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Abstract. A set of differential cross-section data of the 1H(d, pp)n breakup reaction at

130 and 160 MeV deuteron beam energies has been measured in the forward polar angles

domain. The data were collected with the use of the Germanium Wall (FZ Jülich) and

BINA (KVI Groningen) detectors. This part of the phase-space is special with respect to

the dominant Coulomb force influence on the system dynamics. The data are compared

with the theoretical calculations based on the Argonne V18 potential supplemented with

the long-range electromagnetic component. The predictions also include the Urbana IX

three nucleon force model. The strongest Coulomb effects are found in regions where the

relative energy of the two protons is the smallest.

1 Introduction

Deuteron break-up in collision with one proton, leading to a final state of three-nucleon (3N) contin-

uum is one the simplest systems to study, providing a good testing ground for the nuclear Hamiltonian.

Such a process offers a rich kinematics which makes it more selective regarding the interaction. One

of the most extensively studied 3N observables is the differential cross section, very sensitive to differ-

ent pieces of the system dynamics like three-nucleon force (3NF), Coulomb interaction or relativistic

effects. One can investigate their influence on the observables at various parts of the phase space,

simply by choosing different geometries of the outgoing nucleons.

In the very forward angular range, investigated with the Germanium Wall and BINA detectors

(see Sec. 2), the dynamics is dominated with the Coulomb force influence. For the first time, such

significant effects were observed in the dp breakup differential cross-section data measured at 130

MeV [1]. Then, the Coulomb force effects were studied in more details in a dedicated experiment at

FZJ [2–4].

The first calculations which included the Coulomb interaction were done with CD Bonn and CD
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Bonn + Δ potentials [5, 6] for elastic proton-deuteron scattering. Afterwards, they were developed for

the pd breakup process [7] and the existing experimental data [1] strongly supported the significant

effects predicted by the calculations. The dedicated experiment provided the possibility to test them at

the new level of accuracy [4]. Recently, a consistent theoretical treatment of a phenomenological 3NF

(Urbana IX) and the Coulomb force has been achieved also for the Argonne V18 (AV18) potential [8]

that allows to investigate the role of both effects to a high level of accuracy.

In the present work the extensive data sets obtained in a series of the experiments are used to investi-

gate the Coulomb force influence on the differential cross section.

2 Experiments

The experiments at FZJ was conducted with the Germanium Wall (GeWall) setup [4] at the deuteron

beam energy of 130 MeV. GeWall consisted of three high-purity germanium position sensitive de-

tectors. Two different types of the detectors were used: a thin transmission detector Quirl with an

excellent spatial resolution for determining the position and energy loss (ΔE detector) of the passing

charged particles, and two thick detectors E1 and E2 for measurement of particle energies with an

excellent resolution. The angular acceptance of the apparatus was 5◦ − 14◦ for the polar and 2π for

the azimuthal angles.

With the BINA detector and the deuteron beam energy of 160 MeV the new rich contribution to

the database of the differential cross section was obtained [9, 10]. The apparatus is composed of the

two main parts called Wall and Ball. Wall, covering the angular range from 15◦ to 37◦, is built of the

MWPC for momenta reconstruction, ΔE (24 strips) and E (10 slabs) scintillator detectors. The ΔE
and E create virtual matrix of 120 telescopes. The backward part is ball-shaped and consists of 149

phoswich detectors which cover polar angles between 40◦ and 160◦. The Ball plays two roles: of the

particle detector and scattering chamber.

3 Studies of Coulomb force effects

In the investigated part of the phase space, the electromagnetic interaction plays a crucial role. There-

fore, calculations which take into account both dynamical components, i.e., the 3NF and the Coulomb

force, are able to properly reproduce the data. Adding the electromagnetic force into the calculations

does not essentially change the quality of the data description at large values of the invariant mass of

the protons emerging from the breakup reaction
√spp. However, at small

√spp values the observed

discrepancies are almost totaly removed [1, 4]. The inclusion of 3NF and Coulomb effects into the

calculations does not remove completely the disagreement between data and theoretical predictions.

There are still some discrepancies at large
√spp [3] which can be interpreted as indication that parts

of the dynamics are missing, either relativistic effects or unresolved problems in our understanding of

the 3NF structure.

The experimental investigations at FZJ [4] were focusing on a very forward and narrow part of the

phase space where the predicted Coulomb force effects are significant. Very recently also a new set of

the breakup cross section at 160 MeV was obtained [9, 10], allowing one to search for the effects but

at slightly higher energy. The new data were evaluated for angular configurations on a grid defined

by the polar angles of the two protons θ1, θ2 given in a range of 17◦ − 38◦ with a step of 2◦, and their

relative azimuthal angle ϕ12 (20◦ − 180◦), with a step of 20◦. Sample preliminary distributions of

the differential cross section are presented in Fig. 1. The importance of the Coulomb interaction for

correct description of the data at low ϕ12 (left panel) is quite clear.

To check in a systematic way how the electromagnetic processes influence the data, the cross sec-
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Figure 1. (Color online) Differential cross-section data for the dp breakup reaction at 160 MeV at two different

kinematical configurations (specified in the panels). In the configuration presented on the left panel significant

Coulomb force effects are observed. The data are compared to the AV18-based calculations and are described in

the legend.

tions were integrated over S and studied as a function of the ϕ12 variable. The same integration, limited

by the experimental energy threshold of 30 MeV, was done for the model predictions of AV18+UIX

and AV18+UIX+C. The two closest in θ-distance geometries originating from the 130 and 160 MeV

datasets were investigated, see Fig. 2.

The calculations which neglect the Coulomb force usually overestimate the data at the lowest rel-

ative azimuthal angle (ϕ12 < 40◦) for both the studied datasets. Such a behavior is consistent with

the intuitive understanding (neglecting any interference of the dynamical ingredients) - the Coulomb

repulsion decreases the number of protons in configurations with small relative energies. This corre-

sponds to a situation when the protons stay close together for a relatively long time and the repulsion

can lead to a significant change of their initial trajectories. For higher ϕ12, one observes opposite

situation at 130 MeV, whereas at 160 MeV, only very small Coulomb influence is seen.

With growing ϕ12 the discrepancy changes sign and at a certain point the theoretical curves inter-

sect. Such points are visible at ϕ12 = 60◦ and ϕ12 = 40◦ at 130 and 160 MeV, respectively. This refers
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Figure 2. Differential, integrated over energy, cross-section values presented as a function of the relative az-

imuthal angle ϕ12, for a given θ1, θ2 combination. The presented data were obtained at 130 MeV (left panel) and

at 160 MeV (right panel) deuteron beam energies. The data are compared with the calculations indicated in the

legend.

to a situation when the number of “incoming” and “outgoing” protons is balanced and the net effect
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of the Coulomb force is equal to zero. In a range of the higher relative angles the number of protons

is increased. This, in turn, is caused by the protons originating from the region where the repulsion is

strong.

The results obtained at 130 MeV revealed a quite strong influence of the Coulomb force effects on

the breakup reaction. The quantitative comparisons with the available predictions for the 3N systems

demonstrates a crucial role of the electromagnetic component in the data description [4]. The data

evaluated at 160 MeV are still preliminary and one also needs to estimate the possible systematic

effects to draw final conclusions on the quality of description provided by the calculations.

4 Summary and conclusions

Precise and systematic studies of the breakup reaction in a large part of the phase space are very

important for understanding of the interaction between nucleons in few-nucleon systems. Currently

available theoretical approaches which try to model the interaction need very precise and large ex-

perimental database to be verified and further developed. Within these predictions different pieces of

the dynamics can be studied separately and also their mutual interplay can be investigated. Moreover,

there is still strong need to have possibly complete theoretical treatments including all ingredients of

the 3N system dynamics (3NF, Coulomb interaction, relativistic effects).

New experiments to study 3N system dynamics are planned, including also investigations of the

three-body system in the four-body environment. The data obtained with the WASA detector at FZJ

at higher energies are under analysis. They will allow one to unambiguously fix a relevance of the

3NF. A new scientific program concentrated on investigation of the few-nucleon systems dynamics

was proposed to be carried out with the use of the BINA detector at the Cyclotron Center Bronowice

(CCB) in Cracow. Moreover, an experimental apparatus which will be used in measurements with

a polarized 3He target is under construction. Such studies planned at CCB will allow one to fill a

data-deficient sector of 4N systems.
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