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A B S T R A C T

The status of a project to measure spin-isospin responses of neutron drip-line nuclei using a new low-energy neutron
detector, PANDORA (Particle Analyzer Neutron Detector Of Real-time Acquisition), is reported. The performance of
PANDORA was characterized by the 6He p n( , )6Li reaction in inverse kinematics at the HIMAC facility in Chiba.
Observation of the strong transition to the ground state in 6Li is discussed. Preliminary results of 11Li p n( , )11Be and
14Be p n( , )14B experiments in inverse kinematics at RI Beam Factory (RIBF) of RIKEN Nishina Center are also pre-
sented including the exotic decay channel of 11Be 9Li+d. Details of the experimental setup based on PANDORA
and the SAMURAI large-acceptance magnetic spectrometer, as well as the combined data-acquisition system are
described. The neutron-gamma discrimination capability of PANDORA was evaluated, Figure-of-Merit (FoM) values
higher than those found in the literature for similar materials were derived from experimental data.
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1. Introduction

We started a program [1,2] at the RIKEN Radioactive Isotope Beam
Factory (RIBF) aiming to measure the spin-isospin responses of light
nuclei along the neutron drip line. The studies of dynamic properties of
exotic nuclei, such as giant resonances, which manifest themselves at
higher excitation energies (>10–15MeV) are in the very early stage
worldwide. Until recently, only the spin-isospin collectivity in stable
isotopes was investigated [3]. There is no available data on spin-isospin
collectivity for nuclei with large isospin asymmetry factors, where
(N Z) A/ >0.25. We aim to investigate this unexplored region up to
(N Z) A/ 0.5= .

The charge-exchange p n( , ) reactions at intermediate beam energies
(E A/ >100MeV) and small scattering angles can excite Gamow-Teller
(GT) states up to high excitation energies in the final nucleus, without
Q-value limitation [4]. The p n( , ) reactions in inverse kinematics are
efficient tools to extract the B(GT) strengths of unstable isotopes [5,6].
The combined setup of a low-energy neutron counter and the SAMURAI
magnetic spectrometer [7] together with a thick liquid hydrogen
target allow us to perform such measurements with high luminosity [8].
In this setup, the neutron detector is used for the detection of the recoil
neutrons. The neutron kinetic energies are deduced by the time-of-flight
(ToF) technique and SAMURAI is used for tagging the decay channel of
the reaction residues. Many relevant decay channels after the charge-
exchange reaction can be measured in a single magnetic rigidity setting
owing to the large acceptance of the SAMURAI spectrometer. Such a
setup, including the WINDS neutron counter [9], was already success-
fully used in our first p n( , ) experiment on 132Sn [10]. It was proven
that we can take data on unstable nuclei with quality comparable to
those on stable nuclei.

Random gamma background, which mainly arises from the en-
vironment, such as beam-line detectors, target and detector frames or
room background, cannot be distinguished from the neutrons by ToF
information alone. In order to eliminate background events due to
gamma rays, we developed the PANDORA (Particle Analyzer Neutron
Detector Of Real-time Acquisition) system [11,12], as an upgrade of
WINDS. In PANDORA, an additional parameter, the pulse-shape dis-
crimination (PSD) was introduced. PANDORA consists of EJ-276
(former EJ-299-33M and EJ-299-34) plastic scintillator bars [13],
which are sensitive to the differences between neutrons and gamma
rays [14], and are coupled to a photomultiplier tube (PMTs) [15] at
each end. PANDORA has a neutron-gamma discrimination capability
comparable to the systems with similar type plastics in the literature
[16–18].

At the end of 2017, a 6He p n( , ) experiment (H391) with PANDORA
was performed in inverse kinematics at the HIMAC facility in Chiba.
The performance of our p n( , ) setup was evaluated using the good test
case of a strong GT transition to 6Li. Recently, our first RIBF experiment
(SAMURAI30) with 5 days of beam time at SAMURAI was also per-
formed to study the GT transitions including the GT resonances from
the 11Li and 14Be drip line nuclei to the 11Be and 14B nuclei.

The properties of PANDORA and details of the digital readout were
reported previously [11,12]. In this work, the status of our project in
terms of physics experiments with PANDORA is discussed. After a short
introduction, the preliminary result of our pilot measurement on 6He
will be presented in Section 2. We report on the setup design, the
performance of the digital data-acquisition system and kinematical
correlation of detected recoil neutrons. Section 3 is devoted to discuss
the experimental setup and preliminary results of SAMURAI30. The
summary follows in Section 4.

2. The 6He p n( , ) measurement

2.1. Setup

In the 6He p n( , )6Li measurement at the SB2 beam course of the

HIMAC facility, a secondary beam of 6He at 123MeV/u was produced
through a fragmentation reaction of a 160MeV/u primary beam of 11B
on a 20-mm-thick 9Be production target. The resulting cocktail beam
had an average intensity of 2×104 particles/s, containing 6He with
96% purity. Fig. 1 shows the layout of the experimental setup.

The particle identification (PID) of the beam was performed on an
event-by-event basis by using the energy-loss information in the SBT
plastic scintillator at the F3 focal point. The secondary beam was im-
pinged on a polyethylene target with 5mm thickness, rotated by 45°.
The recoil neutrons were detected by PANDORA detectors surrounding
the target. The left and right walls, with respect to the beam line,
covered the angular region of 75°–99° with 3.25° steps.

Hodoscope bars were placed downstream of the target to identify
the reaction residues produced by the p n( , ) reaction from the incident
6He particles. Depending on the excitation energy, the daughter nu-
cleus, i.e.6Li can decay into multiple reaction residues of light nuclei
such as protons, neutrons, tritons, and so on.

With the aim to distinguish such events, the hodoscope setup con-
sisted of three layers; the first layer (HOD 0) was used to identify 6Li
only, while the other two layers were segmented along the horizontal
axis, HOD 1–3 (3 detector bars in one plane) and HOD 4–8 (5 bars in
one plane) so as to facilitate simultaneous detection of light reaction
residues and their possible decay products. HOD 0 (HOD 1–8) had a
plastic scintillator plate with dimensions of 240W × 80H × 2D mm3

(100W ×1000H ×10D mm3). HOD 0 covered the solid angle for 6Li
particles emitted with angles up to 7°, which was sufficient to measure
the p n( , ) reaction at scattering angles up to 15° in the center-of-mass
system. Panel (a) of Fig. 2 shows the incoming beam PID on SBT and the
gate applied in analysis for 6He particles. Panel (b) of Fig.2 presents the
PID of reacted events, generated by the 6He beam, detected in HOD 0.
The identified 6Li events are selected with Z 3= gate shown in Fig. 2.

2.2. Data-acquisition system

Data from 15 PANDORA bars (each with a signal from both ends)
were read out with a digital data-acquisition system (DDAQ), applying
a consumer configured trigger condition. (The trigger will be discussed

Fig. 1. Experimental setup of the 6He p n( , )6Li measurement.
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in more detail in the next paragraph.) The beam line detectors and
hodoscopes employed analog readout with analog triggering (DAQ).
The read out of the SBT and HOD 0 were duplicated to record their
signals in the DDAQ also. For the DDAQ we daisy chained two CAEN
V1730B (16-channel modules) and one CAEN V1730D (8-channel
module) waveform digitizers using an optical connection. The un-
published software of digiTES, based on Digital Pulse Processing for the
Pulse Shape Discrimination (DPP-PSD) firmware [19] was used to
manage different modules in the daisy chain condition and control the
digitizers. A LUPO (Logic Unit for Programmable Operation) module
[20] was used to generate a 62.5MHz signal to synchronize timestamps
of the three modules.

The acquisition in the digitizers was not based on the self-triggering
of each channel. The local triggering option of the two-two coupled
channels, in V1730 two neighboring channels are paired, was used to
ensure the coincidence between the top and bottom PMTs of
PANDORA. The digitizers were configured so that the validation of the
local triggers came from an external trigger based on the programmed
software criteria. In order to manage the coincidence requirements
between the SBT start counter, hodoscopes and PANDORA, the first
channel (ch 0) of each digitizer was dedicated to a logic signal coming
from the coincidence of the start counter and hodoscope detectors
(analog DAQ branch). This external trigger was validating the
PANDORA self-triggers in a 500-ns wide time window.

2.3. Results

The neutron-gamma discrimination of PANDORA is based on com-
parison of integrated charges measured over two different time regions
of the input signal. The PSD parameter is defined as

Q Q
Q

PSD ,Long Short

Long
=

(1)

where QLong and QShort are the charges integrated in long
(width=450 ns) and short (width=42 ns) gates, respectively. The
arithmetic mean of PSD values of two single-end readouts of each
PANDORA bar (PSDbottom and PSDtop) was defined as, PSDmean[11], an
additional parameter to the ToF for each event. The combination of the
measured neutron ToF with the new PSD parameter improved the
discrimination of neutron- and gamma-like events originating from the
p n( , ) reaction on 6He. Fig. 3 shows the PSDmean plotted against the
neutron ToF. The large random gamma background, originating from
the environment, in the ToF range of neutrons could not be removed

without the PSD information. By using the DDAQ, we were able to
detect neutrons having kinetic energies lower than 100 keV.

Selecting the incident 6He particles and requiring the identification
of 6Li reaction residues produced from the p n( , ) reaction and gating on
neutron-like events by PSDmean, a clear kinematical correlation can be
seen in Fig. 4. This matches with the calculated kinematical correlations
for the 6He p n( , ) charge-exchange reaction at 123MeV/u energy and
corresponds to transitions to the ground state in 6Li, and demonstrates
effectiveness of PANDORA and its PSD capability.

3. The SAMURAI experiment on 11Li and 14Be

3.1. Experimental setup and conditions

The experiment was performed at the RIBF of RIKEN. A secondary
cocktail beam of unstable 11Li and 14Be was produced via the frag-
mentation reaction of a 230MeV/u 18O primary beam on a 14-mm-
thick 9Be target installed at the F0 focal plane of the BigRIPS separator
[21]. Two degraders were installed at F1 and F5 with thickness of 5-mm

a b

Fig. 2. An incoming (a) and outgoing (b) PID spectrum of the SBT and HOD 0
detectors. The Z 2= and Z 3= gates provided the clear tagging of the
6He p n( , )6Li reaction events.

Fig. 3. The PSDmean vs. ToF spectrum of PANDORA shows the importance of
separating neutrons and random gamma background. Inset scale corresponds to
the kinetic energy of the detected neutrons obtained by the ToF method.

Fig. 4. Correlations between recoil neutron energy and laboratory kinematics
for fixed excitation energies. Each vertical bar (a unit in horizontal axis) re-
presents a PANDORA bar.
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and 2-mm, respectively. In order to reduce the beam contamination by
tritons (as their production rate is much higher than that of nuclei of
interest), a special collimator was installed in the beam line.

Fig. 5 shows a schematic view of the experimental setup around the
SAMURAI spectrometer. Downstream of STQ25, two 1-mm-thick plastic
scintillators (SBT1,2) were installed for the detection of beam particles.
The SBTs were used to produce the beam trigger (threshold was set to
Z 2> ). The beam PID was performed on an event-by-event basis by
measuring the energy loss in SBTs and the ToF of the beam particles in
BigRIPS between F7 and F13.

Downstream from the SBTs, two multi-wire drift chambers were
installed (BDC1,2) for measuring the trajectories of the beam particles.

The secondary cocktail beam consisted of 11Li at 182MeV/u with
intensity of 2.5×105 particle/s and 14Be at 198MeV/u with intensity of
1×105 particle/s with purity of 48% and 19%, respectively. The triton
contamination was below 30%. The secondary beam was transported
onto a 10-mm-thick, 60-mm diameter liquid hydrogen (LH) target
(rotated by 45°) at the secondary target position of SAMURAI (F13).

The neutron detector setup on the left and right sides of the LH
target consisted of 27 PANDORA plastic scintillators and 13 additional
scintillator bars of WINDS. The distance between the LH target and
PANDORA or WINDS was around 125 cm. Each detector was placed
such that the 25-mm-wide (PANDORA) or 30-mm-wide (WINDS) plane
faced the target. The left and right wings with respect to the beam line
covered the laboratory recoil angular region of 47°–113° and 62°–134°,
respectively, with 3.25° steps. PANDORA was optimized to detect neu-
trons with a kinetic energy of 0.1–5MeV. The time reference for the ToF
was taken from SBT1,2. The threshold for the light output in the scin-
tillator was set to be 60 keVee, corresponding to 200 keV proton energy.
All bars had duplicated readout; CAEN V1730 modules were used for
charge and PSD information while an analog circuit was used for timing
and triggering.

The reaction residues entered into SAMURAI after passing through
the forward drift chamber, FDC0. The magnetic field of the spectro-
meter was set to 2.75 T. At the focal plane of SAMURAI, a wall
(HODF24 detector) of 24 plastic scintillator bars with dimensions of
1200W ×100H ×10D mm3 was installed, to measure the trajectories,
energy loss, and ToF (from SBTs) of the reaction residues. Further
downstream, an additional wall (HODP device) with 16 plastic bars
(same as HODF24 bars) was installed. Those bars (the 3rd and 4th) of
HODF24 which were hit by the unreacted beam were excluded from
trigger. Fig. 6 shows a typical PID spectrum detected in HODF24 for
events generated by the 11Li or 14Be beams. The reaction products and
decay particles can be clearly identified. NEBULA was used to detect the
fast decay neutrons of the reaction products (decays by 1n and 2n

emissions).
In this experiment, the DDAQ of PANDORA was configured in a

similar way as described in Section 2.2., except for the trigger valida-
tion signal on the first channels (ch 0) of CAEN V1730B and V1730D
digitizers. The validation signal originated from the triple coincidence
of “BEAM“ (from SBT detectors) and analog “PANDORA“ (recoil neu-
tron) and “HODOSCOPE“ (reaction residues at hodoscopes). The typical
trigger rate was 1.3×103 Hz.

3.2. Neutron-gamma separation and preliminary results

Fig. 7 shows the two-dimensional plot of PSDmean vs. total light
output of a PANDORA bar for events associated with 11Li beam. Clear
separation of neutron-like events even at the low-light output region is
observed. To evaluate the PSD performance of PANDORA, the Figure-
of-Merit (FoM) based on the projections of the PSDmean spectra was
used:

L L
FoM ,n

FWHM n FWHM
=

+ (2)

where ( n) is the PSD difference between the neutron and gamma
component peaks, and L FWHM and Ln FWHM are the full widths at half
maxima of the gamma and neutron distributions, respectively. In this
work, the window method [11] was used to calculate the FoM. Panels

Fig. 5. The schematic view of the experimental setup around the SAMURAI spectrometer.

Fig. 6. A PID spectrum in the focal plane of SAMURAI spectrometer, measured
by one bar (bar ID= 7) of HODF24.
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(a), (b), (c), and (d) of Fig. 8. present the projected PSDmean distributions
of neutron- and gamma-like events, with 200-keVee wide window cen-
tered at light outputs of 300 keVee, 500 keVee, 900 keVee, and 1500 keVee,
respectively. The FoM values are 1.17 ± 0.02 (a), 1.22 ± 0.01 (b),
1.28 ± 0.01 (c), and 0.98 ± 0.02 (d). We obtained higher FoM values
than those reported in the literature for similar materials [16–18].

Fig. 9 shows the plot of kinetic energy as a function of laboratory
scattering angle for recoil neutrons associated with the 11Li beam. We
required the simultaneous detection of Li9 and d in HODF24 and neu-
tron detection in PANDORA (offline PSD cut was applied). A clear

kinematical correlation between the measured kinetic energy and the
laboratory scattering angle, above 18MeV excitation energy, was ob-
tained. This forward scattering peak (2°-7° in the center-of-mass system)
suggests a GT transition. The Li d9 + decay channel of 11Be is observed
for the first time. Reconstruction of the excitation-energy spectrum up
to about 30MeV, including the GT giant resonance region, is ongoing.

Fig. 7. PSDmean as a function of total light output (bar ID= 7). Signals from
neutrons are located in the upper distribution of the graph, whereas signals
from gamma rays are in the lower band.

a

c d

b

Fig. 8. Panels (a), (b), (c), and (d) present the projected PSDmean distributions of neutron- and gamma-like events, with 200-keVee wide window centered at light
outputs of 300 keVee, 500 keVee, 900 keVee, and 1500 keVee, respectively. The FoM values are 1.17 ± 0.02 (a), 1.22 ± 0.01 (b), 1.28 ± 0.01 (c), and 0.98 ± 0.02
(d).

Fig. 9. Neutron spectra as a function of recoil neutron energy and scattering
angle in the laboratory frame, using the right wing of PANDORA setup.
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4. Summary

The neutron-gamma discrimination capability of our new low-en-
ergy neutron detector, PANDORA, was demonstrated with the
6He p n( , )6Li reaction in inverse kinematics at the HIMAC facility. The
transition to the ground state in 6Li daughter nucleus was observed.
PANDORA and its digital data-acquisition system were combined with
the standard analog data acquisition of SAMURAI in order to perform
p n( , ) reactions in inverse kinematics for light, neutron drip line nuclei
for the first time. In the 11Li p n( , )11Be and 14Be p n( , )14B reactions,
PANDORA was used for detecting recoil neutrons and SAMURAI was
used for tagging the decay channel of reaction residues. The neutron-
gamma discrimination performance was evaluated by the experimental
data using FoM. We obtained higher FoM values than those reported in
the literature. Preliminary results were reported. From the 11Be gen-
erated by 11Li p n( , ) reaction, the exotic decay channel of Li d9 + was
observed, using PANDORA.
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