significant only at our lowest energy.

C. Target chamber and exit foils

For 294 MeV the reaction protons have a laborato
frame kinetic energy of about 70 MeV and lose roughly 0
MeV in pumping baffles, vacuum chamber exit foils, and
before reaching theDE andE detectors. The reconstructio
of the pion center-of-mass angle is sensitive to multiple sc
tering and to the accuracy of the nucleon energy meas
ments, and so it was important to minimize the amount
material between the target and the proton detector stack
overhead view of our detector system is shown in Fig. 2.
used the IUCF gas jet@9#, which provides a pure, thin targe
of molecular hydrogen with no detectable heavy impuriti
It produces negligible straggling of the reaction protons a
avoids the need to subtract background contributions fr
target cell walls. The disadvantage of this type of targe
the difficulty of measuring its thickness accurately. Simul
neous measurements of the pion production and of
~known! pp elastic scattering cross section were used to n
malize our pion cross sections. The luminosity monitor
discussed in more detail in Sec. III B.

Immediately downstream of the target, between the po
of the 6° magnet, is the ‘‘magnet vacuum chamber.’’ It a
lows the reaction protons to travel in vacuum for abo
70% of their 1.5 m flight path. The proton exit foil wa
constructed of Kevlar cloth overlaid with two thin, differen
tially pumped Kapton foils, for a total thickness of 18
mg/cm2. Along the flight path there were three thin vacuu
pumping baffles, which served to divide the target cham
into differential pumping regions. These foils were co
structed of thin aluminum and provided an additional a
sorber up to 20.6 mg~Al !/cm2 for reaction protons scattere
at angles larger than 4°. The total mean multiple scatter
angle of reaction protons was 0.2°. The neutrons pas
through a 686 mg/cm2 aluminum window and then throug
3.5 m of air on their way to the neutron detectors.

D. Wire chambers

We used two (x,y) multiwire drift chambers~DC1 and
DC2! to track the reaction protons after they had pas
through the magnetic field of the 6° magnet. These horiz
tal drift chambers employed a design previously used
Brookhaven@32#. Each consists of four wire planes, whe
the first two planes are used for thex and the second two fo
they measurement. For each pair of planes there is a one
offset between the sense wires in the first plane and the s
wires in the second plane. The dual timing signal remo
the left-right ambiguity of a single plane and improves po
tion resolution. The gas mixture used was 50% argon
50% isobutane. The two drift chambers DC1 and DC2 w
separated by 35 cm. They had a test bench position res
tion of 0.25 mm @full width at half maximum~FWHM!#.
During the experiment the resolution was close to 0.3 m
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24 56J. G. HARDIEet al.
leaving the chambers capable of determining the directio
the proton momentum to an accuracy of 0.07°. This reso
tion is considerably better than the 0.2° standard deviatio
measured laboratory angles arising from multiple scatter
so the chamber resolution was indeed sufficient.

For a valid event, signals from eight cells~four pairs of
wires! were required. The wire chamber efficiency w
monitored continuously during the data runs by comput
the ratio between the number of events firing three pairs
the number of events with four pairs providing a valid sign
Chamber efficiency was slightly time dependent. The
duced efficiencies per plane ranged between 98.5% and 9
The simultaneous measurement of luminosity and reac
count rate with the same detectors largely avoids the need
this and similar efficiency corrections, e.g., dead time. Ho
ever, differential counting losses can still be appreciable.
detailed off-line analysis it was found that the lower ener
pp→pnp1 events were always detected more efficien
than the fastpp elastic events, which are used for the lum
nosity monitor. Our final luminosity analysis corrected f
this and also excluded events that fell into the cells nea
the beam pipe, because fortuitous coincidences from h
energy background distorted the ratio of monitor and re
tion protons@33#.

E. Detector stacks

As shown in Fig. 2, the CE03 apparatus consists of t
sets of detectors mounted on opposite sides of the b
pipe. The detectors on the inside of the Cooler Ring de
protons; those on the outside of the ring detect neutro
The proton arm detector stack consists of the drift chamb
DC1 and DC2, followed by a thinDE detector. To permit
fast ~mean! timing the large, 3-mm-thickDE detector is
viewed by two adiabatic light pipes mounted at oppos
ends of the scintillator and by fast Amperex 2020 pho
tubes. The signals from this detector were used to start
event timing circuits. TheDE detector is followed by a stac
of five full energy measuring (E) detectors each of dimen
sion 12.737.62371.12 cm3, viewed by 7.5-cm-diam
Hamamatsu 1911 phototubes from their smallest face. T
12.7 cm thickness stopped allpp→pnp1 reaction protons in
this experiment. The proton arm detector system was bac
by two thin veto paddles used to discriminate between p
tons frompp elastic events~which punched through theE
detectors! and the lower energy reaction protons fro
pp→pnp1 which stopped in theE detectors.

In addition to the forward detector stacks we also utiliz
a silicon position-sensitive recoil detector~PSD! mounted
inside the target chamber at an angle of about 80° from
target center. This detector provided a coincidence trig
with the forward proton arm and was used to determine
luminosity and the gas jet profile. The luminosity monitor
discussed in detail in Sec. III B.

The neutron detector was preceded by a veto detec
which consisted of a set of four rectangular scintillato
They are identical in shape to those in the proton arm
discriminated between charged particles and neutrons e
ing the neutron hodoscope. The hodoscope consists o
scintillator bars of dimension 53153120 cm3 with a 20 cm
light pipe and an Amperex XP2252H phototube mounted
of
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each end. Its performance has been reported earlier@34#.
These bars were mounted with their longest dimension v
tical to permit positioning the hodoscope very close to
beam pipe, and measured neutron angles down to 0°.
position resolution in they direction~along the length of the
bars! was ;3 cm ~FWHM!. All scintillator bars were
equipped with a fiber optic coupling connected to an ult
violet laser. This allowed us to monitor the detector gain a
to set the coincidence timing among scintillators. At the lo
est three beam energies, thepp→pnp1 reaction particles
were confined to a small enough kinematic cone so tha
single hodoscope location adequately sampled the entire
phase space. For the higher energies the hodoscope had
moved ~once! in order to cover the full angular neutro
range. ~The largest angle required was 16.8°.! We called
these geometries the ‘‘in’’ and ‘‘out’’ positions, respectivel
The proton detectors had sufficient solid angle to cover
u range of interest for all situations.

F. Event identification and triggering

The electronics for CE03 used a two-level trigger bas
on the LeCroy 2372 Memory Lookup Unit~MLU !. The first
level fast trigger used discrete NIM logic modules to det
mine if a potential event of interest had occurred. This de
sion required a coincidence between theDE and theE de-
tectors or a coincidence between the top and botto
photomultipliers of a particular hodoscope bar. If this trigg
was satisfied, the analog-to-digital converter~ADC! gates
would be opened and the time-to-digital converters~TDC’s!
started. The fast trigger generated a strobe for the MLU
also closed the ‘‘busy’’ gate, preventing another event tr
ger before the current one was completely processed.
MLU took its input from theE, DE, hodoscope, and veto
detectors. It was programmed to categorize four event ty
based on the signal pattern from these detectors. With
arrangement we sorted protons or neutrons in the neu
arm, pp→pnp1 events, energetic~punch through! protons
in the proton arm, and the laser pulses used for calibrat
Events triggering only the proton arm were further sort
into those coincident with the PSD detector (pp elastic pro-
tons! and those with no PSD signal. Since the PSD detec
was an order of magnitude slower than the scintillators, t
discrimination had to be done using discrete logic after
MLU output was generated. If the event pattern did n
match any of the defined events, the MLU would generat
fast clear signal for all ADC’s and TDC’s and hold th
‘‘busy’’ gate for an additional 2ms to allow the system to
reset. The design of this system allowed event triggers to
rapidly reconfigured. Flexibility of trigger definition, particu
larly for the veto detectors, proved to be extremely usefu
detector calibration and in measuring detector efficienc
Hardware event processing took 2ms if a second level trig-
ger was not satisfied and;300 ms if an event trigger was
generated. Any events which were read out were buffe
locally @in a microprogrammed branch driver~MBD!# and
transferred to the analysis computer when the buffer bec
full. Buffer transfers typically took 3 ms. When all proces
ing and transfer times are considered, our event rate
hardware limited to 0.8 kHz. We typically ran with a dea
time of 15%.
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At 294.3 MeV the large~mostly elastic! proton flux in the
neutron and proton detectors generated about 10 000 po
tial random coincidences for each truepp→pnp1 event.
Tests showed that the second level triggers~MLU ! were
99.5% efficient in removing this background. The remain
background was successfully removed by appropriate s
ware cuts that will be discussed in Sec. III A. The over
efficiency of background elimination was determined by
data run taken at 290 MeV, 2.3 MeV below th
pp→pnp1 production threshold, but still above those f
pp→ppp0 and pp→dp1. Analysis of these runs show
that no spurious events survive the full set of hardware a
software cuts.

III. CALIBRATION AND ANALYSIS

A. Data cuts

Several types of background events are not suppre
by hardware triggers, e.g., the accidental coincidences of
correlated protons and neutrons, or quasielastic scatte
from walls and impurities. Particularly at 294.3 MeV whe
the pion production cross section is very small most f
triggers are spurious. We found a set of three software
which completely eliminated these undesired events.
first cut was based on tracking detected protons back thro
the 6° magnet to the target plane. Figure 3 shows a view
reconstructed particle trajectories from elastic scattering
299.3 MeV protons. The location of the gas target nozzle
defined asz50. This figure shows that valid tracks form
focus at the target, provided that their energy is assig
correctly.~Elastically scattered protons do not stop in theE
detectors and their energy has to be calculated from the a
measured by the drift chambers.!

By design only highly inelastic protons, e.g., those in t
pp→pnp1 event stream, stop in theE detector and produce
a full energy signal. Elastic and energetic background p

FIG. 3. Projection onto the (xz) plane of pp elastic proton
trajectories through the 6° magnet at 299.3 MeV. The tracks
reconstructed starting with the two measured positions in the w
chambers and are traced back to the target through the mag
field ~the shaded area indicates the mapped portion!. The tracks
shown are frompp elastic scattering from the gas jet centered
z5x50 cm. Reaction protons frompp→pnp1 would have about
twice the bending in the magnetic field due to their lower magn
rigidity.
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tons do not stop and deposit only a fraction of their ener
This has the advantage that energetic protons that prod
spuriouspp→pnp1 triggers will be assigned an errone
ously low energy and thus a smaller radius of curvature
the magnetic field. Only events of interest will have trac
that pass through the target~at x5y5z50). Straggling and
resolution produce a focus of about 1 cm in diameter
shown in Fig. 4. This figure displays the (x,y) coordinates
and the intensity of potentialpp→pnp1 proton tracks in-
tersecting thez50 plane for the 299.3 MeV run. The dens
spot near (x50, y50) is due to truepp→pnp1 events that
are traced back with the correctly assigned energy while
diffuse cloud of events at largex is background from ener
getic protons in spurious coincidences. Thus the ray tr
permits a good separation betweenpp→pnp1 events and
background coincidences, allowing the latter to be remo
from further processing.

The second cut employed is based on conventional
ticle identification, i.e., on theE vs DE relation for a stop-
ping proton. In Fig. 5 we show the relationship between
E detector signal and theDE detector signal for possible
pp→pnp1 events at 319.2 MeV in the absence of any so
ware cuts. Protons that stop approximately follow the re
tion DE;1/E, but the background from energetic punc
through protons produces a smallerDE signal that changes
little. The separation between the pion production events
the background permits a cut that provides a powe
supplement to the ray trace cut previously discussed, all
ing both of them to be generous. ADt cut on the time dif-
ference between the neutron and proton detector sta
serves to eliminate a number of accidental coinciden
which have a low energy proton produced in one be
bucket and an uncorrelated neutron in the next one. Th

re
re
tic

t

c

FIG. 4. Distribution of potentialpp→pnp1 events (pn coinci-
dences! traced back to the target planez50 before any software
cuts are applied~see Fig. 2 caption for coordinate definition!. True
pp→pnp1 events should focus near~0,0! while the background
events triggered by energetic protons that do not stop in theE
detectors form a diffuse ‘‘cloud’’ at larger values ofx. A software
cut applied around the densepp→pnp1 spot, as shown by the
box, would remove background caused by protons with ener
above about 150 MeV.
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three cuts together serve to completely eliminate backgro
from our sample of pion events. Figure 6 shows the miss
mass spectrum at 294.3 MeV, computed from the meas
neutron and proton four-momenta, before and after apply
the three software cuts discussed. The comparison shows

FIG. 5. Plot of raw data at 319.2 MeV beam energy forDE vs
E values of protons fromp-n coincidences before software cuts a
applied. The lower band~outside the box! is primarily accidental
pp elastic and quasielastic background; the bright middle ban
the truepp→pnp1 locus. The faint upper right group is caused
pp→pnp1 events where both thep and thep1 were detected in
the proton arm. Real events have proton energy between 37.7
130.1 MeV. The cut for the accepted events applied for the fi
analysis is shown by the box.

FIG. 6. Comparison ofp1 missing mass spectra for analys
with and without the three primary software cuts as described in
text. The small low energy tail of the cross hatched spectrum
has survived the software cuts is caused by nuclear reactions i
E scintillator. In the final analysis a missing mass cut at 130 Me
and an appropriate correction for losses, were used.
d
g
ed
g
hat

we lose no events in the pion peak but that all of the ba
ground is removed. The small low energy tail which surviv
the cuts is due to nuclear reactions in theE detector resulting
in reduced light output. In the final analysis a missing ma
cut at 130 MeV was also used and small cut corrections h
been applied.

B. Luminosity

For internal target experiments in storage rings the tra
tional methods of determining luminosity via known targ
thickness and integrated charge will not work. Instead
measure luminosity by making a simultaneous measurem
of pp elastic scattering, and comparing it with the publish
cross sections. Using the relation

DN05L
ds

dV
~u!DV, ~4!

whereDN0 is the number of observed counts,L is the time-
integrated luminosity,ds/dV is thepp scattering cross sec
tion, andDV is the effective solid angle, we can solve for th
luminosity if ds/dV is known. We measuredpp elastic
scattering by selecting coincidences between the forw
protons withu lab between 5° and 17° and a PSD of dime
sion 4.530.7 cm2 covering the corresponding recoil scatte
ing angles. Thef range accepted is sharply defined by t
PSD, but the coincidence acceptance varies smoothly w
u for the extended gas target. Figure 7 shows the D
position ~;u! of the forward scattered proton as a functio
of the energy deposited in the PSD detector. For small
ward scattering angles the detected recoil proton has v
low energy and stops in the PSD. For larger forward ang
the coincident recoil protons begin to punch through
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FIG. 7. Two-dimensional plot for the luminosity monito
Counting intensity is shown as a function of the~recoil! energy
deposited in the PSD detector and the position of forward scatt
protons~;scattering angle! in drift chamber DC1. The recoil en
ergy increases rapidly with scattering angle. The point at which
recoil protons punch through the PSD~;channel 1300! provides a
check on either the PSD thickness or on its position.
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PSD, and the deposited energy drops off with increas
angle.

High background during beam injection caused some
diation damage and a slow deterioration of the PSD. The
fore, its performance was measured before and after the
using an alpha source. In order to cross-check the PSD
formance and the calculated luminosity monitor coinciden
acceptance, comparisons betweenpp elastic rates with and
without the PSD coincidence requirement were made i
120 MeV run. ~At 120 MeV elastic protons stop in theE
detector and the 120 MeV peak with about 2.5% FWH
resolution is clearly distinguishable from background. Ho
ever, a similar operation was not possible for 300 MeV p
tons that do not stop.! Counting losses arising from poo
charge collection and noise were small, except for the sm
est pulse heights. Any error attributable to the PSD was
than 6%. We assign a systematic error of 6%.

The most significant correction to the~coincident! lumi-
nosity measurement came from the extended tails of the
target. By far the highest gas density is found within 3 mm
the jet center, but the diffusion tails extend touzu57.8 cm
and add significantly to the overall luminosity. Th
pp→pnp1 forward detectors are located 1.5 and 4.5
away near thez axis and therefore see all of the illuminate
gas target, including its upstream and downstream tails
contrast, the PSD is located at about 80° to the beam a
only 11.7 cm from the jet; therefore, only the central 6 cm
the gas target can be monitored with a coincidence requ
ment. A Monte Carlo simulation using the measured cen
gas target distribution~with modeled tails! tracked the cor-
related protons through the detector geometry to determ
its acceptance. This calculation is not difficult because at
target the beam has a diameter of only about 1 mm so
the ~illuminated! jet can be modeled as a function ofz only.
For the best fit to the observed jet shape and the part
observed tail~see Fig. 8!, we find that the luminosity monito
sees only about 70.5% of the distributed gas target see
the large detectors. Based on fits with alternate ‘‘reasonab
models for the jet tail we assign a 7% systematic model e
for the acceptance.

A smaller, but not negligible source of error in the lum
nosity comes from the uncertainty of thepp cross section
itself. We used the VPI@35# phase-shift-fitting programSAID
to generate thepp cross section curves for our energies a
angular ranges. A 4% uncertainty was used for the publis
pp elastic cross section. Figure 9 shows a comparison
typical pp elastic cross section distribution with the 199
SAID solution. Only recoil angles between 75° and 80° we
used in the final luminosity determination.

The target thickness was adjusted to about 231015

atoms/cm2 to optimize the data taking rate. In order to r
duce beam loss due to multiple scattering, the jet was tur
off during the injection, acceleration, and reset phases of
cycle. Typical luminosities were about 231030 cm22 s21

just after the jet was turned on and fell exponentially dur
the time the jet was on. The optimal cycle lasted 2 min a
used a 1 min target-on period for each beam cycle. Ab
20% of the original beam was dumped at the end.

Plastic scintillators in both the proton energy (E) detector
and the neutron hodoscope were used to measure depo
energies. The hodoscope pulse height spectrum is not us
g
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measure the neutron energy, but the pulse height thres
enters directly into the determination of the neutron detect
efficiency. The calibrations of both detector systems are c
cial to our results and their interpretation~see Sec. III E!.
The neutron hodoscope was calibrated using low ene
pp elastic scattering~120 MeV!, cosmic rays, and directly
injected light from an ultraviolet laser. The amount of las
light admitted was controlled by a set of calibrated neut
density filters. The laser provided six to eight calibrati
points defining the electronic offsets and the relative pu
height response to light levels. The scale of the calibrat

FIG. 8. Comparison of the observed portion of the gas jet d
tribution ~open circles! as determined bypp elastic scattering and
the extrapolated distributions using two different models. The
density drops to negligible values past the pumping baffles loca
at uzu57.8 cm. The lower curve was used for the distribution in t
Monte Carlo calculations; the difference between the curves yiel
an estimate for our model error.

FIG. 9. Thepp elastic scattering cross section obtained from
luminosity monitor, after correction for acceptance, is shown a
function of recoil angle for 319.2 MeV beam and compared w
the SAID94 NN phase shift solution. Only recoil events betwe
74° and 80° were used to determine the luminosity. The cutoffs
the data at 72° and 82° are due to limits of the detector accepta
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28 56J. G. HARDIEet al.
was determined by detecting cosmic rays in all bars and
cross checked by 120 MeVpp elastic scattering in a numbe
of bars. Cosmic ray data were taken throughout the exp
ment with the scintillator bars oriented vertically. By grou
ing these events by angle of incidence into two classes~those
that fired only one hodoscope bar and those that fired fou
more bars! the cosmic rays provided two energy calibrati
points. The deposited energy differed considerably for th
two cases and a Monte Carlo calculation predicted ene
distributions for both situations, as shown in Fig. 10. W
were able to determine the hodoscope pulse height cali
tion near the 9.6 MeV threshold point to60.5 MeV.

Monte Carlo calculations showed that the reconstruct
of the pion momentum is very sensitive to the energy of
detected nucleons. TheE detectors were calibrated usin
pp elastic scattering, cosmic rays, and the reaction prot
from pp→pnp1. The shapeof the proton energy distribu
tion depends on the details of thepNN reaction but the end
points are determined entirely by conservation of energy
momentum. Therefore we measured the end points for e
of our beam energies and compared with the kinematic
determined values. Combining this withpp elastic scattering
at 45 and 120 MeV, and with cosmic ray data, we were a
to calibrate theE detectors to better than60.5 MeV for
beam energies of 294.3 and 299.3 MeV, and to better t
61.0 MeV for 306.3, 314.1, and 319.2 MeV.

C. Neutron time-of-flight and detection efficiency

We used time-of-flight techniques to determine the n
tron energy. The proton detector can be utilized as a s
detector if a proton time-of-flight correction is made. If th
proton momentumpp and flight pathdp , the neutron flight
path dn , and time differenceDtpn are known, the neutron
velocity can be determined from the expression

bn5
dnpp

dpEp2~Dtpn1d!cpp
, ~5!

FIG. 10. Typical spectra of energies deposited in the hodosc
by selected cosmic ray events that either fire just a single scintill
at oblique incidence or else four or more bars~at near normal inci-
dence!. The hodoscope energy calibration was set by matching
Monte Carlo calculations~curves! as described in the text. Thi
measurement provides an absolute energy vs pulse height ca
tion close to the software pulse height cut for each scintillator ba
the neutron arm.
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whered is a measurable constant which depends on the e
tronics, cabling, and photomultipliers, but not on any of t
particle kinematics. Using this equation, time differences,
measured proton energy, and the detector geometry, we
compare the extracted neutron energy distribution to t
predicted by our (s-wave! Monte Carlo calculation. Figure
11 shows this comparison at 299.3 MeV. Fine adjustme
for the neutron energy calibration were made by calculat
the kinematically determined energy centroids separately
each bar and comparing them with the observed centroid

The neutron detection efficiency depends on the geom
and composition of the detectors, the energy of the neutr
and the detector energy threshold. We used the neutron
ciency code from Kent State@36# to compute and integrate
the neutron detection efficiency over our measured neu
energy spectrum. The detection efficiency shown in Fig.
was calculated for a beam energy of 294 MeV as a funct
of the threshold for the neutron detector pulse height~which
has a known relation to the deposited energy!. For a thresh-
old near 10 MeV~electron light equivalent! the detection
efficiency does not change significantly for the beam en
gies used in this experiment. The individual neutron hod
scope bars had hardware energy thresholds up to 9 MeV.
used a uniform software cutoff at 9.6 MeV to regularize t
weighting of the bars. With this threshold, the neutron det
tion efficiency is found to be~0.14160.005! where the error
comes from the uncertainty in the hodoscope threshold
ergy calibration. In addition, Cecil, Anderson, and Mad
@36# suggested an estimated scale uncertainty of about 5%
neutron detection efficiencies determined from this co
~Other tests have consistently shown errors under 10!
Combining experimental and model uncertainties we ass
an 8% hodoscope contribution to the absolute scale erro

D. Detector acceptance and final state interactions

Despite an experimental acceptance of up to 40%, Mo
Carlo calculations for the coincidence acceptance are

pe
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FIG. 11. Neutron energy distribution as measured by time
flight at a beam energy of 299.3 MeV. Data are compared wit
Monte Carlo prediction~including FSI! of the expected energy dis
tribution based onpp→pnp1 kinematics.
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quired because the percentages of reaction nucleons acc
for different parts of the phase space can differ significan
e.g., few events with both nucleons on the same side of
beam line are detected. Therefore, a calculation of
pp→pnp1 detector acceptance for the three-body final st
requires a Monte Carlo simulation of the experiment. T
simulation included an accurate computation of react
phase space and particle trajectories to account properly
the varying acceptance. Event reconstruction is also affe
by the energy and angle measurements; hence, the simul
took explicit account of theB field, scattering centers~foils!,
some energy losses, and all detector resolutions. Adop
the method used for IUCF experiment CE01@37# we used
the final state interaction~FSI! model proposed by Watso
@38# and later modified by Migdal@39# and Mortonet al.
@40# when calculating the observables involving the pion.
this model thepp→pnp1 interaction is viewed as a seque
tial process: First, the pion is produced by one of the nuc
ons; then, the two nucleons interact with each other fo
long time afterward. The pion production is assumed to
cur in a very short time. With this assumption, the pion d
tributions are determined by thepNN vertex of interest.
However, while the center-of-mass motion of the two nuc
ons is also fixed at this time, their motion relative to ea
other~i.e., their opening angles! may be strongly modified by
the FSI, the knownn-p interaction at low energy. The mode
implies that the pion-nucleon final state interactions are w
enough not to significantly affect the pion angular distrib
tion. Thus, the pion momentum is fully determined by t
measured four-momenta of the reaction neutron and pro

Empirical evidence for the need to include the nucleo
nucleon FSI was found in various ways. The deduced an
lar distributions must not depend on detector positions
must be continuous. Similarly, the reaction total cross s
tion must be independent of the way it is measured provi
the acceptance calculation is correct. All pion angles
sampled in both the ‘‘in’’ and ‘‘out’’ hodoscope geometrie
~see Sec. II E!. If the pion differential cross section is calcu
lated with the standard~no FSI! Monte Carlo acceptance an
integrated to obtainpp→pnp1 total cross sections for eac

FIG. 12. Computed neutron detection efficiency, integrated o
our observed neutron energy spectrum, as a function of neu
detector pulse height threshold. The chosen software threshold
for this experiment is shown by the arrow; it is at 9.6 MeV~electron
light equivalent!.
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of the two geometries used to obtain 319.2 MeV data,
two results differ by three standard deviations. Similarly, tw
pieces of the neutron angular distribution~in coincidence
with the reaction proton! are separately measured by the tw
hodoscope geometries. Use of the acceptance calcula
with no np FSI results in a discontinuity at the interface
the two parts of the distribution.~The same effect can also b
seen by arbitrarily subdividing the hodoscope at somex co-
ordinate and analyzing the two pieces independently.! These
disagreements are the result of an incorrect acceptance
culation because the shape of the spectra outside the a
measured by the detectors is calculated incorrectly. Only
an adequate FSI interaction will the distribution be contin
ous across a boundary between two detector geometries~ar-
tificial or real! and will the total extracted cross section b
the same for the two sets of data mentioned above. By c
struction, the FSI model used does not change the obse
pion distributions; the effect of this FSI calculation is
scale then-p coincidence efficiency which affects the d
duced cross sections by accounting for the relative ang
distribution of the nucleons.

The FSI correction of Watson and Migdal does not affe
the pn invariant mass distribution because the correction
based on thes-wavepn cross section which depends only o
the pn total energy.

The strength of the final statenp interaction differs for
triplet and singlet states, and the relative contribution of e
is not knowna priori for the continuum interaction sample
here. A variation of singlet to triplet state weight in the F
calculation indicated that the best fit to the ‘‘matching’’ co
ditions discussed above is obtained when the ratio of sin
to triplet state strengths is close to the statistical mix~1:3!.
However, this is not a sensitive parameter since for the
doscope in the small-angle~‘‘in’’ ! position the FSI correc-
tion to the total cross section stays below 4% for most en
gies. In matching cross sections measured with differ
hodoscope positions we find a broadx2 minimum as the
triplet component is changed from 65% to 85%. In the fin
acceptance calculation, we use 75%. Except for 320 M
the effect of the triplet/singlet mix on the pion cross sectio
is weak. Figure 13 shows Monte Carlo predictions of t
~coincident! event distributions for the proton laborator
angle at 319.2 MeV with and without FSI. The curve wi
FSI predicts stronger forward peaking in thenucleoncross
section, and correspondingly, a stronger forward and ba
ward peaking in the pion c.m. acceptance. For our appara
the inclusion of the FSI decreases the deduced total p
production cross section by about 30% when only the ‘‘in
geometry at 319.2 MeV is used, but by less than 8% when
p andn angles are sampled in the apparatus, as was don
this experiment. The change in the pion cross section
about 4% at the lowest energy. A comparison of the acc
tance calculation with the proton angle spectrum measure
299.3 MeV is shown in Fig. 14. Although agreement is e
pected only if the pures-wave assumption in this particula
phase space calculation is correct, it will later be seen
the interaction at 299.3 MeV is predominantlys-wave.

E. Event reconstruction

This experiment directly determines the four-momentu
vectors of the reaction proton and the neutron. From this
reconstruct the pion four vector as
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pp
m5pbeam

m 1ptgt
m 2pp

m2pn
m . ~6!

We studied the sensitivity of the pion four-momentum
both systematic and random errors in the measured pr
and neutron vectors. Figure 15 shows the relative chang
pion c.m. angular distribution at 299.3 MeV when vario
systematic errors are introduced. The systematic errors h
a large effect at 294.3 MeV and a significantly smaller eff
at the higher incident beam energies. Figure 15 gives
results for a systematic20.5 MeV proton energy error and

FIG. 13. Monte Carlo study of the effect ofNN final state in-
teractions on the proton angular distribution at 319.2 MeV. T
magnitude of the FSI effect depends on angle and energy, b
always significant.

FIG. 14. Comparison of observed proton angular distribution
299.3 MeV with Monte Carlo predictions. The more forwa
peaked Monte Carlo calculation includes the FSI interaction,
other calculation has the FSI turned off. The FSI correction is n
essary to reproduce the experimental proton~and neutron! angular
distributions.
on
in

ve
t
e

systematic10.5° proton angle shift. The effect of thes
shifts is demonstrated in Fig. 15 by dividing the ‘‘defective
angular distribution by the ‘‘correct’’ angular distribution
The observed sensitivity of the pion angular distribution
systematic shifts in proton~and neutron! energy demon-
strates the need for a very careful energy calibration.
294.3 MeV, this sensitivity is strong enough to require th
the energy calibration be accurate to 0.5 MeV. Sensitivity
systematic errors decreases rapidly as the incident beam
ergy increases so that at 319.2 MeV there would have to
a systematic energy shift of22.5 MeV to show the same
distortions as in Fig. 15. The figure also demonstrates
we are an order of magnitude less sensitive to system
angle errors. We find even less sensitivity to random err
There are two primary reasons for the extreme sensitivity
proton or neutron energy: Near threshold a small chang
nucleon energy is sufficient to significantly change the
duced pion scattering angle that conserves momentum.
time-of-flight calculation of neutron energy depends direc
on the measured proton energy, and a systematic erro
proton energy distorts both the proton and neutron ener
in the same direction.

F. Experimental errors

The cross section errors shown in Tables II and III inclu
statistics and estimated errors from random and an
dependent sources only. The scale errors were combine
quadrature and yield a common uncertainty of615% in the
absolute normalization. The scale error is not shown in
figures. The contributions to this systematic error are do
nated by uncertainties in the luminosity~11%! and the neu-
tron detection efficiency~8%!. Smaller contributions arise

e
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FIG. 15. Monte Carlo study of the effect of systematic ener
and angle errors of the detected nucleons on deduced pion an
distributions in the three-body center of mass, at a beam energ
299.3 MeV. The figure shows the ratio of the shifted~distorted!
angular distributions divided by the correct angular distributio
The ‘‘true’’ proton energies were shifted by20.5 MeV and the
proton angles by10.5°. Such errors are consistent with the upp
limit on the experimental accuracy. The extracted pion angular
tributions are much more sensitive to systematic energy errors
to systematic angle errors or to random errors of any kind.
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from the calculated coincidence acceptance, corrections
reaction tails, and detector geometries. Each bombarding
ergy quoted has a 0.2 MeV error, a negligible effect for
bombarding energies except the lowest.

The assigned scale errors reflect the estimated reliab
of the models~e.g., jet tails, FSI effects! used in the extrac-
tion and calibration of the data. The luminosity scale er
dominates. It can be improved in future experiments by
ing larger recoil detectors and by having some redundanc
the drift chambers. We note that for the analysis presen

TABLE II. Total cross sections forpp→pnp1. Errors shown
in the table are the combined random errors for this measurem
all cross sections also have a common 15% absolute scale u
tainty, which is not included. There is a60.2 MeV uncertainty in
the incident beam energy.

Beam energy h sp Random error
~MeV! (mb! (mb!

294.3 0.112 0.71 0.04
299.3 0.210 4.81 0.24
306.3 0.298 13.91 0.65
314.1 0.373 25.5 1.6
319.2 0.416 41.1 1.7

TABLE III. Differential cross sections in units of (mb/sr! for
pp→pnp1 in the c.m. frame. The errors shown combine the u
certainties from statistics with angle-dependent systematic er
arising from uncertainties in the energy calibration of the detect

294.3 MeV
cosuc.m. ds/dV Error

20.75 0.054 0.016
20.25 0.058 0.011
0.25 0.060 0.011
0.75 0.056 0.016

299.3 MeV
cosuc.m. ds/dV Error

20.833 0.41 0.05
20.500 0.39 0.04
20.167 0.36 0.04
0.167 0.35 0.04
0.500 0.37 0.05
0.833 0.41 0.05

319.2 MeV
cosuc.m. ds/dV Error
20.889 4.21 0.44

20.667 3.61 0.31
20.444 3.15 0.25
20.222 2.86 0.18
0.000 2.78 0.17
0.222 2.74 0.18
0.444 3.06 0.25
0.667 3.37 0.31
0.889 3.66 0.44
or
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here we used a more detailed test of the drift chamber
formance and a jet model different from that employed in
previous presentation of the data@14#. The reanalysis did no
produce any changes in the angular distributions, a
changes in the total cross section values were minor for
energies except for the 294.3 MeV point. The latter had to
reduced by about 25%.

IV. RESULTS AND DISCUSSION

A. Total cross sections

The total cross sections forpp→pnp1 presented in
Table II are compared in Fig. 16 to previously published d
for this reaction and forpp→ppp0 @41,9,10#. The new cross
sections from the Indiana Cooler agree well with earlier da
which have much larger errors. However, an extrapolation
fits in the delta region~solid lines! based on Ref.@42# does
not represent the threshold data well.

A more detailed comparison to the cross sections for ot
pion production channels is shown in Fig. 17 as a function
h, the maximum pion momentum. For this experiment, t
lowest value ofh is 0.112, corresponding to 2 MeV abov
threshold. In this case, the maximum pion kinetic energy
the c.m. frame is 0.86 MeV. The data shown f
pp→ppp0 are from Meyeret al. @9# and from Bondaret al.
@10#. For pp→dp1, we show the equivalent cross sectio
of Hutcheonet al. @13# for np→dp0 multiplied by the isos-
pin factor of 2.0. Thepp→ppp0 data approximately follow
thes-wave phase space dependence~in detail, Coulomb cor-
rections are also important@9#!. The pp→dp1 total cross
sections follow thes-waveh1 phase space dependence clo

nt;
er-

-
rs
s.

FIG. 16. Comparison of newpp→pnp1 data ~solid squares
with full errors shown! and recent IUCFpp→ppp0 cross sections
~open circles! to earlier data. The curves are extrapolations
threshold of a simple parameterization of higher energy data
VerWest and Arndt.
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32 56J. G. HARDIEet al.
to threshold, requiring an additional component withh3 de-
pendence starting ath.0.14. A distincth dependence some
times permits the separation ofs- and p-wavepN compo-
nents, but thepp→pnp1 s-wave phase space is expected
be a combination of several powers ofh and the available
data forpp→pnp1 do not permit a reliable separation.

We note that thepp→dp1 cross sections are more tha
an order of magnitude larger than those for thepp→pnp1

channel, which in turn are a factor of about 5 larger than
pp→ppp0 data. Their relative pion production strengths c
be understood qualitatively. Thepp→ppp0 reaction has to-
tal isospin 1 for the initial and finalNN state. The reaction
pp→pnp1 also has isospin 1 for the initial state but 1 and
for the finalNN state. Isospin is a good quantum number
strong interactions@5#, and thepp→pnp1 cross section
must be larger since the amplitudes for differentNN isospin
add incoherently. Very close to threshold, both transitio
should be dominated bys-wave finalNN states. We expec
dominant contributions of1S0 for pp→ppp0 and 1S0 and
3S1 for pp→pnp1, each of which can produce enhanc
ments at low NN relative energy. Compared t
pp→pnp1, thes-wave andp-wave pion rescattering ampli
tudes are greatly suppressed forpp→ppp0. Here s-wave
suppression results from the accidental cancellation ofpN
scattering lengths andp-wave suppression comes from th
absence ofDN intermediate states of angular momentu
zero forpp→ppp0.

FIG. 17. Comparison of new data with calculations and rela
reactions. The new cross sections for the reactionpp→pnp1 are
compared to pp→ppp0 data by Meyeret al.andpp→dp1 cross
sections by Hutcheonet al.Near threshold the cross sections rise
monotonic, but differing functions ofh. The solid lines show two
theoretical prediction by Schillaciet al. for pp→pnp1. ~The re-
cent, relativistic one-boson exchange calculation of Engelet al. is
not shown. It agrees with known cross sections in the 1–2 G
region, but underpredicts the cross section near threshold.!
e

s

-

The pp→pnp1 and pp→dp1 reactions differ in that
the latter is restricted to a3S1 or

3D1 pn state while in the
former more scattering states are allowed; however, the v
large total cross section forpp→dp1 has other causes. Th
relation of the 3S1 strengths betweenpp→pnp1 and
pp→dp1 total cross section has been explained by Lee@43#
who found that thepp→dp1 cross section is larger becaus
orthogonality requires thepn scattering state wave functio
to have a node whereas thepn bound state has none. Th
makes the overlap with thep wave function and the cros
sections much smaller forpp→pnp1.

The earliest attempt to quantitatively correlate all thr
pion production channels was made in the early PCAC c
culations of Schillacci, Silbar, and Young@7#. Because of the
lack of information about theNN interaction and its off-shell
behavior at the time this work was done, only a range
values could be predicted, as shown in Fig. 17. Close
threshold their respective ranges are in qualitative agreem
with both the newpp→pnp1 andpp→ppp0 experimental
cross sections and their energy dependence. There are
crepancies in detail. Their off-shell approximation gave t
best agreement forpp→pnp1, but for pp→ppp0 their on-
shell approximation~corresponding to the lower curve i
Fig. 17! was closest to the data. A similar prediction f
pp→dp1 failed, presumably because of an inadequate tre
ment of the deuteron wave function. This calculation cou
be done with less ambiguity today because the off-sh
NN interaction is much better understood.

Other calculations published so far either specialize
describing thepp→dp1 or the pp→ppp0 reactions. The
major difference between thepp→ppp0 calculations of
Koltun and Reitan, Niskanen, and Miller and Sauer~all of
which are too small by a factor of 5! and most of the calcu-
lations that exhibit agreement with the data@7,25,24,26# is
the use of a more completeNN interaction in the pion
rescattering terms. Horowitzet al.and Lee and Riska explic
itly include the effect of higher mass mesons as in Fig. 1~c!,
whereas Schillacci, Silbar, and Young included the sa
physics in a more phenomenological way.

In order to avoid fortuitous agreement it seems import
to simultaneously study related reactions where the vari
mechanisms will contribute differently. For example, L
@43# finds that the isoscalar heavy meson exchange is do
nant inpp→ppp0 but less important forpp→pnp1, where
the rescattering diagram is the most important one. He ge
satisfactory description of the total cross sections for all th
reactions in a calculation that extends the Lee and Ri
model @24# to charged pion production. Lee finds that th
pion rescattering diagram is much more significant
pp→pnp1 andpp→dp1 than forpp→ppp0. The contri-
bution of theD resonance is not included in his calculatio
Although theD is suppressed inpp→ppp0, it must be con-
sidered forpp→pnp1 and pp→dp1 to make a quantita-
tive comparison. Further theoretical study of these issue
clearly needed.

Below, we will provide a more detailed description of th
experimental results. In choosing variables to display,
were guided by the physical effects that are expected to
important as we investigate thepNN vertex. The pion angu-
lar distribution carries information about the contributin
partial waves of the pion with respect to thepn pair. Next,
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56 33KINEMATICALLY COMPLETE MEASUREMENT OF . . .
the invariant mass distributions of thenp1 and pp1 pairs
can be examined. A complete picture of the reaction a
requires a description of thepn pair, both for determination
of their properties and because their angular momentum s
strongly affects the pion angular distribution. We w
present a partial wave amplitude analysis and other evide
for dominance ofs waves in both thepn andp(pn) sys-
tems.

B. Invariant mass distributions and Dalitz plots

The structure of the final statepn pair can be observed
through the distribution of their invariant massMpn . We
find that, generally, the final statepn pair has very low rela-
tive energy in this reaction. When the pion has its maxim
momentum, the recoiling nucleons must travel together w
zero relative momentum andMpn is just the sum of proton
and neutron masses. The strong final state interactions in
l50 partial waves will have a dominant role in this situatio
At the highest beam energy for this experiment~319.2 MeV!,
the maximum allowed value ofMpn is 1890.31 MeV and the
available relative kinetic energy for thepn pair in the c.m.
frame ranges from 0 to 12.47 MeV. At the lowest bea
energy, the available kinetic energy ranges from 0 to 0
MeV. These allowed ranges are very close to the range
pion energy in the c.m. frame becauseMpn is at its minimum
whenEp,c.m. is at it maximum and vice versa. In fact, the
variables are strongly correlated since

Mpn
2 5s1mp

222Ep,c.m.As, ~7!

whereAs is the total energy of the system in the c.m. Figu
18 shows the measured distributions ofMpn for two beam
energies. The arrows show the kinematic limits. The exp
mental resolution inMpn is less than the bin size in eac
case. There is a strong peaking for lowMpn as would be
expected for ans-wave final state interaction. The distribu
tion of Mpn events can be reproduced in a Monte Ca
calculation assuming apn FSI of appropriate strength~see
Sec. III D; a similar result is seen in the CELSIU
pp→ppp0 experiment@10#!.

A general view of the three-body final state can be p
vided by a Dalitz plot. In Fig. 19 we plot the invariant ma
of the pn pair against that of thepp pair for the highest
beam energy. In the figure, the smallMpn and largeMpp are
strongly correlated, and so an increase in the yield at la
Mpp due to the onset ofp waves cannot be distinguishe
from an enhancement at smallMpn due to final state inter-
actions in this plot. However, we note that the mass dis
butions forMpn andMpp shown in Fig. 20 are very similar
This would only occur if theD was a minor contributor since
the isospin Clebsch-Gordon coefficient for coupling to t
D for p1p is 3 times larger than forp1n. ~The effect in the
cross section will be a factor of 9.!

At present, there are no theoretical calculations availa
for any of these quantities. The observed invariant mass
tributions present qualitative evidence for the dominance
pn s waves. There is strong peaking ofMpn where thepn
relative momentum is close to zero. We were able to rep
duce thisMpn event distribution in a Monte Carlo calculatio
using a realisticpn FSI. Although use of ap-wavepN in-
o
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teraction in the Monte Carlo calculation was also able
generate a peak at lowMpn , we were unable to reproduc
the full Mpn distribution with reasonable parameters.

In the next section, we present further and more quant
tive evidence for the dominance ofs waves based on the
pion angular distributions.

C. Pion differential cross sections

Differential cross sections for pion production with r
spect to the pion angle in the c.m. frame at bombard
energies of 294.3, 299.3, and 319.2 MeV are plotted in F
21 and listed in Table III. The errors shown include cont
butions from statistics and from estimated errors in the
ceptance calculation. These contributions are roughly eq
in size except for the lowest energy where uncertainties fr
energy and angle calibrations dominate. The errors in
c.m. pion angle are energy dependent because of the k
matic focusing close to threshold. Based on Monte Ca
calculations, we estimate pion angular resolutions of 19
294.3 MeV and 5° at 319.2 MeV.

FIG. 18. Pion production cross sections as a function ofpn
invariant mass for~a! 294.3 and~b! 319.2 MeV beam energy, de
duced without including final state interactions in the accepta
calculation. The kinematic end points are indicated by arrows.
strong peaking at lowpn invariant mass suggests the presence
strong final state interactions.
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34 56J. G. HARDIEet al.
The kinematically complete measurements permit us
calculate cross sections in any reference frame, but there
a number of advantages to the c.m. frame defined by
entrance channel. This is the frame that is commonly u
for presentingpp→dp1 angular distributions, and so th
interpretations are similar. As forpp→dp1, only even pow-

FIG. 19. The Dalitz plot for 319.2 MeV data with phase spa
acceptance not including FSI. These plots show the invariant m
of the proton-pion pair vs the invariant mass of the proton-neut
pair. All values in the kinematically allowed region are populated
this experiment to some degree. There is a strong enhanceme
low Mpn and highMp1p . This would be expected from stron
pn final state interactions.

FIG. 20. Invariant mass of the~a! proton plus pion and~b! the
neutron plus pion system at 319.2 MeV beam energy. These d
butions were determined using an acceptance calculation tha
cluded the FSI effects discussed in the text. The similarity of th
two distributions is an indication that theD resonance is not a majo
contributor to thepp→pnp1 reaction in this energy range sinc
thep1p amplitude couples to theD three times more strongly tha
thep1n amplitude.
o
re
e
d

ers of cosu can contribute to the differential cross sectio
Symmetry in the angular distributions about 90° is expec
but it was not imposed on the data. Data points at the sa
value of cos2u are observed to differ by less than one sta
dard deviation, giving independent support for the validity
the analysis.

Within errors, the pion angular distributions are isotrop
close to threshold. Isotropy indicates eithers-wave pNN
mechanisms or an unusual combination ofp-wave mecha-
nisms. To determine thes-wavepN strength, a partial wave
amplitude analysis must be applied to these angular distr
tions. Such an analysis was discussed in some detail
pp→dp1 @12,44#. The typical ordering for three-body fina
states labels theNN pair and the pion relative to theNN pair
@5,6#. The situation is more complicated for three-body fin
states because the final stateNN pair can be in a variety of
angular momentum states. If the orbital angular moment
of theNN pair is 0 and the pion is restricted toLp 5 0 or 1,
there is only one contributings-wave amplitude for
pp→ppp0. There are three such amplitudes forpp→dp1

and four forpp→pnp1. If one also allowsLNN51, the total
number of amplitudes increases to 3, 12, and 19, resp
tively.

ss
n

t at

ri-
in-
e

FIG. 21. Pion angular distributions in the three-body center-
mass frame labeled by laboratory beam energy~294.3 MeV, 299.3
MeV, and 319.2 MeV!. The solid lines are fits using the equatio
ds/dV5A1BP2(cosu), which measures the anisotropy of the di
tribution. The 294.3 MeV and 299.3 MeV error bars are domina
by angle-dependent systematic errors arising from energy cali
tion uncertainties~see Fig. 15!. Only the data at 319.2 MeV show
significant anisotropy.
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56 35KINEMATICALLY COMPLETE MEASUREMENT OF . . .
For theLNN50 final states~see Sec. IV B!, the relevant
amplitudes for each of thepp inelastic reactions are listed i
Table IV. Sincepp→pnp1 andpp→ppp0 are related by
isospin, the sameb0(h) values should apply to both reac
tions. However,pp→pnp1 andpp→dp1 have thepn pair
in unbound and bound states, respectively, and so the
little reason to expect that the partial wave amplitudes w
be the same in these reactions. Nevertheless, we antic
the same qualitative behavior forpp→dp1 and
pp→pnp1 for issues involving spin couplings. In the anal
sis of pp→dp1 by Korkmaz et al. @12#, the principal
s-wavepN amplitude isa1 which gives an isotropic differ-
ential cross section for bothpp→pnp1 andpp→dp1, and
the principalp-wavepN amplitude isa2 which leads to a
cross section proportional to 113cos2u. The amplitudea2 is
expected to be significant for bothpp→pnp1 and
pp→dp1 because the intermediateND state can be in a
relatives wave. As witha2, thea0 amplitude hasLp51, but
if the mechanism goes through anND intermediate state, the
ND pair must be coupled toL52 @12#, which is less likely
near threshold for bothpp→pnp1 and pp→dp1. The
others-wavepN amplitude in Table IV isb0 which is the
primary contributor topp→ppp0. Since thepp→ppp0 to-
tal cross section is a factor of.5 lower than that of
pp→pnp1, b0 should be less significant than the oth
s-wave parameters forpp→pnp1.

The angular distributions for the three reactions~consid-
ering only theLNN50 final state! were derived from the
formalism introduced by Mandl and Regge@45#:

pp→dp1,

ds

dV
5
1

4
~ ua08u

21ua18u
21ua28u

2!

1S 14 ua28u
22A1

2
Re@a08a28* # DP2~cosu!, ~8!

pp→ppp0,
ds

dV
5

ub0u2

12
, ~9!

TABLE IV. Partial wave amplitudes that can contribute
pp→pnp1 and involve onlyL50 for the final state nucleons. Th
first column gives the amplitude name@44,46# used for the quantum
states listed in the second, third, and fourth columns for the in
NN states, finalNN states, and thep(NN) states, respectively. An
3 in the last two columns denotes the other pion production ch
nels where these amplitudes can contribute.

Label NN initial NN final Lp(NN) pp→dp1 pp→ppp0

state state

a0
1S0

3S1 1 3

a1
3P1

3S1 0 3

a2
1D2

3S1 1 3

b0
3P0

1S0 0 3
is
ll
ate

pp→pnp1,

ds

dV
5
1

4S ua0u21
1

3
ub0u21ua1u21ua2u2D

1S 14 ua2u22A1

2
Re@a0a2* # DP2~cosu!, ~10!

whereP2 is a Legendre polynomial. The equations are sim
lar to those given in other treatments of these reactio
@44,46,12# Although the matrix elementsan andan8 refer to
the same quantum numbers, they should differ in value
cause the total cross sections are quite different in magni
~as discussed above!. The analysis of Korkmazet al. for
pp→dp1 found a0 consistent with zero and
ua2u.2.5ua1uh for values ofh very similar to those in this
experiment. The large ratio was required to simultaneou
fit the angular distributions and the strong analyzing pow
seen in their data.

The smooth and nearly isotropic angular distributio
seen in our experiment suggest that only a small numbe
amplitudes is likely to contribute and thats waves are more
important inpp→pnp1 than forpp→dp1. We fit the dif-
ferential cross sections to the relationds/dV
5A1BP2(cosu) and list the strengthsA andB in Table V.
Although our differential cross sections alone do not per
us to deduce all four amplitudes of Table IV or Eq.~10!, a
tentative result can be obtained by utilizing existing inform
tion for b0 and a08 . It is reasonable to assume that th
pp→ppp0 data@9,10# are dominated by thes-wave ampli-
tude and therefore determineb0

2. In addition,a08 was shown
to be very small by Korkmazet al. @12# for pp→dp1, and
in order to be able to deduceua1u2 andua2u2 we assume tha
similarly a0'0. Using Eqs.~9! and~10!, tentative values for
ua1u2 and ua2u2 were extracted at three values ofh and are
shown in Fig. 22. We note that the ratio ofua2u2 to ua1u2 is
much larger forpp→dp1 than forpp→pnp1. Simple ar-
guments@6# predict an energy dependence proportional
h2 for ua1u2 and proportional toh4 for ua2u2. The lines in
Fig. 22 illustrate that partial cross sections are compat
with simple power law dependences, requiring an expon
of 2.8 for ua1u2 and about 5.2 forua2u2. These qualitatively
different powers suggest that the originally proposed sim
power relations like 2 and 4@6# are derived from inadequat
models.

A theoretical extrapolation ofpp→pnp1 cross sec-
tions from knownpp→ppp0, andpp→dp1 data by Faeldt

l

n-

TABLE V. Parameters for the observedpp→pnp1 angular
distributions fit using the formds/dV5A1BP2(cosu).

Beam energy A B
~MeV! (mb/sr! (mb/sr!

294.3 0.05760.006 0.00060.014
299.3 0.3860.02 0.04860.045
319.2 3.2760.10 1.0260.24
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36 56J. G. HARDIEet al.
and Wilkin obtains reasonable agreement with the obser
pp→pnp1 energy dependence@47#. Recent refinements
of their procedure also produce good agreement w
the shape of the observed angular distribution, thus
phasizing the close relation between these reactions. A
cent preprint by Shyam and Mosel uses a refined form
ism of Ref. @16# to obtain similar, good agreement wit
the energy dependence and quite reasonable agree
with the angular distributions. It is of interest to see if the
relativistic formalism is necessary. Both calculations obt
absolute cross sections within a range of about625%
from the data.

V. SUMMARY AND CONCLUSIONS

We have presented kinematically complete data for
reactionpp→pnp1 near threshold. A novel experiment
technique was discussed in some detail. The lowest pro
beam energy for which cross sections are presented is
MeV over threshold where themaximumpion energy in the
center-of-mass frame is 0.86 MeV (h50.112). With this
experiment there now exist recent data for all threepp in-
elastic channels. This should facilitate reaching the lo
term goal of extracting a model independentpNN vertex
range in a reaction that necessarily requirespN off-shell
scattering.

We observe that calculations using a soft pion theor
@7# are in qualitative~but so far not quantitative! agreement
with the total cross sections of this experiment and
pp→ppp0. However, these calculations could be sign
cantly improved using modern inputs, particularly t
NN off-shell interaction. With the exception of the calc
lation of Engelet al. @16#, none of the recent calculation
applied topp→ppp0 have been published forpp→pnp1

FIG. 22. Tentative energy dependence of the partial wave
plitudesua1u2 ~triangles! andua2u2 ~solid circles! for pp→pnp1, in
units of mb/sr. Uncertainties due to random errors and ang
dependent systematic errors are shown. All cross sections also
a common615% scale error, which is not shown. The solid lin
show fits to the points assuming a power relationshipuMEu25ha,
wherea5 2.8 and 5.2, respectively, are the fitted quantities.
ed
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at this time. Chiral perturbation theory has been appl
to the pp→ppp0 reaction yielding a surprisingly poo
description of the data@28,29#. However, the pion rescat
tering process is the main phenomenon that these ca
lations seek to describe; therefore, they should be m
relevant for pp→pnp1 based on the arguments prese
ted here. Calculations forpp→pnp1 would provide a
better test of the range of applicability of chiral perturbati
theory.

The relationship between thepp→pnp1 data and other
pp inelastic channels close to threshold was discus
in terms of the amplitudes given in Table IV. The tot
cross sections forpp→dp1 near threshold are over an ord
of magnitude larger than that forpp→pnp1, which in turn
is a factor of 5 larger than forpp→ppp0. These very dif-
ferent relative strengths are explainable through the use
realisticNN final state wave functions@43,47#. Lee also con-
cluded that thepp→pnp1 cross sections are very sensitiv
to the off-shell pNN range. The interpretation of th
pp→ppp0 data is still in dispute, as possibilities of larg
pN off-shell interaction strength and heavy meson excha
are being explored. A careful analysis of all pion producti
channels at threshold will be required for a consistent in
pretation.

The invariant mass and angular distributions obser
in pp→pnp1 indicate that close to threshold,s-wave
angular momentum states dominate. The close simila
between the shapes of the invariant mass distributi
for np1 and pp1 gives evidence that the peaks in th
pn invariant mass spectra are due to thes-wave pn inter-
action. Any theoretical calculation must include thispn
final state interaction in order to correctly describe the
data. The pion angular distributions closest to threshold
isotropic within errors; significant anisotropy o
pp→pnp1 was observed only at 319.2 MeV. The aniso
ropy in each case is much smaller than that observed
pp→dp1 at the sameh. Thus, the major conclusion a
present is that these data are dominated by the ampli
a1, which describes thepn andp(pn) states ass-wave rela-
tive angular momentum states. Tentative values for the m
nitude of a1 are given for 294.3, 299.3, and 319.2 MeV
These data in conjunction with other recent near-thresh
experiments should provide important new informati
about thepNN vertex.
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