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The pp~ppg reaction is studied at energies near the g production threshold. The total cross sections
at nominal machine energies of 1260, 1265, and 1300 MeV are 90+15, 790+120, and 3460+690 nb, re-

spectively. None of the existing perturbative model calculations reproduces the energy dependence,
which deviates strongly from phase space. This suggests that the cross section is enhanced in the near
vicinity of the production threshold by a large g-pp scattering length.

PACS number(s): 13.75.Cs, 14.40.Aq, 25.40.Ve

This value agrees reasonably well with a model [10]
where the S» (1535) resonance is excited through the ex-
change of a p, m, and g. It is the purpose of the present
work to report on a study of the isovector pp ~ppq chan-
nel near threshold. The measurements already published
were performed at much higher energies with rather poor
statistics [16].

There is only one amplitude for the process pp~ppg
near threshold, corresponding to the transition P0'S0
in the proton-proton system. In the center-of-mass (c.m. )
frame,

fpp ppn g&pp pp ' (1)

where g &, p*, and e denote the isovector amplitude, the
momentum of the incoming proton, and the polarization
vector of the two protons in the initial P0 state. Follow-
ing Ref. [11],the integrated cross section is written as

mQ

0
(2)

It has long been expected, based on SU(6)O(3) mix-
ing, that the g-nucleon channel should couple strongly to
the S» (1535) resonance [1]. Now well established, this
provides a motivation for studying vi production [2—8]
and forms the basis of several theoretical calculations
[9—14]. In analogy to m. production via an intermediate
b, ( 1232 ), vi production proceeds through XN
~S»(1535)~Nvl, where a meson X(m, p, vi, co, etc).
erst produces an intermediate isobar, which decays sub-
sequently into an gN pair.

At LAMPF, coherent q production has been studied in
(m*, g) reactions [3], whereas at the Saturne Synchrotron
at Saclay effort has been concentrated on (p, vi) reactions
[4,8, 15]. In particular, significant rates were found for
the pd ~ Hey reaction at energies near the g threshold
[2,4]. It has recently been demonstrated [5] that old
np ~dX data show a clear signal for np ~dg with a total
cross section o „'"d„=(110+15)pb, corresponding to an
isoscalar threshold amplitude, ~go ~

=0.10+0.02 fm .
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where m is the proton mass, p „' the momentum of the g
in the overall c.m. frame, 2k the relative momentum of
the two final protons, and Q, the energy above thresh-
old in the c.m. system. All of these quantities can be
determined by measuring the momenta of the outgoing
protons. Using Eq. (2), the total cross section then allows
us to extract a value of ( hagi i ) averaged over k and p „'.

The measurements were performed at the Laboratoire
National Saturne using the Saturne II accelerator. Pro-
ton beams of nominal energies 1260, 1265, and 1300 MeV
were incident on a cryogenic Hz target of thickness
398+12 mg/cm . The beam intensity was monitored
during the experiment by measuring the Aux of particles,
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FIG. 1. Scatter diagrams of two particles in coincidence from
measurements at E„„=1265MeV (Q, =2.65 MeV): (a)
coincident ~-proton and m.-deuteron events only. The strong
yield from the pp~pn~+ is due to the excitation of the 4 iso-
bar. (b) Two proton events only. Near threshold there is no cut
on momentum acceptance and the yield from g production ap-
pears as an ellipse.

emitted from the target, using an ionization chamber and
two telescopes, each composed of four scintillators.
These monitors were stable over long time and were cali-
brated repeatedly during the experiment by carbon ac-
tivation methods. Secondary particles were detected and
analyzed in the SPES III spectrometer. At a nominal
field of 3.1 T, its momentum acceptance is rather wide
(600—1400 MeV/c) with a mean angular acceptance of
10 sr. The theoretical momentum resolution varies
with the momentum between 4X10 and 10 . All the
measurements reported here were performed with the
spectrometer set at 0 . The large size of the detection sys-
tem and wide momentum acceptance of the spectrometer
are well adapted for experiments near threshold, where
the outgoing particles (two protons in our case) fly in a
narrow cone in the forward direction with small relative
momenta and enter the spectrometer together.

The spectrometer is equipped with three multiwire
drift chambers for particle tracking, the first of which
(hereafter called MIT chamber) is located at the spec-
trometer focal plane. Two hodoscopes (A and B) 3m
apart, each composed of 20 scintillators, serve as a trigger
and provide time-of-Aight measurements. Two additional
hodoscope planes (C and D) placed between A and B
reduce accidentals. (See Refs. [17, 18] for more details. )

Particles are identified from time-of-Aight measurements
between pairs of A; B scintillators. A two-particle event
is recognized as a true coincidence if there are hits in two
different A;B- pairs and two hits in the MIT chamber.
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FIG. 2. Yield versus missing mass spectrum for two proton
events corresponding to the scatter diagram Fig. 1(b). The
FWHM resolution in the missing mass is about 1.5 MeV in the
g-peak region. The insets display the fit to Monte Carlo simula-
tions (solid and dashed curves) for (a) the g-peak region and (b)
the background below and underneath the g peak. The shape of
the yield below the g peak is well reproduced with two-pion
production and its tail underneath the g peak provides a good
estimate of the background contribution to the g-peak region
(solid curve).
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TABLE I. Total cross section for the pp~ppg. The first
column is energy above threshold in the c.m. system as obtained
from Monte Carlo simulations by fitting the size of the g ellipse.
The values adopted correspond to the minimal y; errors are the
widths of the y vs Q, curve at g;„+1.The second column
is the solid angle in the laboratory system. The third column is
the background to signaI ratio. The shape of the background
underneath the g peak is taken from simulations of 2m produc-
tion. The fourth column is the total cross section from at least
two measurements. The adopted cross section at Q, =2.6S
MeV is 790+120 nb. The fifth column is taken from Eq. (2).

Q, . an z (~„„„) ~g, ~

(MeV) (msr) (%) (nb) 10 fm ~

0.64+0.25 7.4 6.0 90+15 4.2+0.2

2.65+0.25

16.0+0.6

3.9
7.4

11.5

1.5
2.0
2.0

13.0

840+130
770+120
760+120

3460+690

3.6+0.15

1.3+0.2

The detection system loses those events where (1) the two
particles hit a common scintillator A; (or B~ ), (.2) a parti-
cle passes in the dead zones between neighboring scintil-
lators of the hodoscopes A,B,C,D, and (3) two particles
travel close together at the focal plane and hence gen-
erate a single hit in the MIT chamber. All of these
deficiencies are taken into account in the data reduction
off line.

Typical scatter diagrams for two particles detected in
coincidence are shown in Fig. 1. The loci of events corre-
sponding to the pp~dm+, pp~pn~+ reactions [Fig.
1(a)] stand out clearly, as do the two-proton events
pp~ppm. , pp ~pp2m. , and pp —+ppg reactions shown in
Fig. 1(b). All of these reactions are measured and record-
ed simultaneously. In the case shown in Fig. 1(b), there
are no losses of q events due to momentum acceptance
and rather few due to angular acceptance, so that the g
production yield appears as an ellipse. Events are, how-
ever, missing along the diagonal (p, =pz), due mainly to
two particles generating a single hit in the MIT chamber
at the focal plane [category (3) above].

The counting rate versus missing mass spectrum is
presented in Fig. 2. The resolution in missing mass is
about 1.5 MeV [full width at half maximum (FWHM)] in
the g peak region and at all energies studied, the q peak
stands out clearly above the background. The resolution
is considerably poorer for m 's, mainly due to kinematics
which, together with the imprecision in determining the
momenta, have a greater effect for lower missing masses.

The cross section measurements are summarized in
Table I. The spectra have been corrected by subtracting
the target-empty contributions, though in the g-peak re-
gion, the target wall was responsible for only a few
counts. The rates were also corrected for dead-time and
counter efticiencies. All other corrections, arising from
beam dispersion, the interactions in the target and
counters, cuts on angular and momentum acceptance,
and the trigger losses were included via a complete
Monte Carlo simulation, details of which will be given
elsewhere [19]. The yield from the pp ~dm. +, which was
recorded simultaneously [see Fig. 1(a)], has served to ver-

ify the validity of these simulations and for beam energy
calibration. All of the shapes of the d and ~+ peaks, the
difference in their momenta, and the angular distribu-
tions at forward angles, were reproduced accurately, and
the derived cross sections agreed within a few percent
with those of Akemoto et al. [20]. The beam energy was
determined by fitting the measured m and d momentum
difference, Ap=pd —p +, to the predictions from the
simulations. This procedure led to beam energies which
are about 2.5 MeV lower than the nominal values men-
tioned above, a result previously found in Ref. [21]. The
uncertainty in the beam energy is estimated to be less
than 0.5 MeV. However, as the overall acceptance de-
pends on the beam energy and g mass, the cross section
in Table I is quoted versus Q, , the energy above
threshold in the c.m. system. This quantity can be deter-
mined from the size of the g ellipse in Fig. 1(b) without
making use of the beam energy calibration. In practice
the values listed in Table I for Q, (at rnidtarget) and
their errors are deduced by fitting the measured and
simulated spectra of the outgoing proton pair. At each
energy y vs Q, curves are generated and the Q,
value adopted corresponds to the minimal g . The error
in Q, corresponds to the width of the curve at g,„+1.

It is to be noted that the shape of the yield below the g
peak is well reproduced by assuming two-pion production
and the tail of this underneath the g peak provides a
good estimate of the background contribution there. At
incident energy of 1265 MeV the background to signal
ratio is 1.5—2.0%, which is similar to that reported for
forward and backward production in the pd ~ He g re-
action [4].

The total cross section errors quoted in Table I include
statistical and systematic uncertainties in measuring the
rl number of counts (2—12%), beam Aux (8—11%), the
dead time (3%), the detector efficiencies (3—6%), the tar-
get thickness (3%), and the overall acceptance as ob-
tained from Monte Carlo simulations (10—12%). At
1265 MeV (Q, =2.65 MeV), measurements were un-
dertaken with various vertical angular apertures. The
fact that the cross section is nearly constant within the
experimental errors, sustains our Monte Carlo simula-
tions. At 1300 MeV (Q, =16.0 MeV) the overall c.m.
acceptance was smaller covering mainly
0.5( ~cos8,

~

&1.0. The values quoted in Table I for
the total cross sections are deduced from the Monte Car-
lo simulation assuming isotropic c.m. distributions, as
would be expected for an s wave g with respect to the nu-
cleon pair. Although this assumption could not be
verified experimentally it is worth noting that the cross
section from an independent measurement, which detect-
ed the q via its 2y decay, is in fair agreement with our
value at 1300 MeV [8].

The average isovector threshold amplitude g &, derived
from Eq. (2) and shown in Table I, falls by more than a
factor of 3 between Q, =0.65 MeV and Q, =16.0
MeV. A similarly pronounced energy dependence was
also deduced for the isoscalar amplitude from the shape
of the np —+dg energy spectrum [5]. Commonly, such
strong variations occur when the final fragments of a re-
action interact strongly and produce a resonance or a
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bound state. The amplitude is consequently much larger
than it would otherwise be, when the energy of the frag-
ments approaches the resonance, and the cross section is
enhanced. Using a similar parametrization in p„ to that
in Ref. [5], our data require that the g-pp scattering
length be of the order of 3 fm, which is fully consistent
with the value deduced for the ri-d [5] and somewhat
smaller than ri- He system [22].

Several authors have considered the XX—+XNg
through a perturbative approach [11—14] though none of
them reproduced the energy dependence near threshold.
In all of these model calculations, the predicted energy
dependence is determined essentially by phase space.
Germond and Wilkin [10] applied a one-boson-exchange
model with the S&& mechanism dominating the reaction.
There are large uncertainties in their predictions due to
ambiguities in the relative phase of the ~ and p ex-
changes, and the magnitude of the pe%* coupling con-
stant. %'ith a pe%* coupling determined by vector dom-
inance, the main contribution is due to the p. Their pre-
dictions for pure p exchange are given in Fig. 3 by the
curve GR'. The model requires that the relative phases of
the ~ and p amplitudes should be opposite in the np —+d g
and the pp ~ppg channels. This means that if the m. and

p amplitudes add constructively in go, they should inter-
fere destructively in g&. Such a solution, which is compa-
tible with our results and with the single np ~dg data
point [5], can be obtained by reducing the pjtIX' coupling
constant to 0.7 its value from vector dominance [10,11],
and with the relative phases of the ~, g, and p amplitudes
taken to be +, +, and —,respectively. This solution
(displayed by the curve GWM of Fig. 3) agrees well with
our measurements at 1260 and 1265 MeV. The calcula-
tions in Ref. [11]were carried out to Q, =5 MeV only.

Laget et al. [14] included the eff'ects of the P» and D, 3

resonances and could extend their calculations to higher
energies. Their results (curve LWLI of Fig 3), wh. ich
correspond, in their formalism, to the ~ and p amplitudes
summed constructively, are nearly identical to the G8'M,
but overestimate the cross section at 1300 MeV by more
than a factor of 5. This is quite disturbing as the S&&

mechanism should still be dominant at this energy
though the efTects of the p and d partial waves have been
included [14]. The results corresponding to destructively
interfering ~ and p exchange [23] are also given in Fig. 3
by the curve I.S'LII. It is identical in shape to 1.8'I.I
but scaled down by a factor of about 5.5. It fits the cross
section at 1300 MeV and is, in fact, very similar to the
parametrization of De Paoli et al. [24] so that it should
reproduce the cross sections at higher energies as well. It
underestimates grossly, however, our results at lower en-
ergies, suggesting that the cross section is enhanced in
the near vicinity of the g threshold. A similar pro-
nounced energy dependence in the pp ~pp ~ near
threshold was shown to rise from the final state interac-

PP =PP TI
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FIG. 3. Total cross section near threshold for the pp~ppq
reaction. The data points are from the present measurements.
Errors smaller than the data point size are not indicated. The
curve GW is curve d of Ref. [11]. The curve GWM is deduced
from this by (i) reducing their pe%* coupling by a factor of 0.7
and (ii) including contributions from m, g, and p exchanges with
relative phases +, +, and —,respectively. The curves LWLI
and L ALII are those of Refs. [14,23] with the ~ and the p am-
plitudes added constructively and destructively. All curves are
drawn as a function of the c.m. Q value of the reaction to avoid
efFects due to difFerent g-mass values used by the authors.

tion between the outgoing protons [25]. In their calcula-
tions, I.aget et al. [14,23] have included the interaction
between the outgoing nucleons and therefore, the devia-
tion reported above for the pp ~ppg should be attributed
to the interaction of the g with the nucleon pair. Finally,
Vetter et al. [13] reported on similar model calculations.
While they do agree with Refs. [11,14] that the S&& is
dominant, they included m exchange and assumed a rath-
er small pe%* coupling. The calculated cross sections
are much smaller than reported here, but the energy
dependence is rather similar to the ones shown in Fig. 3.

To conclude, the total cross section and isovector am-
plitude near threshold show a pronounced energy depen-
dence which deviates strongly from phase space. None of
the existing model calculations [11,14,23, 13], which are
based on the perturbative approach, accounts for the en-
ergy dependence near threshold. This is most probably
due to neglecting final state interaction associated with a
large g-pp scattering length.
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