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Introduction
Our experimental knowledge of the nucleon-nucleon-gamma production is irregular.

The proton-proton system has been thoroughly studied, since it is the simplest, experimen-
tally. In this case, a good measurement of the momenta and energies of the two protons,
after scattering, is basically sufficient to describe the reaction. The neutron-neutron system
is unknown, for obvious reasons. Our knowledge of the neutron-proton-gamma process is
poor. This is due to the small intensity and bad resolution of the neutron beams. Fur-
thermore the neutron and photon detectors are more difficult to build and less performing
than proton detectors. We concentrate, in the following, on the n-p-7 reaction.

Theory-
Different models have been proposed in the littérature. The most simple is the classi-

cal approximation (1,2,3), with the inclusion of energy conservation, in the semi classical
fashion. Most of the quantum calculations are performed in the framework of a potential
model : Yukawa potential for Ashkin and Marshak (4), Hamada-Johnston and Bryan-Scott
III potentials for Brown and Franklin (5) and Neuhauser and Koonin (6), Bonn potential
for Nakayama et al (7). In these models, although the kinematics may be treated relativis-
tically, the use of the Schrodinger equation gives non-relativistic matrix elements, thereby
introducing errors. For these reasons, Baier et al (8) and more recently Schâffer et al (9)
have computed cross sections in the framework of the one-boson-exchange- model (OBE),
in a fully relativistic and gauge-invariant manner.

Recently, Nakayama et ai (7) have reported extensive calculations. They divide the
electromagnetic potential into 3 contributions : Vem = Vconv + Vmagn 4- Vexch and the
rescattering contribution, for the one-body current, is also investigated. These authors
have found (Fig.l), in agreement with previous calculations, the meson exchange currents
to be the dominant source of high energy photons {Ey > ôQAIeV). The main difference
between potential and OBE calculations, is the failure to reproduce in the later case, the
enhancement of the photon emission probability close to the kinematical limit observed in
the calculations of Nakayama (Fig.l).



Results
Very few data have been reported on the n-p-7 process. Measurements were carried

out at neutron beam energies of 130 MeV(IO), 208 MeV(Il), 72 MeV(12) and 180 MeV(13).
Genuine n-p-7 measurements require neutron beams of high intensities and well defined
energies. These neutrons are usually produced in p+Be or p+Li, as well as d+Be reactions.
Beam intensities obtained with these techniques range between 107 and 5.10s neutrons per
second. In the four cases mentioned, a liquid hydrogen target was used, combining the
advantage of high target thickness and low background, provided thin windows are used.

In the three first cases, both scattered proton and neutron were detected in coinci-
dence. The proton energies were determined from the pulse height delivered by scintil-
lators, while the neutron energies were obtained from time-of-flight measurement. In the
non-relativistic limit, the momentum of the photon can be neglected. Then, any cou-
ple of scattering angles of the proton and neutron corresponds to a given gamma-energy.
Neglecting the photon momentum and in the non-relativistic approximation the gamma
energy is then given by:

2iV/

where M is the mass of the nucléon, P the initial momentum of the projectile, 8n, 0j> the
final angles of the neutron and proton. For moderately relativistic velocity of the incident
particle, a narrow gamma-spectrum corresponds to each pair of scattering angles with
respect to the beam. More detailed formula can be found in (3) for example. The n-p-7
differential cross-sections d^ Jn for various neutron and proton exit angles, as obtained
by Brady(ll) and Edgington(lO) are compared in Table 1 with different calculations. The
experimental results agree better with quantum calculations including internal charged
meson exchange current contributions than with the semi-classical calculation.

In a recent experiment (13), we have used two gamma-ray telescopes where the shower
energy were measured in large NaI scintillators positioned at 90° from the beam direction.
The neutrons were obtained from a 400 MeV deuteron beam provided by the SATURNE
facility stripped by transmission through a thickness of 12 cm of Berylium. The protons
were magnetically swept out and the few remaining charged particles were discriminated
against by an anticoincidence plastic scintillator, situated immediately downstream from
a 8 meter stainless-steel collimator(65). Taking into acount the average energy loss of
the deuterons in the Berylium target, the average energy of the neutrons is found to be
180 MeV. The width of the spectrum was obtained from a time of flight measurement of
the protons produced by charge exchange in a thin plastic scintillator. It was found to be
approximately 80 MeV FWHM. A 10 cm long liquid Hydrogen target was used. A rua.
whith an empty target showed that the background was small. The beam intensity was
monitored by a thin plastic scintillator. The spectrum observed in the n+H reaction, after
background correction, at 90°, is shown on Fig. 2, together with a theoretical calculation
by Nakayama et al(7).

It is also possible to extract informations on the elementary n-p-7 process from the
p-d-7 reactions. Because the p-p-bremsstrahlung is very much smaller than the p-n-
bremsstrahlung, the p-d result should be a good approximation of the p-n value if cor-



j rections for the neutron momentum distribution in deuterium are taken into account.
Such studies are also scarce. The total cross sections for the two p-d-7 reactions and

'' Ey > 40MeV reported in the littérature are clearly incompatible : using 140 MeV pro-
tons, Edgington and Rose (14) at Harwell otained 4fj.b, while with 197 MeV protons, the

s ' Rochester group obtained 25/j.b.
*r Recently, we have employed a CD2 —C substraction, to deduce the p-d-bremsstrahlung

e at 200 MeV. The 7-spectra, above 20 MeV energy were measured for laboratory angles of
40°, 60°, 90°, 120° and 150°. In Fig.3, the cm. (p-n kinematics) angular distribution for
Ey > 4QMeV is reported and compared with the previous Khoeler data (15). The shape of
the angular distribution is comparable in these two experiments and the difference between
the total p-d-7 cross sections, 25 and 33//i respectively, is very likely compatible with the
systematc errors. In contrast these two experiments are clearly incompatible with the
Harwell data (14). To our knowledge there exists no complete calculation of the p-d-7
reaction.

Conclusions
We have shown that our experimental knowledge of the n-p-7 process is very poor

and limited to neutron beam below 210 MeV bombarding energy. In this energy region
the one-pion exchange is the main source of high energy photons. However, at higher
bombarding heavier mesons are also expected to couple with the photons and it seems
then very interesting to investigate the elementary process above the pion threshold.
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Table 1: Comparison of calculated and experimental double differential p-n-7 cross sections
d2
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Fig.l: Calculation (7) of n-p-7 cross sections in the initial proton-neutron cm. at 90°.
The dash-dotted, dashed, double-dashed, and the solid curves denote the contributions
from magnetization, convection, two-body and total current contributions, respectively.
The dotted lines are the correspondind results when the «scattering from the one-body
current is switched off.
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Fig.2: 7 -spectrum of the n-p-7 reaction at 180 MeV, observed at 90° in the lab.. The line
corresponds to the theory (7).
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Fig.3: Angular distribution for the d-p-7 reaction at 200 MeV.


