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The pp — ppr® and pn — ppr~ reactions have been measured at
310, 320 and 340 MeV using the CELSIUS proton beam and 'H and 2H
internal cluster-jet targets. The 70 production at 310 MeV has been fully
analyzed and a significant deviation from isotropy found in the pion angular
distributions. This increases at small excitation energies of the final proton
pair, suggesting that d-wave pion production is important even close to
threshold. Evidence is also found for some P-wave excitation in the final

p—p system.
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There are three independent total cross sections for single pion produc-
tion in nucleon-nucleon collisions, denoted by o; ¢, where the indices refer to
the total isospin of the two nucleons in the initial and final states. The pp —
ppr¥ reaction corresponds to pure o1, whereas the production of final pn
channels involve at least two amplitudes. Data on the three-body final state
in pp — pnrT are available [1] and complement the extensive data set on the
two-body pp — drnt reaction [2]. The pn — ppm~ reaction near threshold
has recently been measured at RCNP [3] and TRIUMF [4] at small final pp
excitation energies @,,. Using og1 = 20(pn — pprn~) — o(pp — ppr”), this
allows the extraction of a pure isospin cross section.

The measured pp — ppm” cross sections near threshold [5, 6] seemed
fairly isotropic but the recent RCNP experiment [3] shows that for Qp, <
3 MeV, there is a significant dependence upon the pion c.m. production
angle 0., which increases steadily with beam energy. Since these results
are dominated by the 1Sy pp final state interaction (FSI), they imply that
there must be strong pion d-wave production associated with one of the
3F,, 3Py — 1Sy d transitions interfering with the s-wave 3Py — 1Sy s, which
is the only surviving term at threshold.

To provide better data on 011 and gg; near threshold, over a wider range
of Qpp, we have used the PROMICE-WASA apparatus [7] to measure the
pp — ppr® and pn — ppr~ reactions at beam energies of T » = 310, 320 and
340 MeV.

The experiment was carried out with an electron-cooled proton beam of
the CELSIUS storage ring at the The Svedberg Laboratory. Using 'H and
2H cluster gas jet targets, integrated luminosities ranging from ~ 30 nb~!
to 340 nb~! were achieved. The detector system is described in detail in
Ref. [7]. Both protons from the ppr* final state are measured in the forward
scintillator hodoscope and tracker (FD). Their loss, down the beam-pipe
hole subtending an angle of +4°, is the principal source of detection ineffi-
ciency. The large geometrical acceptance (= 70% at 310 MeV) is reduced by
close to 20%, mainly through the interaction of protons in the scintillator.
Protons from 7° production stop in the hodoscope and their energies and
angles are measured to the accuracy of 4.5% and 0.5° (r.m.s.) respectively.
The hodoscope modules were carefully calibrated and this leads to an essen-
tially background-free missing mass peak, with a FWHM of only 2.2 MeV /c?
(Fig. 1). Events in the range 130 to 140 MeV/c? are taken to be 7°’s and
no use is made of the 7° decay information.

The quasi-free pn — ppr~ reaction with a deuteron target can easily be
recognised by selecting events with three final charged particles, two of which
are identified as protons. Fig. 2 shows the pp missing mass distribution for
such events. The narrow peak (FWHM=12.5 MeV) at the neutron mass
results from pd — ppn, where the neutron has interacted in the scintillator,
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Fig. 1. Missing mass spectrum of the pp — ppX reaction at 310 MeV.

while the wider, clearly separated one, corresponds to pion production. The
requirement of the missing mass to be in the area of the second peak defines
the pd — pppsm~ reaction uniquely since no other channel with this topology
can be produced at this energy. The protons are detected as before in the
FD, but the third charged particle may also fall into the central detector
(CD) consisting of two arrays of CsI modules and two plastic scintillator
hodoscopes placed in front of them. The CD covers polar angles from 30° to
90° and azimuthal angles from -25° to 25°. For each pppsm~ event, the pion
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Fig. 2. Missing mass spectrum of the pd — ppX reaction at 320 MeV.

energy can be determined from the energy losses in the FD or CD modules,
or calculated from kinematics using the measured momenta for the protons
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but only angles for the 7~. The second approach, used in this analysis, gives
a much better resolution.

When using a deuteron as a neutron target, one has to assume that the
proton in the deuteron acts as a spectator, i.e. it influences the interaction
only through the associated Fermi motion of the bound neutron, and the
matrix elements for m production off bound and unbound neutrons are the
same.

The experimental distribution in the spectator energy is compared in
Fig. 3 with the results of the phase space Monte Carlo (MC) simulation.
The dotted curve has been obtained for the quasi-free pn — ppm™ reaction,
with the 7~ angular distribution being adjusted to match the data, while
the dashed curve represents a model where both nucleons in the deuteron
participate, both curves being normalized to the data. The experimental
distribution is reproduced by the simulation and, for spectator energies be-
low 10 MeV, the contribution from the quasi-free reaction is close to 85%,
so the first assumption of the spectator model is well justified. It should
be noted that the data show linear terms in cos @, arising from interference
between initial isospin-0 and 1 pn states.
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Fig.3. Spectrum of the spectator (ps) energy in the pd — ppm~ps reaction at
320 MeV.

At present only the pp — ppr® reaction at 310 MeV has been fully
analyzed [8]. Having almost 10° pions allowed us to study the 7° angular
distributions for different bins of @, and Fig. 4 shows that the cross sections
are linear in cos? 0. Both the angular distributions and the Qpp spectrum
shown in Fig. 5 are reproduced by the MC simulation if the matrix element
squared is taken as
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Here p is the pion mass, the momentum of the pion in the overall c.m. system
is denoted by E, 24 is the relative momentum in the final two-proton system,
and 0, is the angle between ¢ and the beam direction. The amplitudes
A, C, and D can be associated with transitions to Ss, Ps and Pp states
respectively, whereas B corresponds to a mixture of Sd with Ss. It should
be noted that in our experiment we cannot separate effects from the F» and
3P, initial waves.
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Fig. 4. Acceptance-corrected pion differential cross sections for pp — ppr® in three
bins of pp relative momentum. Due to the symmetry in the initial state, the data
should be functions of cos? 6, and the differences between the results in the forward
and backward hemispheres, shown with open and closed symbols respectively, give
a measure of the systematic uncertainties in our analysis.

The A and B amplitudes are subject to the same 1Sy FSI. It is a common
approximation to assume a universal enhancement factor Fi; to be indepen-
dent of the form of the pion-production operator, so that [A|> = |Ag|? Fxi(q),
and similarly for B. We take the factor to be proportional to the square of
the pp wave function at its peak (r = 1 fm), divided by the corresponding
plane wave [8]. Apart from the explicit kinematic factors shown in Eq. (1),
the amplitudes Ag, By, C and D are taken to be constant, with Ay and By
being relatively real.
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Fig.5. Acceptance-corrected integrated pp — ppm” cross section as a function of
Qpp- The dotted curve represents a purely S-wave calculation with FSI, and this
is slightly decreased to the dashed curve through the introduction of the B term
which contains some pionic s-wave as well as d-wave. Strength is clearly missing
in the middle of the distribution and, in our parametrisation, this is provided by
the Pp excitation shown with a dot-dashed line. The overall agreement of the
full parametrisation (solid line) with the data is good except for the rise at small
energies where the acceptance is small.

Taking C' = 0 and D = 1.05A¢, corresponding to a ~ 20% Pp contri-
bution in addition to the S's, reproduces the momentum spectrum but not
the angular distributions of the pion. Agreement is achieved here through
the introduction of the Sd term with coefficient By = —(1.2 £+ 0.2) Ag. The
reduction in the integrated cross section due to the Re(A*B) term of Eq. (1)
should be interpreted as being caused by the energy variation of the S's term
implicit in the parametrisation, rather than as an s—d interference effect.

Having fixed constant values of Ay, By, C and D from our experiment, we
can compare our results with those of the RCNP group [3], who measured
the same reaction for @,, < 3 MeV at four beam energies. The overall
normalization and the variation of the slope with 7T}, are well reproduced up
to the highest energy (Fig. 6).

The consistent picture deduced from our and the RCNP results [3] shows
that even close to threshold the transitions to 1S d state cannot be neglected
in neutral pion production. This conclusion, which is based mainly upon the
pion angular distribution, is fairly stable to the addition of other amplitudes
or modifications of the FSI factor. Though our data are best reproduced
with a 20% Pp excitation, such a contribution is harder to quantify because
of the ambiguities in the amplitudes and the form of the FSI.
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Fig. 6. Differential cross sections for pp — ppm® at four different beam energies for
events with @, < 3 MeV. The RCNP data [3] are compared to the model used to
fit our data with the same parameters, viz By = —1.2 Ag, C =0 and D = 1.05A,.
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