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Quasi-free scattering of atomic nuclei away from the stability line has reached several milestones
over the past decade. The advent of gamma, charged particles, and neutron detection devices
for inverse kinematics, especially in combination with RI beams, has opened new horizons in
nuclear physics. Research is progressing with detection devices optimized to explore these new
and challenging area of physics. While some of the new detection developments aim for high
energy and angular resolution, others focus on the increasing detection efficiency or enhancing
large angular acceptance. As high-intensity RI beams become available worldwide, we reflect
on past detectors and provide a review of the future development of the detection devices.
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1 Introduction

The Radioactive Isotope Beam Factory (RIBF) at the RIKEN Nishina Center utilizes a
variety of advanced detection systems, including DALI2 [I] and NEBULA [2], which play a
crucial role in exploring the structure and behavior of atomic nuclei. Additionally, external
devices such as MINOS [3] are often employed in collaborative experiments to enhance the

facility’s experimental capabilities.

MINOS utilizes a cylindrical liquid hydrogen (LHs) target, with a maximum length of
150 mm along the beam axis, designed to enhance luminosity. This setup is particularly
useful for studying exotic species produced at low count rates. Surrounding the target is a
time projection chamber (TPC), which plays a key role in reconstructing the reaction vertex
and identifying the reaction process. DALI2, an array of Nal(Tl) detectors, is dedicated to
gamma-ray spectroscopy, offering high efficiency in detecting photons emitted from excited
nuclear states. This capability is essential for nuclear structure studies. NEBULA, a neutron
detection system, is optimized for time-of-flight measurements and can simultaneously detect

multiple neutrons, enabling detailed studies of neutron-rich nuclei.

These detection systems has led to significant advancements in nuclear physics. Notable
achievements include the discovery of new magic numbers [4, 5], the observation of a four-
neutron resonance [6], and the first spectroscopy of isotopes near or beyond the drip line [7,[§].
These discoveries highlight the importance of continuous development in detection sys-
tems, improving sensitivity and addressing the challenges posed by higher beam intensities

expected in future experiments.

At RIBF, stable primary beams are accelerated up to 345 MeV/u using a set of four
cyclotrons. The last two accelerators and the following beam-lines are shown Fig. [T} These
beams are used to generate radioactive isotopes by fragmentation or fission at the primary
target located at the FO focal plane. These processes are highly effective for producing a
wide range of neutron-rich and proton-rich species, as they involve high-energy collisions
that break nuclei apart or induce asymmetric splitting. The BigRIPS separator [9] selects
and identifies isotopes of interest on an event-by-event basis. These isotopes are then directed
to one of three magnetic spectrometers: ZeroDegree [9], SAMURAI [10], or SHARAQ [I1].

MINOS has been used at the F8 focal plane in combination with ZeroDegree and at the
F13 focal plane coupled with SAMURAI At F8, the focus is on high-efficiency gamma-ray
detection using the DALI2 and DALI2" [12] arrays surrounding MINOS. This setup allows
for the determination of bound nuclear excitation energies and decay patterns, providing

valuable insights into nuclear structure.
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Fig. 1 RIBF beamline, equipments and the location of detectors.

The SAMURALI spectrometer is primarily designed for invariant mass spectroscopy, a
technique central to the study of exotic nuclei and their decay modes. While missing mass
spectroscopy in inverse kinematics was not a primary focus at SAMURALI in the past, the
spectrometer is now capable of combining both invariant mass and missing mass spectroscopy
through the integration of new detection systems. This combination allows for a more com-
prehensive understanding of complex reaction processes and facilitates a detailed analysis of
nuclear structure. Additionally, gamma-ray spectroscopy has been conducted at F13. This
manuscript reviews the current detection devices at RIBF for nuclear reactions and dis-
cusses upcoming upgrades and developments. Section [2 focuses on developments related to
the detection of charged light particles and clusters, Section [3| summarizes the gamma-ray
arrays used at RIBF and their future plans, while Section [4] addresses the neutron detection

systems.



2 Missing-mass spectroscopy in inverse kinematics

The RIBF produces RI beams with energies suitable for conducting quasi-free knock-
out experiments. The advent of RIBF-stationed telescope arrays is essential for advanc-
ing missing-mass spectroscopy experiments. Although many physical interests have been
explored, missing-mass spectroscopy using emitted particles from proton-induced knockout
reactions could not realized with the MINOS device due to its limited angular resolution.

Missing masses M,iss in inverse-kinematics proton-induced (p, pX) knockout reactions

are given by

Mniss = \/{Eb+mp_(Ep+EX)}2_ {P_;)_(P_;D‘FP_)’()}z (1)

X represents the knocked-out particles, such as protons, deuterons, tritons, 3He, and « parti-
cles. Ej, and E), denote the energy of the incoming beam and the recoil protons, respectively.
The relation between kinematic energies and angles for the emitted particles in (p,pX)
reactions at incident energy of 2004 MeV is shown in Fig. 2] It should be noted that, for
simplicity, here the internal momentum of the X particle in the initial state was not taken
into account. As shown in the left panel of Fig.[2] the masses of the knocked-out particles sig-
nificantly affect the angular distributions, particularly the maximum angles in 0x. Ejectiles
with mass numbers ranging from 2 to 4 appear at forward angles, smaller than 30 degrees.

In contrast, the protons can be scattered up to 90 degrees.
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Fig. 2 Relation between angles and energies of scattered particles X (left) and recoil

protons (right) in inverse p — X scattering.

Quasi-free elastic scattering reactions can be described using relatively simple models.

The nucleons in an atomic nucleus can be assumed to follow the Fermi gas model, which



treats the nucleus as a system with independent nucleons. The maximum wave number
among the occupied states, the Fermi wave number, corresponds to the standard nuclear
density of 0.17 fm™3. This value translates to k = 1.36 fm~ !, or approximately 270 MeV /c
in the momentum space. When the momenta of the particles significantly exceed Fermi
momentum due to reactions, the particles enter a quasi-free condition, no longer bound by
the nuclear force. Achieving this condition requires incident beam energies to be sufficiently
high. In inverse kinematics, the target proton gains momentum during the reaction, and that
is nothing but the transferred momentum. Under the quasi-free approximation, the knocked-
out particle is assumed to gain the same amount of momentum relative to the residual atomic

nucleus, as illustrated in Fig. [3|
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Fig. 3  Left: Dependence of recoil proton momentum (wave-number) on laboratory angle.

Right: Transfer momentum dependence of the differential cross section of p — X scattering
at 200 MeV of incident protons [I3HI5]. (right).

As the transferred momentum increases, the impact parameter between protons and
intra-nuclear particles before the knockout becomes smaller. Consequently, the quasi-free
scattering cross-sections tend to decrease. The right panel of Fig. [3|illustrates the relationship
between cross-sections and momentum transfers. When designing experimental devices and
setups, it is essential to balance the acceptance of distributions after quasi-free scatterings

with the need to maximize cross-sections to achieve realistic yields.



2.1 The telescope array for (p,2p) and (p,3p) reactions

The recoil protons are emitted at wide angles in the laboratory frame for the (p,2p) and
(p, 3p) reactions. STRASSE (Silicon Tracker for RAdioactive nuclei Studies at SAMURALI
Experiments) [16] is a detection system under construction and optimized for (p,2p) and
(p, 3p) measurements at 200-250 MeV /nucleon at the RIBF facility. It consists of a compact
silicon tracker placed in vacuum and a thick liquid hydrogen target with an effective diameter
of 20 mm and a maximum length of 150 mm. STRASSE allows an optimum luminosity for
beam intensities available at the RIBF. Thanks to the excellent reaction vertex resolution
of 0.5 mm (FWHM), decent missing-mass spectra, which could not be achieved with the
MINOS system, can be obtained with a resolution below 2 MeV. For (p,2p) reactions at
250 MeV /nucleon, the one- and two-proton detection efficiencies of the silicon tracker are
expected to be 86% and 49%, respectively. It is also designed to be used with large scintillator

Or germanium arrays.
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Fig. 4 Schematic view of the overall conceptual design of the STRASSE detection system.



As shown in Fig. [d] the STRASSE silicon tracker is composed of two layers of double-
sided silicon strip detectors (DSSDs) configured in a hexagonal shape. Each segment includes
two DSSDs with strips parallel to the beam axis daisy chained. The inner segment has an
active area of 30 mm x 244 mm with a thickness of 200 ym and a pitch size of 200 pym, while
the outer segment has an active area of 62.6 mm x 242 mm with a thickness of 300 um and a
pitch size of 200 pym. The whole silicon tracker has a total of 17,358 electronic channels. 128-
channel STS-XYTER [17] ASIC chips with the ability to detect minimum ionizing particles
are used to read out the signals from DSSDs via custom-made low-mass and low-capacitance
microcables. Each STS-XYTER has a 14-bit time stamp and a 5-bit flash ADC. They are
wire-bonded to the front-end PCBs (FEBs) placed in the radial direction inside the vacuum
chamber to achieve the required ENC ~ 10 keV. A cooling system is designed to dissipate
the heat load of the electronics. Two star-shaped stainless steel frames support the detectors.
The data from different FEBs are then sent to a concentration board called GBTxEMU via
a mezzanine connection board. A PCl-express GERI board receives the aggregated data via
optical fibers and synchronizes different GBTxEMUs.

The geometry of the LHy target in STRASSE is designed to minimize the energy loss
and angular straggling of the protons produced from quasi-free scattering. The target system
consists of three parts: 1) the target cell made of 175 pm Mylar foil with a 31-mm cylinder
and a 20-mm entrance window, 2) the cryostat to liquefy the hydrogen at ~20 K, and 3)
the control command system and the gas circuit to ensure the safe operation of the target.
The hydrogen circulation in the STRASSE target is driven by the thermal siphon as the
former PRESPEC [18] and MINOS [3] targets. As shown in Fig. |4] two pumping stations
located upstream and downstream of the STRASSE reaction chamber were used to achieve
the required vacuum of the LH2 target. STRASSE will be a standalone system with windows
to isolate from the beamline pipes.

STRASSE will be mainly used together with the CATANA (Cesium iodide Array for
~-ray Transitions in Atomic Nuclei at high isospin Asymmetry) array [19]. It consists of
CsI(Na) scintillators aligned at a radius of ~ 20 cm to measure the energies of v rays and
recoil protons with the SAMURALI setup. After the upgrade, CATANA now has 160 CsI(Na)
crystals arranged into 8 rings (L1-L8) covering the polar angle from 17 to 77 degrees. For
crystals at L2 to L8, Hamamatsu R580 PMTs with modified circuits read out the signals
from the anode for v and the second last dynode for protons. Hamamatsu R11265 PMTs
are used for crystals at L1. Note that the 40 Crystals at L1 and L2 are used only to detect
protons. While for y-ray detection, the energy resolution was measured to be 9% (FWHM)
at 662 keV, for protons, the energy resolution was measured to be 1.7% (FWHM) using
proton-proton elastic scattering at 230 MeV.



2.2 FElucidating cluster formation with (p,pX) telescope

The particles released in knockout reactions are not necessarily to be protons and neu-
trons. By measuring cluster knockout reactions, it is possible to investigate the existence of
clusters on the surface and inside of atomic nuclei. Alpha knockout reactions from stable tin
isotopes, which is a stable nucleus, demonstrated the cluster formation in heavy nuclei [20].
Analyzing the emitted particles after the (p,pa) reaction using a magnetic spectrometer,
the cluster separation energy, a characteristic physical quantity of cluster knockout reac-
tion, was deduced. It suggested that the isotopic dependence of cluster knockout reaction
cross sections corresponds to the trend of alpha cluster formation predicted by theory. To
extend the study towards the nuclei apart from the stability line, several inverse-kinematic
alpha-knockout reactions in unstable nuclei experiments have been performed using solid
and liquid hydrogen targets. In the following paragraphs, recent achievements of the particle

spectroscopies performed in inverse kinematics are explained.

He residue

RPS-R

Fig. 5 Experimental setup for °Be(p,pa) reaction experiment. The figure is taken
from [21].

Figure [5| shows the experimental setup for measuring the alpha knockout reaction from
a neutron-rich '°Be isotope. In this experiment, a 2-mm thick solid hydrogen target [22] was
used. The surrounding detectors were placed far away so that the opening angle of the target
thickness seen from the detector becomes small resulting in the alpha separation energy

resolution of 1.06 MeV in sigma. As the emitted particles, protons, and alpha particles differ



significantly in emission angle and energy, different detectors were placed at the respective
emission angles. The recoil proton spectrometer (RPS-L(R)) [23, 24] consisting of a drift
chamber and a Nal (T1) scintillator was prepared for the detection of the protons at 60 degrees
from the beam axis. A silicon detector and Csl (T1) telescope (Tele-L(R)) [25] was prepared
for the alpha particles in forward angles of 4-12 degrees. Furthermore, the He residues were
analyzed by the SAMURAI spectrometer installed forward. As a result, the triple differential
cross section concerning the energy of protons suggested an alpha cluster structure mediating

the two alphas + two neutrons picture of 19Be.

8 .
H e SI tra C kers

LH, target
Fig. 6 Silicon trackers for 8He(p, pa) reaction experiment. The figure is taken from [6].

The alpha knockout reaction can also be used to reach uninvestigated nuclear systems.
Here, the detection apparatus employed in the experiment for tetra-neutron search via
8He(p, pa) is introduced. As described in Fig. @, silicon-strip detectors were placed down-
stream of the 50-mm-thick MINOS liquid hydrogen target. The detector arrangement was
specialized for such events that alpha clusters in 8He nuclei collide with protons with small
impact factors. The forward ejected protons and trailing alpha particles were tracked with
three layers of strip silicon detectors, and their momenta were analyzed with the SAMURAI
spectrometer.

In both cases described above, missing mass energy resolutions have been achieved as low
as 1 MeV, however, the limitations in the solid angles are necessary to be improved. It will
be crucial for the next-generation devices to inherit the successful concept of MINOS, thick
target, and large solid angle, compensating for the weak RI beam intensity and achieving
high detection efficiency. In addition, it would be ideal to measure multiple types of cluster
knockout reactions over wide solid angles with one configuration. Incorporating a total energy
calorimeter for the emitted particles can ensure the missing mass spectroscopy. Should the
quasi-free scattering condition hold in inverse kinematics, these particles will be emitted at

high energies towards relatively forward angles, while the recoil protons will be ejected to



larger angles. The residues move forward along the beam axis. The detector array introduced
in the following paragraph is designed to measure these charged particles at once, providing

almost 1 MeV (sigma) missing mass energy resolution.

- GAGG: Ce
A calorimeter

knocked-out
particles

‘ TOGAXSI-array for ONOKORO collaboration

Fig. 7 Graphical design of TOGAXSI array.

Figure El shows the TOGAXSI (TOtal energy measurement by GAgg and verteX mea-
surement by Silicon strips) telescope [26] being developed in the cluster knockout reaction
project “ONOKORO” [27]. It consists of telescope modules with a silicon tracker and a
GAGG(Ce) calorimeter for each. Development is reduced by adapting the same type of lig-
uid hydrogen target as the STRASSE [16]. A quasi-free scattering condition imposes criteria
of momentum transfer of 2 fm~! and more. Here we assume experiments with 2004 MeV
incoming beams, which kinematics are shown in Fig. [2l The momentum transfer and its
trend of cross sections are shown in Fig. [ From the momentum transfer of 2 fm~', on the
higher momentum side, the detector should cover at which the differential cross section is
1/10 to keep the realistic yields. In the right panel of Fig. [3] it is almost 3 fm~!. Based on the
condition, the protons are designed to cover a polar angle of 8 to 30 degrees, and the cluster
particles cover a polar angle of 35 to 70 degrees, respectively. The silicon tracker consists of
three layers of silicon-strip detectors with a thickness of 100 pm and a pitch of 100 pm. It is
assumed to satisfy the required 3 mrad tracking resolution [28]. In the condition above the
proton energy varies from 80-250 MeV, and the cluster particle energy is 75-180A MeV in the
covered angles (Please see the relation of energy and angle in Fig. . GAGG(Ce) has been

adopted as the material of the calorimeter. This is because of its high stopping power against
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charged particles due to its high density of 6.63 g/cm? and the high energy resolution in a
non-deliquescent scintillation crystal. Relatively large crystals of 35 mm x 35 mm x 120 mm
were chosen so that to stop high-energy charged particles. The construction of the full array
is underway. The TOGAXSI is expected to accelerate comprehensive cluster research with

missing mass spectroscopy based on the detection of charged particles.

3 Gamma-ray detection for gamma-ray spectroscopy

In-beam v-ray spectroscopy is a powerful tool that allows the study of nuclear structure
and excited states of atomic nuclei. The advent of RIBs has increased the potential of this
technique as new mass regions can be explored and new phenomena can be observed. Indeed,
high primary beam intensities have enabled the production of short-lived isotopes which in
turn can impinge on solid or liquid targets to induce Coulomb excitation, inelastic scattering,
knockout, and two-step fragmentation experiments in inverse kinematics [29].

At the RIBF, secondary beams with incident energies of 100 to 250 MeV /u are used
to populate excited states of nuclei far from stability. While such energies allow the use of
thicker targets, and therefore increase the luminosity, they also present different experimental
challenges. Of particular importance are the large Doppler shift of the detected ~-rays, and
the background generated by either atomic or nuclear processes.

Observed 7-ray energies, E., are Doppler shifted with respect to the emitted energies in

the rest frame, E., following the relation

E.o _ 1 — fBcosb, 2)
Ly Vi-p52

where 3 denotes the velocity of the beam and 6. is the angle between the particle direction

and the y-ray emission in the laboratory frame of reference. The energy resolution that can
be achieved is therefore limited by the uncertainties in the velocity, AfJ, the emission angle
of the y-ray, Af,, and the intrinsic resolution of the detection material, AE,. In general,
the use of thicker secondary targets leads to a higher energy loss and therefore a larger
contribution to AS. The use of MINOS [3] overcomes this problem by tracking the protons
ejected from the target after knockout reactions and reconstructing the interaction position.
In this way thicker targets can be used without affecting the achievable energy resolution as
shown in Fig. . While the intrinsic resolution, AFE,, is a property of the detector material,
the angular resolution, A6, can be improved either by reducing the size of the detectors or
by implementing a position-sensitive readout with a sub-centimeter resolution for the first
interaction of the y-rays. Figure |8 shows the effect of using the HYPATIA array (described

below), which has a better intrinsic resolution than DALI2 [I}, 12], as well as smaller detectors.
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Fig. 8 Total energy resolution for different y-ray spectrometers. For a thick target, a large
Ap is obtained. This uncertainty is reduced by using MINOS. The use of smaller detectors
with better intrinsic resolution, as the HYPATIA array, further improve the achievable energy
resolution. The calculations were performed for § = 0.6 and a 1 MeV ~-ray energy assuming

a square-root dependence of the intrinsic energy resolution

In addition to the energy resolution, the total efficiency of the detection array is an impor-
tant factor. The use of high-efficiency materials becomes critical for the study of nuclei at the
limit of existence where few events are expected, and for reconstructing complicated level
schemes with multiple v-ray emissions. In general, y-ray detection arrays can be optimized
either for an increased energy resolution or for a high detection efficiency.

A further parameter to considered is the time resolution. The high background generated
in these type of experiments is usually a limiting factors, specially at low energies. It can be
reduced by selecting events correlated to the impinging particle within a short time window.
The successful use of this technique requires a time resolution typically better than 1 ns.
Such resolution is only achievable for some scintillation materials.

The interplay of different factors makes it necessary to tackle the next generation ~-
ray arrays from different perspectives, which depend on the physics cases pursued. In the

following, we make a summary of future projects regarding 7-ray detection arrays at the

RIBF.

3.1  Towards a new scintillation detector array: The HYPATIA project

Since 2001 the main device used at the RIBF to perform in-beam ~-ray spectroscopy
has been the DALI2 array [I], composed of 186 Nal(T1) detectors. From 2017 the upgraded

12



DALI2" array [12], consisting of 226 Nal(Tl) detectors, covering a large solid angle and
offering a high detection efficiency, has been employed to detect radiation emitted primarily
after direct reactions with RIBs.

Significant results have been obtained using the DALI2 and DALI2" array, notably the
discovery of a new magic number at N = 34 [4], the spectroscopy of first excited states in
the “Island of Inversion” [30), 31], and the first spectroscopy of the most exotic neutron-rich
isotopes accessible to date within the SEASTAR project [32]. Given the future upgrade of
the RIBF [33], a new ~-ray detection array is required to fully exploit the new experimental

capabilities that come along with it.

Fig. 9 Conceptual design of the HYPATIA array composed of a barrel of CeBrs detectors
and a forward wall of HR-GAGG crystals.

Based on the experience acquired during the last two decades using DALI2 and DALI2T,

the key characteristics desired for this new array are:

o Higher detection efficiency which would allow to reach more exotic isotopes, as well
as to perform detailed v — v coincidences analysis to build level schemes.

o Better energy resolution to identify previously unresolved transitions and exploit
lifetime effects.

o Improved time resolution to suppress the beam-related background.

o A versatile design which allows to install of the array at different locations and with

varying configurations optimized for each measurement.
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With this requirement in mind, the HYPATIA (HYbrid Photon detector Array To Investigate
Atomic nuclei) array has been designed [34]. This array, depicted in Fig. [0} consists of 624
Cerium Bromide (CeBrs) detectors of 30 x 30 x 80 mm? forming a barrel around the target
and 384 Cerium-doped Gadolinium Aluminum Gallium Garnet (HR-GAGG) detectors of
25 x 25 x 100 mm? placed as a forward wall. The CeBrs detectors were chosen due to their
improved energy- and time-resolution compared to Nal(T1), their reasonable cost, and the
lack of intrinsic radiation. On the other hand, the HR-GAGG crystals are non-hygroscopic
and have a high effective atomic number, therefore offering the possibility to minimize the
dead space and increase the efficiency and peak-to-total ratio at forward angles. Thanks to
the cuboidal shape of all the detectors, it is possible to arrange them in different configura-
tions, including surrounding the MINOS or STRASSE targets, as well as to place the array
at the different spectrometers of the RIBF. Furthermore, the selected shapes and sizes of the
detectors are compatible with the mechanical structure of the DALI2™ array, therefore it

will be possible to gradually replace the detectors without interrupting the physics program.

The future availability of ?**U primary beam at 345 MeV /nucleon with an intensity of
2000 pnA would allow the production of very exotic isotopes towards the drip lines. Inelastic
scattering, Coulomb excitation, transfer reaction, and quasi-free scattering reactions can be
employed to study these isotopes. Thanks to its superior efficiency, time resolution, and
peak-to-total ratio, the HYPATIA array will be able to overcome some of the limitations of
DALI2™", as well as of high-resolution Ge detectors which do not cover a solid angle of 4,
such as the pandemonium effect. A key example of the possibilities of HYPATIA with the
fast beam at the RIBF is the first spectroscopy of %Ca.

>

2 5

& 2000 pnA of ***U primary beam
ﬂ 4 618 60

5 c(p,2p)*°Ca, 150 mm IH2
o

© o3 150 hours, HYPATIA

LA

500 1000 1500 2000 2500 3000
Energy (keV)

Fig. 10  Expected Doppler-corrected v spectrum of %0Ca for a 150-hours measurement
with HYPATTA.
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The Ca isotopic chain is particularly interesting for nuclear structure studies. While the
proton shell closure at Z = 20 seems to be maintained, new neutron shell closures at N =
32 and N = 34 have been evidenced by spectroscopy [4, [35], mass measurements [36], [37],
and knockout reaction cross sections [38 [39]. The possibility of a further magic number
at the N = 40 harmonic-oscillator shell closure has been widely studied [40, 41]. Although
measurements on *5Ca [42] and 52Ti [43], the closest neighbours of ®°Ca, show no indication
of a shell closure at N = 40, only the first spectroscopy of ©°Ca can provide definitive answers.
This measurement will be possible with the HYPATIA array, as shown in Fig. [I0] where the

simulated ~-ray spectrum obtained in a 150 h measurement is shown.

3.2 Future projects with Ge detectors

The v-ray tracking technique of Ge detectors is the state-of-the-art method to achieve the
best energy resolution for y-rays. This technique has been implemented in the latest large-
scale Ge arrays GRETINA [44] and AGATA [45]. During 2020 and 2021, the RIBF hosted the
HiCARI array [46] to conduct the first studies with tracking-type germanium detectors, which
yielded successful outcomes. HICARI was organized as a one-time campaign of experiments
at the RIBF by gathering Ge detectors from other facilities. It is desirable to make continued
efforts to push in-beam ~-ray spectroscopy based on tracking technology forward. For this
reason, the Gamma-ray Tracking in R5 (GT-5) project was launched in 2023 at the RIKEN
Nishina Center as a common and long-term platform for tracking-type Ge detectors at the
RIBF to drive physics experiments and instrumentation for tracking technologies. The GT-
5 has its own scientific and development programs related to in-beam ~-ray spectroscopy
using RIBs. On a hardware basis, the GT-5 presently encompasses two in-house tracking
detectors. One is the Compton camera telescope GREI [47], and the other is a position-
sensitive strip germanium telescope SGT [48], both based on planar crystals with stripped
segments. Furthermore, a GRETINA quad-type module was procured in 2023. In addition
to the detectors, a maintenance facility for Ge detectors, electronics, and infrastructure is
arranged. A unique aspect of the GT-5 is that it is not only involved in the scientific activities
of the RIBF but also the framework of the TRIP (Transformative Research Innovation
Platform of RIKEN platforms) project, a RIKEN-wide initiative starting in 2023. One of
the main goals of the TRIP use case is to establish an optical model for radioactive isotopes
that are needed for reaction analyses and predictions but have yet to be studied based
on systematic experimental data. To provide systematic data to optimize optical model
potential parameters, the GT-5 is teamed with the elastic scattering measurement program

MESA (Measurement of Elastic Scattering Anytime anywhere on any beam) and the reaction
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cross-section measurement program S3CAN (Symbiotic Systematic and Simultaneous Cross-
section measurements for All over the Nuclear chart). As the first opportunities for data
collection, experiments with stable beams at the RIPS and with RIBs of the BigRIPS will
be conducted in 2024.

4 Neutron detection for invariant-mass spectroscopy

Invariant mass spectroscopy is a powerful tool for measuring the properties of nuclei
under extreme isospin conditions. In particular, for neutron-rich isotopes, phenomena such
as halo structures near the neutron drip line, neutron correlations, unbound states, and new
cluster states are to be expected. The study of such properties allows us not only to probe the
mechanisms underlying the nuclear force but also to better understand the nuclear equation
of state and to investigate the properties of neutron stars. Such neutron-rich systems can be
produced using different types of reactions with radioactive beams, and their structure can
be determined by measuring the momenta of all the outgoing particles, including neutrons,

following the decay of any intermediate resonance.

Kinematically complete measurements are performed at the SAMURAI spectrometer of
the RIBF. For the detection of the fast neutrons evaporated after the reactions, the NEBULA
(NEutron detection system for Breakup of Unstable nuclei with Large Acceptance) detector
has been employed [2]. NEBULA is made up of two identical wall structures, which consist
of a layer of VETO scintillation detectors to eliminate hits from charged particles and two-
layered neutron detectors with 30 each scintillation bars with readouts by PMTs at both
ends. Each neutron detection bar is shaped as 12 x 12 x 180 cm?, featuring high neutron
detection efficiency, large angular coverage, and capability of multiple neutron coincidence
detection. A further improvement in the multiple neutron detection efficiency was achieved by
combining NEBULA with NeuLAND (New Large-Area Neutron Detector), a new neutron
detector array developed for the R3B setup under construction at FAIR [49]. With this
combined setup, a diversity of phenomena has been measured, such as the first measurement
of 20 [8].

The upgrade plans of the RIBF will enable to reach of further neutron-rich isotopes,
which are expected to have various weakly bound multi-neutron systems. To extend the sen-
sitivity of multi-neutron reconstructions, a project to extend the detector volume for better
detection efficiency, NEBULA Plus, is in progress through a collaborative effort between
Japan and LPC Caen in France, as part of the French-funded EXPAND project [50]. The
NEBULA Plus array consisting of 90 new modules has been integrated with the existing

16



array, effectively doubling the number of detection layers. This expansion increases the one-
neutron detection efficiency by nearly a factor of 2 and improve the four-neutron detection
efficiency by almost one order of magnitude. Initial in-beam tests are scheduled at the RIBF
in the near future [51]. Physics opportunities such as the investigation of the two-neutron
decay of 2'B, the search for 2'B*, and the measurement of a three-neutron decay of 2°B, are
expected to be accessible with the NEBULA Plus detector.

In contrast, a detector focused on more precise measurement by improving the achiev-
able resolution in measurements of neutron momentum is also being constructed. The
High-resolution Detector Array for Multi-neutron Events (HIME) detector was originally
developed by the group of The Tokyo Institute of Technology (now Institute of Science
Tokyo), and further collaborated with the Technical University of Darmstadt. The opti-
mized energy resolution of HIME is achieved through the use of smaller scintillator bars
with dimensions of 4 x 2 x 100 cm?, which improves position resolution, and new electron-
ics for a higher time precision. It consists of layers of scintillator bars arranged in both the
x and y directions alternatively [52]. This arrangement will not only improve its resolution,
but will also allow discriminating the hits due to recoiling protons, allowing the selection of
valid events and reducing cross-talk [53]. Currently, a prototype of HIME has been built,
and more layers are in construction at TU Darmstadt. The improved energy resolution will
enable precise measurements, such as the neutron-neutron scattering length, which charac-
terizes the two-neutron interactions at low energies. Besides that, it is considered to be used
for the detection of the recoil neutrons after the (p,pn) reactions in combination with the

proton trackers as described in the previous sections.

5 Conclusion

In conclusion, detector research and development (R&D) plays a crucial role in acquiring
new physical data on quasi-free scattering using unstable nuclei. This review highlights
several detectors that are either planned or under construction. One of the key projects is
the STRASSE detection system, which is optimized for high-energy proton reactions and is
under construction at the RIBF facility. It consists of a compact silicon tracker and a thick
liquid hydrogen target, enabling high-resolution measurements of missing mass in proton-
induced reactions. The system is designed to work in conjunction with the CATANA array,

enhancing the detection of gamma rays and recoil protons with excellent energy resolution.
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Another key project is the TOGAXSI telescope, developed as part of the ONOKORO
project. It is designed to meet strict requirements for momentum transfer and angular cover-
age. With its advanced silicon trackers and GAGG(Ce) calorimeters, TOGAXSI is expected
to significantly advance cluster research through high-precision missing mass spectroscopy.

In addition, in-beam ~-ray spectroscopy has proven essential for studying nuclear struc-
ture and excited states. The RIBF facility uses the DALI2 and its upgraded DALI2™ arrays
to make groundbreaking discoveries, such as identifying the magic number at N = 34 and
exploring the "Island of Inversion.” To fully benefit from upcoming RIBF upgrades, the
next-generation HYPATIA array has been designed. It combines high-efficiency CeBrs and
HR-GAGG detectors in a modular, versatile configuration. This will provide better resolu-
tion, greater efficiency, and reduced background, ensuring continued progress in exploring
exotic nuclei and their properties far from stability. Additionally, the future availability of
a 23U primary beam at 345 MeV /nucleon with an intensity of 2000 pnA will enable the
production of very exotic isotopes towards the drip lines. With its superior efficiency, time
resolution, and peak-to-total ratio, the HYPATIA array will overcome previous limitations
and make possible the first spectroscopy of 69Ca, along with other critical measurements for
nuclear structure studies.

Furthermore, the state-of-the-art ~-ray tracking technique using Ge detectors has
achieved significant breakthroughs in energy resolution. This is demonstrated by large-scale
arrays such as GRETINA and AGATA. The GT-5 project, launched in 2023, aims to push
the boundaries of in-beam ~v-ray spectroscopy by integrating advanced tracking technology.
It will provide systematic data to optimize optical models and enhance reaction analysis
through collaborations with programs such as MESA and S3CAN.

Invariant mass spectroscopy is also proving to be an invaluable tool for understanding
neutron-rich isotopes. The SAMURALI spectrometer and NEBULA detector are enabling the
study of phenomena such as halo structures and unbound states. The development of NEB-
ULA Plus and HIME will further improve neutron detection efficiency and energy resolution.
This will open up new opportunities for precise measurements, such as the neutron-neutron
scattering length, and advance our understanding of nuclear structure and neutron star

properties.
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