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Abstract Detailed measurements of five-fold differential
cross sections and a rich set of vector and tensor ana-
lyzing powers of the *H(d, dp)n break-up process using
polarized deuteron-beam energy of 65 MeV/nucleon with a
liquid-deuterium target are presented. The experiment was
conducted at the AGOR facility at KVI using the BINA
4m-detection system. We discuss the analysis procedure
including a thorough study of the systematic uncertainties.
The results can be used to examine upcoming state-of-the-
art calculations in the four-nucleon scattering domain, and
will, thereby, provide further insights into the dynamics of
three- and four-nucleon forces in few-nucleon systems. The
results of coplanar configurations are compared with the
results of recent theoretical calculations based on the Single-
Scattering Approximation (SSA). Through these compar-
isons, the validity of SSA approximation is investigated in
the Quasi-Free (QF) region.

1 Introduction

Understanding the degrees of freedom involved in the nuclear
forces is of paramount importance in subatomic physics.
According to the standard model of particle physics, the
nuclear force is considered to be the residual of strong inter-
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actions between quarks and gluons. It is common to interpret
the interactions between nucleons by meson-exchange the-
ory which was introduced by Yukawa in 1935. This theory
successfully described the interaction between two nucle-
ons with the exchange of virtual mesons between them [1].
The discovery of the pion and subsequently heavier mesons
stimulated researchers to develop boson-exchange models to
describe nucleon-nucleon interactions. To date, several phe-
nomenological nucleon-nucleon (NN) potentials have been
derived based on Yukawa’s model [2]. Some of them are
successfully linked to the underlying fundamental theory of
the quantum chromodynamics (QCD) by chiral perturbation
theory, xPT [2,3].

Applying high-precision NN potentials to describe sys-
tems composed of at least three nucleons shows striking dis-
crepancies between theoretical calculations and few particu-
lar experimental observables, despite its major successes. For
instance, rigorous Faddeev calculations based on these NN
potentials for the binding energy of triton, which is the sim-
plest three-nucleon system, underestimate the experimental
data [4] by 10%. In addition, they show large discrepan-
cies with cross section data in elastic nucleon-deuteron scat-
tering [5]. These observations show that calculations based
on NN potentials are not sufficient to describe systems that
involve more than two nucleons. These discrepancies are not
fully explained by relativistic effects since these effects are
generally too small to resolve the discrepancy in all experi-
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ments even at intermediate energies [6,7]. This has led to the
notion of the three-nucleon force (3NF) [8]. Green’s function
Monte Carlo calculations based on the AV18 NN potential
complemented with the IL7 three-nucleon potential give a
reasonable description of the experimental data for the bind-
ing energies of light nuclei [9]. Also, the inclusion of 3NF
effects can partly resolve the deficiencies related to the differ-
ential cross section [11]. Based on predictions of chiral per-
turbation theory, there is a hierarchy for few nucleon forces
in a way that the 2NF is stronger than 3NF, 3NF is stronger
than 4NF, and so on [10]. Therefore, 4NF also play a role in
the four-body systems albeit a smaller one than 3NF [12].

Presently, there is an extensive database in nucleon-
deuteron scattering at different energies below the pion-
production threshold in elastic [13-29] and break-up [30—
40] channels. 3NF effects are generally small in 3N systems
except in limited parts of the phase space. For instance, the
contribution of the 3NF in the cross section is expected to
be relatively larger where the differential cross section of
the Nd elastic channel is as its minimum [11,41]. An alter-
native, which is the focus of this paper, is to investigate a
four-nucleon (4N) system in which 3NF effects could be sig-
nificantly enhanced [12]. Deuteron-deuteron scattering, as a
4N system, is a rich laboratory to study 3NF effects in detail
because of its variety of final states, observables, and kine-
matical configurations.

Compared to the 3N systems, there is a limited experimen-
tal database for 4N systems in the low-energy regime below
the three- and four-body break-up threshold [42—44]. At these
low energies, the calculations are very reliable, but the effect
of 3NF is very small and hard to observe. Above the break-up
thresholds, the 4N database becomes even more scarce [45—
52]. Rigorous theoretical calculations for four nucleon sys-
tems are limited to energies below 30 MeV [53-60]. So far,
there is no ab-initio calculation at intermediate energies. For
this region, the calculations are based on some approxima-
tions [61-63] which give a reasonable estimation for quasi-
free scattering process. A recently dedicated research in the
quasi-free domain indicates that not only the momentum of
the spectator neutron should be constrained to low values,
but also the momentum transfer between the beam projectile
and the ejectile in the reaction should be considered [64].

In this paper, we present the results of an investigation
of the 2H(d, dp)n break-up scattering process at a deuteron-
beam energy of 65 MeV/nucleon. The data were obtained
using vector- and tensor-polarized deuteron beams that were
provided by the AGOR facility at KVI in Groningen, the
Netherlands. Measurements of the differential cross sections
and a rich set of spin observables for a large portion of the
phase space were performed. This work extends the results
from an earlier study reported in Ref. [40]. The preliminary
results presented in Ref. [65] underestimated the differen-
tial cross section by a factor 2000 compared to predictions
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based on quasi-free approximation. In the analysis presented
here, we identified a normalization error in the earlier study.
The cross section data are, therefore, corrected according
to our new insights. The results of coplanar configurations
are compared with the results of recent theoretical calcu-
lations based on Single-Scattering Approximation [61-63].
The results presented here are the most precise and accu-
rate data of the 2H(d ,dp)n process, identified from many
hadronic reaction channels, at 65 MeV/nucleon. The aim is
to provide high-precision data to study in detail the role of
3NFin few-body systems once ab-initio calculations become
available.

2 Theoretical approach

Exact ab-initio description of four-nucleon scattering has
been successfully accomplished for two-cluster reactions up
to about 30 MeV energy [53-62], but break-up reactions at
intermediate energies are beyond the present developments.
Instead, an approximate treatment of the three-body break-up
in the deuteron-deuteron collisions was proposed in Ref. [63].
It was based on the first term of the Neumann series expan-
sion of exact Faddeev-Yakubovsky equations for transition
operators in the momentum space, where the three-cluster
break-up operator

Uz = (1 — P34)Uy, (1

is approximated by the three-nucleon transition operator U
with the permutation operator P34. This approximation cor-
responds to the full interaction between the deuteron beam
and one nucleon in the deuteron target, while the remaining
nucleon experiences no interaction with the deuteron beam.
As a consequence, the interacting nucleon is knocked out
with a significant momentum, while the second one acts as
a spectator. The momentum distribution of the spectator is
given by the deuteron bound state wave function, implying
that momentum and energy of this deuteron remain predom-
inantly low, the condition of quasi-free scattering. If the rel-
ative energy between this spectator nucleon and two other
outgoing clusters is high enough such that their interactions
can be neglected, this may become a reasonable approx-
imation under the quasi-free kinematical conditions. The
above approximation for the proton knockout from the tar-
get deuteron is labeled as SSA1. The amplitude in Eq. 1
taken between properly symmetrized initial and final states
has four contributions, corresponding to the permutations
of beam and target deuterons and of two nucleons within
the broken deuteron; the corresponding result is labeled as
SSA4. Note that under the quasi-free scattering conditions,
the SSA1 term is dominant, such that the remaining three
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terms in SSA4 are insignificant and the full SSA4 result is
close to the SSA1 one.

The details of the SSAI and SSA4 approximations have
been reported in Ref. [63] with several realistic nucleon
interaction models, revealing a small sensitivity to the force
model. For this reason, the present study uses only one poten-
tial, the CD Bonn + A [61], that explicitly includes a virtual
excitation of a nucleon to a A isobar, thereby, providing an
effective 3NF.

3 Experimental setup

The experimental setup used to investigate the deuteron-
deuteron scattering process is BINA, Big-Instrument for
Nuclear-Polarization Analysis. Unpolarized and vector- and
tensor-polarized deuteron beams were produced by the
atomic Polarized Ion Source (POLIS) with nominal polar-
ization values between 60 and 80% of the maximum the-
oretical values [66,67]. The beam was accelerated to 130
MeV by the superconducting AGOR facility. The acceler-
ated deuteron beam impinged on the liquid-deuterium target
inside the scattering chamber of BINA during a measurement
period of about 51 h [68]. 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
it is capable of measuring the energy and scattering angles
of the outgoing charged particles with high-resolution espe-
cially in the forward part, and it provides information for
particle identification [71-73].

Figure 1 shows a sketch of BINA. The setup consists of
two parts, a forward wall and a backward ball. The forward
wall consists of a multi-wire proportional chamber (MWPC)
to determine the scattering angles of the particles, twelve
vertically-mounted plastic AE scintillators with a thickness
of 2 mm, and ten horizontally-mounted E scintillators with
a thickness of 12 cm. The E scintillators are mounted in a
cylindrical shape with the center of the cylinder matching the
interaction point of the beam with the target. Although, the
A E-E hodoscope provides the possibility to perform parti-
cle identification, the information from the A E detectors was
not used in this experiment for particle identification, because
the yield of scintillation light reaching the photomultipliers
was not sufficient for this purpose. During a visual inspec-
tion after the experiment, these scintillators were found to
be damaged. The particle identification was done using the
time-of-flight (TOF) information of the E scintillators. Pho-
tomultiplier tubes (PMTs) were mounted on both sides of
each E scintillator. Signals from these PMTs are used to
extract the energy and TOF of the scattered particles. The
resolution of TOF is around 0.5 ns.

The MWPC covers scattering angles between 10° and 32°
with a full azimuthal angle coverage and up to 37° with alim-

29.7 cm
————

Forward Wall

P 12 cm

4

Backward Ball

MWPC

Fig. 1 A side view of BINA. The elements on the right side show of the
forward part of BINA, including the multi-wire proportional chamber
(MWPC), an array of twelve thin plastic (A E) scintillators followed by
ten thick segmented (E) scintillators mounted in a cylindrical shape. On
the left side, the backward part of BINA is depicted, composed of 149
phoswich scintillators glued together to form the scattering chamber

ited azimuthal angle coverage. The MWPC has a resolution
of 0.4° for the polar angle and between 0.6° and 2.0° for
the azimuthal angle depending on the polar scattering angle.
The scattering angles, energies and TOF of the final-state
deuterons and protons were measured by the MWPC and the
scintillators of BINA. The backward ball of BINA is made
of 149 phoswich scintillators that were used as detector and
scattering chamber with a scattering-angle coverage between
40° and 165° and nearly full azimuthal coverage. The ball
detectors were not used in the analysis presented in this paper.
For a detailed description of the BINA, we refer to Ref. [72].

A Faraday cup was mounted at the end of the beam line
to monitor the beam current throughout the experiment. The
typical current of the deuteron beam was 4 pA. The cur-
rent meter of the Faraday cup was calibrated using a current
source with an uncertainty of 2% [40]. A small offset of
0.28 + 0.13 pA in the readout of the current was observed.
The offset has been determined by minimizing the reduced
x? whereby an offset in the current is introduced as a free
parameter using the comparison between the results of the
Re(T»,) from the elastic channel of dd scattering and those
coming from the magnetic Big-Bite Spectrometer (BBS) at
KVI [74]. The error is obtained by evaluating the x? distri-
bution as a function of the offset. The intersection point of
this distribution with a x? value that is one unit larger than
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its minimum has been used to determine the uncertainty in
the offset.

The polarization of deuteron beam was monitored with a
Lamb-Shift Polarimeter (LSP) [75] at the low-energy beam
line and measured with the BINA after the beam acceleration
using a measurement of the elastic deuteron-proton scatter-
ing process [76]. The vector and tensor polarizations of the
deuteron beams were found tobe pz = — 0.60140.029 and
pzz = — L.517 £ 0.032, respectively, whereby the errors
include uncertainties in the analyzing powers of the elastic
deuteron-proton scattering. The polarization of the deuteron
beam was monitored for different periods of experiment and
found to be stable within statistical uncertainties [40].

4 Event selection and analysis method

Differential cross sections and spin observables of the three-
body break-up process have been measured in a nearly
background-free experiment. The identification of the three-
body break-up channel amongst other hadronic channels has
been done using the measured energies, scattering angles, and
TOF information of detected particles. The hardware trigger
was biased on the selection of events for which two particles
were registered in coincidence by the forward wall of BINA
corresponding to small scattering angles.

In this analysis, the correlation between the energies of
the deuteron and the proton (S-curve) for a desired configu-
ration, (84, 0p, ¢12) is obtained. In total, there are nine vari-
ables involved in the three-body break-up process, namely
0;, ¢i, and E; where i refers to the deuteron, proton, or
neutron. Considering the momentum and energy conserva-
tion laws, measuring kinematical variables of two particles
is enough to obtain the other variables unambiguously. As
a result, the kinematics of each configuration of the three-
body break-up channel are specified by the scattering angle
of the deuteron, 64, the scattering angle of the proton, 0,
the difference between azimuthal angles of the deuteron and
proton, ¢12 = |¢qs — ¢pl, and the correlation between the
energies of the two particles, E4 and E . For convenience,
in the analysis, the energies of the deuteron and proton are
also expressed by two new variables, namely S and D. The
variable § is the arc-length along the S-curve with the start-
ing point at the minimum energy of the deuteron. The vari-
able D is the distance between the point (Ey4, E)) and the
kinematical S-curve. Figure 2 shows the theoretical S-curves
of some configurations in the three-body break-up channel.
For instance, the configuration (20°, 20°, 180°) refers to a
deuteron scattering to 20°+1°, a proton scattering to 20°£1°,
and the difference between azimuthal angles of the two par-
ticles is 180°+£5°. The expected energy correlation (Ey, E )
is used to calibrate the energy of the particles in the break-up
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Fig. 2 Correlation between initial energies of deuteron and proton
detected in coincidence in the forward wall of BINA, for selected con-
figurations indicated in the inset. The kinematics of each configuration,
(64, 0p, 12), is defined by scattering angle of deuteron, 64, scattering
angle of proton, 6,,, and the relative azimuthal angle of the two particles,

é12

channel. Besides, it is used to count the number of signal
events from a spectrum including background. This proce-
dure will be discussed later in this section.

The scintillator response was calibrated by matching the
data to the expected energy correlation between E, and Ey
for each configuration of the break-up channel. Two cali-
bration methods have been exploited to investigate the sen-
sitivity of final results to the procedures. In the first cali-
bration method, we followed the procedure introduced in
Ref. [73]. In this method, the detector response has been
parametrized by a non-linear two-parameter function. In the
second method, a fourth-order polynomial function was used
to fit the experimental data points to the theoretical S-curve.
The average of the results obtained for cross sections and ana-
lyzing powers based on the two energy calibration procedures
was used as final results for each data point; see Sect. 5. The
difference between these two results is used to estimate a sys-
tematic uncertainty for each data point attributed to calibra-
tion errors. The energy losses between the interaction point
and the scintillators were accounted for via Monte Carlo stud-
ies using a model of BINA implemented in GEANT3 [77].

The next step is to describe the technique that is used to
identify the type of particle, namely proton or deuteron, in
the 2H(d, d 'p)n reaction. Particle identification is performed
by comparing the measured relative TOF of the registered
particles with the value calculated on the basis of the kine-
matics of the three-body break-up reaction. This procedure
was checked with the information of the missing mass of the
undetected particle, namely the neutron, and the data, after
applying particle identification. A detailed description of this
check can be found in Ref. [40].

The Time-to-Digital Converter (TDC) outputs corre-
sponding to the PMTs of the left (T DC) and right (T DCFg)



Eur. Phys. J. A (2020) 56:221

Page 50f 21 221
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E, [MeV]

Fig. 3 AT OF asafunction of the energy of the particle we assumed to
be deuteron. The scattering angles of two particles are fixed to be 25° &
1° with a relative azimuthal angle of 180° & 5°. The data concentrated
in the bottom (top) band correspond to the three-body breakup channel
for which the first particle is a deuteron (proton) and the second one
a proton (deuteron), namely dp combination (pd combination). The
middle one corresponds to the four-body break-up channel whereby the
two detected particles are both protons (pp combination). The solid line
is used as a graphical cut to select the valid combination

side of each scintillator, corrected for time-walk effect by
applying the ifnormation from the analog Constant-Fraction
Discriminators, are added for each event. The TDCs were
operating in a common-stop mode. The start signal of the
TDC comes from the individual PMT signals and the stop
signals come from the trigger. The sum of the left and right
TDCs, TOF; = (TDCp); + (T DCg); gives a measure of
the flight time of the particle i independent on hit position
of the incident particle in the scintillator bar. The index i
refers to the deuteron and proton hits in the scintillators in
the forward wall. The difference between the obtained TOFs
of the deuteron and proton from the information of the TDCs,
(TOF;—TOFp)rpc,and that calculated from the energies
and path lengths of the particles, (TOF, — T O Fy)E, is cal-
culated:

ATOF =(TOF4—TOF,)rpc—(TOF,~TOFy)E. (2)

AT OF,isin the first order, independent of the value of S.
Since the TDC signals are used in a common-stop mode, the
TDC values are opposite compared to the calculated values
in Eq. 2.

Figure 3 shows the AT OF as a function of the energy
of the particle we assumed to be deuteron before particle
identification and for a specific configuration. The scattering
angles of the two particles are fixed to be 25° 4+ 1° with a
relative azimuthal angle of 180° & 5°. There are three con-
centrations of data in the spectrum that are distinguishable.
For the calculation of the (T OF), — T O Fy)E in this spec-
trum, we assume that the first particle is deuteron and the
second particle is proton. This assumption is validated when
AT OF isclose to zero, which is the case for the bottom band.
It should be emphasized that another assumption where the
first particle is proton and the second particle is deuteron

E, [MeV]

x\\

e e\ [
80 100 120
E, [MeV]

Fig. 4 The energy correlation between deuteron and proton for the
configuration (04, 0,, ¢12) = (25° £ 1°, 25° £ 1°, 180° £ 5°) after
particle identification. The solid line represents the S-curve resulting
from the kinematical calculation. The dashed lines indicate the choice
of one of the S-interval. The inset figure shows the result of projected
events on the axis perpendicular to the S-curve for this S-interval

is considered in the event selection as well. Also, we used
the energy of the deuteron and proton at the interaction point,
thereby, not taking into account energy losses while traveling
to the detector. Deviation from zero in the band at the bottom
(also for other bands) is due to neglected energy losses of the
particles when traveling from the target to the detector.
Figure 4 shows the energy correlation between the
deuteron and proton for the configuration (64, 6), ¢12) =
(25°£2°,25°42°, 180° £ 5°) after particle identification as
described above. The tail on the left-hand side of the S-curve
is dominated by events which have undergone hadronic inter-
actions. The solid line represents the expected kinematical
S-curve. The S-curve is divided into S-bins with a width AS
of 10 MeV. One of those bins is indicated in the figure by the
dashed lines. To count the number of break-up events in the
interval of S — % and S+ %, the events are projected onto
the D-axis perpendicular to the S-curve for each S-bin. The
result of projected events for a particular S-bin is presented
in the inset of Fig. 4. This spectrum consists of a peak around
zero which belongs to the break-up events with a negligible
amount of accidental background, as can be seen from the
small number of events on the right-hand side of the peak. The
peak shows that in the majority of the break-up events, parti-
cles deposit all their energies in the scintillator. The tail on the
left-hand side of the peak corresponds to events which have
undergone hadronic interactions inside the scintillator. The
solid line in the inset of Fig. 4 is the result of a fit through the
data based on a Gaussian-distributed signal combined with
a third-order polynomial representing the hadronic interac-
tions contribution. Cross sections are obtained by counting
the number of events under the peak, thereby subtracting
the small background contribution. For the extraction of the
analyzing powers, we simply counted the total number of
events within a window in D of +6 MeV. The fraction of
break-up events for which hadronic interactions occur, and,
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thereby, not seen as signal events, is estimated by a GEANT3
simulation. The data are corrected for the loss of break-up
events due to hadronic interactions. The average loss due to
hadronic interactions for the deuteron (proton) is 16% £ 2%
(10% % 2%) [40].

To determine the cross section for each configuration, the
extracted number of counts is corrected by efficiencies of the
system such as the live-time of the data acquisition, MWPC
efficiencies, losses due to hadronic interactions, and down-
scale factor that was used in the hardware trigger. The average
live-time of the data acquisition of BINA is around 40%. The
MWPC efficiencies for the deuteron and proton are 99%=+1%
and 97% = 1%, respectively [40].

For the extraction of the differential cross section, one of
the main uncertainties of the system comes from the thick-
ness of the liquid-deuterium target due to the bulging effect
which is around 5%. Other systematic uncertainties originate
from the error in the efficiency of the MWPC for the deuteron
(proton) of 1% (3%), and errors in determining the amount
of hadronic losses for the deuterons and protons which are
estimated to be 2%. Furthermore, a systematic uncertainty is
considered due to the calibration procedure that is dominant
in the extraction of the differential cross section. This uncer-
tainty comes from the difference between the results of two
calibration methods and it varies for different regions of the
phase space. The minimum (maximum) difference between
the results of the two methods is used to extract the mini-
mum (maximum) uncertainty. This uncertainty is included
for each data point of the measured differential cross section
and varies between 5% and 20%. An additional systematic
error stems from the uncertainties in the determination of
the beam luminosity. The luminosity was continuously mon-
itored by a Faraday cup mounted at the end of the beam line.
The readout of the Faraday cup was also seen to have a small
offset of 0.28 £ 0.13 pA. The effect of all the uncertainties in
the luminosity measurement on the extraction of the differen-
tial cross section amounted to an uncertainty of around 7%.
A detailed discussion on the various systematic uncertainties
can be found in Ref. [69].

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 mag-
nitude of polarization and another observable, namely ana-
lyzing power. Vector- and tensor-polarized beams give the
possibility to measure various analyzing powers by studying
the azimuthal variations in the cross section. The cross sec-
tion of any reaction with a polarized beam is defined as [70]:

o (&, ¢) = 00(&)[1 + V3pzRe(iT11(£)) cos ¢

. . 1
+V/3pzIm(iTi1(§)) sing — ﬁpzszo(S)
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3
—%_pzzRe(Tzz(g)) cos 2¢

3
—gpzzlm(Tzz(E)) sin 2¢], (3)

where o (og) is the five-fold differential cross section of
the reaction with polarized (unpolarized) beam and & rep-
resents the kinematical variables of each configuration,
(6a,0p, 12, S). pz and pzz are the vector and tensor
polarizations, respectively. Re(iT11) and Im(iT11) (Re(Tyo),
Re(T22), and Im(T»y)) are vector (tensor) analyzing powers
and ¢ is azimuthal scattering angle of the deuteron. In this
experiment, the quantization axis (Y-axis) is perpendicular
to the beam direction (Z-axis) and ¢ is the azimuthal angle
of the outgoing particle with respect to the corresponding X -
axis. All five analyzing powers were extracted by analyzing
the three-body break-up channel.

To extract all sets of analyzing powers, we define a new
function:

o&.¢)

E.p12 —
VARG () 0@

“

where & = (£, ¢12). Here, £ defines all kinematical variables
excluding ¢12 = ¢4 — ¢p. Mirror configurations are those
kinematical configurations that differ only in the sign of the
relative azimuthal angle ¢12. The imaginary parts of analyz-
ing powers in Eq. 3 are odd under the parity conservation
while the other three analyzing powers are even. The mirror
configurations (5 , ¢12) and (§, —¢12) are used to construct
two combinations of asymmetries:

FE0129) + £ (g)

g5 (¢) = 5 )
and

E.12 _ fE—¢n
reg = L@ = 5 @) ©

2

where g% (¢) and hf (¢) are:
g% (¢) = 1+ v3pzRe(iTi1()) cos(¢)

1 NE]
——=pzzT0¢E) — TPzzRe(Tzz(%')) cos(2¢),

J3
(7
and
hE (@) = +V3pzIm(iTi1(§)) sin(p)
V3 .
— =5 PzzIm(Tn(€)) sin(29). 8)

Using the data collected with a pure vector-polarized beam,
(pzz = 0), the Re(iTy1) is extracted from the amplitude
of cos¢ component in Eq. 7. Data extracted from a pure



Eur. Phys. J. A (2020) 56:221

Page 7of 21 221

0 50 100 150 200 250 _ 300 _ 350

¢ [deg]

Fig. 5 The data for g€ (¢) as a function of ¢ for a pure vector-polarized
beam (top panel) and pure tensor-polarized beam (bottom panel) for
the kinematical configuration & = (04, 0,, 12, ) = (25°, 20°, 180°,
240 MeV). The x2/35 for the top (bottom) panel is 0.97 (0.91)

tensor-polarized beam, (pz = 0), produce a cos 2¢-shape of
the azimuthal asymmetry with an offset from one due to the
term, «/Lg pzzT>0(§) in Eq. 7. The amplitude of the cos 2¢-

shape yields Re(727) and the offset (departure from one)
gives Re(Typ). Figure 5 shows the data for gS (¢) as a func-
tion of ¢ for a pure vector-polarized beam (top panel) and
pure tensor-polarized beam (bottom panel) for the kinemati-
cal point & = (64, 0, 912, S) = (25°, 20°, 180°, 240 MeV).

In the same way, using data collected with a pure vector-
polarized beam, (pzz = 0), the Im(iT11) can be extracted
from the amplitude of sin ¢ component in Eq. 8. Similarly, the
analyzing power, Im(T5), is extracted from the amplitude
of the sin 2¢ of Eq. 8 using data taken with a pure tensor-
polarized beam (pz = 0). Figure 6 shows the data for hE (¢)
as a function of ¢ for a pure vector-polarized beam (top panel)
and pure tensor-polarized beam (bottom panel) for the kine-
matical configuration & = (64, 0, ¢12, S) =(25°,20°, 160°,
230 MeV).

In the case of measuring analyzing powers, systematic
uncertainties include the errors in measuring the polariza-
tion (4%), and the beam luminosity (2%). Another systematic
uncertainty comes from the offset in the readout of the cur-
rent. This offset imposes a shift on both polarized and unpo-
larized cross sections in the same direction. Such a shift does
not cancel and causes an additional offset in the ratio of o /oy,
and therefore, imposes sizeable systematic uncertainties on
Re(Typ). The absolute value of the average shift in the results
of Re(Typ) due to the offset is around 0.05 while the mea-
sured values of this observable varies between — 0.4 and +
0.2. However, the effect of the offset in o /oy is very marginal
on Re(iT1) and Re(T>2), since these observables are primar-
ily sensitive to the amplitude of the cos ¢ and cos 2¢ oscil-
lations. Finally, for the extraction of analyzing powers, the
absolute value of the average uncertainty due to the calibra-

50 100 150 200 250 300 _ 350
¢ [deg]

o

Fig. 6 The data for /¢ (¢) as a function of ¢ for a pure vector-polarized
beam (top panel) and pure tensor-polarized beam (bottom panel) for
the kinematical configuration & = (04, 0,, 12, S) = (25°, 20°, 160°,
230 MeV). The x2/35 for the top (bottom) panel is 1.10 (1.14)

tion procedure is around 0.05 while the measured values of
the spin observables varies between — 0.5 and + 0.4. Since
the vector (tensor) polarization of the beam could have small
impurity with a tensor (vector) component, we considered as
well a fit through the data whereby we accounted for sin 2¢
and cos 2¢ (sin ¢ and cos ¢) component with amplitudes that
are taken as free parameters. The resulting analyzing pow-
ers using this procedure were in a very good agreement with
results that were obtained using the nominal procedure. We,
therefore, did not take into account a systematic error due
to impurity of the polarization. Moreover, as already men-
tioned, the background contribution is found to be negligible
and, therefore, it has hardly any effect in the extraction of
the spin observables. A detailed discussion on the various
systematic uncertainties can be found in Ref. [69].

5 Experimental results

In the present work, the differential cross sections and five
analyzing powers for the three-body break-up process in the
2H(d, dp)n reaction have been extracted as a function of §
for various configurations. Two energy calibration methods
have been used to extract the observables. For the data pre-
sented in Figs. 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, results of the two
methods are averaged. The differences between the results of
the two methods are indicated by a gray band for each con-
figuration. This error is the dominant source of the total sys-
tematic uncertainty. The contribution of the other systematic
uncertainties are around 7% (5%) of each measured value of
the differential cross sections (analyzing powers). The kine-
matical variables of each configuration are indicated in each
figure. For instance, the scattering angle of the deuteron is
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(6,359 (0,=33) (0,=30°) (0,=28°) (6,=25°) (0,=20°) (6,=15°)
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cross sections as a function of §
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Fig. 9 Same as Fig. 7 except ((])12 =180°) (<|)12 =160°) ((])12 = 140°)
for 6, = 25°
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Fig. 11 The results of
Re(iTy1) with the same
information as in Fig. 7 except
that the contribution of the other
systematic uncertainties are
around 5% of each measured
value

Fig. 12 Same as Fig. 11 except
for 6; = 20°
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Fig. 15 The results of Re(T5)
with the same information as in

Fig. 11

Fig. 16 Same as Fig. 15 except
for 6; = 20°
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Fig. 17 Same as Fig. 15 except
for 6, = 25°

Fig. 18 Same as Fig. 15 except
for 6, = 28°
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Fig. 19 The results of Re(7T2))
with the same information as in
Fig. 11
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Fig. 21 Same as Fig. 19 except (¢12 = 180°) ((J)12 =160°) (¢12 = 140°)
for 6, = 25°
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Fig. 23 The results of (9,,=180°) (9,,=160°) (9,,=140°)
Im(iTyy) as a function of S for
the three-body break-up channel 02 £ 1 * i X

2 . 4 4
of the “H(d, dp)n reaction for . él}{.‘}';ié!.. §§§§§§§Q.*“ ** §§§ ]

the configurations for which

64 = 15°. Other kinematical
variables are shown at the top
and on the right side of the
figure. The solid lines represent
the zero line. The gray bands
show the systematic uncertainty
coming from the calibration

procedure
—
E
Fig. 24 Same as Fig. 23 except
for 6; = 20°
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Fig. 29 Same as Fig. 27 except (9,,=180°) (9,,=160°) (9,,=140°)
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indicated in the caption of each figure. The scattering angles
of the proton for each panel (configuration) are shown on the
right-hand side of each figure. The absolute values of the rel-
ative azimuthal angles, ¢17, are indicated at the top of each
figure. The preliminary results of Ref. [73] underestimated
the differential cross sections by a factor of 2000 due to an
error in the conversion of units and a factor two because of
missing half of the statistics while performing the particle
identification. These errors were identified and corrected in
the re-analysis of the data in the present work.

The solid lines in Figs. 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20,21, 22, 22 represent the results of a recent theo-
retical calculation based on the single-scattering approxima-
tion (SSA) by using the CD-Bonn+A potential for the three
analyzing powers and cross sections of the coplanar config-
urations. As discussed in Sect. 2, in SSA1, only the term
related to the deuteron-target break-up with neutron acting
as a spectator is included while in SSA4, all four terms are
included [61-63].

We note that the validity of SSA is limited to the quasi-
free domain. Therefore, we have left out the results of the
calculations for non-coplanar configurations. Very large dis-
crepancies are indeed found between data and theory for non-
coplanar cases as shown in Ref. [S0]. We expect, however,
that the single-scattering approximation provides a reason-
able estimate of the observables of the three-body break-up
reaction in the quasi-free configurations. The red (black) line
represents the results of SSA1 (SSA4) calculations in each
panel. The blue-dashed lines indicate the energy of the neu-
tron as the third particle in unit of MeV. We define the quasi-
free scattering (QFS) region by those configurations at which
the energy of the neutron is less than 300 keV corresponding
to the Fermi motion of nucleons inside the deuteron. Note
that a recent analysis in this region reveals that not only the
momentum of neutron should be constrained to be “in” the
QF region but also the momentum transfer between the beam
projectile and the ejectile in the analysis should be taken into
account [64]. In general, there is a good agreement between
the data and the theoretical calculations in the QFS region.
Note that the QFS region corresponds to the part of phase
space at which the cross section peaks according to the SSA 1
and SSA4 calculations. At these configurations, the results
of SSA1 and SSA4 give similar predictions indicating that
the SSA1 indeed term dominates in the more extended SSA4
calculations.

Figures 7, 8, 9, 10 show that the single-scattering approx-
imation for the differential cross sections follows the exper-
imental data very well within the systematic uncertainties
in the QFS region where the energy of the neutron is very
close to zero. These regions, easy to see by following the
blue-dashed line indicating the energy of the neutron, gen-
erally correspond to large scattering angles of the deuterons
and the protons (6; > 25° and 6, > 20°). Also, comparing

@ Springer

the experimental spin observables and the theoretical esti-
mations reveals a general agreement, particularly in the QFS
region. But a more detailed inspection of Figs. 11, 12, 13,
14 show that the SSA underestimates the vector analyzing
power, Re(iTy1), for the configurations with smaller scatter-
ing angles of proton while it agrees perfectly with the data
for the configurations with large scattering angles of the pro-
ton. This can be related to final-state interaction effects being
stronger when the particles move close to each other. Also, it
can be concluded that the regions for which SSAT1 (red line)
and SSA4 (black line) predictions are close to each other, the
SSA follows the data very well. By comparing the results of
the tensor analyzing powers (Re(T>0) and Re(7>2)), a gen-
eral agreement is observed between the results of SSA and
the data in most of the configurations in the QFS region; see
Figs. 15, 16, 17, 18, 19, 20, 21, 22. We observe that also in
this case, the QF regions where SSA1 (red line) and SSA4
(black line) predictions are close to each other, there is a very
good agreement between SSA calculations and the data.

The two imaginary parts of the analyzing powers, namely
Im(iTy1) and Im(T»;), should be zero for coplanar con-
figurations due to parity conservation. Our data agree well
with this prediction confirming the symmetries of the scat-
tering experiment; see Figs. 23, 24, 25, 26, 27, 28, 29, 30.
For the non-coplanar configurations, our analysis offers a
high-precision database which can be used for the future cal-
culations including interactions between all four particles.

In summary, we have presented a thorough analysis
of the three-body break-up process of 2H(d, dp)n, at 65
MeV/nucleon. The experiments were conducted at the
AGOR facility at KVI using the BINA 4smr-detection sys-
tem. The three-body break-up reaction has been identified by
using the information of Time-of-Flight, scattering angles,
and energies of the particles. We provided a rich set of
measured cross sections and analyzing powers for 72 con-
figurations. The results of coplanar configurations for the
differential cross section and three analyzing powers, that
are even under parity conservation, are compared with the
recent theoretical calculations based on Single-Scattering
Approximation. As a general conclusion, despite the fact
that SSA is an approximation for a four-body interaction, the
single-scattering approximation generally produces observ-
ables for a four-body interaction with respectable quality.
Together with the upcoming state-of-the-art ab-initio cal-
culations, these data will provide further insights into the
dynamics of three- and four-nucleon forces in few-nucleon
systems.
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