PHYSICAL REVIEW C VOLUME 56, NUMBER 1 JULY 1997

ARTICLES

Kinematically complete measurement ofop—pn#™* near threshold

J. G. Hardie, S. A. Dytman, W. W. Daehnick, W. K. BrooKsand R. W. Flammang
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

L. C. Bland, W. W. Jacobs, P. V. Pancefland T. Rinckel
Indiana University Cyclotron Facility, Bloomington, Indiana 47408

J. D. Brown and E. Jacobsen
Physics Department, Princeton University, Princeton, New Jersey 08540
(Received 6 September 1996

Cross sections fgpp— pnz* have been measured at incident proton energies of 294.3, 299.3, 306.3, 314.1,
and 319.2 MeV (0.1% #<0.42) to investigate hadronie™ 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 thépn system. The shapes of the
pn, nt, andp#z" invariant mass distributions provide further evidence for dominancewéve 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-arelye contributions. Tenta-
tive values for the strongest contributing partial wave amplitudes are presgB@&h6-28187)01307-1

PACS numbds): 25.10+s, 11.40.Ha, 13.75.Cs, 21.30.Cb

I. INTRODUCTION The major subject of this paper is an experimental study
of pp—pn=z* very close to threshold. Gell-Mann and Wat-
The study of pion production processes close to thresholdon [5] and Rosenfeld6] examined the properties of pion
originally was initiated in order to explore the application of production througtpp as well asyp collisions near thresh-
fundamental symmetries to near-threshold phenomena. Cuold, including thepp— pna* reaction. They used general
rent algebra and soft pion techniquég were utilized, and isospin and phase space arguments to predict the spin, isos-
isospin symmetry and general commutation relationships besin, and energy dependence of the cross section and intro-
tween operators were exploited. A central hypothesis in thesguced much of the terminology fgrp inelastic reactions in
investigations was the partial conservation of axial currenuse today. Schillaci, Silbar, and Youhd] used these ideas
(PCACQ), where the pion current is taken as the primary me-o calculate the energy dependence of the total cross sections
diator for low energy processes such as pion decay, Gamowf all pp inelastic channels near threshold. They used PCAC
Teller neutron decay, and pion-nucleon scattering. The relaor the pion vertex, the Adler-Dothan theor¢8j to simplify
tions derived from these considerations are called the lowhe calculation, and fitteBlN phase shifts.
energy theorems, and modern models often use them as their Modern hadron facilities such as the Indiana University
starting point. Chiral perturbation theof#] has recast these Cyclotron Facility(IUCF) have the capability for much im-
ideas in modern language and has put them on a firmer th@roved accuracy in pion production experiments very close
oretical basis. Experimental capabilities have now developetb threshold. The first results from the Indiana Cooler ring
to the point where these ideas can be tested in detail. So favere published by Meyeat al.[9] for the total cross sections
the primary application in nuclear physics has been to neamf pp— pp#°. The lowest beam energy used was 5.4 MeV
threshold photoproduction of® mesons from the proton. abover? threshold, where the maximum pion energy in the
The leading order chiral perturbation theory calculatif®ls  center-of-masgc.m) frame was 2.3 MeV. Since the thresh-
are in good agreement with the® cross section data from olds differ for various hadronic pion production processes, it
Bonn[4]. is convenient to present results in termszpfthe maximum
pion momentum in the c.m. frame measured in units of the
pion mass. In this notation the data of REJ] closest to
*Present address: Department of Physics and Computer Sciendfireshold haven=0.186. Recent results from CELSIUS
Christopher Newport University, Newport News, Virginia 23601. (Uppsala [10] for the same interaction are in excellent
TPresent address: Thomas Jefferson National Accelerator Facilitagreement with the data of Meyet al,, and with 7 as low

Newport News, Virginia 23606. as 0.08 extend thpp— ppm? data even closer to threshold
*present address: Physics Department, Western Michigan Univefthe maximum pion kinetic energy in the c.m. frame at their
sity, Kalamazoo, Michigan 49007. lowest energy is 0.40 MeV Older total cross section mea-
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surements fopp—pp=° from TRIUMF [11] are of lower ¥ L
accuracy, but in agreement with the more recent results. . .
TRIUMF results of differential cross sections and analyzing
powers for pp—dz* have been published by Korkmaz ‘
et al.[12] and of total cross sections fap— d#° by Hutch- .
eon et al. [13]. The lowest energynp—d=° data have N N .
7=0.015. The first experimental cross sections for (a) (b)
pp—pnat near thresholdwith a minimum » of 0.112
were reported in a recent Letter by the present autfibth n n
The pion angular distributions were shown to be close to . A
isotropic, indicating sensitivity to the wave. This paper N . N —
provides a more complete analysis of the same data set. | ;
A major interest in experiments near threshold is the pos- I '
sibility to learn about therNN vertex. Within a few MeV of N !
threshold, thes wave will dominate unless there is a nearby
resonance. Experiments at intermediate energy facilities have
previously studied the role of thB;; 7N resonancgthe
A) that peaks at 1232 MeWN c.m. energy and has a width
of 120 MeV. Experiments at totarN c.m. energies well
below theA mass are required to deduce the strength of th
7N s wave and compare it with theoretical predictions. In
conjunction with a calculation that focused on the effects ofdominance of thes-wave =N reaction for thepp— ppm®
the A intermediate state, Lee predicted that thecontribu-  data seemed established based on the observation that the
tion to pp—pn=* (which can enter through either théN  energy dependence follows the phase space for a reaction
or 7N interaction is roughly 15% of the total cross section mechanism withs waves in both theNN and =N interac-
[15]. Similarly, a recent calculation of Enget al. suggests tions [9]. However, the magnitude of the cross section was
that the contribution of a delta isobar is not important atnot explained by calculations based on the traditional ap-
energies below 350 MeV16]. proach of Koltun and Reitan or Miller and Saug?2,23,
Current determinations of the on-sheNN coupling  where only pion-mediated interactions were included and
strength by low energiNN and wN scattering experiments evaluated on shell. The total cross sections obtained in these
agree to within about 5%, but the off-shell dependence igalculations were a factor of about 5 smaller than the experi-
much less certain and has proved to be quite model depemental results. The simplest diagrams are insufficient even if
dent. The off-shellwNN interaction is masked in most ex- carefully calculated using modeMN potentials. Part of the
periments by the strength of th& resonance. It is often explanation is that the leading pion rescattering diagram is
parametrized in terms of a vertex ran@éso referred to as a suppressed foer® production because the isospin indepen-
cutoff momentumin a monopole form factor with published dentzN scattering lengtifoften parametrized as;) is un-
results in the range of 0.6—1.5 Ge&VDeterminations based usually small.
onwN data[17,18 tend towards the low end of that interval,  Schillacci, Silbar, and Youngj7] used on-shels-wave
and fits toNN data give the higher valu¢49,2(. The fitto  #NN information and had to estimate the off-shell
pp—dm™ by Vogelzang, Bakker, and Boersnidl] also NN—NN interaction in the intermediate state, which led to
requires a vertex range below 0.9 GeV. an estimated uncertainty of a factor of 2, a range that did
The diagrams expected to contribute most strongly tdnclude the new IUCH p— pp#° cross sectionf9]. Subse-
NN— NN reaction close to threshold are shown in Fig. 1.quent calculations by Lee and Riska4] and Horowitz,
Since the pion momentum must be provided by two nucleMeyer, and Griege[25] are similar in spirit although the
ons, direct production from a single nuclegRig. 1(@] NN scattering diagrams are explicitly calculated. All of these
would normally be a minor contributor INN— NN reac-  authors use onlg-wave pion production. The last two cal-
tions. A more likely contribution comes from the rescatteringculations add reaction mechanisms involving isoscalar heavy
diagram shown in Fig. (b). Close to threshold the ex- mesons in the intermediate stdfg. 1(c) with a o or w].
changed particle should be the pion because of its low mass, The discussion about the appropriate treatment for
but the contribution of other mesofiBig. 1(c)] and theA  pp—ppn?is continuing. A different explanation for the un-
resonancgFig. 1(d)] in the intermediate state must be con- derprediction has been advanced by Hernandez and Z8&et
sidered. All of the diagrams in Fig. 1 depend on thewho generate a large off-shell pion rescattering contribution.
s-wave wNN strength. Intermediate state particles are offA recent paper by Hanhast al. [27] reexamines the as-
shell, and their momentum is not fixed even when the extersumptions of the above formulations by treating the hadron
nal kinematics are fixed. kinematics exactly and by including all terms in the pion
Evidence fors-wave dominance in the hadronic pion pro- production Hamiltonian. It is of interest that their result for
duction processes is mixed. For the—d™ reaction, the direct pion productiorfFig. 1(a)] has a smaller magnitude
analyzing power seen by Korkmaa al. [12] is significant  (factor of roughly 2 than the earlier calculation®,23,27
even at the lowest beam energy, 3.2 MeV above thresholdand a somewhat different energy dependence. With a differ-
This implies a strong-wave (or higher angular momentum ent formalism than Hernandez and Oset they also find a
7N strength independent of any model. On the other handnuch smaller enhancement due to the off-shell effects in

(c) (d)

FIG. 1. Diagrams showing the most basic processes contributing
to the NN— NN reactions. Diagranta) signifies direct produc-
tion, (b) indicates pion rescatteringg) involves heavy meson ex-
%hange, andd) is production through thé resonance.
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pion rescattering. Finally, two calculations using a heavy TABLE I. Kinematic limits of the laboratory polar angles for
baryon formulation of chiral perturbation theory have beenthe outgoing particles in the reactigp—pnm".

published[28,29 for pp—ppn°. They evaluate the direct
diagram, pion rescattering, and the lowest orflediagram,  Béam energy e Omax Ormax
and obtain total cross sections a factor of about 5 lower thafMeV) (deg (deg
experiment9].

. L 294.3 4.75 16.5

In 1996 Engekt al.[16] published a relativistically cova- 88 317
riant one-boson-exchange calculation that presents cross Seg, ' X '

. 0 + 6.3 12.3 47.4

tions for pp—pp#" as well aspp—pnz" for the energy 3141 152 65.7
range of 300 MeV to 2 GeV. The neglect of final state inter-__" ~ : X

319.2 16.8 180.0

actions in the published study significantly diminishes their
expected accuracy near threshold. However, a recent report
by Shyam and MosdlL6] rectifies this omission and obtains kinetic energy in the center-of-mass frame. This means that
cross sections within about 25% of tipp—pn#7* cross all three reaction products emerge near 0° in the laboratory
sections presented below, as well as of the availablérame. For energies above the pion production threshold, ki-
pp—ppm° data. nematics give the maximum laboratory frame scattering
Previous to this experiment, the lowest beam energy foangle §; of theith particle as
which modern cross sections were published was 400 MeV
[30], compared to a threshold energy of 292.3 MeV. For Bi
earlier data closer to threshold, the separation of tang; = N
pp—pn7" from pp—d7* was difficult and ambiguous. YemBem. BilBem.
Thus, s-wave dominance had not been established fOK/vhereyC.m, and 8., are the usual relativistic kinematic pa-
pp—pn7". The present experiment was designed to mearameters of the center-of-mass frame relative to the labora-
sure the angular distributions fpp— pn7™ to address this  tory frame.; is the maximum velocity of théth particle in

issue[14]. The experimental difficulties ipp threshold ex-  the center-of-mass frame, and is given By= P; /E; where
periments are considerable. Unless an essentially pure or

windowless hydrogen target is used, pion production from Eg_mﬂr miz_(mj+mk)2
target impurities or the target windows will dominate. In this Ei= 2Ecm ' @
experiment one must measure a small cross section, of order o
1 b, by either detecting very low energy pions or reactionand E. ,, is the total c.m. energy. Table | shows the maxi-
nucleons that are confined to very small laboratory anglegnum laboratory scattering angle for all three particles as a
The Indiana Cooler Ring provided a suitable site for this typefunction of incident beam energy. In order to make a kine-
of work. The standard internal target is a reliable, window-matically complete measurement of this reaction it is neces-
less hydrogen jet of adequate densityjup to sary to detect two of the outgoing particles. We decided to
10*% atoms/cm), and beam improvements in recent yearsdetect the nucleons for two reasons. First, the geometry of
have led to a very low level of background. In addition, athe jet target assembly and of the experimental site makes it
large-aperture 6° bending magnet was designed and installglifficult to design a detector system which would allow di-
for this experiment and has become a permanent part of th€ct detection of the pions over their full angular range,
ring. As a consequence the detection of reaction protons ariihereas the restricted laboratory angle for the nucleons re-
neutrons at very small angles became practical, and kineduces the physical size and cost of the detectors. Second, a
matically complete measurements could be made for the efarge fraction of the lowest energy pions would decay before
ergies of interest. reaching a suitable pion detector.

In this paper, we present and discuss differential cross _
sections for the reactiopp— pnz* near threshold. Beam B. Accelerator requirements
energies from 294.3 MeV2 MeV over thresholgto 319.2 The experiment was performed at the “T” site of the
MeV were used. At the lowest energy, the maximum pionJUCF Cooler Ring where the beam undergoes a 6° bend. In
c.m. kinetic energy is 0.86 MeV. By completely determining its original configuration the T site contained two small 3°
the final state momenta, we can calculate the cross sectigsending magnets with narrow gaps that did not permit a
with respect to any variable. A more detailed, unpublishedsatisfactory detection of reaction products. We constructed
account of the analysis methods is availaf84]. Since a  and substituted a large-gap 6° magnet, which functions both
novel experimental technique was employed, we present ders a ring bending dipole and as a low resolution spectrom-
tails of the experiment and a discussion of the normalizatioreter. The entrance aperture of this magnet is 12.5 cm high by
and acceptance issues. Cross sections will be presented witlh cm wide. This arrangement is shown in Fig. 2. Since the
respect to beam energy, theangle in the c.m. frame, and magpnetic rigidity of the reaction protons is approximately

@

thepn, p7*, andn7" invariant masses. half that of the beam, a reaction proton emerging at 0° will
be bent by about 12° while the unscattered beam protons are
Il. EXPERIMENTAL CONSIDERATIONS only bent by 6°. Neutrons will of course not be deflected at

all. This experimental geometry allowed measurement of all
reaction products down t8=0°. Reaction protons could be

The threshold for the reactigmp— pnz™ is 292.3 MeV. detected over a range from about 3° to the right of the beam
Very close to threshold, the reaction products have negligibléo 17° to the left of the beam.

A. Kinematics
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e 1 dmsect ion andc is the speed of light. The present experiment deter-
\ ‘\\ hodoscope mined a ring circumference of 86.Z8.02 m from then and
mm p opening angles at 294.3 MeV. The error implies an uncer-
—_———n tainty of cg=0.14 MeV in the beam energy. This indepen-

/ dent check is in excellent agreement with other recent ring
[ calibrations. For the current experiment, the systematic en-
L’—-jihodo veto ergy error is significant only at our lowest energy.

i

-
Cocler Ring ""—I}\
Quadrupole ! C. Target chamber and exit foils
' For 294 MeV the reaction protons have a laboratory
frame kinetic energy of about 70 MeV and lose roughly 0.8
i MeV in pumping baffles, vacuum chamber exit foils, and air
! before reaching thAE andE detectors. The reconstruction
of the pion center-of-mass angle is sensitive to multiple scat-
' tering and to the accuracy of the nucleon energy measure-
i ments, and so it was important to minimize the amount of
material between the target and the proton detector stack. An
overhead view of our detector system is shown in Fig. 2. We
used the IUCF gas jg8], which provides a pure, thin target
05 of molecular hydrogen with no detectable heavy impurities.
It produces negligible straggling of the reaction protons and
0 avoids the need to subtract background contributions from
target cell walls. The disadvantage of this type of target is
the difficulty of measuring its thickness accurately. Simulta-
neous measurements of the pion production and of the
detector (known) pp elastic scattering cross section were used to nor-
malize our pion cross sections. The luminosity monitor is
discussed in more detail in Sec. Il B.
FIG. 2. Top view drawing of the CEO03 detector stacks at the f {hmmgodlately dtov_vnfrt]re%m of th? target, be:}weebn th,,eIFOIfS
IUCF Cooler T site. DC1 and DC2 are the,y) drift chambers. 0! t1€ O° magnet, is theé “magnet vacuum chamber.™ 1t a
lows the reaction protons to travel in vacuum for about

The detectors calledE, E, neutron hodoscope, and veto are all ) . . .
plastic scintillators. The recoil detector is a position-sensitive solid’0% Of their 1.5 m flight path. The proton exit foil was
state detector mounted inside the first pumping stage of the gas jgPnstructed of Kevlar cloth overlaid with two thin, differen-
target. As our coordinate frame we choose thaxis in the beam tially pumped Kapton foils, for a total thickness of 18.6
direction at the target. The axis is chosen to point towards the Mg/cn?. Along the flight path there were three thin vacuum
center of the Cooler Ring, andpoints up, out of the page. We take pumping baffles, which served to divide the target chamber
the origin to be at the center of the jet target. The center of the 6°into differential pumping regions. These foils were con-
large-aperture magnet is locatedzat 44 cm. structed of thin aluminum and provided an additional ab-
sorber up to 20.6 m@l)/cm? for reaction protons scattered

Threshold measurements place special requirements ¢ angles larger than 4°. The total mean multiple scattering
accelerator performance. The strong energy dependence @fgle of reaction protons was 0.2°. The neutrons passed
pion production cross sections near threshold requires #irough a 686 mg/crhaluminum window and then through
small incident energy spread and a stable central beam eg-5 m of air on their way to the neutron detectors.
ergy. Schillaci, Silbar, and Youny] predicted a total cross
section forpp—pna* of about 1ub and an energy depen- D. Wire chambers
dence ofdo/dE=0.5 ub/MeV for a beam energy _of 294.3 We used two X,y) multiwire drift chambers(DC1 and
MeV (2.0 MeV above thresholdThe IUCF Cooler fing pro- - pcy) 1o track the reaction protons after they had passed
vides a beam energy resolution of abal/E=10 " andis  ,,4,9h the magnetic field of the 6° magnet. These horizon-
also stable to this level of accuracy. This translates into aRy, it chambers employed a design previously used at
inherent error of 0.0ub at our lowest beam energy. A more gyqqkhaven[32]. Each consists of four wire planes, where
serious systematic error in beam energy arises from any Unjge first two planes are used for theand the second two for
certainty in the ring circumference. The beam velocity iSyhey measurement. For each pair of planes there is a one cell
given by offset between the sense wires in the first plane and the sense

Lf wires in the second plane. The dual timing signal removes
= e’ (3) t_he Ieft-ngh'_[ ambiguity of a_smgle plane and improves posi-
tion resolution. The gas mixture used was 50% argon and
50% isobutane. The two drift chambers DC1 and DC2 were
where B is the velocity of the ring protond, is the ring  separated by 35 cm. They had a test bench position resolu-
circumferencef is the ring rf frequencyH is the ring har- tion of 0.25 mm[full width at half maximum(FWHM)].
monic (i.e., how many beam bunches are stored in the)ying During the experiment the resolution was close to 0.3 mm,

-

'
e A T

1m




24 J. G. HARDIEet al. 56

leaving the chambers capable of determining the direction oféach end. Its performance has been reported ed8#
the proton momentum to an accuracy of 0.07°. This resoluThese bars were mounted with their longest dimension ver-
tion is considerably better than the 0.2° standard deviation itical to permit positioning the hodoscope very close to the
measured laboratory angles arising from multiple scatteringhbeam pipe, and measured neutron angles down to 0°. The
so the chamber resolution was indeed sufficient. position resolution in thg direction(along the length of the
For a valid event, signals from eight cellfour pairs of barg was ~3 cm (FWHM). All scintillator bars were
wires) were required. The wire chamber efficiency wasequipped with a fiber optic coupling connected to an ultra-
monitored continuously during the data runs by computingviolet laser. This allowed us to monitor the detector gain and
the ratio between the number of events firing three pairs antb set the coincidence timing among scintillators. At the low-
the number of events with four pairs providing a valid signal.est three beam energies, th@— pnz* reaction particles
Chamber efficiency was slightly time dependent. The dewere confined to a small enough kinematic cone so that a
duced efficiencies per plane ranged between 98.5% and 95%ingle hodoscope location adequately sampled the entire pion
The simultaneous measurement of luminosity and reactiophase space. For the higher energies the hodoscope had to be
count rate with the same detectors largely avoids the need fanoved (once in order to cover the full angular neutron
this and similar efficiency corrections, e.g., dead time. How+ange. (The largest angle required was 16)8We called
ever, differential counting losses can still be appreciable. In ahese geometries the “in” and “out” positions, respectively.
detailed off-line analysis it was found that the lower energyThe proton detectors had sufficient solid angle to cover the
pp—pnw" events were always detected more efficiently g range of interest for all situations.
than the faspp elastic events, which are used for the lumi-
nosity monitor. Our final luminosity analysis corrected for F. Event identification and triggering
this and also excluded events that fell into the cells nearest

: : o . The electronics for CEO3 used a two-level trigger based
the beam pipe, because fortuitous coincidences from high '
energy background distorted the ratio of monitor and reacO the LeC_roy 2372 Me‘.’”‘“y Lookup UT“MLU)- The first
tion protons[33]. level fast trigger used discrete NIM logic modules to deter-

mine if a potential event of interest had occurred. This deci-
sion required a coincidence between the and theE de-
tectors or a coincidence between the top and bottom
As shown in Fig. 2, the CEO3 apparatus consists of twghotomultipliers of a particular hodoscope bar. If this trigger
sets of detectors mounted on opposite sides of the beamas satisfied, the analog-to-digital convert&bDC) gates
pipe. The detectors on the inside of the Cooler Ring detecivould be opened and the time-to-digital convert@®C’s)
protons; those on the outside of the ring detect neutronsstarted. The fast trigger generated a strobe for the MLU and
The proton arm detector stack consists of the drift chamberalso closed the “busy” gate, preventing another event trig-
DC1 and DC2, followed by a thidE detector. To permit ger before the current one was completely processed. The
fast (mean timing the large, 3-mm-thickAE detector is MLU took its input from theE, AE, hodoscope, and veto
viewed by two adiabatic light pipes mounted at oppositedetectors. It was programmed to categorize four event types
ends of the scintillator and by fast Amperex 2020 photo-based on the signal pattern from these detectors. With this
tubes. The signals from this detector were used to start tharrangement we sorted protons or neutrons in the neutron
event timing circuits. Thé E detector is followed by a stack arm, pp—pna*t events, energeti¢punch through protons
of five full energy measuringE) detectors each of dimen- in the proton arm, and the laser pulses used for calibration.
sion 12.%7.62<71.12 cni, viewed by 7.5-cm-diam Events triggering only the proton arm were further sorted
Hamamatsu 1911 phototubes from their smallest face. Thimto those coincident with the PSD detect@mp(elastic pro-
12.7 cm thickness stopped alp—pn#™" reaction protons in  tons and those with no PSD signal. Since the PSD detector
this experiment. The proton arm detector system was backedas an order of magnitude slower than the scintillators, this
by two thin veto paddles used to discriminate between prodiscrimination had to be done using discrete logic after the
tons frompp elastic eventgwhich punched through thE MLU output was generated. If the event pattern did not
detectors and the lower energy reaction protons from match any of the defined events, the MLU would generate a
pp—pn=7" which stopped in th& detectors. fast clear signal for all ADC's and TDC's and hold the
In addition to the forward detector stacks we also utilizedbusy” gate for an additional 2us to allow the system to
a silicon position-sensitive recoil detectSD mounted reset. The design of this system allowed event triggers to be
inside the target chamber at an angle of about 80° from theapidly reconfigured. Flexibility of trigger definition, particu-
target center. This detector provided a coincidence triggelarly for the veto detectors, proved to be extremely useful in
with the forward proton arm and was used to determine theletector calibration and in measuring detector efficiencies.
luminosity and the gas jet profile. The luminosity monitor is Hardware event processing tooku3 if a second level trig-
discussed in detail in Sec. Il B. ger was not satisfied and300 us if an event trigger was
The neutron detector was preceded by a veto detectogenerated. Any events which were read out were buffered
which consisted of a set of four rectangular scintillators.locally [in a microprogrammed branch drivéBD)] and
They are identical in shape to those in the proton arm anéransferred to the analysis computer when the buffer became
discriminated between charged particles and neutrons enteftill. Buffer transfers typically took 3 ms. When all process-
ing the neutron hodoscope. The hodoscope consists of lidg and transfer times are considered, our event rate was
scintillator bars of dimension’15x120 cn? with a 20 cm  hardware limited to 0.8 kHz. We typically ran with a dead
light pipe and an Amperex XP2252H phototube mounted atime of 15%.

E. Detector stacks
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FIG. 3. Projection onto thex@) plane of pp elastic proton C

trajectories through the 6° magnet at 299.3 MeV. The tracks are -100_;0' T S TR e T T E R
reconstructed starting with the two measured positions in the wire X (mm)

chambers and are traced back to the target through the magnetic

field (the shaded area indicates the mapped portidhe tracks FIG. 4. Distribution of potentiabp— pn=" events pn coinci-
shown are frompp elastic scattering from the gas jet centered algences traced back to the target plaze=0 before any software
z=x=0 cm. Reaction protons fromp—pn" would have about ¢ts are appliedsee Fig. 2 caption for coordinate definitiorrue
twice the bending in the magnetic field due to their lower magneticy, . pn7* events should focus ned®,0) while the background

rigidity. events triggered by energetic protons that do not stop inBhe

. . detectors form a diffuse “cloud” at larger values »f A software
At 294.3 MeV the largémostly elasti¢ proton flux in the cut applied around the dengep—pna* spot, as shown by the

r?eu”on and pr_oto_n detectors generated about 1‘0 000 pmeﬁéx, would remove background caused by protons with energies
tial random coincidences for each rpp—pn7” event.  ahove about 150 MeV.

Tests showed that the second level triggéviU) were _ _ _

99.5% efficient in removing this background. The remainingtons do not stop and deposit only a fraction of their energy.
background was successfully removed by appropriate softthis has the adva+ntage that energetic protons that produce
ware cuts that will be discussed in Sec. Ill A. The overallspuriouspp—pnm " triggers will be assigned an errone-
efficiency of background elimination was determined by aously low energy and thus a smaller radius of curvature in
data run taken at 290 MeV, 2.3 MeV below the the magnetic field. Only events of interest will have tracks
pp—pnm*t production threshold, but still above those for that pass through the targett x=y=2z=0). Straggling and
pp—ppm° and pp—d=*. Analysis of these runs shows resolution produce a focus of about 1 cm in diameter as

that no spurious events survive the full set of hardware and®Wn in Fig. 4. This figure displays tha.,§) coordinates
software cuts. and the intensity of potentiggp—pn=™ proton tracks in-

tersecting the=0 plane for the 299.3 MeV run. The dense

spot nearx=0, y=0) is due to trugpp— pnz" events that

Ill. CALIBRATION AND ANALYSIS are traced back with the correctly assigned energy while the
A. Data cuts diffuse cloud of events at large is background from ener-

getic protons in spurious coincidences. Thus the ray trace
Several types of background events are not suppressefbrmits a good separation betwepp—pnaz* events and

by hardware triggers, e.g., the accidental coincidences of Urthackground coincidences, allowing the latter to be removed
correlated protons and neutrons, or quasielastic scatterinfgom further processing.
from walls and impurities. Particularly at 294.3 MeV where  The second cut employed is based on conventional par-
the pion production cross section is very small most fasticle identification, i.e., on th& vs AE relation for a stop-
triggers are spurious. We found a set of three software cutging proton. In Fig. 5 we show the relationship between the
which completely eliminated these undesired events. Th& detector signal and thAE detector signal for possible
first cut was based on tracking detected protons back throughp— pnz* events at 319.2 MeV in the absence of any soft-
the 6° magnet to the target plane. Figure 3 shows a view ofvare cuts. Protons that stop approximately follow the rela-
reconstructed particle trajectories from elastic scattering fotion AE~ 1/E, but the background from energetic punch-
299.3 MeV protons. The location of the gas target nozzle ishrough protons produces a smallkE signal that changes
defined az=0. This figure shows that valid tracks form a little. The separation between the pion production events and
focus at the target, provided that their energy is assignethe background permits a cut that provides a powerful
correctly. (Elastically scattered protons do not stop in the supplement to the ray trace cut previously discussed, allow-
detectors and their energy has to be calculated from the angirg both of them to be generous. &t cut on the time dif-
measured by the drift chambers. ference between the neutron and proton detector stacks
By design only highly inelastic protons, e.g., those in theserves to eliminate a number of accidental coincidences
pp—pnm " event stream, stop in tHe detector and produce which have a low energy proton produced in one beam
a full energy signal. Elastic and energetic background probucket and an uncorrelated neutron in the next one. These
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FIG. 5. Plot of raw data at 319.2 MeV beam energy Adt vs
E values of protons fronp-n coincidences before software cuts are ~ FIG. 7. Two-dimensional plot for the luminosity monitor.
applied. The lower bandoutside the boxis primarily accidental ~Counting intensity is shown as a function of thecoil) energy
pp elastic and quasielastic background; the bright middle band igleposited in the PSD detector and the position of forward scattered
the truepp— pna* locus. The faint upper right group is caused by Protons(~scattering anglein drift chamber DC1. The recoil en-
pp—pnm' events where both the and thew* were detected in  €rgy increases rapidly with scattering angle. The point at which the
the proton arm. Real events have proton energy between 37.7 af@icoil protons punch through the P§Bchannel 130pprovides a
130.1 MeV. The cut for the accepted events applied for the finafheck on either the PSD thickness or on its position.

analysis is shown by the box. we lose no events in the pion peak but that all of the back-

round is removed. The small low energy tail which survives

e cuts is due to nuclear reactions in théetector resulting
reduced light output. In the final analysis a missing mass
t at 130 MeV was also used and small cut corrections have

three cuts together serve to completely eliminate backgroun
from our sample of pion events. Figure 6 shows the missin
mass spectrum at 294.3 MeV, computed from the measure
neutron and proton four-momenta, before and after applyin% en applied
the three software cuts discussed. The comparison shows tha? '

B. Luminosity

1600 . . . . .
For internal target experiments in storage rings the tradi-
1400- Il CutData tional methods of determining luminosity via known target
— NoCuts thickness and integrated charge will not work. Instead we
1200 measure luminosity by making a simultaneous measurement
of pp elastic scattering, and comparing it with the published
1000 cross sections. Using the relation
£ d
5 800, ANg= L (6)AQ, @
o dQ
600 . : .
whereANy is the number of observed count3,s the time-
400 integrated luminositydo/d() is thepp scattering cross sec-
tion, andAQ) is the effective solid angle, we can solve for the
200 luminosity if do/d€) is known. We measuregp elastic
scattering by selecting coincidences between the forward
0 / ‘ ‘ ‘ ‘ , ‘ ‘ protons withé,,, between 5° and 17° and a PSD of dimen-
0 20 40 60 80 100 120 140 160 sion 4.5<0.7 cnt covering the corresponding recoil scatter-

Missing Mass (MeV) ing angles. Thap range accepted is sharply defined by the
PSD, but the coincidence acceptance varies smoothly with
FIG. 6. Comparison ofr* missing mass spectra for analysis ¢ for the extended gas target. Figure 7 shows the DC1
with and without the three primary software cuts as described in th@0sition (~6) of the forward scattered proton as a function
text. The small low energy tail of the cross hatched spectrum tha®f the energy deposited in the PSD detector. For small for-
has survived the software cuts is caused by nuclear reactions in th#ard scattering angles the detected recoil proton has very
E scintillator. In the final analysis a missing mass cut at 130 MeV,low energy and stops in the PSD. For larger forward angles
and an appropriate correction for losses, were used. the coincident recoil protons begin to punch through the
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PSD, and the deposited energy drops off with increasing 1000 ¢
angle. i

High background during beam injection caused some ra-
diation damage and a slow deterioration of the PSD. There-
fore, its performance was measured before and after the runs
using an alpha source. In order to cross-check the PSD per-
formance and the calculated luminosity monitor coincidence
acceptance, comparisons betwggm elastic rates with and
without the PSD coincidence requirement were made in a
120 MeV run. (At 120 MeV elastic protons stop in thé
detector and the 120 MeV peak with about 2.5% FWHM
resolution is clearly distinguishable from background. How-
ever, a similar operation was not possible for 300 MeV pro-
tons that do not stop.Counting losses arising from poor
charge collection and noise were small, except for the small-
est pulse heights. Any error attributable to the PSD was less
than 6%. We assign a systematic error of 6%.

The most significant correction to thHeoincidenj lumi- ,
nosity measurement came from the extended tails of the jet 80 60
target. By far the highest gas density is found within 3 mm of
the jet center, but the diffusion tails extend |@=7.8 cm
and add significantly to the overall luminosity. The FIG. 8. Comparison of the observed portion of the gas jet dis-
pp—pnat forward detectors are located 1.5 and 4.5 mtribution (open circles as determined byp elastic scattering and
away near the axis and therefore see all of the illuminated the extrapolated distributions using two different models. The gas
gas target, |nclud|ng its upstream and downstream tails. |Hensity drOpS to negl|g|b|e values paSt the pumplng baffles located
contrast, the PSD is located at about 80° to the beam axi§,t|z|:7-8 cm. The lower curve was used for the distribution in the
only 11.7 cm from the jet; therefore, only the central 6 cm O]cMonte_Carlo calculations; the difference between the curves yielded
the gas target can be monitored with a coincidence require®" estimate for our model error.

ment. A Monte Carlo simulation using the measured centrajneasure the neutron energy, but the pulse height threshold
gas target distributiorfiwith modeled taily tracked the cor-  enters directly into the determination of the neutron detection
related protons through the detector geometry to determingfficiency. The calibrations of both detector systems are cru-
its acceptance. This calculation is not difficult because at theial to our results and their interpretatidgsee Sec. Ill E
target the beam has a diameter of only about 1 mm so thathe neutron hodoscope was calibrated using low energy
the (illuminated jet can be modeled as a functionobnly.  pp elastic scattering120 MeV), cosmic rays, and directly
For the best fit to the observed jet shape and the partialljhjected light from an ultraviolet laser. The amount of laser
observed tai(see Fig. 8 we find that the luminosity monitor  light admitted was controlled by a set of calibrated neutral
sees only about 70.5% of the distributed gas target seen jensity filters. The laser provided six to eight calibration
the large detectors. Based on fits with alternate “reasonablepoints defining the electronic offsets and the relative pulse
models for the jet tail we assign a 7% systematic model erroheight response to light levels. The scale of the calibration
for the acceptance.

A smaller, but not negligible source of error in the lumi- EATRLEE I A U I A
nosity comes from the uncertainty of thpgp cross section x ~ SAID94 1
itself. We used the VPI35] phase-shift-fitting prograrsaid 5 ¥ 320 MeV data -
to generate th@p cross section curves for our energies and 5 1
angular ranges. A 4% uncertainty was used for the publishec _
pp elastic cross section. Figure 9 shows a comparison of ¢
typical pp elastic cross section distribution with the 1994
SAID solution. Only recoil angles between 75° and 80° were
used in the final luminosity determination.

The target thickness was adjusted to about 1®Y _
atoms/cnt to optimize the data taking rate. In order to re- s
duce beam loss due to multiple scattering, the jet was turne: C
off during the injection, acceleration, and reset phases of the N I B B I
cycle. Typical luminosities were aboutx210*® cm 257! LCH w715 g 85 85
just after the jet was turned on and fell exponentially during Lab Angle (deg)

the time the jet was on. The optimal cycle lasted 2 min and G, 9. Thepp elastic scattering cross section obtained from the
used a 1 min target-on period for each beam cycle. Aboufyminosity monitor, after correction for acceptance, is shown as a
20% of the original beam was dumped at the end. function of recoil angle for 319.2 MeV beam and compared with
Plastic scintillators in both the proton enerdy)(detector  the saipe4a NN phase shift solution. Only recoil events between
and the neutron hodoscope were used to measure deposite4? and 80° were used to determine the luminosity. The cutoffs in
energies. The hodoscope pulse height spectrum is not usedtte data at 72° and 82° are due to limits of the detector acceptance.

© data
———~- linear tail

a/z+b model

relative gas density

2z (mm)

do/dQ (mb/sr
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FIG. 10. Typical spectra of energies deposited in the hodoscope
by selected cosmic ray events that either fire just a single scintillator o | | L ol

at oblique incidence or else four or more béatnear normal inci- 0 20 40 60 80 NeEJfrOD Eﬁ&gy (mv)
dencg. The hodoscope energy calibration was set by matching the

Monte Carlo calculationgcurves as described in the text. This FIG. 11. Neutron energy distribution as measured by time of
measurement provides an absolute energy vs pulse height calibrﬁfght at a beam energy of 299.3 MeV. Data are compared with a
tion close to the software pulse height cut for each scintillator bar inonte carlo predictiorincluding FS) of the expected energy dis-
the neutron arm. tribution based opp—pna" kinematics.

was determined by detecting cosmic rays in all bars and waghered is a measurable constant which depends on the elec-
cross checked by 120 Mepp elastic scattering in a number tronics, cabling, and photomultipliers, but not on any of the
of bars. Cosmic ray data were taken throughout the experiarticle kinematics. Using this equation, time differences, the
ment with the scintillator bars oriented vertically. By group- measured proton energy, and the detector geometry, we can
ing these events by angle of incidence into two clagéese compare the extracted neutron energy distribution to that
that fired only one hodoscope bar and those that fired four dpredicted by our ¢-wave) Monte Carlo calculation. Figure
more barkthe cosmic rays provided two energy calibration 11 shows this comparison at 299.3 MeV. Fine adjustments
points. The deposited energy differed considerably for thesr the neutron energy calibration were made by calculating
two cases and a Monte Carlo calculation predicted energihe kinematically determined energy centroids separately for
distributions for both situations, as shown in Fig. 10. Weeach bar and comparing them with the observed centroids.
were able to determine the hodoscope pulse height calibra- The neutron detection efficiency depends on the geometry
tion near the 9.6 MeV threshold point t00.5 MeV. and composition of the detectors, the energy of the neutrons,
Monte Carlo calculations showed that the reconstructior@nd the detector energy threshold. We used the neutron effi-
of the pion momentum is very sensitive to the energy of theciency code from Kent State86] to compute and integrate
detected nucleons. ThE detectors were calibrated using the neutron detection efficiency over our measured neutron
pp elastic scattering, cosmic rays, and the reaction protongnergy spectrum. The detection efficiency shown in Fig. 12
from pp—pn*. The shapeof the proton energy distribu- Was calculated for a beam energy of 294 MeV as a function
tion depends on the details of theNN reaction but the end Of the threshold for the neutron detector pulse he{glttich
points are determined entirely by conservation of energy anfias a known relation to the deposited engr@or a thresh-
momentum. Therefore we measured the end points for eacdd near 10 MeV(electron light equivalentthe detection
of our beam energies and compared with the kinematicall@fficiency does not change significantly for the beam ener-
determined values. Combining this witip elastic scattering 9ies used in this experiment. The individual neutron hodo-
at 45 and 120 MeV, and with cosmic ray data, we were abl$cope bars had hardware energy thresholds up to 9 MeV. We
to calibrate theE detectors to better thart0.5 MeV for  used a uniform software cutoff at 9.6 MeV to regularize the

+1.0 MeV for 306.3, 314.1, and 319.2 MeV. tion efficiency is found to b&0.141+0.005 where the error
) ) _ o comes from the uncertainty in the hodoscope threshold en-
C. Neutron time-of-flight and detection efficiency ergy calibration. In addition, Cecil, Anderson, and Madey

We used time-of-flight techniques to determine the neu{36] suggested an estimated scale uncertainty of about 5% in
tron energy. The proton detector can be utilized as a staftieutron detection efficiencies determined from this code.
detector if a proton time-of-flight correction is made. If the (Other tests have consistently shown errors under 10%.
proton momentunp, and flight pathd,, the neutron flight Combining experimental and model uncertainties we assign
pathd,, and time differenceAt,, are known, the neutron an 8% hodoscope contribution to the absolute scale error.

velocity can be determined from the expression
D. Detector acceptance and final state interactions

Bn= dnPp , (5) Despite an experimental acceptance of up to 40%, Monte
doEp— (Atpatd)cp, Carlo calculations for the coincidence acceptance are re-
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of the two geometries used to obtain 319.2 MeV data, the
two results differ by three standard deviations. Similarly, two
1 pieces of the neutron angular distributi¢im coincidence
- with the reaction protonare separately measured by the two
hodoscope geometries. Use of the acceptance calculation
A with no np FSI results in a discontinuity at the interface of
jExperiment Threshold ] the two parts of the distributiotiThe same effect can also be
; seen by arbitrarily subdividing the hodoscope at sonmu®-
] ordinate and analyzing the two pieces independerilgese
1 disagreements are the result of an incorrect acceptance cal-
[ \ culation because the shape of the spectra outside the angles
5 = measured by the detectors is calculated incorrectly. Only for
1 an adequate FSI interaction will the distribution be continu-
| L L ous across a boundary between two detector geomesies
0 5 10 15 20 25 30 tificial or real) and will the total extracted cross section be
Energy Threshold (E.E. MeV) - the same for the two sets of data mentioned above. By con-
FIG. 12. Computed neutron detection efficiency, integrated ove?FrUCt'Qn’ _the_FSI model used does_ not change th_e Ol?served
our observed neutron energy spectrum, as a function of neutroR'O" distributions; the effect of this FSI calculation is to

detector pulse height threshold. The chosen software threshold cgcale then-p coin'cidence efficienpy which affects the de-
for this experiment is shown by the arrow; it is at 9.6 Maectron ~ duced cross sections by accounting for the relative angular
light equivalen}. distribution of the nucleons.

The FSI correction of Watson and Migdal does not affect
quired because the percentages of reaction nucleons acceptgé pn invariant mass distribution because the correction is
for different parts of the phase space can differ significantlypased on the-wavepn cross section which depends only on
e.g., few events with both nucleons on the same side of thghe pn total energy.
beam line are detected. Therefore, a calculation of the The strength of the final statep interaction differs for
pp—pn7" detector acceptance for the three-body final stateriplet and singlet states, and the relative contribution of each
requires a Monte Carlo simulation of the experiment. Theis not knowna priori for the continuum interaction sampled
simulation included an accurate computation of reactiorhere. A variation of singlet to triplet state weight in the FSI
phase space and particle trajectories to account properly f@falculation indicated that the best fit to the “matching” con-
the varying acceptance. Event reconstruction is also affectegitions discussed above is obtained when the ratio of singlet
by the energy and angle measurements; hence, the simulatigf triplet state strengths is close to the statistical £1ix3).
took explicit account of tha® field, scattering center$oils),  However, this is not a sensitive parameter since for the ho-
some energy losses, and all detector resolutions. Adoptingoscope in the small-angl¢in” ) position the FSI correc-
the method used for IUCF experiment CE[B7] we used tion to the total cross section stays below 4% for most ener-
the final state interactiofFSI) model proposed by Watson gies. In matching cross sections measured with different
[38] and later modified by Migdal39] and Mortonetal.  hodoscope positions we find a broad minimum as the
[40] when calculating the observables involving the pion. Intriplet component is changed from 65% to 85%. In the final
this model thepp— pna " interaction is viewed as a sequen- acceptance calculation, we use 75%. Except for 320 MeV,
tial process: First, the pion is produced by one of the nuclethe effect of the triplet/singlet mix on the pion cross sections
ons; then, the two nucleons interact with each other for as weak. Figure 13 shows Monte Carlo predictions of the
long time afterward. The pion production is assumed to oc{coincidenj event distributions for the proton laboratory
cur in a very short time. With this assumption, the pion dis-angle at 319.2 MeV with and without FSI. The curve with
tributions are determined by theNN vertex of interest. FS| predicts stronger forward peaking in thacleoncross
However, while the center-of-mass motion of the two nucle-section, and correspondingly, a stronger forward and back-
ons is also fixed at this time, their motion relative to eachward peaking in the pion c.m. acceptance. For our apparatus,
other(i.e., their opening anglgsnay be strongly modified by the inclusion of the FSI decreases the deduced total pion
the FSI, the knowm-p interaction at low energy. The model production cross section by about 30% when only the “in”
implies that the pion-nucleon final state interactions are wealgeometry at 319.2 MeV is used, but by less than 8% when all
enough not to significantly affect the pion angular distribu-p andn angles are sampled in the apparatus, as was done in
tion. Thus, the pion momentum is fully determined by thethis experiment. The change in the pion cross section is
measured four-momenta of the reaction neutron and protorabout 4% at the lowest energy. A comparison of the accep-

Empirical evidence for the need to include the nucleon+tance calculation with the proton angle spectrum measured at
nucleon FSI was found in various ways. The deduced angup99.3 MeV is shown in Fig. 14. Although agreement is ex-
lar distributions must not depend on detector positions an@ected only if the purs-wave assumption in this particular
must be continuous. Similarly, the reaction total cross secphase space calculation is correct, it will later be seen that
tion must be independent of the way it is measured provideghe interaction at 299.3 MeV is predominangywave.
the acceptance calculation is correct. All pion angles are
sampled in both the “in” and “out” hodoscope geometries
(see Sec. Il E If the pion differential cross section is calcu-  This experiment directly determines the four-momentum
lated with the standartho FS) Monte Carlo acceptance and vectors of the reaction proton and the neutron. From this we
integrated to obtaipp— pnz" total cross sections for each reconstruct the pion four vector as

P43 o e L e S e B S s B e B S B B B s

20

10—

Etfficiency (%)

E. Event reconstruction
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FIG. 13. Monte Carlo study of the effect &fN final state in- FIG. 15. Monte Carlo study of the effect of systematic energy
teractions on the proton angular distribution at 319.2 MeV. Thegnqg angle errors of the detected nucleons on deduced pion angular
magnitude of the FSI effect depends on angle and energy, but igistributions in the three-body center of mass, at a beam energy of
always significant. 299.3 MeV. The figure shows the ratio of the shift@listorted
angular distributions divided by the correct angular distribution.
The “true” proton energies were shifted by 0.5 MeV and the
proton angles by+0.5°. Such errors are consistent with the upper

We studied th itivity of th ion f t t limit on the experimental accuracy. The extracted pion angular dis-
€ studie € sensilivity of the pion tour-momentum 10, ions are much more sensitive to systematic energy errors than

both systematic and ra}ndom errors in the megsured prot% systematic angle errors or to random errors of any kind.

and neutron vectors. Figure 15 shows the relative change in

pion c.m. angular distribution at 299.3 MeV when varioussystematic+0.5° proton angle shift. The effect of these
systematic errors are introduced. The systematic errors hawhifts is demonstrated in Fig. 15 by dividing the “defective”
a large effect at 294.3 MeV and a significantly smaller effectangular distribution by the “correct” angular distribution.
at the higher incident beam energies. Figure 15 gives th&he observed sensitivity of the pion angular distribution to
results for a systematie 0.5 MeV proton energy error and a systematic shifts in protoriand neutroh energy demon-
strates the need for a very careful energy calibration. At
294.3 MeV, this sensitivity is strong enough to require that

P& = Pheamt p%t_ pf;_ Ph - (6)
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the energy calibration be accurate to 0.5 MeV. Sensitivity to
systematic errors decreases rapidly as the incident beam en-
ergy increases so that at 319.2 MeV there would have to be
a systematic energy shift of2.5 MeV to show the same
distortions as in Fig. 15. The figure also demonstrates that
we are an order of magnitude less sensitive to systematic
angle errors. We find even less sensitivity to random errors.
There are two primary reasons for the extreme sensitivity to
proton or neutron energy: Near threshold a small change in
nucleon energy is sufficient to significantly change the de-
duced pion scattering angle that conserves momentum. The
time-of-flight calculation of neutron energy depends directly
on the measured proton energy, and a systematic error in
proton energy distorts both the proton and neutron energies
in the same direction.

F. Experimental errors

° ’ ) ° The cross section errors shown in Tables Il and 11l include
statistics and estimated errors from random and angle-
FIG. 14. Comparison of observed proton angular distributions afl€Pendent sources only. The scale errors were combined in
299.3 MeV with Monte Carlo predictions. The more forward quadrature and yield a common uncertainty*df5% in the
peaked Monte Carlo calculation includes the FSI interaction, theibsolute normalization. The scale error is not shown in the
other calculation has the FSI turned off. The FSI correction is necfigures. The contributions to this systematic error are domi-
essary to reproduce the experimental protend neutronangular ~ hated by uncertainties in the luminosit¥1%) and the neu-
distributions. tron detection efficiency(8%). Smaller contributions arise

8 10 12 14
Proton Scattering Angle (deg)
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TABLE II. Total cross sections fopp—pn#™". Errors shown I I I LA B
in the table are the combined random errors for this measurement;
all cross sections also have a common 15% absolute scale uncer-
tainty, which is not included. There isa0.2 MeV uncertainty in 103
the incident beam energy.

o
T
1
ke
5
3

T \\Ill||

Beam energy 7 fo Random error .
(MeV) (ub) (nb) i ]
294.3 0.112 0.71 0.04 10° = =
299.3 0.210 4.81 0.24 i~ c ]
306.3 0.298 13.91 0.65 2 i ]
314.1 0.373 25.5 1.6 b§ L 1
319.2 0.416 41.1 1.7
ol o 3
c pPpP-ppm 3
from the calculated coincidence acceptance, corrections for i ]
reaction tails, and detector geometries. Each bombarding en- ]
ergy quoted has a 0.2 MeV error, a negligible effect for all
bombarding energies except the lowest. 109 , —
The assigned sc_ale errors reflect the est'imated reliability I Ll el .
of the modelde.g., jet tails, FSI effecjsused in the extrac- 500 950 200 250 500

tion and calibration of the data. The luminosity scale error
dominates. It can be improved in future experiments by us-
ing larger recoil detectors and by having some redundancy in

the drift chambers. We note that for the analysis presented FIG. 16. Comparison of newpp—pnw" data(solid squares
with full errors shown and recent IUCFH p— pp=® cross sections

(open circleg to earlier data. The curves are extrapolations to

TABLE+ I!I' tIrDllfferentlfal crosihsectlons mh units Of’(k?/s'j tfr?r threshold of a simple parameterization of higher energy data by
pp—pnz " in the c.m. frame. The errors shown combine the un-y, .\ vost and Arndt.

certainties from statistics with angle-dependent systematic errors

arising from uncertainties in the energy calibration of the detectorshere we used a more detailed test of the drift chamber per-
formance and a jet model different from that employed in a

Beam Energy (MeV)

294.3 Mev previous presentation of the ddte4]. The reanalysis did not
COSO, . do/dQ2 Error produce any changes in the angular distributions, and
~0.75 0.054 0.016 changes in the total cross section values were minor for all
—0.25 0.058 0.011 energies except for the 294.3 MeV point. The latter had to be
0.25 0.060 0.011 reduced by about 25%.
0.75 0.056 0.016
IV. RESULTS AND DISCUSSION
299.3 MeV
COL, do/dQ Error A. Total cross sections
0833 041 005 The total cross se_ctio_ns fop p—>pn_7r+ preser_1ted in
Table Il are compared in Fig. 16 to previously published data
—0.500 0.39 0.04 . - 0
0167 0.6 0.04 for thls reaction and f_opp—>pp7-r [41,9,10. Thg new cross
0.167 0.35 0.04 sec_tlons from the Indiana Cooler agree well with earller.data,
. ' ' which have much larger errors. However, an extrapolation of
0.500 0.37 0.05 fits in the delta regior{solid lineg based on Refl42] does
0.833 0.41 0.05 not represent the threshold data well.
319.2 MeV A more detailed comparison to the cross sections for other
o, do/dO Error pion production channels is shown in Fig. 17 as a function of
~0.889 421 0.44 7, the maximum pion momentum. For this experiment, the
lowest value ofy is 0.112, corresponding to 2 MeV above
—0.667 3.61 0.31 threshold. In this case, the maximum pion kinetic energy in
—0.444 3.15 0.25 the c.m. frame is 0.86 MeV. The data shown for
-0.222 2.86 0.18 pp— pp=° are from Meyeret al.[9] and from Bondaet al.
0.000 2.78 0.17 [10]. For pp—d= ™", we show the equivalent cross sections
0.222 2.74 0.18 of Hutcheonet al.[13] for np—d#° multiplied by the isos-
0.444 3.06 0.25 pin factor of 2.0. Thepp— pp=° data approximately follow
0.667 3.37 0.31 the s-wave phase space dependefinedetail, Coulomb cor-
0.889 3.66 0.44 rections are also importafi®]). The pp—d«* total cross

sections follow thes-wave 5* phase space dependence close



32 J. G. HARDIEet al. 56

100.0 p—— . o . The pp—pnnm* and pp—d#" reactions differ in that
F o . the latter is restricted to &S, or 3D, pn state while in the
50.0 F pp-dn” e . former more scattering states are allowed; however, the very
I T ° ") large total cross section farp—d= " has other causes. The
relation of the 3S, strengths betweerpp—pnz* and
0.0 pp—dm ™ total cross section has been explained by 453
who found that thegp—d«* cross section is larger because
100 orthogonality requires thpn scattering state wave function
] C to have a node whereas tipe bound state has none. This
= 50 1 makes the overlap with the wave function and the cross
& sections much smaller fggp—pna*.
oo | The earliest attempt to quantitatively correlate all three
’ pion production channels was made in the early PCAC cal-
Lo culations of Schillacci, Silbar, and Young]. Because of the
Yor lack of information about th&IN interaction and its off-shell
C behavior at the time this work was done, only a range of
05 1 values could be predicted, as shown in Fig. 17. Close to
L y threshold their respective ranges are in qualitative agreement
02 L ] with both the newpp—pn=" andpp— pp=° experimental
o cross sections and their energy dependence. There are dis-
0.1 . , , . crepancies in detail. Their off-shell approximation gave the
‘ 0.1 0.2 0.5 best agreement fqyp— pn=*, but for pp— pp=?° their on-
7n (u™) shell approximation(corresponding to the lower curve in

Fig. 17 was closest to the data. A similar prediction for
FIG. 17. Comparison of new data with calculations and relatedop—d=* failed, presumably because of an inadequate treat-
reactions. The new cross sections for the reacipa-pn7" are  ment of the deuteron wave function. This calculation could
compared to pp— pp° data by Meyeet al.andpp—d=* cross  be done with less ambiguity today because the off-shell
sections by Hutcheoet al. Near threshold the cross sections rise asNN interaction is much better understood.
monotonic, but differing functions of. The solid lines show two Other calculations published so far either specialize in
theoretical prediction by Schillagt al. for pp—pn#*. (The re- describing thepp—da™ or the pp—>pp7r° reactions. The
cent, relativistic one-boson exchange calculation of Emgell. is major difference between thpp—pp=° calculations of
not shown. It agrees with known cross sections in the 1-2 Ge\’koltun and Reitan, Niskanen, and Miller and Sagalt of
region, but underpredicts the cross section near threghold. which are too small by a factor off &nd most of the calcu-
lations that exhibit agreement with the d&ig25,24,26 is
to threshold, requiring an additional component withde-  the use of a more completiN interaction in the pion
pendence starting aj=0.14. A distincty dependence some- rescattering terms. Horowitt al.and Lee and Riska explic-
times permits the separation sf and p-wave mN compo- itly include the effect of higher mass mesons as in Fig),1
nents, but thep—pnw" s-wave phase space is expected towhereas Schillacci, Silbar, and Young included the same
be a combination of several powers gpfand the available physics in a more phenomenological way.
data forpp—pn=" do not permit a reliable separation. In order to avoid fortuitous agreement it seems important
We note that thegp—d= " cross sections are more than to simultaneously study related reactions where the various
an order of magnitude larger than those for fle—~pnm"  mechanisms will contribute differently. For example, Lee
channel, which in turn are a factor of about 5 larger than thg43] finds that the isoscalar heavy meson exchange is domi-
pp— ppm° data. Their relative pion production strengths cannant inpp— pp=° but less important fopp— pn*, where
be understood qualitatively. Thep— pp® reaction has to-  the rescattering diagram is the most important one. He gets a
tal isospin 1 for the initial and finaN state. The reaction satisfactory description of the total cross sections for all three
pp—pnw " also has isospin 1 for the initial state but 1 and Oreactions in a calculation that extends the Lee and Riska
for the finalNN state. Isospin is a good quantum number inmodel [24] to charged pion production. Lee finds that the
strong interactiong5], and thepp—pnm™ cross section pion rescattering diagram is much more significant for
must be larger since the amplitudes for differdtit isospin  pp—pn#" andpp—d=™" than forpp— pp=°. The contri-
add incoherently. Very close to threshold, both transitionsution of theA resonance is not included in his calculation.
should be dominated bsrwave finaINN states. We expect Although theA is suppressed ipp— pp=?, it must be con-
dominant contributions ofS; for pp—pp#° and 'Sy and  sidered forpp—pn#* andpp—dx* to make a quantita-
33, for pp—pnw", each of which can produce enhance-tive comparison. Further theoretical study of these issues is
ments at low NN relative energy. Compared to clearly needed.
pp—pnw ", thes-wave andp-wave pion rescattering ampli- Below, we will provide a more detailed description of the
tudes are greatly suppressed fop— pp#°. Heres-wave  experimental results. In choosing variables to display, we
suppression results from the accidental cancellationrf  were guided by the physical effects that are expected to be
scattering lengths ang-wave suppression comes from the important as we investigate theNN vertex. The pion angu-
absence ofAN intermediate states of angular momentumlar distribution carries information about the contributing
zero forpp—pp=°. partial waves of the pion with respect to the pair. Next,



56 KINEMATICALLY COMPLETE MEASUREMENT OF ... 33

the invariant mass distributions of tmer™ andp#* pairs T oo e o IR
can be examined. A complete picture of the reaction also

requires a description of then pair, both for determination %\ 03 |- —
of their properties and because their angular momentum stat = i 3 (a) ]
strongly affects the pion angular distribution. We will & - -
present a partial wave amplitude analysis and other evidence 3 oz B
for dominance ofs waves in both theon and =(pn) sys- 2 7L . i
tems. 5 i % 1
2 L _
B. Invariant mass distributions and Dalitz plots 5 01 * 7

n
The structure of the final staten pair can be observed § i . i
through the distribution of their invariant mass,,. We © S S U D D R T

find that, generally, the final stafen pair has very low rela- Qe 18775 1878
tive energy in this reaction. When the pion has its maximum
momentum, the recoiling nucleons must travel together with

zero relative momentum and ,, is just the sum of proton

and neutron masses. The strong final state interactions in th a
| =0 partial waves will have a dominant role in this situation.
At the highest beam energy for this experiméit9.2 MeVj,

the maximum allowed value dfl ,, is 1890.31 MeV and the
available relative kinetic energy for then pair in the c.m.
frame ranges from 0 to 12.47 MeV. At the lowest beam
energy, the available kinetic energy ranges from 0 to 0.92
MeV. These allowed ranges are very close to the ranges of
pion energy in the c.m. frame becaudg,, is at its minimum
whenE, . is at it maximum and vice versa. In fact, these
variables are strongly correlated since

1878.5 1879 1879.5 1880

pn Invariant Mass (MeV)

% (b)

cross section (ub/MeV)

M

||\|||\|4\|||\|\|\|\|\
||\|||\||‘|||\’\|\|‘|\

x

L | Lo | Lo ‘ Xy
1880 1885 1890 1895

pn Invariant Mass (MeV)

—_
@
3
o

M2,=s+m2—2E, ., (7

m

where /s is the total energy of the system in the c.m. Figure

18 shows the measured distributions Mf,, for two beam FIG. 18. Pion production cross sections as a functiorpof

energies. The arrows show the kinematic limits. The experiinvariant mass fofa) 294.3 and(b) 319.2 MeV beam energy, de-

mental resolution iV, is less than the bin size in each duced without including final state interactions in the acceptance

case. There is a strong peaking for |0an as would be calculation. The kinematic end points are indicated by arrows. The

expected for ars-wave final state interaction. The distribu- strong peaking at lovpn invariant mass suggests the presence of

tion of M,, events can be reproduced in a Monte Carlostrong final state interactions.

calculation assuming pn FSI of appropriate strengtfsee

Sec. llID; a similar result is seen in the CELSIUS

pp—pp7° experiment{10]). teraction in the Monte Carlo calculation was also able to
A general view of the three-body final state can be pro-generate a peak at loM,,, we were unable to reproduce

vided by a Dalitz plot. In Fig. 19 we plot the invariant mass the full M, distribution with reasonable parameters.

of the pn pair against that of therp pair for the highest In the next section, we present further and more quantita-

beam energy. In the figure, the smill,, and largeM ,, are  tive evidence for the dominance sfwaves based on the

strongly correlated, and so an increase in the yield at largpion angular distributions.

M., due to the onset op waves cannot be distinguished

from an enhancement at smafl,,, due to final state inter- ) ) ) )

actions in this plot. However, we note that the mass distri- C. Pion differential cross sections

butions forM ;, andM ., shown in Fig. 20 are very similar. Differential cross sections for pion production with re-

This would only occur if the\ was a minor contributor since spect to the pion angle in the c.m. frame at bombarding

the isospin Clebsch-Gordon coefficient for coupling to theenergies of 294.3, 299.3, and 319.2 MeV are plotted in Fig.

A for #"p is 3 times larger than forr*n. (The effect inthe 21 and listed in Table Ill. The errors shown include contri-

cross section will be a factor of 9. butions from statistics and from estimated errors in the ac-
At present, there are no theoretical calculations availableeptance calculation. These contributions are roughly equal

for any of these quantities. The observed invariant mass disn size except for the lowest energy where uncertainties from

tributions present qualitative evidence for the dominance oénergy and angle calibrations dominate. The errors in the

pn swaves. There is strong peaking bf,, where thepn  c.m. pion angle are energy dependent because of the kine-

relative momentum is close to zero. We were able to repromatic focusing close to threshold. Based on Monte Carlo

duce thisM ,, event distribution in a Monte Carlo calculation calculations, we estimate pion angular resolutions of 19° at

using a realistippn FSI. Although use of @-wave 7N in-  294.3 MeV and 5° at 319.2 MeV.
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FIG. 19. The Dalitz plot for 319.2 MeV data with phase space
acceptance not including FSI. These plots show the invariant mas:
of the proton-pion pair vs the invariant mass of the proton-neutron 0.04 . .
pair. All values in the kinematically allowed region are populated in "o _0' 5 0‘0 0‘5 1o

this experiment to some degree. There is a strong enhancement .
low My, and highM .+,. This would be expected from strong
pn final state interactions.

cos(0) (c.m.)

The kinematically complete measurements permit us to FIG. 21. Pion angular distributions in the three-body center-of-
calculate cross sections in any reference frame, but there af@@Ss frame labeled by laboratory beam end@ps.3 MeV, 299.3
a number of advantages to the c.m. frame defined by th%ﬂev' and 319.2 MeV. The solid lines are fits using the equation

entrance channel. This is the frame that is commonly usef?’d¢=A+ BP,(cosd), which measures the anisotropy of the dis-
for presentingp p—>d7‘r+ angular distributions, and so the tribution. The 294.3 MeV and 299.3 MeV error bars are dominated

interpretations are similar. As faro— da* . only even pow- by angle-dependent systematic errors arising from energy calibra-
P ’ @p T y P tion uncertaintiegsee Fig. 15 Only the data at 319.2 MeV show a

significant anisotropy.

T
6 x X .

(a)pr* - ers of co® can contribute to the differential cross section.
= a4l < 3 Symmetry in the angular distributions about 90° is expected
< w X * but it was not imposed on the data. Data points at the same
> °r é % x 7 value of co$6 are observed to differ by less than one stan-
2 * | | dard deviation, giving independent support for the validity of

£ 0 ' ' " the analysis.

= 8 g Within errors, the pion angular distributions are isotropic

S 8F (onn” © ] close to threshold. Isotropy indicates eitrewave wNN

s = mechanisms or an unusual combinationpeivave mecha-
ar o B E nisms. To determine thewave 7N strength, a partial wave
2k L= e = B 4 amplitude analysis must be applied to these angular distribu-
0 a8 ‘ | o tions. Such an analysis was discussed in some detail for
1075 1080 1085 1090 1095 pp—dx* [12,44. The typical ordering for three-body final

My, (MeV) states labels thE N pair and the pion relative to tHéN pair

[5,6]. The situation is more complicated for three-body final

FIG. 20. Invariant mass of th@) proton plus pion andb) the states because the final stid&l pair can be in a variety of
neutron plus pion system at 319.2 MeV beam energy. These distrf'zmgLJIar mome.ntum states. I,f th_e Orb't"_“l angula_r momentum
butions were determined using an acceptance calculation that if2f thé NN pair is 0 and the pion is restricted kg, = 0 or 1,
cluded the FSI effects discussed in the text. The similarity of theséhere is Oonly one contrlbutlngs-wav_e amplitude f+or
two distributions is an indication that tieresonance is not a major PP—pPp#-. There are three such amplitudes fop—dw
contributor to thepp—pnm* reaction in this energy range since and four forpp—pna ™. If one also allowd yy=1, the total
the * p amplitude couples to tha three times more strongly than number of amplitudes increases to 3, 12, and 19, respec-
the 7#*n amplitude. tively.
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TABLE IV. Partial wave amplitudes that can contribute to  TABLE V. Parameters for the observgmp—pnz* angular
pp—pn#* and involve onlyL =0 for the final state nucleons. The distributions fit using the forndo/dQ =A+ BP,(cosf).
first column gives the amplitude narf4,4€ used for the quantum

states listed in the second, third, and fourth columns for the initiaBeam energy A B
NN states, finaNN states, and ther(NN) states, respectively. An  (MeV) (ublsp (ubisp
X in the last two columns denotes the other pion production chan=
nels where these amplitudes can contribute. 294.3 0.05%0.006 0.006-0.014
299.3 0.380.02 0.048:0.045
Label NN initial NN final L,y pp—d7™ pp—ppn® 319.2 3.270.10 1.02:0.24
state state
ag 'So ’s, 1 X
a 3P, ’s 0 X pp—pnm’,
a, D, s, 1 X
b 3P s, 0 X
do

1
|ag|?+ §|b0|2+|a1|2+|a2|2

1, N .
Z|az|_ ERe[aoaz]

whereP, is a Legendre polynomial. The equations are simi-
& to those given in other treatments of these reactions.
44,46,13 Although the matrix elementa, anda/, refer to

do 4

For theLyny=0 final stategsee Sec. IV B the relevant
amplitudes for each of thpp inelastic reactions are listed in +
Table IV. Sincepp—pnn™ andpp—ppn° are related by
isospin, the saméy(#7) values should apply to both reac-
tions. Howeverpp—pnz" andpp—d=" have thepn pair
in unbound and bound states, respectively, and so there
little reason to expect that the partial wave amplitudes will

be the same in these reactions. Nevertheless, we anticipgle, <,me quantum numbers, they should differ in value be-

the same qualitative  behavior forpp—dm" and  c5se the total cross sections are quite different in magnitude

pp—pna " forissues involving spin couplings. In the analy- (35 discussed aboveThe analysis of Korkmazt al. for

sis of pp—d7” by Korkmaz etal. [12], the principal pp .dmz* found a, consistent with zero and

s-wave mN amplitude isa; which gives an isotropic differ- |a,|~2.5a,| for values of very similar to those in this

ential cross section for bothp—pn7™ andpp—d7", and  experiment. The large ratio was required to simultaneously

the principalp-wave 7N amplitude isa, which leads to a fit the angular distributions and the strong analyzing powers

cross section proportional tot13co£6é. The amplitudea, is  seen in their data.

expected to be significant for botpp—pn7* and The smooth and nearly isotropic angular distributions

pp—dw* because the intermediatéA state can be in a Seen in our experiment suggest that only a small number of

relatives wave. As witha,, thea, amplitude has. _=1, but  amplitudes is likely to contribute and thatwvaves are more

if the mechanism goes through Al intermediate state, the important inpp—pn " than forpp—da ™. We fit the dif-

NA pair must be coupled th=2 [12], which is less likely ~ferential ~cross sections to the relationdo/dQ)

near threshold for bottpp—pnz* and pp—dm*. The =A+BP;(cos) and list the strengthd andB in Table V.

others-wave =N amplitude in Table IV ish, which is the Although our differential cross sections alone do not permit

primary contributor tepp— pp=P. Since thepp—ppa® to-  US to _deduce all four ampll_tudes of Table IV or Eq_O), a

tal cross section is a factor ok5 lower than that of tgntatlve result can be o.btalned by utilizing existing informa-

pp—pna*, by should be less significant than the other tion for b(? and ag. It is reaspnable to assume that.the

s-wave parameters fqup— pna+. pp—ppw" data[9,10] are QOmlnated by the—/wave ampli-
The angular distributions for the three reactidnensid- tude and therefore determilg. In addition, ag was+shown

ering only thelL =0 final statd were derived from the t© Pe very small by Korkmaet al. [12] for pp—d=, and

P 2 2
formalism introduced by Mandl and Regf#5]: in order to be able to dedude,|* and|ay| we assume that
similarly ag=~0. Using Eqs(9) and(10), tentative values for

pp—dnt, |a;|? and|a,|? were extracted at three values pfand are
shown in Fig. 22. We note that the ratio @f,|? to |a,|? is
much larger fopp—d#™" than forpp—pnz*. Simple ar-
d 1 guments[6] predict an energy dependence proportional to
FTO Z(|a6|2+|a1|2+|a§|2) »? for |a;|? and proportional top* for |a,|2. The lines in
Fig. 22 illustrate that partial cross sections are compatible
1 1 with simple power law dependences, requiring an exponent
Z|a§|2— \/;Ra[a(’,aé*] P,(cosd), (8  of 2.8 for|a,|? and about 5.2 fota,|?. These qualitatively
0 do |b0|2
PP—PPT, 4o = 12 9

P,(cosd), (10

—+

different powers suggest that the originally proposed simple
power relations like 2 and ib6] are derived from inadequate
models.

A theoretical extrapolation ofpp—pnzt cross sec-
tions from knownpp— pp=°, andpp—d=* data by Faeldt
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at this time. Chiral perturbation theory has been applied
to the pp—ppm® reaction yielding a surprisingly poor
description of the dat§28,29. However, the pion rescat-
4 tering process is the main phenomenon that these calcu-
] lations seek to describe; therefore, they should be more
relevant forpp—pnz" based on the arguments presen-
ted here. Calculations fopp—pn=* would provide a
] better test of the range of applicability of chiral perturbation
4 theory.
] The relationship between thep—pnat data and other
pp inelastic channels close to threshold was discussed
in terms of the amplitudes given in Table IV. The total
n cross sections fapp—d= " near threshold are over an order
of magnitude larger than that farp— pna*, which in turn
is a factor of 5 larger than fopp— ppn°. These very dif-

FIG. 22. Tentative energy dependence of the partial wave amferent relative strengths are explainable through the use of
plitudes|a,|? (triangles and|a,|? (solid circles for pp—pn=*,in  realisticNN final state wave functiong3,47]. Lee also con-
units of wb/sr. Uncertainties due to random errors and angle<cluded that thggp—pnz* cross sections are very sensitive
dependent systematic errors are shown. All cross sections also hat@ the off-shell 7NN range. The interpretation of the
a common= 15% scale error, which is not shown. The solid lines pp_>pp77-° data is still in dispute, as possibilities of large
show fits to the points assuming a power relationgMiE|*= 7", 7N off-shell interaction strength and heavy meson exchange
wherea= 2.8 and 5.2, respectively, are the fitted quantities. are being explored. A careful analysis of all pion production
channels at threshold will be required for a consistent inter-

- . . pretation.

pp—pnm" energy dependencpd7]. Recent refinements in pp—pna* indicate that close to thresholdi-wave
of their procedure also produce good agreement witthngular momentum states dominate. The close similarity

the shape of the observed angular distribution, thus empetween the shapes of the invariant mass distributions
phasizing the close relation between these reactions. A r§or nz* and p#* gives evidence that the peaks in the

cent preprint by Shyam and Mosel uses a refined formalpn invariant mass spectra are due to thevave pn inter-
ism of Ref.[16] to obtain similar, good agreement with 5ction. Any theoretical calculation must include thps
the energy dependence and quite reasonable agreemgpfy| state interaction in order to correctly describe these
with the angular distributions. It is of interest to see if their yata The pion angular distributions closest to threshold are
relativistic formalism is necessary. Both calculations Obtai”isotropic within  errors;  significant  anisotropy  of
absolute cross sections within a range of abadt25% pp—pnm" was observed only at 319.2 MeV. The anisot-
from the data. ropy in each case is much smaller than that observed in
pp—dnm" at the samey. Thus, the major conclusion at
V. SUMMARY AND CONCLUSIONS present is that these data are dominated by the amplitude
a,, which describes thpn and #(pn) states as-wave rela-

H i threshold. A | . tal Sive angular momentum states. Tentative values for the mag-
reactionpp—pnm ~ near thresnold. A NOVel expenmental .,y "o a, are given for 294.3, 299.3, and 319.2 MeV.

Leec;nqlqeuneerwasf:rls\,(\:,ﬁ?;? dcrlcr)]szosrgitigitsalgr-erherelg\(,avriset dpirSOtgfiese data in conjunction with other recent near-threshold
gy P experiments should provide important new information

MeV over threshold where th@aximumpion energy in the
center-of-mass frame is 0.86 MeVy€0.112). With this about themNN vertex.
experiment there now exist recent data for all thpaein-
elastic channels. This should facilitate reaching the long-
term goal of extracting a model independeriiN vertex
range in a reaction that necessarily requiteN off-shell
scattering. We would like to thank the staff of IUCF for their work in
We observe that calculations using a soft pion theorenproviding a clean, stable beam for this experiment, and K.
[7] are in qualitative(but so far not quantitatijeagreement Solberg, A. Eads, and G. Jacobs for technical help with the
with the total cross sections of this experiment and forwire chambers. Thanks are due to D. Tedeschi and J. Will-
pp—ppm°. However, these calculations could be signifi- iams for reanalyzing the luminosity data. We would also like
cantly improved using modern inputs, particularly theto thank H.O. Meyer, T.-S.H. Lee, and F. Tabakin for useful
NN off-shell interaction. With the exception of the calcu- and informative discussions. This work was supported
lation of Engelet al. [16], none of the recent calculations through a medium energy grant by the National Science
applied topp— pp=° have been published fggp—pnm™" Foundation.
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