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Total cross sections for the quasifree pn — pnn reaction in the range from the kinematical threshold up to
20 MeV excess energy have been determined. At threshold they exceed corresponding cross sections for the
pp — ppn reaction by a factor of about 3 in contrast to the factor of 6 established for higher excess energies.
To large extent, the observed decrease of the ratio o(pn — pnn)/o(pp — ppn) toward threshold may be
assigned to the different energy dependence of the proton-proton and proton-neutron final-state interactions.
The experiment was conducted using a proton beam of the cooler synchrotron COSY and a cluster jet deuteron
target. The proton-neutron reactions were tagged by the spectator proton whose momentum was measured for
each event. Protons and neutron outgoing from the pn — pnn reaction have been registered by means of the
COSY-11 facility, an apparatus dedicated for threshold meson production.
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I. INTRODUCTION

In recent years meson production has been extensively
studied in the context of understanding of the strong interaction
in the nonperturbative energy domain of the quantum chromo-
dynamics (QCD), where it is not obvious whether hadronic or
quark-gluon degrees of freedom are more appropriate for the
description of the dynamics and interaction of hadrons. For
the n-meson precise data [ 1-7] of the total cross section of the
pp — ppn reaction allowed one to conclude that the reaction
proceeds predominantly through the excitation of one of the
protons to the S11(1535) state that subsequently de-excites via
emission of the n meson. The crucial observations were a large
value of the absolute cross section (about forty times larger
than for the " meson [8]) and isotropic angular distributions
[5,7,9] of the n meson emission in the reaction center-of-mass
system.

However, due to the negligible variation of the production
amplitude in the range of few tens of MeV the full information
available from the excitation function is reduced to a single
number [10]. Consequently, measurements of one reaction
channel are not sufficient to establish contributions from
different production currents (e.g., mesonic, nucleonic, res-
onance, or gluonic [11-14]). For this purpose, an exploration
of isospin and spin degrees of freedom is mandatory. The
first measurement of the dependence of the 5 production
on the isospin of the interacting nucleons was conducted
by the WASA/PROMICE collaboration [15] in the excess
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energy range from 16 to 109 MeV. On the hadronic level,
the observed strong isospin dependence indicated a dominant
contribution to the production process from the isovector
meson exchange. Further comparison of predictions involving
exchanges of various mesons [11,12] with recent results on the
analyzing power [16] signified the dominance of the 7-meson
exchange in the production process (though with a rather low
statistical significance) [16]. This observation is in line with
predictions of Nakayama et al. [12] and with calculations
of Shyam [17]. Yet, it seems to be counterintuitive due to
the very large momentum transfer between the interacting
nucleons needed to create the n meson near threshold that
should rather favor exchanges of heavier mesons (e.g., p) as
anticipated by the authors of Refs. [11,18]. Moreover, with the
high-momentum transfer a direct role of quarks and gluons
in the production process is also conceivable. According to
the Heisenberg uncertainty relation the distance probed by the
NN — N Nn reactions at threshold is expected to be about
0.26 fm. Geometrical considerations presented by Maltman
and Isgur [19] indicate that at distances smaller than 2 fm
the internucleon potential should begin to be free of meson
exchange effects and may be dominated by residual color
forces [19]. In particular, because the singlet components of
the n and n’ mesons couple to glue, it is natural to consider
a mechanism where glue is excited in the “short distance”
(~0.2 fm) interaction region of a proton-nucleon collision and
then evolves to become an 5 or 1’ in the final state. Such
gluonic induced production, proposed by Bass [13], is extra
to the contributions associated with meson exchange models
and appears as a contact term in the axial U(1) extended chiral
Lagrangian for low-energy QCD.
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To verify the different production mechanisms it is of
crucial importance to provide an empirical base with spin and
isospin dependence of the cross sections of the near-threshold
meson production in the collision of nucleons as well as in
the photoproduction processes. Therefore, such investigations
are conducted at several experimental facilities [20-24]. In
this article we report on the measurement which enables
us for the first time to determine cross sections for the
pn — pnn reaction close to the kinematical threshold where
a contribution from only a single partial wave is expected.

II. EXPERIMENTAL METHOD

Measurements of the quasifree pn — pnn reaction have
been performed at the cooler synchrotron COSY [25] at the
Research Center Jiilich in Germany by means of the COSY-11
detector setup [26] presented schematically in Fig. 1.

The proton beam with a nominal momentum of ppeam =
2.075 GeV/c (corresponding to the kinetic energy of T =
1.339 GeV) was circulating through the deuteron cluster jet
target [27] with an areal density of about 10'* atoms/cm?.
Due to the relatively weak binding energy of the deuteron
(~2.2 MeV) that is more than two orders of magnitude
smaller than the kinetic energy of the bombarding protons
and due to the relatively large average distance between the
proton and the neutron (~3 fm [28]), it is quite probable that
the beam proton interacts with the nucleon from the deuteron
as if it would be a free particle. Such quasifree proton-
neutron interactions were tagged by the registration of the
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low-energy proton moving upstream the beam. In the analysis
the proton emerging from the deuteron is considered as
spectator that leaves the interaction region with the Fermi
momentum undisturbed by the final-state interaction with
the other reaction products. In this approach we assume that
the measured spectator proton was on its mass shell already
at the collision moment and that the matrix element for
the production of the n meson by the beam proton off the
neutron bound in the deuteron is identical to that for the
free pn — pnn reaction. This assumption is supported by
a theoretical investigation [29] and was already confirmed
by various experiments [4,20,21,24,30]. In particular it was
proven that even in the case of the pion production it is valid
up to a Fermi momentum of 150 MeV/c [20].

The Fermi motion of nucleons causes the smearing of the
total center-of-mass energy for the proton-neutron reaction
(\/Spn)- The resultant distribution of the excess energy for the
quasifree pn — pnn reaction (Q = /sy, —m, —m, — my)
is broader than 50 MeV [7,23,31], and therefore to achieve an
accuracy of Q in the order of a few MeV it is important to re-
construct the four-momentum vector of the interacting neutron
on the event-by-event basis. Such an accuracy is mandatory for
near-threshold studies where the cross sections may vary by
more than an order of magnitude within an excess energy range
of a few tens of MeV [32]. Therefore, the spectator proton
was registered not only to tag the quasifree proton-neutron
reaction but also to determine the four-momentum vector
of the reacting neutron. The usage of the thin cluster target
(10" atoms/cm?) and mounting of the spectator detector
inside the beam pipe ensured the negligible distortion of the

FIG. 1. (Color online) (a)
Schematic view of the COSY-11
detection setup [26]. DI and D2
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represent drift chambers. S1, S3, and
S4 denote scintillator counters. N
stands for the neutral particle detector
and V for the veto counter. Si,,, and
Sigpec are silicon strip detectors used
for the detection of the elastically
scattered protons and  spectator
(a) protons, respectively. Superimposed
solid lines indicate correspondingly
spectator  proton, neutron, and
forward-scattered protons from the
quasifree pd — pypnn reaction and
the dashed lines show an example
of the quasifree elastically scattered
protons used for the monitoring of the
luminosity. The size of detectors and
their relative distances are not to scale.
(b) Projection of the arrangement of
the spectator detector as seen along
the beam axis. The beam is moving
in the direction perpendicular to the
plane of the projection, while the target
deuterons are moving from the bottom
to the top.
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momentum of the measured spectators. Based on the afore-
mentioned spectator model and on the energy and momen-
tum conservation, the four-momentum of the target neutron
P! = (E}, p) at the moment of the collision was derived
from the measured spectator four-momentum Py, = (Ep, ﬁsp)
according to the following formulas: E} =mg — Eg,, and
P = — Psp, Where m, denotes the mass of the deuteron. The
absolute momentum of the beam proton was determined based
on the known beam optics and the frequency measurement
of the circulating beam [25]. The outgoing proton from
the pn — pnX reaction was separated from the beam in
the magnetic field of the dipole and it was identified by the
independent measurement of its momentum and velocity
using drift chambers and scintillators. The momentum of
outgoing proton was reconstructed with a precision of
6 MeV/c (standard deviation) [5] by tracing its trajectory
in the magnetic field of the dipole back to the interaction
point. The outgoing neutron was measured by means of the
neutral particle detector, which delivered information about
the position and time at which the registered neutron induced
a hadronic reaction. Finally, the n meson was identified via
the missing mass technique, where the four-momentum of an
unobserved object produced in the quasifree pn — pn X reac-
tion was determined as Py = P} + Pyeam — Pproton — Preutron-
The evaluation of the four-momentum vectors of the outgoing
neutron and the spectator proton as well as the functioning
of detectors used for their registration will be described more
detailed in the following sections. Whereas for the detailed
description of other detectors used in this experiment the
reader is referred to the previous publications of the COSY-11
group [26].

A. Neutron detector

The neutral particle detector is positioned at a distance of
7.36 m from the interaction region. It consists of 24 modules,
each built of 11 plastic scintillator plates interlaced by 11 plates
of lead each with dimensions of 270 x 90 x 4 mm?> [31,33].
Each detection unit is read out on its upper and lower edge by
photomulitipliers. The modules are arranged into five layers
as it is schematically shown in Fig. 1. In front of the first layer,
to permit a separation between charged and neutral particles,
an additional scintillator counter (often referred to as a veto
detector) built of four overlapping modules with dimensions
of 400 x 200 x 4 mm? has been positioned [34].

The determination of the four-momentum of the neutron
is based on the time of flight between the interaction point
and the hit position in the neutral particle detector [31,33,34].
The time of the reaction is deduced from the measurements
of the proton velocity, its trajectory, and the time when it
crossed the S1 counter. The obtained distribution of the time
of flight is presented in Fig. 2. A clear peak around 24.5 ns
is associated to the y quanta originating from decays of, e.g.,
7% mesons that are produced copiously in the proton-deuteron
reactions. Forthe pn — pnnreaction, at abeam momentum of
Pbeam = 2.075 GeV/c, the time of flight expected for neutrons
is larger than 32 ns. The identification of neutron allowed to
determine its energy and momentum vector based on the time
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FIG. 2. (Color online) Distribution of the time of flight measured
between the target and the neutral particle detector.

of flight and the hit position, the latter was defined as the center
of that module whose signal was produced as a first one.

B. Spectator detector

For the determination of the kinetic energy and scattering
angle of the spectator protons a dedicated silicon detector
system has been used [35]. It consists of four double-layered
modules each with a thickness of 300 um. The front layer (the
one closer to the beam) contains 18 silicon strips each with
an active area of 20 x 5 mm?, while the back layer contains
6 silicon strips with active area of 20 x 18 mm?. A schematic
view of the spectator detector arrangement is presented in
Fig. 1. The modules are positioned at a distance of about
5 cm from the interaction region and their active area
covers about 22% of the full solid angle. The arrangement
was a compromise between the maximum coverage of the
solid angle, angular resolution, and the technical needs for
the installation [23,31]. The detector has been used previ-
ously for experiments at the CELSIUS storage ring by the
PROMICE/WASA collaboration [35].

Figure 3 presents observed spectra of the energy losses
deposited in the front layer of the silicon detector (dE axis)
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FIG. 3. dE-E plot for events registered in the spectator silicon
detector for two pairs placed under different angles with respect to
the interaction region. Signals from deuterons are not observed since
deuterons cannot be emitted toward the detector (upward to the proton
beam) due to the kinematics.
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versus the energy deposition in the back layer (E axis) for two
pairs (of 72 pairs) positioned at different distances from the
interaction region. Both distributions show clear bands from
the low-energy protons. Differences in shapes of the proton
bands in Fig. 3(a) and Fig. 3(b) are due to the fact that the
effective thickness of the silicon pads as seen by the particles
outgoing from the interaction region varies as a function of the
particle’s emission angle. These variations allowed us to check
the position and orientation of the spectator detector relative
to the interaction region. For this aim we have compared the
experimental dE-E distributions to the spectra simulated for
different positions of the spectator detector. By examining
the x? distribution we have determined the arrangement of
modules with an accuracy of 1 mm, consistent with the
nominal values based on the geometrical design of the setup.
The accuracy of 1 mm is fully sufficient in view of the size of
the stream of the deuteron target with a diameter of 9 mm [27].

C. Determination of the excess energy and the production yields

A spectrum of the momenta of particles identified as
spectator protons, as measured in this experiment, is shown
in Fig. 4(a). In addition to the data points, this figure shows
a superimposed histogram depicting expectations derived as-
suming that the momentum distribution of nucleons inside the
deuteron is given by the Paris nucleon-nucleon potential [36].
A good agreement between the experimental and simulated
spectra raised the confidence to the method used.

In the experiment we were able to register the spectator
protons with momenta ranging from 50 MeV/c to circa
115 MeV/c. The energy losses for protons with momenta lower
than 50 MeV/c are not separable from the noise range and the
spectators with momenta higher than 115 MeV were not taken
into account because in the analysis we used the back layer
of the spectator detector as a veto for the reduction of signals
from charged pions. The noise cut has been performed for
each silicon pad separately, analyzing the spectra of energy
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FIG. 4. (Color online) (a) Points with error bars denote experi-
mental distribution of the momentum of the spectator protons. Full
line represents the Monte Carlo spectrum of the spectator momentum
resulting from the Fermi momentum distribution [36] of nucleons
inside the deuteron convoluted with the acceptance and efficiency
of the COSY-11 detector setup. (b) Experimental distribution of the
excess energy Q with respect to the pnn system determined for
the pn — pnX reaction (solid line) and for the pn — pnn events
(shaded histogram).
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loss triggered by a pulser with a frequency of 1 Hz used
concurrently with other experimental triggers.

The measurement of the spectator momentum and as a
consequence the determination of the total energy for the
quasifree proton-neutron collisions allowed us to establish the
excess energy Q with respect to the pn — pnn process for
each event. The determined experimental distribution is shown
in Fig. 4(b). Its shape results from (i) the genuine excitation
function for the n meson and the multimeson production in
the proton-neutron collision, (ii) from the Fermi momentum
distributions of the nucleons in the deuteron target, and (iii)
from the acceptance and efficiency of the COSY-11 apparatus.

For negative excess energies O the n meson cannot be
created and hence all events for Q < O originate from the
quasifree pions production. For positive Q additionally to the
production of pions also the pn — pnn reaction can occur.
This, however cannot be identified on the event by event basis
since the COSY-11 detector system does not allow for the
efficient registration of the decay products of the produced
mesons. Therefore, to disentangle between pions and n-meson
production we have grouped the collected data according to the
excess energy and for each sample the number of pn — pnp
reaction was extracted based on the missing mass distribution.
Optimizing the statistics and resolution, the range of excess
energy above the n-meson production threshold has been
divided into intervals of AQ = 5 MeV width. The width of the
bin corresponds to the accuracy (full width at half maximum)
of the determination of the excess energy that was estimated
based on Monte Carlo simulations taking into account the
size of the target, the spread of the beam momentum, as well
as the horizontal [o(x) ~ 2 mm] and vertical [o(y) &~ 4 mm]
beam size [37]. As aresult for the pn — pnn reaction near the
threshold we derived a standard deviation for the excess energy
of 0(Q) =2.2 MeV that is to be compared with 1.8 MeV
obtained at similar conditions at the PROMICE/WASA setup
[35].

For Q > 0 missing mass spectra have been established
for each interval of AQ separately. Next, a corresponding
background distribution has been constructed from all events
with QO < 0 MeV, following the procedure described in details
in a dedicated article [38].

Subsequently, to each distribution for Q > 0 the cor-
responding background spectrum has been normalized for
mass values less than 0.25 GeV/c?. In this missing mass
region events correspond to single-pion production for which
a production cross section stays nearly constant when the
excess energy changes by a few tens of MeV because with
respect to the single pion the energy is high above the
threshold. To gain more confidence in the procedure we also
performed an alternative normalization, requiring that after
the background subtraction the ratio of the integral of missing
mass experimental spectrum between 0.3 and 0.5 MeV/c? to
the integral between 0.5 MeV/c? and the kinematical limit
is the same as the corresponding ratio of integrals obtained
from Monte Carlo simulations. Both normalization methods
resulted in a statistically consistent result.

As an example, Fig. 5(a) shows the experimental missing
mass spectra for signal (solid line) and background (dashed
line) corresponding to the excess energy interval between 10
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FIG. 5. (Color online) (a) The solid line denotes the missing
mass distribution of the pn — pnX reaction determined for the
excess energy range from 10 to 15 MeV, and the dashed line shows
the background distribution constructed from events with Q < 0
according to the method described in Ref. [38]. (b) Missing mass
distribution of the pn — pnn reaction determined by subtraction
of histograms from the left panel. Vertical bars indicate statistical
errors only. Superimposed dashed line denotes result of simulations
normalized to the data in amplitude.

and 15 MeV. The resulting background subtracted distribution
for the quasifree pn — pnn reaction is presented in Fig. 5(b).
The number of pn — pnn events has been extracted from
this spectrum by fitting to it the simulated distribution with
the amplitude as the only free parameter. The simulation was
based on the GEANT-3 code [39] containing the exact geometry
of the COSY-11 detector system as well as the precise map of
the magnetic field of the dipole magnet. Also the momentum
and spatial beam spreads, multiple scattering of particles, and
other known physical and instrumental effects have been taken
into account [7,26,37]. The calculations take into account also
the proton-neutron final state interaction [31] which changes
the acceptance by 5%. Finally, to obtain the missing mass spec-
trum [dashed line in Fig. 5(b)] a simulated detector response
was analyzed in the same way as the experimental data.

D. Luminosity

The reference reaction used for the purpose of calculating
the luminosity was the quasifree elastic scattering of protons.
The measurement was based on the registration of the
momentum vector of the forward-scattered proton and the
direction of motion of the recoil proton. The recoil protons
were registered in the scintillator counter S4 and the granulated
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TABLE 1. Total cross sections for the pn — pnn
reaction as a function of the excess energy. Given are
the statistical and systematic uncertainties, respectively.
The energy intervals correspond to the binning applied.

0 (MeV) o (ub)
[0,5] 1.06 £0.42 £ 0.21
[5,10] 3.81+£0.74 £ 0.76
[10,15] 104 +2.6+£2.1

[15,20] Upper limit of 13.7 at 90% CL

silicon detector Siyon, Whereas the forward-scattered protons
were registered by the stack of drift chambers D1 and D2,
and the scintillator array S1 (see Fig. 1). For triggering the
coincidence between signals from S1 and S4 scintillators was
required. Events corresponding to the elastically scattered
protons have been identified on the basis of the distributions
of the transverse versus the parallel momentum components
of the forward-scattered proton, on which a signal from the
pp — pp reaction appears as a clear enhancement of the
density of events around the expected kinematical ellipse
[37,40]. To determine the integrated luminosity, numbers of
elastically scattered protons registered in modules of the S1
detector were compared to the inner products of the differential
cross sections and the probability density of the distribution of
the Fermi momentum computed for the solid angles covered
by the relevant S1 detection units. For more detailed de-
scription the interested reader is referred to the dedicated
article [40]. The values of integrated luminosity determined
in four independent detection modules of the S1 detector
are statistically consistent with the average amounting to:
L = (208 & 3) nb~!, where the quoted error stands for the
statistical uncertainty only.

III. RESULTS

Total cross sections determined for the quasifree pn —
pnn reaction are given in Table I and are presented in
Fig. 6(a).

Vertical error bars shown in Fig. 6 denote the statistical
uncertainty only, whereas the horizontal bars represent the
size of the excess energy bins for which the total cross
section values were extracted. In addition the total systematical
uncertainty was estimated to be about 20%. It originates from

@ jase FIG. 6 i itati i

e . 6. (Color online) (a) Excitation functions for the
107} o — g + + near-threshold n-meson production via reactions pn —
. +++ﬁ7+ ? + pnn (filled symbols) and pp — ppn (open symbols)
_ 10¢ 3 e g + + [1-6]. Results of this article, presented as full circles, are
& * j{f"* \b: consistent with values of cross sections determined by the
; 1 "ﬁ‘ §- CELSIUS/WASA group (filled squares) [15]. (b) Ratio of
H g + the total cross sections for the pn — pnnand pp — ppn
107 © reactions. A superimposed line indicates a result of the fit
' taking into account the final-state interaction of nucleons.
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10 independent contributions that were added in quadrature,
and that were estimated by varying (in the analysis of the data
and simulations of the acceptances) the values of parameters
used for the description of the experiment. The studies revealed
that (i) changing the global time offset of the neutron detector,
within 1 standard deviation of its statistical uncertainty, results
in a change of the cross sections by £5%; (ii) the variation
of the cut on the noises in the spectator detector within
the limits of energy resolution resulted in an error of +7%;
(iii) changing the position of the spectator within the range of
expected uncertainty (=1 mm) resulted in an error of £15%;
(iv) varying in simulations the beam momentum resolu-
tion arbitrarily by =1 MeV/c around its nominal value of
3.5 MeV/c resulted in changes of cross sections values by
43%; and (v) the changes in simulations of the time resolution
of the neutron detector (0.4 ns) by £0.2 ns gave +5% error in
the cross section. Additionally we have also taken into account
an uncertainty due to the method used for the background
subtraction amounting to 3% [38], and systematic errors of the
luminosity determination discussed and estimated in details in
reference [40], where it was established that the significant
contributions originate from the method of the background
subtraction (3%) and from the overall normalization error
of the reference data (4%) [41]. We took also into account
uncertainty of £2% [31] connected to the calculations of
the Fermi momentum distribution. This uncertainty was
established as the difference between results determined using
the Paris [36] and the CDBONN [42] potentials. The other
important effect considered is the reabsorption of the produced
meson by the spectator proton that is proportional to the
average of the inverse square of the distance between two
nucleons in the deuteron and that reduces the cross section by a
factor of about 3% [43]. Therefore we increased the determined
cross sections by a factor of 1.03 assuming conservatively the
uncertainty of this correction to be not larger than 1% of the
cross section. Another nuclear effect decreasing the total cross
section by about 4.5% [2], referred to as the “shadow effect,”
was not taken into account because the reduction of the beam
flux seen by the neutron, due to the shielding by a spectator
proton, is expected to be the same for the quasielastic scattering
that was used for the determination of the luminosity.

Finally the uncertainty of the detection efficiency, predom-
inantly due to the uncertainty in the efficiency of the neutron
registration, is estimated to be not larger than +5%. The
computation of the efficiency and acceptance of the COSY-11
detection system is based on the GEANT-3 [39] simulation
packages that uses the GEANT-FLUKA subroutines for
the calculations of the hadronic interactions. For the beam
momentum of 2.075 GeV/c and the conditions of the detection
with the COSY-11 setup the kinetic energy of neutrons from
the pd — pgppnn reaction ranges from 200 to 430 MeV.
The resulting efficiency of the 44 cm thick COSY-11 neutral
particle detector varies in this neutron energy range from 51%
to 56% [34]. This is in a very good agreement with expectations
based on the efficiencies determined for LAND [44] and other
calorimeters [34,45].

Figure 6(b) shows the ratio of the total cross sections for
the pn — pnnand pp — ppn reactions plotted as a function
of the excess energy. It can be seen that this ratio falls down at
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lower values of Q. To large extent, this behavior may plausibly
be explained by the difference in strength of the proton-proton
and proton-neutron final-state interaction [46]. An influence of
the nucleon-nucleon interaction on the shape of the excitation
function for the pn — pnn and pp — ppn reactions may be
well described by the closed analytical formula derived by
Féldt and Wilkin [47,48] that implies that:

2
apn = pr) _ s o (S tVem T O
o(pp — ppn) Ve tVem+0)

where €,, =2.2 MeV and €,, =0.68 MeV [49] are the
corresponding “binding” energies of the pn bound and pp
virtual states, respectively [47]. We have fitted the function
given by Eq. (1) (resulting with C = 6.98 £ 0.63 as the only
free parameter) to the data in the excess energy range from
0 to 40 MeV where the higher partial waves of the proton-
proton system are suppressed [7]. The result is presented in
Fig. 6(b) as the solid line and explained to some extent the
observed decrease of the ratio at threshold.

IV. SUMMARY

Using the COSY-11 detector setup we have conducted
measurements of the total cross sections for the quasifree
pn — pnn reaction in the very close-to-threshold region. The
experiment has been performed investigating the n-meson pro-
duction on a neutron bound in a deuteron target. The quasifree
proton-neutron reactions were tagged by the registration of
the spectator proton. The Fermi momentum distribution of
the nucleons inside the deuteron has been accounted for
in the calculations of the integrated luminosity as well as
in the determination of the total cross section. The derived
total cross sections are consistent in the overlapping excess
energy range with the previous measurement performed by
the CELSIUS/WASA group. At the threshold the determined
total cross section for the pn — pnn process exceeds the
total cross section for the pp — ppn reaction by a factor
of three in contrast to the factor of 6 observed for higher excess
energies. The observed decrease may be assigned to some
extent to the different energy dependence of the proton-proton
and proton-neutron final state interactions [46].
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