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6. Summary and conclusions

The theory of Quantum Chromo-Dynamics (QCD) has been developed to explain
the strong force. Despite the success of the theory in high-energy physics, the nuclear
potential could not be derived yet from QCD. Therefore, most attempts to establish
the nuclear potential have been semi-phenomenological resulting in the modern high-
quality nucleon-nucleon potentials (NNP) namely, NijmI, NijmII [2], CD-Bonn [3]
and AV18 [4]. These potentials which have, in general, been developed in meson
exchange picture contain about 40 parameters which have to be fitted by the world
nucleon-nucleon scattering data-base up to 350 MeV.

The high-quality NNPs describe the phenomena involving two nucleons. How-
ever, using NNP alone to describe systems of three or more nucleons is not sufficient.
One needs to add more terms to the NNP in order to describe three- or more-nucleon
systems. The most obvious addition is the three-nucleon potential (3NP). The same
as NNPs, several 3NPs have been introduced by different groups; as discussed in
Sec. 2.3. In order to examine various potential models and probe different terms of
a potential in a model, a large data-base is necessary.

To obtain a good data-base, one needs to perform scattering experiments aiming
at obtaining cross sections and all possible spin-observables. In the past few years,
several high-precision experiments have been performed at various laboratories to
achieve this. Measurements at KVI [14] and elsewhere [19, 20, 24] showed that
the spin-averaged observables such as cross section are explained by NNP+3NP
calculations, however, some discrepancies have been seen. There are a variety of
3NPs, but they cannot be tested further, because of the typical systematic error of
the measurements. The spin-dependent observables such as analyzing powers are
not usually well described as the cross section by the theoretical models. Therefore,
to understand more about the different aspects of 3NPs one should set up spin-
involved experiments. The present experiment was set up to particularly measure
several spin-dependent observables in the elastic scattering of polarized deuterons
from protons, H(~d, ~p)d, where the polarization of the outgoing protons was also
measured. We measured the cross sections, vector and tensor analyzing powers,
induced polarizations and vector and tensor polarization-transfer coefficients at 90
MeV/u. The most challenging part of this experiment was the measurement of
the polarization-transfer coefficients, because the polarization of scattered particles
must be measured in a secondary scattering.

This experiment was performed using the BBS and its focal-plane polarimeter
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of the ESN collaboration. The first scattering reaction H(~d, ~p)d took place in the
target chamber of the BBS. The scattered protons from this reaction were detected
by two VDCs at the focal-plane of the magnetic spectrometer. In order to measure
the polarization of the protons, they were then subjected to a secondary scattering
from a graphite analyzer at the ESN polarimeter. To use ESN polarimeter for such
an experiment, it must be calibrated. The calibration of the ESN was itself the
subject of another experiment with which the p-C effective analyzing powers were
obtained in a wide range of proton energies.

6.1 The calibration of the ESN polarimeter

The angle-averaged effective analyzing power for p-C was measured in a double
scattering experiment in the energy range of 44.8 to 136.5 MeV. The energies are
the kinetic energy of protons at the center of the analyzer, and the averaging was
performed in the polar angular range of 5◦ − 20◦ after the secondary scattering.
Below 90 MeV, there exist no data in the literature. The results along with the
measurements in other laboratories and a previous measurement performed at KVI
by Hannen et al. are shown in Fig. 5.2 and tabulated in Tab. 5.1. Our data agree
with previous measurements in the overlapping region. Therefore, the p-C inclusive
analyzing power is rather insensitive to the exact geometry of various detectors. The
thickness of the analyzer does not have a large effect if the Coulomb scattering is
small in the region where averaging is performed. Nevertheless, there is a slight
tendency in that the average analyzing powers decrease with increasing analyzer
thickness. This points to the fact that relatively thicker analyzers exclude some
inelastic reactions. For the ESN polarimeter, values of FOM varied between 2×10−4

to 7 × 10−3 in the energy range of measurements; see Fig. 5.4. The FOM seems to
be rather independent of the analyzer thickness. The obtained effective analyzing
powers were used to extract the polarization of the scattered protons from reaction
H(~d, ~p)d in another secondary scattering.

6.2 The reaction H(~d, ~p)d

In this project, a set of spin-dependent observables and the cross section were mea-
sured for the reaction H(~d, ~p)d at 90 MeV/u. This experiment was performed in the
scope of the systematic study of three-nucleon force at KVI. It was realized from the
previous experiments [14] that the spin-dependent part of the 3NPs may need more
attention; see Sec. 1.3. Therefore, it was the goal of this experiment to study more
spin-dependent observables, which offers an insight into spin-features of 3NP. The
results of this measurement are shown in Figs. 5.6–5.10 and given in Tab. 5.2–5.5.
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The statistical errors and the errors including the point-to-point systematic errors
are given separately in the tables. The errors shown in the figures are the statistical
errors plus the point-to-point systematic errors. In addition, one should add a sys-
tematic error of about 5% for the cross section and an error of at most 3% for other
observables. The theoretical predictions for the measured observables are also shown
in the figures. The calculations were performed by Bochum-Cracow group [79] and
Hanover group [48] with and without 3NP. Another calculation in the framework of
χPT has been performed and compared with the present data. Taking into account
both systematic and statistical errors, the following conclusions can be made:

• Cross section
The NNPs fail to describe the value and shape of the cross sections (Fig. 5.6)
around the minimum. As expected, adding the 3NPs accounts for the dif-
ferences. Taking the systematic error into account, the cross sections are
consistent with all calculations that include 3NP. To distinguish among the
3NP models one should improve the systematic precision of the measurements
drastically. The results show that the 3NPs are well developed for the spin-
averaged cross-sections. The χPT calculations also fail to explain the data
in the minimum. This could be due to a lack of convergence in the present
calculations.

• Analyzing power
The data points for the vector-analyzing power (upper panel of Fig. 5.7) below
140◦ are just in between the NNP calculation and NNP+3NP calculations of
Bochum-Cracow group. The Bochum-Cracow calculations overestimate and
the Hanover calculation underestimates the data. The data points at 140◦ and
larger are systematically on the NN band, however within the errors they are
consistent with other theoretical calculations as well. In general, the AV18+U-
IX calculation describe the data best. The data points for the tensor-analyzing
power (lower panel of Fig. 5.7) are well below the NN band between 100◦ and
150◦. The results do not seem to be fully described by any of the calculations,
except may be by AV18+U-IX. The peak widths of the calculations are different
and also different from the data. The theoretical spread for these observables
is slightly larger than for Ad

y. Both the vector- and tensor-analyzing powers
are consistent with the band of χPT calculations.

• Induced polarization
This observable was used to obtain the instrumental asymmetry of the po-
larimeter. Therefore, not much can be said about this observable, except that
the data points follow the shape of the Bochum-Cracow calculations above
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120◦. Notice that the instrumental asymmetry was used as a free parameter
to normalize all the data points to CDB∆ calculations.

• polarization-transfer coefficients
The data points for the vector polarization-transfer coefficients (upper panel
of Fig. 5.9) can be described better by the NN calculations and CDB∆ 3NP.
Above 120◦, the AV18+U-IX calculation also works fine, but the TM′ 3NP can-
not describe this observable at all. The data points for the tensor polarization-
transfer coefficients (lower panel of Fig. 5.9) are between the NN band and
the CDB∆ curve. The data points from 110◦ to 150◦ are underestimated by
NN+TM′ calculations. The vector and tensor polarization-transfer coefficients
are also consistent with the χPT calculations.

The set of spin-dependent observables measured and reported here confirms the pre-
vious observation by Ermisch et al. that the spin-dependent terms in 3NPs still need
to be better understood. The variations of 3NPs and the theoretical uncertainties
for spin-dependent observables are rather large and they should be reduced. There is
no single 3NP which can describe all the spin observables. In general, the U-IX 3NP
looks better on analyzing powers and relatively close to polarization-transfer coeffi-
cients. On the other hand, the CDB∆ is closer to polarization-transfer coefficients.
In other words, a band of calculations with ∆-isobar dynamics accounting for the
spread in the NN part might be fine for the polarization-transfer coefficients while a
band of calculations for NN+U-IX might describe the analyzing powers better. Note
that a band of NN+U-IX or NN+∆ must be calculated theoretically in order to con-
firm this claim. The comparison between the data and χPT calculations together
with CDB∆ and AV18+U-IX calculations (Fig. 5.10) shows that the theory which
describes an observable well also falls in the band produced by χPT calculation for
that particular observable. Both of these 3NP models treat the ∆-excitation more
explicitly than the TM′ model, though in different ways. This might point to the
fact that the ∆-excitation contributes more than TM′ would lead to believe.




