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Chapter 7

Summary, conclusions and outlook

7.1 Summary and conclusions

The three-nucleon force effects have been studied extensively in past years via a com-
parison of three-nucleon scattering data with modern potentials based on the exchange of
bosons. A comparison between experimental data obtained for p+ d elastic and break-up
reactions with various theoretical calculations leads to different conclusions for the cross
section and spin observables. Adding the 3NF effects to the NN potentials gives a better
agreement between cross-section data and calculations, whereas for spin observables it
yields to various discrepancies. This demonstrated that the spin-dependent parts of the
3NFs are poorly understood. Apart from disagreements between data and the theoretical
predictions, some of the experimental data are not consistent with each other. A large dis-
crepancy between the measured values for the cross section of thep+ d elastic scattering
at 135 MeV taken at KVI [16–18] and RIKEN [19] has been observed. The observed
inconsistency initiated a discussion within the nuclear physics community on the reliabil-
ity of the experimental data and on how to interpret the data in terms of the underlying
physics, such as 3NF effects. Therefore, it is important to review these observations with
respect to the three-nucleon scattering data taken at otherenergies and in other channels.

The 3NF effects are in general small in the three-nucleon system. A complemen-
tary approach is to look into systems for which the 3NF effects should be enhanced in
magnitude. For this, it was proposed to study the four-nucleon system.

The experiments discussed in this thesis were performed at KVI using BINA which
was assembled in 2004. BINA is a setup with a nearly4π geometrical acceptance and has
been used in various few-nucleon scattering experiments tomeasure the scattering angles
and energies of protons and deuterons with the possibility for particle identification. The
detector is composed of a forward part and a backward part. The forward part consists of
a Multi-Wire Proportional Chamber (MWPC) and a segmented hodoscope of vertically-
placed thin scintillators with a thickness of 2 mm followed by ten horizontally-placed
scintillators with a thickness of 12 cm each. The thick scintillators were mounted in a
cylindrical shape, thereby pointing to the target. The thickness of these scintillators is
sufficient to stop all the protons and deuterons originatingfrom the processes described
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in this work.
We studied a few scattering reactions at intermediate energies. The first reaction was

1H(~d, dp) with a deuteron-beam energy of 65 MeV/nucleon. We made use ofthis re-
action to check the systematic uncertainties and also to measure the polarization of the
beam of deuterons. The differential cross sections, vector-, and tensor-analyzing powers
were measured. The differential cross section for this reaction at 65 MeV/nucleon is well
known and can, therefore, be exploited to verify independently the read-out and anal-
ysis procedure, the applied detector inefficiencies, and the beam-current measurement.
The measurement of the polarization observables allows us to check some of the aspects
of the experiment and the analysis procedure, excluding theabsolute normalization, by
comparing our results with data from the literature. The data for this reaction are found
to be in excellent agreement with the existing database, which proves that BINA and our
analysis procedure are well suited to measure the elastic channel with high precision. Fur-
thermore, we can use this reaction to obtain the polarization of the deuteron beam which
was used for the third experiment, i.e., deuteron-deuteronscattering at 65 MeV/nucleon.

In the second experiment a polarized beam of protons with a kinetic energy of 135 MeV
was bombarded on a liquid-deuterium target. The experimentwas performed using the
same experimental setup and analysis methods was as for the1H(~d, dp) reaction. The
angular distribution of the differential cross section andanalyzing power of the reaction
2H(~p, dp) were measured. The main goal of this measurement was to resolve the differ-
ence between the measured values for the elastic-scattering cross section at KVI [16–18]
and RIKEN [19]. The new results differ significantly from previous measurements. We
have investigated the cross-section data in two different approaches to address the incon-
sistencies. In the first approach, a systematic study of the energy dependence of all avail-
able cross sections in elastic proton-deuteron scatteringwas performed. The results of
this study revealed that our data consistently follow the interpolated energy dependence,
whereas, in particular, the RIKEN data deviate significantlyfrom the expected trend; see
Figs.4.10, 4.11and4.12. In the second approach, we studied the cross section obtained
for different beam energies as a function of Mandelstam variables to check for the data
consistency and to look for scaling invariances. One observes that the cross sections gen-
erally scale for all incident energies and fall in a band as shown in Figs.4.14and4.15.
The two data sets at 135 MeV which disagree with each other reside on the two sides
of the band (the KVI data above and the RIKEN data below the band), while they are
expected to resides inside the band. The new data points fallwell inside the band. We
believe that the problem of the data forp + d elastic scattering at 135 MeV is settled by
this work.

The main part of this work was to study the deuteron-deuteronscattering at
65 MeV/nucleon. The elastic channel, neutron transfer channel, and break-up channels
leading to three- and four-body final states were uniquely identified using the information
on the energies of the outgoing particles, their scatteringangles, and their time-of-flight
(TOF). The angular distributions for the differential cross sections and vector- and tensor-
analyzing powers of the elastic channel were obtained and are reported in this work.
This is the first time that the three-body break-up reaction in ~d + d scattering process at
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intermediate energies has been measured in a background-free experiment. This reac-
tion is extremely rich in phase space even more than the~p + d reaction due to the fact
that one deals with non-identical particles. We measured the differential cross sections,
vector- and tensor-analyzing powers for a large number of kinematical configurations of
the three-body break-up reaction.

We compared our results of the~d + d elastic scattering with the results of the same
reaction obtained with another experimental setup, the BBS, located at KVI. The results
of the cross sections and vector-analyzing powers obtainedwith BINA and BBS are in a
good agreement, however the results of the cross sections measured with BINA is slightly
lower than the one measured with BBS. The analysis procedure for ~d+d elastic scattering
was the same as what we used for~d + p elastic scattering which leads to a perfect agree-
ment between our results and the available data set for this reaction at 65 MeV/nucleon.
The available calculations, based on the lowest order termsin the Born series expansion
of the Alt-Grassberger-Sandhas equation for four nucleonsinteracting through the CD-
Bonn+∆ potential, completely fail to explain the data. A full calculation for this channel
is necessary to extract any physical conclusion from these data regarding 3NF effects.

The differential cross section and vector- and tensor-analyzing powers of a few kine-
matical configurations of the three-body break-up reactionare reported in this work. The
differential cross sections were compared with a phase-space distribution obtained from
a Monte-Carlo simulation based on the GEANT3 framework. Thiscomparison demon-
strates that there are large variations in the dynamic part of the t-matrix as a function of
S for different configurations.

The averaged cross sections overS vary between 0.01 and 0.2µb
sr2MeV

within the ac-
ceptance of BINA. For all scattering angles,(θd, θp), the maximum averaged cross section
is aroundφ12 ≃ 160◦. For most scattering angles,(θd, θp), the maximum averaged cross
section is aroundφ12 ≃ 180◦. The values of theiT11, T20, andT22 varies between∼-0.4-
∼0.3,∼-0.5-∼0.5, and∼-0.3-∼0.1, respectively. In particular,T20 shows a very strong
sensitivity toS, whereasiT11 andT22 vary much less as a function ofS. The variations
of the average spin observables as a function ofφ12 are in general rather moderate. This
is to be expected, since we, so-far, only analyzed the three-body phase-space for a limited
range inφ12 from 140-180◦. In contrast to this, it was observed that the spin observables
strongly depend upon the relative scattering angle betweenthe proton and the deuteron,
θp − θd.

A study of the cross section as a function of neutron energy leads to interesting result.
We have seen that the cross section is at its maximum when the energy of the neutron
is very small. This corresponds to configurations in whichφ12 = 180◦. This region is
interesting since it corresponds to the quasi-free elasticdeuteron-proton scattering process
with the neutron acting as a spectator particle. This part ofthe data can be compared
directly to calculations and existing data for the elastic deuteron-proton scattering process.
The results of the1T11 andT22 for the quasi-free elastic scattering data agree very well
with the previous~dp elastic-scattering data and also with the~dp elastic-scattering data
presented in this work. However, there are small discrepancy between at large scattering
angles forT20 which could be attribute to the role of the spectator neutron.
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The performed four-body scattering experiments with BINA and the BBS provide
an extensive database for the elastic and transfer channelsat 65 MeV/nucleon and
90 MeV/nucleon and also for the three-body break-up reaction at 65 MeV/nucleon. The
available dataset for the deuteron-deuteron scattering atintermediate energies can be used
to check the upcoming theoretical calculations for the four-body systems.

7.2 Outlook

The three-body break-up channel has been studied by analyzing a few kinematical config-
urations in which the opening azimuthal angle,φ12, was in the range from140◦ to 180◦.
The analysis of the configurations with aφ12 < 140◦ is postponed because the analysis
of this part of the phase space is more difficult and time consuming due to smaller cross
sections. A theoretical calculation for this channel couldlead the analysis in directions
where more data is needed, namely, where a strong sensitivity of the 3NF in cross sections
or spin observables might be expected.

All the analysis performed in this work was based on detecting charged particles, pro-
tons and deuterons, in the final state. However,~d + d scattering at intermediate energies
has a few final states for which a detection of a neutron would be advantageous. The
neutron as a neutral particle cannot be detected by the MWPC. Due to the small proba-
bility of an interaction with the plastic scintillator material, it does not leave a signal or it
deposits only a small fraction of its kinetic energy in the detector. The TOF information is
an alternative measure for the determination of the energies and scattering angles of neu-
trons. As it was shown in Ch.5, one can determine the position of detected particles in the
E-detectors by making use of TOF information of the left and right PMTs of the forward-
wall scintillators. Also, the energy of the particle can be determined by the TOF. The
detection of neutrons in the final state provides new insights into few-nucleon interaction
in the four-nucleon system. The analysis of the neutron-transfer channel,~d+d −→ p+ t,
which has been identified in this work and provide extra information on deuteron-deuteron
scattering process.

To extend the study of the~d+d scattering process with BINA, it is important to analyze
the response of the scintillators to neutrons. However, thedetection efficiency of neutrons
in our scintillators is low and difficult to determine. The difficulty can be illustrated in the
following analysis. The neutron detection efficiency has been estimated by a calculation
using the KSU code [99] and the results are shown in Fig.7.1[100]. This figure indicates
that the neutron detection efficiency in the energy range covered in this experiment (0-
80 MeV) varies rapidly as a function of its energy and also depends highly on the applied
detection threshold. Thus, the analysis of the reaction channels with a detection of the
neutron will be limited, in particular for a precise measurement of the differential cross
sections. However, polarization observables are not sensitive to the absolute knowledge
of the detection efficiency, and hence, can be measured very precisely.

With information of detected neutrons, the analysis of the proton transfer channel,
~d + d −→ n+3He can be performed. Also the analysis of the three-body break-up reac-
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Figure 7.1: The neutron detection efficiency as a function ofenergy of the neutron cal-
culated by the KSU code for different thresholds of the detectors at 8.0 MeVee (dashed
curve), 10.4 MeVee (solid curve), and 12.4 MeVee (dash-dotted curve). The calculation
done by the SCINFUL code for a threshold of 10.4 MeVee is shown by dotted curve.
This calculation is done by assuming that scintillator typeis NE102, which has the same
chemical composition and density as the BC-408. The thicknessof the scintillator in this
study was 112.5 mm.

tion can be extended to that part of the phase-space in which the deuteron and the neutron
or the proton and the neutron are detected in coincidence in the forward wall. The differ-
ence between the results of the deuteron-neutron combination and the results of the same
deuteron-proton combination can be used to study the Coulombforce effects directly.

The angular resolution of the backward ball (∆θ = ∆φ = ±10◦) is not as good as
the one of the forward wall. However, the analysis of the three-body break-up can be
extended to that part of the phase space in which the first particle is scattered into the
forward wall in coincidence with the second particle scattering into the backward ball.

The identification of the four-nucleon break-up channel is discussed in Ch.5. The
energies and scattering angles of both protons in the final state can be determined by the
E-detector and the MWPC, respectively. This is, however, not sufficient to determine
all the kinematical variables of the four-nucleon break-upreaction. The kinematics of
this reaction channel can be over-determined by measuring the energy and the position
of one of the neutrons in the final state using the TOF. This will enable us to study the
four-nucleon break-up channel as well.
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