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Three-nucleon force effects in cross section and spin observables of elastic deuteron-proton
scattering at 90 MeV/nucleon
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The cross section and several spin-dependent observables have been measured with high precision for the
reaction H(�d, �p)d at 90 MeV/nucleon. Several calculations were performed based either purely on two-nucleon
potentials or also including three-nucleon potentials (3NP). The cross sections are consistent with all calculations
including 3NPs. However, no single calculation reproduces the analyzing powers and spin-transfer coefficients,
although some spin observables are reproduced to various degrees by the different calculations. A good
understanding of the spin structure of 3NP is still lacking.
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The nucleon-nucleon (NN) force has been studied exten-
sively since the discovery of the neutron. Several two-nucleon
potential (NNP) models have been developed over the decades
and tested using nucleon-nucleon scattering data. Collecting
over 4300 pp and np scattering data as is done for the Nijmegen
data set [1] provides a good basis to develop high-quality
NNPs, namely NijmI, NijmII [2], CD-Bonn (CDB) [3], and
AV18 [4]. Also, a partial wave analysis (PWA) has been
performed using the Nijmegen data set [5]. All the models and
the PWA describe the phenomena involving only two nucleons
with high accuracy. However, the NNPs are not very successful
in describing various observables in three- or more-nucleon
systems. For example, the binding energies of the light systems
cannot be described at all by exact calculations that only
use NNPs [6]. Also, in scattering problems such as elastic
proton-deuteron scattering at intermediate energies, the exact
calculations of the cross section, in which one only takes NNPs
into account, underestimate the data in the minimum of the
cross section [7,8].

At energies larger than 100 MeV/nucleon, the discrepancies
are partially remedied by adding the necessary ingredients
accounting for the potential (or the force) between the three
nucleons (3NP). Similar conclusions, more or less, hold for
spin observables [8–14]. However, none of the existing 3NP
models accounts for all the existing data. Given the large
number of possible 3NP structures, experiments involving
three-nucleons will continue to play an essential role in our
understanding of the nuclear potential.

The 3NP has been receiving more attention both theoreti-
cally and experimentally in the past years. Several 3NP models
have been developed on the basis of the two-pion-exchange
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mechanism, such as the Tucson-Melbourne (TM’) [15,16],
the Hanover [17], and the Urbana (UIX, IL2 and IL4) models
[6,18]. In TM’, a pion emitted from one nucleon is scattered by
a second nucleon before being absorbed by the third nucleon.
The Hanover model, CDB+�, yields an effective 3NP by
the explicit �-isobar excitation, where the transition potential
from NN to N� state is based on π and ρ exchange. The
UIX potential has been developed together with AV18 to fix
the binding energy of light nuclei. It also includes s-wave and
p-wave πN scattering.

The models mentioned above can be examined with scatter-
ing data. The scattering observables are predicted theoretically
with any of the potential models using the Faddeev equations
for the three-body scattering problem that can be solved
exactly. The results of the scattering experiments also provide
insight into the theoretical aspects of a model enabling one
to improve the models further (see Ref. [19] in which the
cross-section data lead to the conclusion that NNP is absolutely
not sufficient to describe the data and only the inclusion of
3NP removes most of the deficiencies). There are a variety
of observables that can be measured in a scattering exper-
iment namely cross section and spin-dependent observables
such as analyzing powers, induced polarization, and spin-
transfer coefficients (STC) [20]. Presently, only a few data
sets are available for nucleon-deuteron elastic scattering at
intermediate energies between 70 to 200 MeV. Cross sections
and analyzing powers for the 2H(�p, p)d reaction at 108,
120, 135, 150, 170, and 190 MeV have been measured at
KVI [7–10]. The reaction H(�d, �p)d was studied at RIKEN
at 70, 100, and 135 MeV/nucleon [11–14]. At RCNP, the
nucleon-deuteron reaction was studied at 250 MeV [21,22].
The only measurement of spin-correlation coefficients up to
now was performed at IUCF at 135 and 200 MeV [23–25].
In the present work which was performed at KVI, we present
the results of the cross sections, the analyzing powers, the
induced polarizations and the STCs measured for the reaction
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H(�d, �p)d at 90 MeV/nucleon. This energy was chosen because
of the possibility of being able to compare the results of the
various theoretical models, including the emerging results of
chiral perturbation theories at intermediate energies [26,27],
with the experimental results. These theories which generate
nuclear many-body potentials are, presently, reliable only at
lower energies.

The present experiment was performed using the Big-Bite
Spectrometer (BBS) [28] and the proton polarimeter of the
EuroSuperNova (ESN) collaboration [29]. The detector setup
of the experiment is extensively discussed in Ref. [29].
Polarized deuterons for which the polarization was switched
between five states labeled as Off, (pZ, pZZ) = (0, 0), positive
vector, (2/3, 0), negative vector, ( − 2/3, 0), positive tensor,
(0, 1), and negative tensor, (0,−2) were produced by the KVI
polarized-ion source (POLIS). After accelerating the deuterons
to 180 MeV by the AGOR cyclotron, the polarization of
the deuterons was measured continuously during the whole
experiment by the In-Beam Polarimeter [30]. The beam
polarization was obtained by measuring the elastic scattering
of deuterons from a proton target at a fixed angle of 100◦ with
this polarimeter, and subsequently comparing the measured
asymmetries with the interpolated analyzing power of the
same reaction at the same angle but at various energies
recently compiled in Ref. [31]. The measured polarizations
were typically 50–60% of the theoretical values mentioned
above with small admixtures of the components which should
be theoretically zero. The polarized deuterons then impinged
on a hydrogen target in the target chamber of BBS. Depending
on the reaction rate, either a solid CH2 foil or a liquid
hydrogen target was used. The strength of the dipole magnet
of BBS was set so that the scattered protons from the reaction
H(�d, �p)d were focused in the middle of the focal-plane of the
dipole magnet. There are two vertical-drift chambers (VDC)
at the focal-plane with which the track of particles can be
reconstructed. The polarization of the scattered protons was
measured by the proton polarimeter ESN. The polarimeter
uses a graphite slab as secondary target for the polarization
measurement. The track of the protons after scattering from the
graphite slab was reconstructed with multiwire proportional
chambers (MWPC) [32]. Knowing the track of the particles
after the secondary scattering, one can obtain the asymmetry,
As , of the p-C reaction for a given secondary scattering
angle. This asymmetry is related to the polarization, py , of
the incoming protons and the analyzing power, A, of the p-C
reaction, As = Apy . The inclusive analyzing powers of p-C
for the energy range of interest were measured in a separate
calibration experiment [33].

For a polarization measurement, one must correct for the
instrumental asymmetry of the polarimeter, even though it
is very small. We measured the instrumental asymmetry of
ESN polarimeter during the calibration experiment, which was
done at a different time, to be about 0.02 using unpolarized
protons. This measured instrumental asymmetry resulted in
the induced polarizations for the reaction H(�d, �p)d which
were about 0.1 below the theoretical values. It is known
that the induced polarization of the H(d, �p)d reaction, apart
from a minus sign, is equal to the analyzing power of the

time-reversed reaction of 2H(�p, d)p. This analyzing power
was systematically studied at KVI [8,10]. The results of
the analyzing powers were well described by CDB+�

calculations around the energy of interest. Therefore, it was
decided to determine the instrumental asymmetry as a free
parameter in a fit of the data to CDB+� calculations. Thus for
this observable, only the shape of the distribution is relevant.

In this Rapid Communication, the results of measurements
for the cross sections, dσ/d�, the vector analyzing powers,
Ay , the tensor analyzing powers, Ayy , the induced polariza-

tions, Py ′ , the vector STCs, K
y ′
y , and the tensor STCs, K

y ′
yy are

presented. The measurements were performed in the angular
range of 90◦–170◦ in the center-of-mass (c.m.) frame. The
relations between the observables are given by:

I (θ ) = I0(θ )
[
1 + 3

2pyAy(θ ) + 1
2pyyAyy(θ )

]
,

py ′I (θ ) = I0(θ )
[
Py ′ (θ ) + 3

2pyK
y ′
y (θ ) + 1

2pyyK
y ′
yy(θ )

]
,

where I is the spin-dependent cross section, I0 ≡ dσ/d�

is the unpolarized cross section, py ′ is the polarization of
the protons after the primary scattering, and py(pyy) is the
vector(tensor) polarization of the incoming deuterons. The
experimental results along with the calculations are shown in
Fig. 1. The error bars, which are included for each data point,
are for some data points smaller than the symbol size of the
point. This error accounts for the statistical uncertainties and
a very small point-to-point (PTP) uncertainty. The statistical
uncertainties come from the spin-dependent cross sections and
the statistical uncertainty in determining the incoming-beam
polarization. The small PTP uncertainty accounts for a small
instability of the experimental apparatus over long periods of
time and background subtraction. These errors are still very
small, which shows an acceptable stability of the detector. The
PTP uncertainty at 170◦ is larger than at the other points. For
this point, the Faraday cup had to be placed inside the dipole
magnet of BBS. In this case, the incoming beam is deflected by
the dipole magnet and so the Faraday cup must be positioned
very precisely. Therefore, small movements of the beam
spot or changing the magnet strength can have a magnified
effect on the error. Other systematic uncertainties originate
from the target thickness measurement, the estimation of the
angular opening of the detector, the total collected charge in
the Faraday cup, and the systematic error of the incoming
beam polarization. The resultant systematic error is ∼5%
for the cross sections and �3% for all other spin-dependent
observables.

The calculations based on various NNPs are slightly
different, and because none of them is a priori preferred,
the spread of the theoretical predictions can be considered
as the theoretical uncertainty. Therefore, the calculations with
different NNPs are shown by bands (dark gray), and those
based on NN+TM′ are shown as light gray bands. The
result of a calculation with AV18+UIX [6] is shown by a
dashed line. All these calculations were performed by the
Bochum-Cracow group [34]. The results of the calculations
done by the Lisbon-Hanover group (CDB+�) are shown
by solid lines. It is the only calculation that includes the
Coulomb interaction between the protons [35]. The effect of
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FIG. 1. The data for the cross sections, dσ/d�, the vector, Ay ,
and tensor, Ayy , analyzing powers, the induced polarizations, Py′ , and
the vector, Ky′

y , and tensor, Ky′
yy , STCs. Theoretical predictions based

on NNP alone are shown by the dark gray bands, whereas those with
NN+TM′ are presented by the light gray bands. Dashed (solid) lines
show the predictions using AV18+UIX(CDB+�). For Ay , the solid
line is on the lower edge of the dark gray band. The inset for each
panel shows the percentage of (absolute) differences for the cross
section (spin observables) measurements with the data points set to
zero. The systematic uncertainty of 5% for the cross sections and 3%
for the spin observables is not shown in the figure.

the Coulomb force is shown to be large for most observables
of the elastic scattering only at small scattering angles.

The measured cross sections along with calculations are
shown in the top panel of Fig. 1. The NNP band fails to
describe the magnitude and the shape of the cross sections
around the minimum. As expected for this energy, adding the

3NPs accounts for the differences. Taking the systematic error
of the experiment into account, the measured cross sections are
consistent with the results of all calculations including 3NP.
To distinguish among the 3NP models, one should improve
the systematic precision of the measurements drastically.
The results show that the 3NPs are adequately understood
as far as the spin-averaged cross sections at this energy is
concerned.

The data points for the vector-analyzing power
(Fig. 1, second panel from top) from 90◦ up to 130◦ are
just in between the NNP band and NN+TM′ band in the
minimum of the analyzing power. The AV18+UIX calculation
slightly overestimates the data and the CDB+� calculation
underestimates them in the region of the minimum. Note that
between 50◦ and 120◦ the CDB+� calculation is at the lower
limit of the NNP calculations and above 120◦ it is hidden
in the NNP band. Above 140◦, the two bands merge and
are in agreement with the data. The closest calculation to
this observable is AV18+UIX. Also note that, in the band of
NN+TM’, the calculation of AV18+TM′ is at the far edge from
data and CDB+TM′ is at the near edge. The data points for the
tensor-analyzing power (Fig. 1, third panel from top) are well
below the NNP band between 100◦ and 150◦. The results do not
seem to be fully described by any of the calculations, except
may be by AV18+UIX. The peak widths of the calculations
are different and also different from the data. Because of
this behavior, there is no trend in the agreement between
the data and the calculations. At large and small angles,
the NNP calculations are closer, whereas in the intermediate
region, the 3NP calculations come closer to the data. In
general, the AV18+UIX 3NP describes both analyzing powers
better.

As was said before, the induced polarization (shown in
the fourth panel from top of Fig. 1) was used to obtain
the instrumental asymmetry of the polarimeter and as such
is normalized to a calculation using one free parameter
representing this asymmetry. Therefore, one may use only
the shape of the angular distribution for this observable, which
clearly follows the shape of all calculations relatively well.

The data points for the vector STCs (Fig. 1, second panel
from bottom) follow the results of the NNP calculations
most closely. The CDB+� calculation (for most angles) also
fit the data well. Obviously, the results of AV18+UIX and
NN+TM′ cannot describe this observable as their shapes are
also different from the data. The data points for the tensor
STCs (Fig. 1, bottom panel) are in good agreement with the
NNP band and in reasonable agreement with the results of
the CDB+� calculations. The data points from 110◦ to 150◦
are underestimated by NN+TM′ calculations. In general, the
calculations including the �-dynamics show that the effect
of the 3NP is small for the STCs. This is also confirmed
by our measurement, in contrast to the results of the only
other measurement of these observables at a higher energy of
135 MeV/nucleon [12].

If one normalizes the induced polarization to AV18+UIX
calculation rather than CDB+�, the data points for 120◦ and
larger do not change significantly for both the vector and
tensor STCs. Only the values of the data at 90◦, 100◦, and
110◦ become systematically smaller but well within the errors.
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The vector STCs will then be closer to the NN+TM′ band in
that region.

In summary, cross sections, vector and tensor analyzing
powers, induced polarizations, and vector and tensor spin-
transfer coefficients have been measured with high precision
for the reaction H(�d, �p)d at 90 MeV/nucleon. The data were
compared with theoretical predictions based on NNP and
NNP+3NP. The cross section results clearly show the need
to include 3NP in the calculations. The spin part of various
3NPs, however, reveals surprising features. There is no single
3NP which can describe all the spin observables. In general, the
calculations based on AV18+UIX perform better for analyzing
powers while the measured STCs are closer to 3NP predictions
of CDB+� which, in turn, are very close to the results based

on NNP only. These features need to be better understood in
theory.
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