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8. Summary, conclusions, and outlook

This thesis presents, the results of two separate experiments. The first one measures with
high precision vector- and tensor-analyzing powers in elastic ~d+p scattering and has been
performed at deuteron beam energies of 130 and 180 MeV in the center-of-mass angular
range of 70◦ − 120◦. These measurements were originally part of a calibration for experi-
ments at KVI [27, 28, 58, 59, 60] which make use of polarized deuteron beams. In addition,
the angular range of the experiments was extended in both measurements to study the
effects of 3NF in the vector- and tensor-analyzing powers. Two different setups were used
to measure the deuteron beam polarization via the 12C(~d, α)10B(2+) reaction and simul-
taneously the reaction asymmetries via the elastic ~d + p reaction. Predictions of various
3NF models have been compared with the data to search for evidences of 3NF effects in
this energy range. At 130 MeV, the agreement between data and calculations including
only two-nucleon potentials is better than for the calculations employing NN+3NFs for
all observables. Also, the CDB+∆ potential describes the data better than calculations
using other 3NFs. At a deuteron-beam energy of 180 MeV, the discrepancy between data
and predictions by theory is large. Calculations including TM’ agree better for the two
analyzing powers iT11 and T20 but the data for the other two analyzing powers, T22 and
T21 disagree with all the calculations. Our new data points are compared with the existing
database of deuteron analyzing powers in the energy range of 75-200 MeV. The energy de-
pendence of all observables confirms that 3NF effects exist, but their exact nature should
be investigated further.

The second experiment reported here, studies the break-up reaction in the proton-
deuteron system. The systematic study of 3NF effects in the break-up reaction has
been initiated at KVI by the KVI-Krakow-Katowice collaboration. This collaboration
has demonstrated the feasibility of measuring, with high precision, observables in the
break-up reaction using SALAD. The cross sections and tensor-analyzing powers of the
~d+p→ p+p+n have been published by this collaboration [25, 26, 27, 28, 29]. BINA was
designed and built for the next generation of break-up measurements. Its commissioning
took place in 2005. BINA, as a successor of SALAD, inherits parts of its features from
its predecessor. It is composed of a forward-wall which covers forward-scattered particles
between 10◦ − 35◦ and a backward-ball which covers the rest of the scattering angles up
to 160◦. With this, BINA covers almost the full kinematical phase space of the break-up
reaction.

The break-up reaction has a very rich phase space, making it possible to study the
3NF, the Coulomb interaction, and relativistic effects in different parts of the phase space
of the reaction. The previous break-up experiment, ~d + p, was performed at an energy
of 65 MeV/nucleon [25, 26, 27, 28, 29]. It has been observed that effects of 3NFs exist
in the break-up cross sections at this energy. To have a comparison of the experimental
data and existing theories at a higher energy, and to expand the database to higher beam
energies and with polarization observables, the ~p + d → p + p + n reaction at 190 MeV
was performed using BINA.

In this thesis, the break-up and elastic channels of the ~p + d reaction at a proton-
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beam energy of 190 MeV were studied using BINA. After accelerating the polarized-
proton beam from POLIS with AGOR, reactions of protons with deuterons from a liquid-
deuterium target took place at the center of BINA. The elastic channel has been studied
before at KVI [9, 10, 11, 18]. Here, this channel is used for a measurement of the beam
polarization, and for monitoring parameters such as the beam current. The polarization
measured by BINA has been compared to a simultaneous measurement of the polarization
by IBP. Results agree very well with each other which shows that BINA can be used as a
polarimeter as well.

For the elastic-scattering channel, the coincidence between deuterons detected in the
forward-wall and the corresponding protons detected in the backward-ball was required.
The result of the elastic cross section is shown in Fig. 7.1 and the measured values are listed
in Table 7.2. In the accepted range of center-of-mass angles, this measurement together
with the earlier measurements from KVI and other laboratories are in agreement with
each other and differ significantly from the predictions of Faddeev calculations using the
NN potential with and without 3NF potentials. In KVI publications [11], the discrepancy
in this region was allocated to possible relativistic effects and short-comings of the 3NFs
at higher energies.

In this thesis, the kinematical configurations in which both protons scatter to polar
angles smaller than 30◦ and the relative azimuthal opening angle between the two protons
varies within 0◦ − 180◦ are studied. The cross section and analyzing powers are presented
as a function of S for different combinations of (θ1, θ2, φ12) in Figs. 7.2-7.11.

The measured cross sections show a large discrepancy with all available theoretical
calculations, specially at large azimuthal opening angles. The models, which incorporate
3NF potentials, predict cross sections which are closer to the experimental data than cal-
culations which do not include an explicit 3NF effect. However, the discrepancies still
remain significant even after including 3NF potentials. Among the 3NF models, the TM’
3NF predicts a slightly larger difference with calculations based on NN potentials than the
other 3N potentials such as CDB+∆ and AV18+UIX. The predictions of the Faddeev cal-
culations based on the CDB+∆ and AV18+UIX potentials do not differ significantly. The
CDB+Relativistic potential partly remedies the gap between data and the NN calculations
at large azimuthal opening angles.

For the analyzing powers, the major discrepancies between data and the theoretical
calculations arise at small azimuthal opening angles. In this range, the NN calculations
are closer to data. The inclusion of 3NF potentials increases the gap between data and
predictions by the theories. The effect of the TM’ 3NF appears to be larger by a factor of
two than other 3NF potentials, i.e. the implicit inclusion of the ∆ resonance and the UIX
potentials. The relativity and Coulomb-force effects do not show any sizable effect in the
analyzing power.

As a conclusion and regarding the uncertainties of the data, the deviations between the
cross sections and theoretical predictions using solely NN potentials indicate the need for
additional ingredients which are presently missing in the nuclear forces or in the framework
which provides the predictions for the observables. The effect of 3NFs is predicted to be
small and although adding the 3NF to the NN potentials helps to bridge the gap between
data and the NN calculations, however, it cannot remedy the discrepancies observed for the
cross section. The CDB+Relativistic predictions help to solve the discrepancies between
data and theoretical calculations only in part of the phase space. That might be an indi-
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cation that relativity is playing an important role at energies employed in this experiment,
however, the approximations made for these calculations might not be sufficient.

The analyzing power does not seem to be sensitive to Coulomb and relativistic effects.
This observable is, therefore, a unique probe to study 3NF effects. In particular, at small
azimuthal opening angles, 3NF effects can be observed and tested. In this region, however,
the experimental data show that the presented 3NF potentials do not resolve the observed
discrepancies. On the contrary, the disagreement between data and predictions by the
Faddeev calculations increases by including all the 3N potentials.

In this experiment the full phase space of the ~p+d break-up reaction has been measured
using BINA. However, due to lack of time, we analyzed only part of the data for which
two protons are detected in the forward-wall of BINA for the scattering angles smaller
than 30◦ covering all the azimuthal opening angles. The rest of the phase space includes
events for which one proton scatters to the forward-wall and the second proton scatters to
the backward-ball. The feasibility of the analysis of such kinematical configurations are
demonstrated in Fig. 6.7 of Chap. 6.

During the data analysis, we suffered from a few problems which concern the charac-
teristics of BINA. Since the thickness of the forward-wall E-scintillators is not enough to
stop protons with energy larger than 140 MeV, parts of the S-curves were not analyzed
due to the punch-through events with the beam energy of 190 MeV. This so-called punch-
through effect can be corrected for, but due to lack of time, we focused only on the parts of
the S-curves for which no correction was needed. The second problem concerns the event
reconstruction for events with smaller azimuthal opening angles, φ12 < 20◦, in which two
particles scatter very close to each other and hit one scintillator in most cases. The en-
ergy of such an event cannot be reconstructed. The correction for these inefficiencies was
performed using a GEANT-3 simulation. However, for the cases in which this correction
was more than a factor of two, the data were not considered in the analysis even though
the largest effect of the Coulomb interaction is expected to be observed in this region [29].
This could be a motivation to perform a dedicated break-up measurement only at small
values of φ12 with another instrument and focus on the influence of the Coulomb effect.
Such an experiment was performed by the Krakow-Katowice-KVI collaboration in Jülich
using the BIG KARL detector.

The systematic study of the elastic-scattering cross sections as a function of beam
energy shows that by increasing the beam energy, the difference between data and state-
of-the art Faddeev calculations including modern NN and 3N potentials increases [11].
The same picture can be observed in the break-up reaction. The previous ~d+ p break-up
measurement at 65 MeV/nucleon showed that the data can not be described by calcula-
tions based on two-nucleon potentials, and therefore, demonstrated the existence of 3NF
effects. most of the discrepancies were resolved by including 3N potentials in the Faddeev
framework. In the experiment discussed in this thesis, even more larger discrepancies
have been observe with predictions based on NN potentials and NN+3N potentials. The
calculations indicate that relativity has a larger effect than 3NFs at the energy of 190
MeV for the kinematics studied in this thesis. From this discussion, one can argue that
there must be an intermediate region where the effects of the 3NF can still be measured
without the interference of relativistic effect. A similar measurement of the cross sections
and analyzing powers in the ~p + d break-up at 130 MeV has been performed with BINA
at KVI to address these questions and check the nature of the disagreement for this in-



142 Chapter 8: Summary, conclusions, and outlook

termediate energy range. To study unambiguously the influence of the three-body force,
it is mandatory to interpret simultaneously all available break-up data taken at different
beam energies with respect to Faddeev calculations incorporating high-quality NN and 3N
potentials, the Coulomb force, and relativistic effects.

Even though the χPT is very promising, but, for the energies used in this thesis,
the higher orders of the perturbation are necessary to produce predictions that can be
compared with data. These higher order perturbations are not available at the moment
and, therefore, we did not compare this theory with our data in this thesis.




