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Chapter 5

Discussion of the Results

In this chapter, the results obtained for the analysing powers and the differential cross sections
will be discussed and compared to theoretical predictions. First, a few general remarks about
the presentation of the data and the results obtained from theoretical calculations will be given.
In section 5.1, the results of the investigation of the energy-dependence of the vector analysing
power and the differential cross section of the2H(~p, dp) reaction will be discussed. In section 5.2,
the results of the feasibility test to measure the differential cross section and the vector and tensor
analysing powers of the reactionH(~d, dp) with SALAD will be presented. The final results for
all differential cross sections and analysing powers measured in this work are tabulated in tables
G.1-G.8 in appendix G.

As was already mentioned in the introduction and in chapter 2.2, all modern so-called high-
quality potentials describe the existing NN database with a similarχ2 ≈ 1. Therefore, there exists
a priori no preference for one potential and the spread in the predictions of three-body scattering
observables is an estimate for the uncertainty in the theoretical calculations. Consequently, in all
figures, in which data and theory are compared, the theoretical predictions, using pure nucleon-
nucleon (NN) and NN+ three-nucleon (NN+3N) interactions, will be shown as bands. For the
nucleon-nucleon calculations, all modern potentials, Nijmegen-I, Nijmegen-II, CD-Bonn and
AV18 have been used. For the three-nucleon force, the Tucson-Melbourne force, as the most
serious attempt up to date to include the three-nucleon two-pion exchange, has been used in its
modified form, TM′. Further, calculations using the Argonne V18 potential with the Urbana-IX
three-nucleon force are shown. The deficiencies of the original Tucson-Melbourne force will
be illustrated briefly for one example. All these calculations were performed by the Bochum-
Cracow group [Wit01, Gl̈o02]. These calculations were done for partial waves up toj = 5
for all energies presented in this work. At this number of partial waves, convergence of the
calculations was reached for all energies. Another calculation based on chiral perturbation theory
(χPT) [Epe02a] will be shown for 108 MeV incident-beam energy.

Furthermore, calculations from the Hanover-group are shown [Del02] in separate figures for
the reaction2H(~p, dp). In these calculations, the CD-Bonn and the Nijmegen-II two-nucleon po-
tentials were combined with a two-nucleon two-pion exchange with an intermediate∆-excitation
of one of the nucleons, as it is shown in figure 2.3 on page 23. These calculations, too, were done
for partial waves up toj = 5. The∆ contribution was taken into account in partial waves up to
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92 Chapter 5. Discussion of the Results

j = 4. Also for these calculations, convergence was reached.
In all figures, analysing powers and differential cross sections will be shown in the centre-

of-mass frame of reference. Also in all figures, the statistical uncertainty is shown for each
data point. In some of the figures, also the systematic uncertainty is included as a band. For
the systematic uncertainties it should be clear, that all data points could vary within this band
according to a certain common adjustment. For the vector analysing powerAy, e.g., the system-
atic uncertainty stems mainly from the determination of the polarisation. Within the systematic
uncertainty, the minima and maxima of the analysing power may, therefore, quench or stretch
aroundAy = 0. Data points near or atAy = 0 will hardly be affected. For the differential cross
section, part of the systematic uncertainty is due to the uncertainty in the normalisation factor to
the proton-proton differential cross section. This results in a common but unknown multiplica-
tive factor, within this uncertainty, for all the data points normalised with the same normalisation
factor. The main contribution to the systematic uncertainty is from the point-to-point variation,
as can be seen in table 4.2 on page 82.

5.1 Results of the2H(~p, dp) Reaction

In the following, the dependence of the vector analysing power and the differential cross section
of the reaction2H(~p, dp) on the incident-beam energy will be discussed. In subsection 5.1.1, the
different outcomes of the measurement when using a coincidence versus a singles trigger will be
compared. Then, the final results of the analysing power and the differential cross section will
be compared to the theoretical calculations.

5.1.1 Coincidence versus Singles Trigger

During the measurement of the analysing powers at the bombarding energies of 120, 135, 150
and 170 MeV, most data points were measured using the coincidence trigger, as is explained
in section 3.4. A few measurements were done using only the singles trigger and collecting
all events entering the BBS. A comparison of these so-called singles-trigger measurements with
measurements using the coincidence trigger showed that the differential cross section obtained
using the coincidence trigger was up to50% below the value obtained using the singles trigger.
The disagreement between measurements taken with either of the two trigger conditions was
largest around centre-of-mass scattering angles ofθcm ≈ 100◦. This angle corresponds to lab-
oratory scattering angles ofθd ≈ 38◦, where the coincidence detector is in the vicinity of the
Faraday cup and the count rate due to gamma radiation is rather high. An example can be seen
in figure 5.1, where the differential cross section of the reaction2H(~p, dp) at an incident-beam
energy of 170 MeV is shown. The band of the NN+3N calculation is shown as a guide line,
to give an indication where the results should be expected. Further shown are results obtained
when using the coincidence-trigger condition and results obtained using the singles trigger. On
the left side of figure 5.1, the differential cross section obtained during the measurement of the
analysing power with a polarised beam obtained from POLIS is depicted. While the results for
the cross section obtained with the singles trigger at103◦ and121◦ come close to the theoretical
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Figure 5.1: Results for the measurement of the differential cross section at 170 MeV beam en-
ergy. Shown are the results obtained from measurements using the coincidence- and the singles-
trigger conditions. On the left, results obtained from the measurements with a polarised beam
from POLIS are shown and on the right, the results obtained from a new measurement using an
unpolarised beam from the CUSP source. Further information is given in the text.

predictions, the results obtained using the coincidence trigger differ from the results obtained
with the singles-trigger condition by almost a factor of two. However, at very backward angles,
the results obtained with the coincidence trigger agree with the theoretical predictions and, at
other bombarding energies, also with other data sets. During the measurements at these back-
ward angles, the Faraday cup was placed inside the BBS and outside the scattering chamber and
the count rates of the coincidence scintillator due to background were considerably lower.

As a consequence of these problems, during the measurements of the differential cross sec-
tion, a different, transistorised voltage divider was used for the phototube to avoid problems of
gain shifts at high rates. Further, for some measurements, thinner targets were used (see table
3.2 on page 47) and the data were taken with a beam current< 1 nA, to reduce the dead time.
Since the count rate of the coincidence detector was of the order of a few hundred kHz because
of the presence of the Faraday cup inside the scattering chamber, the coincidence scintillator
was shielded by a lead plate. Due to this lead shield, no coincidence measurements could be
done at laboratory scattering angles≥ 41◦, to avoid crashing of the lead shield into the Faraday
cup. In this way, the count rate of the coincidence scintillator was kept below 200 kHz. Further-
more, each data point was measured using the singles and the coincidence triggers to inspect the
behaviour of the coincidence detector.

A systematic investigation showed, that the differential cross section measured with a coin-
cidence setup was still below the cross section measured with the singles trigger. However, the
deviation was reduced considerably with respect to the earlier measurements. On the right in
figure 5.1, results obtained from a new measurement using the CUSP source are shown, where
the experimental conditions were changed as described above. As can be seen, the disagreement
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Figure 5.2: Results for the differential cross sections and the analysing powers obtained from
measurements at 120 MeV and 150 MeV beam energy with different experimental conditions.
See the text for further information.

between results obtained with the different trigger conditions still remains at some angles, but
the extent of the disagreement has been reduced considerably. It can also be seen, that the dis-
agreement between measurements done with the coincidence- and the singles-trigger conditions
is still largest aroundθcm ≈ 100◦, where the coincidence scintillator is placed in the vicinity of
the Faraday Cup. The results shown in figure 5.1 have neither been normalised to the results of
elastic proton-proton scattering, nor have they been corrected for the VDC efficiency, yet. These
corrections will change the results slightly.

Furthermore, new measurements of the analysing power at 120 MeV and 150 MeV, using
the coincidence as well as the singles trigger for each data point, successfully reproduced the
analysing powers measured earlier using only the coincidence trigger. The results obtained from
those measurements are shown in figure 5.2. For these new measurements, the experimental
conditions were changed as described above. As can be seen in figure 5.2, the results for the
differential cross sections obtained from measurements with singles and coincidence triggers
agree rather well with each other, except for a few angles in the minimum of the differential
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cross section. At these angles, the coincidence scintillator is again placed in the vicinity of the
Faraday Cup and receives the highest count rate. Also, effects of the target thickness as a result
of the choice of target angle may come into play. However, even at these angles the disagreement
was reduced to about10%, as compared to almost50% in the earlier measurements. As in figure
5.1, the results for the differential cross sections have neither been normalised to the results of
proton-proton scattering, nor been corrected for the VDC efficiency, yet.

As can be seen from figures 5.1 and 5.2, the results for the differential cross section obtained
using the coincidence trigger are still lower in comparison with the singles trigger at some scatter-
ing angles. The disagreement is probably due to the high count-rate of the coincidence detector
stemming from the Faraday cup inside the scattering chamber, but this cannot be easily con-
firmed. As was remarked, the choice of the target angle resulting in an effective target thickness
which may be too large with respect to the energy of the outgoing proton could also pose a prob-
lem. The background in the spectra obtained with the singles-trigger condition could be dealt
with using the analysis method described in section 4.2. Therefore, the differential cross sections
obtained using the singles trigger are more reliable and in the analysis for this observable, only
the results obtained from the singles-trigger condition have been used.

From figure 5.2 it can also be observed, that the results obtained for the analysing power
from either of the two trigger conditions agree in general very well with each other. Furthermore,
results obtained during the new measurements agree very well with the earlier results [Erm01].
Thus, for the analysing power, the results obtained from both trigger conditions are valid and
were used in the analysis. For the sake of clarity, where old and new data sets exist, only the new
data points will be presented.

5.1.2 The Final Results and Discussion

In the following, the final results obtained fordσ/dΩ andAy for the reaction2H(~p, dp) will be
compared to calculations with three-nucleon forces from four different models and calculations
using NN potentials only. To give an idea about the statistical and systematic uncertainties, the
results for an incident-beam energy of 150 MeV are shown, in some detail, in figure 5.3. In the
upper panel of figure 5.3, the analysing power (left-hand side) and the differential cross section
(right-hand side) are shown, together with the statistical uncertainties given at each data point.
In the second panel from the top, the deviations of results from the calculations from our data
are shown. These differences were obtained using a polynomial fit of nineth or eleventh order
(depending on the energy) of the measured data. The use of a fit overcomes the statistical fluctua-
tions in the data. These fluctuations could give, locally, a wrong impression about the deviations
of the theoretical predictions from the data sets. Using a fit instead of, e.g., a spline interpolation,
suppresses these fluctuations and stresses the ‘real’ deviations from our data. Furthermore, an
additional point-to-point systematic uncertainty for the differential cross section was obtained
using this fit. To obtain aχ2 of 1, a relative systematic uncertainty was added to the statistical
uncertainty of each data point. This uncertainty, which is≤ 5% is systematic but affects each
data point individually. It is generally much larger then the statistical precision of the data. It
accounts, among other things, for uncertainties in the background subtraction, which are. 3%.
The total systematic uncertainty, which is shown in the figure as a band, is obtained from the sum
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Figure 5.3: Final results for the reaction2H(~p, dp) at 150 MeV bombarding energy. Shown are
the analysing power (upper left), the differences between the calculations forAy and the data
(one panel lower),dσ/dΩ (upper right) and the deviations of the calculations from measured
dσ/dΩ (one panel lower). The same sequence of panels is repeated in the lower half with dif-
ferent calculations. Shown in each frame are the data from this work (open squares) and results
from NN potentials only (black band). Shown further in the upper half are calculations from
NN+TM (grey band) and NN+TM′ (black band). In the plot ofdσ/dΩ, both bands overlap al-
most completely. Also shown in each frame in the lower half are results from AV18+Urbana-IX
(solid line), CD-Bonn+∆ (·· -·-) and Nijmegen-II+∆ (·-·). The statistical uncertainties, which
are in general smaller than the symbol size, are given at each data point while the systematic
uncertainty is shown as a grey band around zero.



5.1 Results of the2H(~p, dp) Reaction 97

of the squares of this point-to-point uncertainty and the uncertainties due to target thickness and
polarisation (see table 4.2 on page 82 for a table of uncertainties). The systematic uncertainties
obtained from the fit are given in tables G.1-G.8 in appendix G.

In figure 5.3, the data of this work are set to zero in the deviation panel and are marked with
their statistical uncertainties. The systematic uncertainties are shown as a grey band. The same
sequence of panels is repeated in the lower half of figure 5.3, to avoid the appearance of too many
calculations in one figure.

Shown in each frame of the upper half of figure 5.3 are bands from calculations using NN
potentials (black band), NN+TM (grey band) and NN+TM′ (black dotted band). Shown in
each frame of the lower half of figure 5.3 are calculations using NN potentials (black band),
AV18+Urbana-IX (solid line), CD-Bonn+∆ (dash-dotted line) and Nijmegen-II+∆ (dash-double-
dotted line). For a brief description of the different 3NF models, see sections 2.2.1 and 2.2.2.

As can be seen, calculations using only NN potentials fail for both, the analysing power and
the differential cross section, apart from very forward angles. Furthermore, calculations using the
original Tuscon-Melbourne force fail in the description of the analysing power, apart from very
forward angles. This deficiency in the description of the analysing power for other existing data
sets was one of the reasons for a revision of the Tuscon-Melbourne force. Since it is established,
that the original TM force has deficiencies, as it was described in section 2.2.1, and should not
be used any more, it will be omitted from the following figures. However, it should be stressed
that the predictions for the differential cross section from the other three-nucleon force models
coincide with the results of calculations with TM. This can be seen in the top-right panel of
figure 5.3, but the same holds for all bombarding energies, where measurements were done in
this work. Furthermore, it should be noted that the inclusion of the TM force in the calculations
leads to an increase in the spread of the theoretical predictions, as compared to the band from
calculations using NN potentials only.

The measured vector analysing powers of the2H(~p, dp) reaction at six incident-beam energies
are shown in figure 5.4. Further shown are the data measured by Wellset al. at120 MeV [Wel93]
and Bieberet al. at150 MeV and190 MeV [Bie00]. At 150 MeV, also the data sets from Kuroda
et al. at 155 MeV [Kur66] and Postma and Wilson at 146 MeV [Pos61] are shown. These two
data sets have rather large statistical uncertainties. At190 MeV, results from Adelberger and
Brown at 198 MeV [Ade72] and Cadmanet al. at 197.5 MeV [Cad01] are shown as well. The
data at 217 MeV from [Igo72] have been omitted at 190 MeV, since the difference in kinetic
energy is already too large for a meaningful comparison. At all energies except for120 and190
MeV, a high-precision measurement atθcm ≈ 90◦ from IUCF [Ste99] is shown. As can be seen
in figure 5.4, the measured data sets from this work agree very well with the other data sets.
However, in contrast to the other data sets, the high-precision data sets measured in this work
cover, on their own, a large kinetic energy range as well as a centre-of-mass region between30◦

and170◦.
The black band at each energy represents results of calculations using NN potentials only,

whereas the grey band shows the results from NN+TM′ calculations. The solid line shows the
results of calculations using the AV18+Urbana-IX potential. At 108 MeV bombarding energy,
results from calculations usingχPT are also shown (dark grey band). The deviations of the
theoretical calculations from our data sets are shown in figure 5.5, as it was already explained
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Figure 5.4: Results for the vector analysing power of the2H(~p, dp) reaction. The results of the
present work are shown by open squares while other symbols represent data available in the
literature. The theoretical predictions are shown for NN potentials only (black band), NN+TM′

interactions (grey band), a calculation from AV18+Urbana-IX (solid line) and calculations from
χPT (dark grey line). For each data point, only the statistical uncertainty is given, which is in
general smaller than the size of the symbols.
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Figure 5.5: Shown are the deviations of the different theoretical predictions from the analysing
powers of the reaction2H(~p, dp) measured in this work. Further information about the presen-
tation of the data and the calculations is given in the text. The meaning of the curves is the same
as in figure 5.4.
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Figure 5.6: Results for the vector analysing power of the2H(~p, dp) reaction in comparison with
calculations from [Del02]. Results from calculations using the potentials CD-Bonn (solid black
line), Nijmegen-II (dashed black line), CD-Bonn+∆ (·· -·-) and Nijmegen-II+∆ (·-·) done by the
Hanover group [Del02] are shown. The statistical uncertainty is given for each data point.
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Figure 5.7: Shown are the deviations of the theoretical calculations from the measured analysing
powers of the reaction2H(~p, dp) shown in figure 5.6. The meaning of the curves is the same as in
figure 5.6. Further information about the presentation of the data and the calculations is given
in the text.



102 Chapter 5. Discussion of the Results

for figure 5.3. The meaning of the theoretical curves is the same as for figure 5.4. In figure 5.5, the
data from this work are, of course, set to zero and are marked with their statistical uncertainties.
The systematic uncertainty of3% is shown as a band around these data points.

Comparing the calculations and the data separately for each energy, it can be observed that
the theoretical predictions deviate slightly from the data below a centre-of-mass angle of40◦.
This might be due to Coulomb-effects, although the deviation seems to get larger in this range
as one increases the beam energy. It might also be an onset of relativistic effects, which are not
sufficiently included in the theory. In the angular range between40◦ . θcm . 60◦, depending
on the bombarding energy, NN- and (NN+3N)-calculations agree with each other and describe
our data reasonably well. Atθcm ≈ 50◦, calculations with and without three-nucleon forces
(3NFs) start to deviate from each other. As was already remarked for figure 5.3, calculations
using NN potentials only also fail to describe the data set. With the use of newer 3NF models,
like the modified Tucson-Melbourne force or the Urbana-IX potential, these discrepancies can
be remedied partially. However, at backward angles aroundθcm ≈ 130◦, also these models fail
to describe our data, as can be seen very clearly in figure 5.5.

Looking at the behaviour ofAy as a function of energy, it can be observed, that the first max-
imum and the minimum shift towards smaller angles with increasing energy, while the second
maximum stays at aroundθcm ≈ 150◦. The minimum of the calculations also becomes shallower
with increasing incident energy, whereas the minimum of the experimental data hardly changes
its form. As can be observed from figure 5.5, this behaviour leads to large disagreements be-
tween the calculations and our data at higher energies at backward angles, which are of the same
order as the deviations of calculations using NN potentials only. Interesting to note is the fact,
that calculations from AV18+Urbana-IX, which are based for a large part on phenomenology,
still come closer to our data at the higher energies, than calculations which employ the mod-
ified Tuscon-Melbourne force, TM′, which is a sophisticated theoretical model obeying chiral
symmetry.

In figures 5.6 and 5.7, the same observables as in figures 5.4 and 5.5 are shown with re-
sults from calculations done by the Hanover group [Del02]. These figures are shown sepa-
rately to avoid the presence of too many curves in one picture. Also, the data sets from [Kur66]
and [Pos61] have been omitted in these figures. Calculations from two-nucleon interactions only,
using CD-Bonn and Nijmegen-II potentials, are represented by solid and dashed lines, respec-
tively. Also shown are calculations from CD-Bonn+∆ (dash-double-dotted line) and Nijmegen-
II+∆ (dash-dotted line). As can be observed, calculations using two-pion exchange with an
explicit ∆ excitation as an effective three-nucleon force describe our data rather well for incident-
beam energies up to 150 MeV over a large angular range in the centre-of-mass frame of reference.
Only at 170 and 190 MeV, deviations start to set in at the same place, where the deficiencies of
TM′ and Urbana-IX are observed, at aroundθcm ≈ 130◦. Deviations can be seen at very forward
angles, too, which may also be due to Coulomb effects. The good description of our data, at
least for energies up to 150 MeV, but also at 170 and 190 MeV, is in contrast to the calculations
from CD-Bonn+TM′ or AV18+Urbana-IX. Comparing figures 5.5 and 5.7, it can be observed
that the calculations which use an explicit∆ excitation give a considerably better description of
the data. In fact, up to 135 MeV bombarding energy, the results of the calculations from the
Hanover group are within the uncertainties of the data measured in this work. But also at the
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higher energies, the predictions from the Hanover group lie considerably closer to our data than
the predictions which use TM′ or Urbana-IX. Although the calculations of the Hanover group
seem to be in better agreement with our data, this does not necessarily imply that they are more
complete than the calculations by the Bochum-Cracow group. The problem that their two-body
interaction does not reproduce the two-nucleon data anymore when the∆ is included needs some
attention.

The results for the differential cross section as a function of centre-of-mass scattering angle
and bombarding energy are shown in figures 5.8 and 5.9. The results obtained from theoretical
calculations are again shown as bands for calculations using NN potentials only (black band)
and calculations using NN+TM′ (grey band). Furthermore, results obtained from calculations
using AV18+Urbana-IX are shown as solid lines. At 108 MeV, also results from calculations
based onχPT are shown as a dark grey band. At135 MeV, results obtained from high-precision
measurements of the reactionH(~d, dp) atEbeam = 270 MeV by Sakaiet al. [Sak00] are shown.
At 150 MeV, results from measurements done by Postma and Wilson [Pos61] at146 MeV and by
Kurodaet al.[Kur66] at 155 MeV are shown. At190 MeV, results are shown from measurements
done by Adelberger and Brown [Ade72] at 198 MeV and Igoet al. [Igo72] at 362 MeV of the
reactionH(~d, dp). As for the analysing power, the data set from [Igo72] at 217 MeV has been
omitted, as the difference in kinetic energy is too large for a meaningful comparison. As can
be seen, the data obtained in this work show a systematic deviation from the data of reference
[Sak00]. The disagreement of the data set from this work with that high-precision data of [Sak00]
seems to be a rather large and unexplained normalisation difference between the two data sets.
However, the data obtained in this work agree rather well with the data sets at 150 and 190
MeV incident-beam energies. At 190 MeV, the data set measured in this work gives slightly
larger values than the data set from [Ade72]. However, that data set was measured at 198 MeV
incident-beam energy and should, therefore, be below the data set from this work. The shape
of the angular distribution of the differential cross section obtained in this work at 190 MeV is
also in rather good agreement with data taken earlier at KVI with SALAD [Vol01], which are
not shown here.

In figures 5.10 and 5.11, the comparison of the data obtained in this work with calculations
from the Hanover-group is shown. As for the analysing power, results are shown from calcula-
tions using the CD-Bonn (solid lines), Nijmegen-II (dashed lines), CD-Bonn+∆ (dash-double-
dotted lines) and Nijmegen-II+∆ (dash-dotted lines). Also here, as in the case for the analysing
power, the calculations from the Hanover group are shown in separate figures for the sake of
clarity only.

In the angular range between30◦ . θcm . 60◦, depending a little on the bombarding energy,
the agreement between the theoretical calculations is not as good as in the case of the analysing
power. Furthermore, the deviations of the theoretical predictions from our data are slightly larger
than the systematic uncertainty of the data. Atθcm & 60◦, the NN band and the NN+TM′ band
deviate from each other. Calculations using two-nucleon interactions only completely fail to
describe the data for the rest of the angular range. The deviation between calculations from NN
potentials and the data is largest around130◦ . θcm . 150◦. This angular range is part of the
region of the minimum and the place, where three-nucleon force effects would be expected to
show up [Wit98].
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Figure 5.8: Differential cross section for the reaction2H(~p, dp) as a function of incident-beam
energy. Shown are the data set from this work (solid black squares) and calculations from NN
potentials (black band), NN+TM′ (grey band), AV18+Urbana-IX (solid line) and, at 108 MeV,
fromχPT (dark grey band). The other data sets shown are denoted in the pictures and explained
in the text. The statistical uncertainty is depicted at each data point.
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Figure 5.9: Shown are the deviations of the different theoretical calculations from the data sets
measured in this work for the differential cross section of the reaction2H(~p, dp), as in figure
5.5 for the analysing powers. The meaning of the curves is the same as in figure 5.8. The grey
band around zero represents the systematic uncertainty of the measurement. Further information
about the presentation is given in the text.
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Figure 5.10: Differential cross section for the reaction2H(~p, dp) as a function of incident-beam
energy. The data set measured in this work is denoted by solid black squares. The statistical
uncertainty is depicted at each data point. Also shown are calculations from the Hanover group
using CD-Bonn (solid black line), Nijmegen-II (dashed black line), CD-Bonn+∆ (·· -·-) and
Nijmegen-II+∆ (·-·).
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Figure 5.11: Shown are the deviations of the theoretical calculations shown in figure 5.10 from
the data set for differential cross sections of the reaction2H(~p, dp) measured in this work. Fur-
ther information about the presentation is given in the text. The meaning of the curves is the
same as in figure 5.10. The grey band represents the systematic uncertainty of the measurement.
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The use of additional three-nucleon forces remedies these discrepancies at the lower energies.
For 60◦ . θcm . 120◦ and for energies. 150 MeV, the data set is described rather well by
the NN+3N band. In contrast to the analysing power, all three-nucleon forces used in these
calculations, TM′, Urbana-IX and explicit∆ excitation, give similar results. Aroundθcm ≈ 70◦,
a local minimum appears in the difference plots, as can be seen in figures 5.9 and 5.11. This
minimum is due to a ‘shoulder’ of the differential cross section, which begins atθcm ≈ 60◦ and
is shown by the calculations and, more enhanced, by the data. At large backward angles with
θcm & 145◦, calculations using 3NF describe our data reasonably well at energies up to 135
MeV. However, with increasing bombarding energy, discrepancies in the calculations set in at
backward angles aroundθcm ≈ 130◦. This is slightly beyond the angular region, where also the
calculations for the analysing power show deficiencies.

The behaviour of both, the analysing power and the differential cross section, at slightly
backward angles is shown in figure 5.12. Here, both observables and the deviations of the calcu-
lations from our data are plotted as a function of incident-beam energy forθd,lab = 20◦, which
corresponds toθcm ≈ 139◦. Further shown are the results from NN+TM′, AV18+Urbana-IX,
CD-Bonn+∆ and Nijmegen-II+∆. Since in all panels in figure 5.12 the measured data points
have been used, while the differences in the lower panels were obtained from the results of the
fits through the data, slight deviations between the upper and the lower panels may exist which,
however, do not change the conclusion. As can be observed in figure 5.12, the deviations for both
observables increase atθcm ≈ 139◦ with an increase in bombarding energy. Furthermore, as is
stressed in figure 5.12, the spread between the different modern 3NFs is, in the case of the differ-
ential cross section, negligible. However, in the case of the analysing powers, the spread leads to
a still reasonable description of the data with calculations from the Hanover group, but to rather
large disagreements between the data and calculations from NN+TM′ or AV18+Urbana-IX.

The differences seen between the different three-nucleon force models, shown in figures 5.4-
5.11 and summarised in figure 5.12, seem to indicate that the different models differ mainly in
the treatment of the spin. This, however, has yet to be established since these models differ from
each other in other respects and have only in common thead-hocapproach of using a modern,
phenomenological, NN potential and adding a three-nucleon force.

Of the three three-nucleon forces, the Tuscon-Melbourne force, in its modified form, is cer-
tainly the most sophisticated one, including an explicit∆ excitation, two-pion exchange and
point-like short-range interactions. Furthermore, it obeys chiral symmetry. The modifications
with respect to the original TM force seem to influence mainly the spin-dependent part of the
potential, as no significant change in the prediction fordσ/dΩ can be observed.

In contrast, the Urbana-IX model, which was built for a completely different purpose, is
based largely on phenomenology. However, whereas calculations from the two forces agree for
the differential cross section, calculations from AV18+Urbana-IX give a better description of the
analysing power. Calculations from the Hanover group, which are based on two-pion exchange
and an explicit∆ excitation, seem to give the best description of the analysing power. This model
also includesρ-π andρ-ρ exchange, but no short-range interactions. The calculations are done
using Alt-Grassberger-Sandhas equations.

The common discrepancies with our data at backward angles around≈ 130◦−150◦ at higher
incident-beam energies, which is a kinematical region with large momentum transfer, seem to
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Figure 5.12: Comparison of theoretical calculations fordσ/dΩ andAy for the reaction2H(~p, dp)
with measured values as a function of energy forθcm ≈ 139◦ (θd,lab = 20◦). Shown are calcula-
tion from NN+TM′ (dark grey band), AV18+Urbana-IX (solid black line), CD-Bonn+∆ (·· -·-)
and Nijmegen-II+∆ (·-·). The systematic uncertainty of the data set is shown in the lower panels
as a grey band around zero. It should be noted that the measured data points were used in all
panels, while the differences in the lower panel were obtained from the results of the fits through
the data.

indicate common deficiencies in the proper inclusion of relativistic dynamics. It might also be
a hint of deficiencies in the treatment of the spin-dependent part at higher momentum transfer,
and/or due to higher-order effects which have not been included in the TM′ calculations, such as
ρ-π or ρ-ρ exchanges.

The results fromχPT at 108 MeV incident-beam energy give a reasonable description for
the differential cross section, slightly underestimating the data, and show deficiencies in the
description of the analysing power at backward angles. However, these calculations were only
done up to Next-to-Next-to Leading Order (NNLO) inχPT. In this order, three-nucleon forces
appear for the first time. The comparison with the data presented in this work seems rather
promising but shows, that the inclusion of higher order terms might be necessary.

In general, it can be concluded that the treatment of three-nucleon observables, likedσ/dΩ
orAy, using thead-hocapproach of adding a three-nucleon force to a phenomenological NN po-
tential seems to work well at lower kinetic energies. However, for higher kinetic energies, more
sophisticated approaches are apparently necessary when dealing with three-nucleon systems.
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5.2 Results of theH(~d, dp) Feasibility Test

The results of the feasibility study to measure the differential cross section and the vector and
tensor analysing powers of the reactionH(~d, dp) atEd = 130 MeV are shown in figure 5.13. The
results are also given in tables G.9 and G.10 in appendix G.

The differential cross section obtained from the feasibility test is shown together with high-
precision data from the2H(~p, dp) reaction at65 MeV measured by Shimizuet al. [Shi82]. To-
gether with the analysing powers, data points from [Wit93] are shown. Furthermore, for the
differential cross section and the analysing powersiT11 andT22, high-precision data of the re-
actionH(~d, dp) atEd = 140 MeV measured by Sekiguchiet al. [Sek02] are shown. Other data
sets, such as the Saturne-measurements [Gar86], are energetically too far away from our data for
a meaningful comparison. For all observables in figure 5.13, results obtained from theoretical
calculations performed by the Bochum-Cracow group [Glö02] using NN (black band), NN+TM
calculations (grey band), calculations from CD-Bonn+TM′ (dashed line) and AV18+Urbana-IX
(solid line) are shown as well. Although the old Tuscon-Melbourne force turned out to include
ambiguous vertices which violate chiral symmetry, for the sake of completeness it is included
here, also to see the effects at lower energies.

The differential cross section was obtained from data taken with an unpolarised beam. The
vector analysing poweriT11 was obtained from the data set using formula (4.35) and pure vector
polarisation of the incoming deuterons, and by using formula (4.35) but normalising toI0(θ)
obtained from unpolarised deuterons. As can be seen in figure 5.13, the results obtained from
both methods agree with each other, within their statistical uncertainties. The tensor analysing
powersT20 andT22 were obtained from measurements with incoming deuterons with pure tensor
polarisationpZZ = −2. This value is the theoretical value. The real value that has been used in
the analysis is smaller. Since the deuteron beam polarisation could not be measured in this work,
the analysing powers were normalised to the theoretical bands. The merit of the measurements
is, in this case, the angular distribution of the analysing powers.

As can be seen in figure 5.13, the results for the differential cross sections and the angular
distribution of the vector analysing poweriT11 agrees rather well with the existing data sets
from [Shi82, Wit93, Sek02]. Also, the angular distribution obtained for the tensor analysing
powersT20 andT22 come close to the theoretical predictions and the existing data sets. Therefore,
all four observables, the differential cross section and the analysing powers can be measured with
the present setup of SALAD in an angular range of30◦ . θcm . 100◦. Although the∆E detector
imposes a high threshold on the incoming deuterons, it is necessary for a clean discrimination
between deuterons and protons. Deuterons with an energy. 30 MeV suffer from this high
threshold, leading to a loss of data in an angular range ofθcm & 140◦. A thorough analysis
of coincidence tracks should give results for the analysing powers. However, the analysis done
in this work showed, that the requirement of co-planarity alone does not remove all accidental
coincidences with break-up protons and more care should be taken in further analysis.

When comparing the theoretical bands shown in figure 5.13, it can be seen, that the bands
themselves are very thin, as compared to the theoretical predictions at higher bombarding en-
ergies per nucleon, e.g., at the energies used in this work for the measurements of the reaction
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Figure 5.13: Results for the differential cross section and the analysing powers of the reaction
H(~d, dp). Shown are the data measured in this work (black squares and diamonds), predictions
from calculations using NN potentials only (black band), NN+TM calculations (grey band), CD-
Bonn+TM′ (dashed line) and from Argonne-V18+Urbana-IX (solid line). Further information
is given in the text.

2H(~p, dp). Also, it can be observed that the difference between the theoretical calculations with
and without the inclusion of three-nucleon-force effects is much smaller at this energy. As was re-
marked in [Wit98], effects due to three-nucleon forces should show up starting at kinetic energies
≈ 65 MeV/nucleon for the differential cross section, and the small difference between calcula-
tions with and without the inclusion of three-nucleon-force effects is, therefore, not surprising
for this observable. Unfortunately, the analysis of single-track events gives only results in an
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angular region, where the differences between calculations from the different models are small.
Therefore, the data analysed during the present feasibility test will not be able to distinguish
between different calculations, certainly not within the statistical and systematical uncertainties
obtained in this feasibility study.

In the framework of the feasibility test, and due to the time frame defined for this thesis, only
a small fraction of the available data (< 10%), has been analysed. One of the reasons for this is
that the analysis of a larger amount of data would have required a thorough energy calibration of
the∆E-E hodoscope for several event files.




