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Abstract The three-nucleon system is the simplest non-trivial testing ground
in which the quality of modern nucleon-nucleon interaction models, as well as
additional dynamical ingredients referred to as three-nucleon forces, can be
probed quantitatively by means of a rigorous technique of solving the Faddeev
equations. A large set of high precision, exclusive cross-section data for the
1Hð~dd; ppÞn breakup reaction at 130 MeV was obtained at KVI, Groningen. It
allowed to establish for the first time a clear evidence of the three-nucleon force
contributions to the cross sections of the breakup process and to confirm recent
predictions of sizable influences of the Coulomb force in this reaction.
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1 Introduction

Few-nucleon systems are fundamental laboratories to study nuclear interaction.
Among them, the systems composed of three nucleons (3N) are the simplest
non-trivial environment to explore details of the nucleon-nucleon (NN) interaction
models and to study other aspects of the interaction dynamics: subtle effects of
suppressed degrees of freedom, described by means of three-nucleon forces (3NF),
as well as effects induced by the long-range Coulomb interaction and influences of
relativity. The deuteron-proton breakup process, with its continuum of the 3N final
states, provides a very rich testing ground for modern theoretical predictions,
obtained via rigorous solutions of the Faddeev equations. Physical input to those
calculations is taken as e.g. semi-phenomenological realistic NN potentials com-
bined with model 3NF [1], the two- and three-nucleon interactions obtained with
the explicit treatment of the D-isobar excitation within the coupled-channel frame-
work [2] or forces obtained via chiral perturbation theory methods [3]. It should be
mentioned that in the pure 2N sector all of these approaches lead to an almost
equally perfect description of the measured 2N observables.

2 Experiment and results

Precise measurements of the breakup process are experimentally very demanding.
Usually, in earlier studies, the experiments provided data confined to just a few
specific kinematical configurations. Our new approach to the breakup research
assumed a simultaneous measurement in a large part of the phase space by using
the high acceptance position-sensitive detection system. Measurements of the
1Hð~dd; ppÞn reaction were carried out at KVI at 130 MeV beam energy. Cross sec-
tions as well as vector and tensor analyzing powers were measured in a wide range
of proton angles. Data collected simultaneously for the elastic scattering channel
were used for normalization and determination of the beam polarization. The high
quality of the experiment allowed also to use those data to extract a new set of the
elastic scattering analyzing powers [4].

Cross-section values were extracted for about 80 kinematical configurations
[5, 6], defined by the polar angles of the two outgoing protons, �1, �2, and their
relative azimuthal angle ’12, and presented as functions of the arc-length variable
S, giving in total nearly 1800 experimental points. These results allowed to con-
clude on the importance of the 3NF effects for the breakup reaction – only inclu-
sion of this additional dynamics in the calculations leads generally to a better
description of the cross sections. A sample distribution clearly supporting this
statement is shown in Fig. 1, left panel.

In the kinematical region of small proton polar angles significant discrepancies
between the measured and predicted cross sections were observed [6]. This has
been attributed to the fact that at a small relative energy of the two protons the
Coulomb interaction plays an important role, while the calculations are valid for
the neutron-deuteron system. Only recently the Coulomb force was successfully
included in the coupled-channel calculations for the breakup reaction. It has been
shown [7] that this improvement strongly reduces the discrepancies for the cross-
section data. Both, suppressing the cross-section values at small angles ’12 and its
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enhancement at large ’12 values are generally correctly reproduced. Importance of
including the Coulomb force effects for a proper description of the breakup reac-
tion is demonstrated in Fig. 1, right panel, for the most spectacular case of the
cross-section distribution distortion.

The obtained data set contributes significantly to constrain the physical as-
sumptions underlying the theoretical interaction models. It shows the necessity to
include all aspects of the medium-energy reaction mechanism in order to properly
reproduce the experimental data. The theoretical predictions show that the effects
of the Coulomb force, relativity and of the 3NF affect the breakup observables in
different ways and with varying strength when inspecting the full reaction phase
space. Even larger experimental coverage of the breakup phase space with several
observables (tensor and vector analyzing power results are forthcoming soon) and
for various beam energies, leading eventually to establishing of a pattern of dis-
crepancies between the data and the calculations, should help to improve our un-
derstanding of the full dynamics of the 3N system.
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Fig. 1 Deuteron-proton breakup cross sections at 130 MeV for two kinematical configurations,

specified in the panels. Left: Data compared to predictions based on the realistic NN potentials only

(light-gray band) and of the same forces combined with the TM99 3NF model (dark-gray band).

Right: Data compared to the coupled-channels calculations including all D-induced effects, without

(dashed line) and with (solid line) the Coulomb force
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