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Abstract

Detailed measurements of vector and tensor analyzing powers of the 2H(~d, dp)n break-
up process are presented. The data were obtained using a polarized deuteron-beam with
an energy of 65 MeV/nucleon impinging on a liquid-deuterium target. The experiment
was conducted at the AGOR facility at KVI using the BINA 4π-detection system. The fo-
cus of this contribution is to analyze data of the dd scattering process in the regime at
which the neutron acts as a spectator, which we refer to as the quasi-free (QF) limit. To
achieve this, events for which the final-state deuteron and proton are coplanar have been
analyzed and the data have been sorted for various reconstructed momenta of the miss-
ing neutron. In the limit of vanishing neutron momentum and at small deuteron-proton
momentum transfer, the data match very well with measured and predicted spin ob-
servables of the elastic deuteron-proton scattering process. The agreement deteriorates
rapidly with increasing neutron momentum and deuteron-proton momentum transfer.
The results of coplanar configurations in four-body phase space are compared with the
results of recent available theoretical calculations based on the Single-Scattering Ap-
proximation.
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1 Introduction

Development of boson-exchange models [1] led to several phenomenological nucleon-nucleon
(NN) potentials which have successfully described the interaction between two nucleons with
χ2 ∼ 1. However, applying these high-precision NN potentials to describe systems composed
of at least three nucleons shows striking discrepancies between theoretical calculations and
experimental observables [2]. The inclusion of the three-nucleon force (3NF) effects gener-
ally improves the agreement with the data [3].

Presently, an extensive database is available for the nucleon-deuteron scattering process at
different energies below pion-production threshold [4–18]. Contrary to this, the experimen-
tal database for 4N systems in the low-energy regime below three- and four-body break-up
threshold is limited [19]. At these low energies, the calculations are very reliable, but the
effect of 3NF is very small and hard to measure. Above the break-up thresholds and below the
pion-production threshold, hence, at intermediate energies, the 4N database becomes even
more scarce [20]. Exact theoretical calculations for four nucleon systems are still limited to
the energy ranges below 30 MeV [21–28]. At intermediate energies, there are no ab-initio
calculations. For this region, data can be compared to calculations that are based on some ap-
proximations [20]. Recent theoretical calculations are available that are based on the single-
scattering approximation (SSA). These calculations are expected to be valid in the quasi-free
(QF) regions for beam energies larger than 100 MeV [29,30].

In this paper, we present the results of an investigation of the 2H(~d, dp)n break-up pro-
cess for coplanar configurations including Quasi-Free (QF) region at deuteron-beam energy
of 65 MeV/nucleon. The data were obtained by making use of a vector- and tensor-polarized
deuteron beam that was provided by the AGOR facility at KVI in Groningen, the Netherlands.
The QF domain is investigated via a detailed analysis of the three-body break-up reaction. The
results are compared with the results of recent theoretical calculations based on SSA. Through
these comparisons, the validity of SSA approximation is investigated in the QF regions.

2 Experimental setup

The experimental setup involved in dd scattering process is the BINA, Big-Instrument for
Nuclear-Polarization Analysis. Vector- and tensor-polarized deuteron beams were produced
by the atomic Polarized Ion Source (POLIS) with nominal polarization values between 60-
80% of the maximum theoretical values [31]. The deuteron beam was accelerated up to 130
MeV by the superconducting AGOR facility. The accelerated deuteron beam impinged on the
liquid deuterium target [32] inside the scattering chamber of BINA during around 51 hours of
beam time. The thickness of the target cell was 3.85 mm with an uncertainty of 5%. BINA was
developed with nearly full coverage of the geometrical acceptance, and the detector provides
a measurement of the energy and scattering angles of final-state protons and deuterons with
the capability for particle identification [14,33,34].
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The polarization of the deuteron beam was monitored with a Lamb-Shift Polarimeter [35]
at the low-energy beam line and determined with BINA after the beam acceleration using a
measurement of the elastic deuteron-proton scattering. The vector and tensor polarizations of
the deuteron beams were found to be pZ = −0.601±0.029 and pZ Z = −1.517±0.032, respec-
tively, whereby the errors include uncertainties in the analyzing powers in elastic dp scattering.
The polarization of the deuteron beam was monitored for different periods of experiment and
found to be stable within statistical uncertainties [36].

3 Event selection and analysis method

Spin observables of the break-up channel have been measured in a nearly-background-free ex-
periment. The identification of the three-body break-up channel from other hadronic channels
has been done using the measured energies, scattering angles, and time-of-flight (TOF) of the
detected particles. The hardware trigger was biased on the selection of events for which both
the proton and deuteron were registered in coincidence by the forward wall of BINA corre-
sponding to small scattering angles.

The prerequisites of this analysis on the three-body break-up channel is the energy calibra-
tion of the ten E scintillator bars in the forward wall of the BINA and the particle identification.
Two methods of energy calibration procedure have been exploited to investigate the sensitiv-
ity of the final results to the energy calibration procedures. For the first calibration method,
we followed the procedure given in Ref. [34]. In this method, the detector response has been
parametrized by a three-parameter fit-function. In the second method, we increased the num-
ber of degrees-of-freedom in the fit to five parameters for the calibration function to match the
experimental data points to the theoretical S-curve.

Figure 1 shows the energy correlation between deuteron and proton (S-curve) for the
configuration (θd ,θp,φ12) = (25◦±1, 25◦±1, 180◦±5) after energy calibration and particle
identification. Here, φ12 is the difference of the azimuthal angles of the two particles. The
solid line represents the expected kinematical S-curve. The tail on below the S-curve is dom-
inantly those events under hadronic interaction. The S-curve is divided into S-bins with a
width of 10 MeV. One of those bins are indicated by the dashed lines and used to count the
number of events inside the S-bin. To count the number of break-up events in the interval of
S − ∆S

2 and S + ∆S
2 , the events are projected on a line perpendicular to the S-curve for each

S-bin with The value of ∆S of ±5 MeV. The result of projected events for a particular S-bin
is presented in the inset of Fig. 1. This spectrum consists of a peak around zero belonging to
the break-up events with a negligible amount of accidental background. The peak shows that
the majority of break-up events deposit all their energies in the scintillator. The tail on the
left-hand side of the peak corresponds again to events which undergo hadronic interactions
inside the scintillator. The solid line in the inset of Fig. 1 is the result of a fit through the data
based on a Gaussian-distributed signal combined with a third-order polynomial representing
the contribution of the hadronic interactions. The number of events under the peak is used
for further analysis.

The interaction of a polarized beam with an unpolarized target produces an azimuthal
asymmetry in the cross section. This asymmetry is proportional to the product of the magni-
tude of the polarization and another observable, namely analyzing power. Vector- and tensor-
polarized beams give the possibility to measure various analyzing powers by studying the
azimuthal asymmetry in the differential cross section. The cross section of any reaction with
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Figure 1: The energy correlation between deuteron and proton for the configura-
tion (θd ,θp,φ12)=(25◦±2, 25◦±2, 180◦±5) after particle identification. The solid
line represents the expected kinematical S-curve originating from the kinematical
calculation. The dashed lines indicate one of the S-intervals. The inset figure shows
the result of projected events for this S-interval on an axis (D) perpendicular to the
S-curve.

a polarized beam is defined as

σ(ξ,φ) = σ0(ξ)[1+
p

3pZRe(iT11(ξ)) cos(φ)

−
1
p

8
pZ Z T20(ξ)−

p
3

2
pZ ZRe(T22(ξ)) cos(2φ), (1)

where σ (σ0) is the 5-fold differential cross section of the reaction with polarized (unpolar-
ized) beam and ξ represents the kinematical variables of each configuration, (θd ,θp,φ12, S).
pZ and pZ Z are the vector and tensor polarizations, respectively. Re(iT11) and (Re(T20), and
Re(T22)) are vector (tensor) analyzing powers and φ is azimuthal scattering angle of the
deuteron. Using data obtained from a pure vector polarized beam, (pZ Z = 0), the Re(iT11) is
extracted from the amplitude of the cosφ-shape of the fit function of Eq. 1. Data extracted
from a pure tensor polarized beam, (pZ = 0), produces a cos 2φ-shape of the azimuthal asym-
metry with an offset from one due to the term, 1p

8
pZ Z T20(ξ), in Eq. 1. The amplitude of the

cos 2φ-shape yields Re(T22) and the offset from one gives Re(T20).

4 Experimental results and discussion

Via a dedicated analysis of vector and tensor analyzing powers of the 2H(~d, dp)n break-up
reaction [37], we are interested in identifying the quasi-free domain with the neutron as the
spectator in the 2H(~d, dp)nspec reaction. To proceed, the reconstructed momentum distribu-
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tion of the missing neutron for different intervals of the Mandelstam variable, u, is compared
with the expected momentum distribution of the nucleon derived from the wave function of
the deuteron; see Fig. 4 of Ref. [37]. The regions where the reconstructed momentum distri-
bution of the missing neutron matches well with the expected momentum distribution of the
neutron inside the deuteron are labeled as the quasi-free regions. A detailed discussion on the
quasi-free domain can be found in [37].

Figure 2 depicts the results of analyzing powers as a function of S for four coplanar con-
figurations including data corresponding to the QF region. Two energy calibration methods
have been used to extract the observables. The average has been taken by using the results of
two calibration procedures. The differences (2σ) are indicated by a gray band for each con-
figuration. The scattering angle of the deuteron is fixed to be 30◦±1 and that for the proton
varies between 25◦±1 to 35◦±1 for each configuration. These results are compared with the
results of recent theoretical calculations based on SSA by using CD-Bonn+∆ potential, appli-
cable for coplanar configurations. In SSA, the break-up amplitude is calculated using the first
term in the Neumann series expansion of the corresponding exact four-nucleon equations. We
expect this single-scattering approximation to provide a rough estimation of three-body break-
up observables in quasi-free kinematics. The single-scattering break-up amplitude consists of
4 terms two terms of which come from the break-up of the deuteron target and the other two
terms come from their counterparts, namely, the break-up of the incident deuteron. In SSA1,
just the first term of deuteron-target break-up in which neutron acts as a spectator is included
while in SSA4, all 4 terms are included [29,30]. The red (black) lines correspond to calcula-
tions based on SSA1 (SSA4). The blue dashed line indicates the energy of outgoing neutron in
the unit of MeV. The energy of the neutron is assumed to be less than 0.3 MeV in the QF region.
In other words, the QF region is around the peak in the SSA1 and SSA4 calculations. In some
of the configurations, the SSA1 and SSA4 predictions are very close to each other indicating
that the SSA1 term is dominant in those cases.

Figure 2 shows that the calculations based on SSA underestimate the measured vector an-
alyzing power (Re(iT11)) for configurations with small proton-deuteron opening angles while
the same model agrees with data for larger opening angles. This might point to a deficiency
related to the Coulomb barrier. Also, the regions in which the SSA1 and SSA4 predictions are
very close to each other, the agreement bwetween data and the SSA calculations is very good.
Comparing the results of tensor analyzing power (Re(T20)) indicates a general agreement be-
tween SSA and the data especially for the configurations in which the scattering angle of the
proton is less than 30◦. The data and the results of the calculations for Re(T22) agree well
with each other for almost all configurations. As a general conclusion, our data show that the
single-scattering approximation provides a reasonable estimate of the analyzing powers in the
QF region. We do note, however, that significant discrepancies can be observed which are not
surprising considering validity of the approach for the low energy considered in this work.

In summary, in a dedicated analysis of the break-up reaction in the d + d system, it has
been shown that in identifying regions of kinematics for the study of the QF reaction, one
should not only constrain the momentum of the spectator neutron to low values, but also
consider the momentum transfer between the beam projectile and the ejectile in the analysis.
Our data show that at small momentum transfer, the effects of final-state interactions involv-
ing the neutron play an important role. A detailed four-body calculation is required to digest
the underlying reaction dynamics that appear at this part of the phase space. The results of
the analyzing powers are compared with the single-scattering approximation for the coplanar
configurations that generally agree well within the uncertainties. Together with the upcoming
state-of-the-art ab-initio calculations, these data will provide further insights into the dynamics
of three- and four-nucleon forces in few-nucleon systems.
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Figure 2: The vector and tensor analyzing powers for three-body break-up reaction
presented as a function of S for four coplanar configurations including QF regions.
The deuterons are scattered toward 30◦±1 and the scattering angles of the protons
are presented on the left side. The red (black) lines show the results of the calcula-
tions based on SSA1 (SSA4). The blue dashed line indicates the energy of outgoing
neutron in the unit of MeV. The gray bands show systematic uncertainty due to the
calibration procedure.
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