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ARTICLE INFO ABSTRACT

Keywords:

High-energy neutron detection

Reactions with relativistic radioactive beams
Plastic scintillator array

Multi-neutron detection

NeuLAND (New Large-Area Neutron Detector) is the next-generation neutron detector for the R®B (Reactions
with Relativistic Radioactive Beams) experiment at FAIR (Facility for Antiproton and Ion Research). NeuLAND
detects neutrons with energies from 100 to 1000 MeV, featuring a high detection efficiency, a high spatial
and time resolution, and a large multi-neutron reconstruction efficiency. This is achieved by a highly granular

design of organic scintillators: 3000 individual submodules with a size of 5 x 5 x 250 cm® are arranged in
30 double planes with 100 submodules each, providing an active area of 250 x 250 ¢cm? and a total depth of
3 m. The spatial resolution due to the granularity together with a time resolution of ¢, < 150 ps ensures high-
resolution capabilities. In conjunction with calorimetric properties, a multi-neutron reconstruction efficiency
of 50% to 70% for four-neutron events will be achieved, depending on both the emission scenario and the
boundary conditions allowed for the reconstruction method. We present in this paper the final design of the
detector as well as results from test measurements and simulations on which this design is based.

1. Introduction

The coincident measurement of all particles after a nuclear re-
action allows for complete kinematics experiments and has resulted
in a wealth of data, in particular for reactions of radioactive beams
with limited beam intensities and short lifetimes. Especially in inverse
kinematics, these experiments are an ideal method to explore nuclei
at and beyond the driplines. This versatile approach and the com-
parably large number of observables have made such experiments a
standard approach for radioactive beam physics. A key element is a
dipole magnet, needed for spatial separation of charged reaction prod-
ucts from neutrons. Downstream from the dipole magnet, a detector
for fast neutrons is needed. Examples for such experiments are the
ALADIN-LAND setup [1] at GSI (GSI Helmholtzzentrum fiir Schwerio-
nenforschung GmbH), the Sweeper-MoNA/LISA [2] (Modular Neutron
Array) setup at NSCL (National Superconducting Cyclotron Labora-
tory), and the SAMURAI (Superconducting Analyzer for MUIti-particles
from RAdiolsotope beams) setup [3] with NEBULA (NEutron-detection
system for Breakup of Unstable-Nuclei with Large Acceptance) [4]
at RIBF (Rare Isotope Beam Factory). The physics results of these
experiments span a large range of topics. The evolution of nuclear shell
structure, especially for neutron-rich nuclei, the collective response of
unstable nuclei, or the investigation of halo structures are just three
examples of a long list of results from such experiments [5-7]. For a
broader overview see e.g. Ref. [8].

The R3B (Reactions with Relativistic Radioactive Beams) exper-
iment [9] at FAIR (Facility for Antiproton and Ion Research) [10]
is part of the NUSTAR (NUclear STructure, Astrophysics, and Reac-
tions) research program [11]. FAIR will be the only facility worldwide
providing the capability for kinematically complete measurements of
reactions with relativistic heavy-ion beams of short-lived nuclei with
energies up to about 1 GeV/nucleon. The setup has been designed and
is under construction by the R3B collaboration, based on more than
30 years of experience with the above-mentioned ALADIN-LAND [1]
setup and with the Large-Area Neutron Detector (LAND) [12].

The start version of the R3B setup is shown in Fig. 1. The target
is surrounded by two main detection systems: the vertex tracker for
charged particles and the calorimeter CALIFA [13] (CALorimeter for In-
Flight emitted gAmma detection). The vertex tracker aims for precise
tracking and vertex determination as well as for the measurement of
the multiplicity and the energy deposited by light charged ejectiles
with high efficiency and acceptance. CALIFA is a calorimeter based on
scintillating crystals, which detect the full energy of light-ion ejectiles
and gamma-rays.

The GSI Large Acceptance Dipole (GLAD) [14] deflects fragments
and protons to trajectories equipped with tracking detectors allowing
for the determination of the charge, mass, and momentum of each

particle. Neutrons emitted from relativistic projectiles are forward-
focused, unaffected by the magnetic field, and are detected in NeuLAND
(New Large-Area Neutron Detector), located 15 to 35m downstream
from the target.

This new instrumentation overcomes major limitations of the previ-
ous ALADIN-LAND setup. The following physics questions have guided
the design of the R3B setup (listed in order of appearance in Section 2):

The evolution of the collective response of exotic nuclei as a
function of isospin.

Fission of unstable nuclei, induced either by electromagnetic or
(p,2p) reactions.

Multifragmentation and the influence of the isospin degree of
freedom on this reaction.

The dipole strength of exotic nuclei, which is also of importance
for nuclear astrophysics.

The investigation of unbound states and multi-neutron configura-
tions.

The evolution of the single-particle structure of nuclei, exploiting
almost background-free quasi-free scattering reactions.
Investigations of flow and the nuclear equation of state.

The main design goals emerging from the physics cases are the
applicability of the experimental approach to more energetic beams
while maintaining a high resolution. This allows for a future extension
of the physics program by providing the capability to measure a large
variety of reaction types.

The beams provided by the Super-FRS (Super-FRagment-Separator)
[15] at FAIR will be more neutron-rich than those currently available,
covering ion species up to uranium. Consequently, high beam energies
are needed to facilitate the identification of fully-stripped ions for heavy
beams. At the same time, the capability to detect multi-neutron events
is required due to the low neutron-separation energies of neutron-rich
exotic nuclei.

NeuLAND is the next-generation neutron detector designed for R3B,
which will meet all the requirements defined by the planned physics
program of R3B. NeuLAND features

1. large geometrical acceptance,

2. high time and spatial resolution,

3. large multi-neutron reconstruction efficiency,

4. high detection efficiency for neutron energies between 100 and
1000 MeV.

This is achieved by a highly granular design of plastic scintillators,
avoiding insensitive converter materials, thus overcoming a consider-
able drawback of its precursor LAND [12]. Key parameters of NeuLAND
are given in Table 1.

This paper summarizes the work carried out by the NeuLAND Work-
ing Group within the R3B collaboration for more than one decade. In
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Fig. 1. Schematic drawing of the start version of the R®B setup. The Radioactive Ion Beam (RIB) is entering the experimental setup from the left. The first detector (Start) is
a plastic scintillator which serves as a start for all time measurements. This is followed by two Position Sensitive PIN (PSP) diodes to measure the energy loss as well as the
position (x and y) of the impinging ions. The reaction target is surrounded by the Vertex Tracker and CALIFA, for more details see text. The last detector in front of the magnet
is a third PSP diode to determine the position and energy loss. Neutrons pass the magnetic field undisturbed and leave the vacuum through the stainless-steel neutron window on
their way towards the NeuLAND detector. Their accepted opening cone from the target to NeuLAND is indicated in light blue. Fragment trajectories are bent in the dipole field of
GLAD. First, their position is measured using a detector consisting of scintillating fibers. At the end of the fragment branch, time and energy loss are determined in the ToF wall,
while the position (x and y) is determined again in an attached layer of scintillating fibers. The full fragment branch is kept in vacuum. Protons originating from projectile-like
fragments are deflected even more. Their position is measured by the Proton Arm Spectrometer, consisting of straw-tube arrays combined with a ToF detector. One array serves
to determine the x-position (direction of deflection) and about 1 m downstream two arrays serve to measure the y-x-y position.

Table 1

Overview of characteristic parameters of NeuLAND.
Modularity 3000 scintillator bars in 30 double-planes
Material Scintillator (BC-408 equiv.)

250 x 250 x 300 cm?
5 x 5 x 250 cm®
6000 PMTs
TAMEX3+FQT

Detector Dimensions
Bar Dimensions
Light Readout
Electronics Readout

80 mrad @ ~ 15 m
R3B-Cave: 15-35 m

Angular Acceptance
Distance: Detector-Target

Time Resolution

Spatial Resolution
Excitation Energy Res.

1n Efficiency
Multi-Neutron Recognition

o < 150 ps

o~ 1.5 cm

AE < 20 keV at 100 keV
~ 95%@ 400 MeV

~ 50%-70% for 4n

Section 2 we discuss the requirements for the detection of fast neutrons
inferred from the versatile physics program of R®B, leading to the
detailed design studies described in Section 3. The neutron detection
capabilities of NeuLAND in its final design are introduced in Section 4.
In Section 5 we present the technical specifications and design details
of NeuLAND, followed by the procedures for production, quality assur-
ance, and acceptance tests in Section 6 as well as calibration methods
in Section 7. Before concluding with a resumé, the current status of the
NeuLAND project is given in Section 8.

2. Performance in physics scenarios

In most of the experiments envisaged with the R3B setup, NeuLAND
will be located at zero degrees, downstream from the target. Depending
on the physics case to be investigated, different positions (modes) will
be chosen. We discuss here three foreseen modes together with the
NeuLAND performance for key physics cases.

2.1. Large-acceptance mode for neutrons

The study of the evolution of the collective response of exotic
nuclei as a function of isospin is one of the scientific goals of the
R3B experimental program [16]. Heavy-ion induced electromagnetic
excitation in inverse kinematics is a powerful tool to investigate in
particular the dipole response. High beam energies in the order of

1 GeV/nucleon provide optimum conditions because of two reasons.
In order to reach good separation and identification for medium-heavy
to heavy beams, and fragments at the experiment, the ions have to be
fully stripped, which can be reached only at sufficiently high energies
(1 GeV/nucleon for Z around 80). Moreover, for electromagnetic exci-
tation, a high beam energy generates a harder virtual-photon spectrum,
which allows to test the full nuclear dipole response up to 30 MeV
excitation energy [17]. On the other hand a high-performance detection
system is needed to obtain invariant-mass resolutions at or below
one MeV even at high beam energies. Furthermore, the exploration
of very neutron-rich nuclei via their decay requires detection and
momentum measurements for multiple neutrons in coincidence. The
high detection efficiency and large acceptance for beam energies in
the range of 100 to 1000 MeV/nucleon, as adapted for the NeuLAND
design in conjunction with its multi-neutron recognition capabilities,
will allow to carry out precise measurements for this scientific program.
The kinetic energy of neutrons evaporated from collective states in the
continuum typically follows a Maxwellian distribution with a maximum
at approximately 1 to 2 MeV in the projectile rest frame, see e.g. [18].
An angular acceptance which allows detection of up to about 5 MeV
kinetic energy is required. Due to the strong forward boost of the
neutrons in the lab frame, this requirement is met for typical beam
energies by the +80 mrad acceptance, defined by the gap of the
dipole magnet GLAD. NeuLAND with its active area of 2.5 x 2.5 m?
covers this angular range at a distance of 15 m downstream from the
target. With the spatial and time resolution of NeuLAND, as given in
Table 1, an excitation energy resolution of about 100 keV is reached
for 1 MeV kinetic energy of the neutron in the projectile restframe. This
assumes a beam at 600 MeV/nucleon. Typically, up to four neutrons are
emitted from the decay of the GDR (Giant Dipole Resonance) for nuclei
within the experimental scope. To enable an invariant-mass analysis,
the 4-momentum vectors of all detected neutrons must be resolved
simultaneously. NeuLAND will be the first detector capable of satisfying
such a demand with an envisaged probability of about 60% to correctly
reconstruct four-neutron events.

The multi-neutron detection capabilities of NeuLAND will allow to
determine neutron-multiplicity distributions in fission studies at R*B as
a function of excitation energy in conjunction with fragment-mass and -
charge distributions [19]. The excitation energy of the fissioning system
can be independently determined at R®B for fission induced by (p,2p)
reactions by missing-mass reconstruction from the measured momenta
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of the scattered protons [20]. The measurement of all these observables
at the same time in one experiment has never been achieved so far, and
will add important information for a complete characterization of the
fission process.

Multifragmentation reactions can be used to explore possible modi-
fications of fragment properties in the hot environment of the freeze-out
state with temperatures and lower-than-normal densities similar to
conditions encountered in supernova scenarios [21]. As shown for
multifragmentation of relativistic projectiles [22], the observed neutron
richness of the produced intermediate-mass fragments requires a sig-
nificant reduction of the symmetry term in the liquid-drop description
used for the emerging fragments in the Statistical Multifragmentation
Model. These findings will have to be complemented by measurements
of the multiplicities of free neutrons. Mean neutron multiplicities of
up to about six have been detected simultaneously with the former
LAND which covered only part of the populated phase space [23]. The
limited calorimetric properties of LAND, however, made the analysis
of multi-neutron events complicated [24]. For this type of studies,
the R3B setup, exploiting the calorimetric properties of NeuLAND and
the strong bending power of GLAD, will allow to cover the full-phase
space and resolve multi-neutron events efficiently. Thereby, it offers a
new approach for exploring fragment properties in neutron-rich matter
under extreme conditions.

2.2. High-resolution mode for neutrons

From an astrophysical point of view, the dipole strength of ex-
otic nuclei is of importance for a deeper understanding of the final
abundance patterns [25]. Cross sections are needed for energies corre-
sponding to the relevant temperature range in the astrophysical process
of interest, usually around or even below 100 keV above the thresh-
old. The challenge is to measure the fragment-neutron relative kinetic
energy, E,, precisely enough to allow for the extraction of an energy-
differential cross section within this energy regime. The resolution of
the relative-energy is dominated by the resolution of the kinetic energy
of the neutrons.

For this type of measurement, the longest time-of-flight path for the
neutrons of about 35m will be used. Since the neutrons are emitted
with small relative energies, the limited acceptance of the neutron
detector at the far distance does not imply a cut into the neutron distri-
butions. The design resolution enables the measurement of differential
cross sections in 20 keV bins in the astrophysically relevant energy
window from 0 to 500 keV.

The high reconstruction efficiency of NeuLAND enables exploring
unbound states and multi-neutron configurations in light unbound
nuclei like 260 or 7H [26,27]. Here, a high and unambiguous identi-
fication of up to four neutrons emitted with potentially small relative
energies is needed in addition to the requirements for the energy
resolution. As an example, NeuLAND is designed to detect four-neutron
events emitted with a relative energy of E.,=100keV with a 30%
effective detection probability, combining the efficiency for the correct
neutron number and the correct reconstruction of E ), as detailed in
Section 4.4.

2.3. NeuLAND in special configuration modes

The measurement of quasi-free nucleon-knockout reactions, a quan-
titative tool to provide information on nuclear single-particle struc-
ture [20,28-30], will be exploited for exotic nuclei in inverse kinemat-
ics using the R3B setup.

The role of NeuLAND for this kind of reaction is two-fold. Neu-
trons from quasi-free scattering processes like (p,pn) have energies of
around half of the beam energy at 45° down to about 150 MeV for
large emission angles. Such neutrons can be detected by the CALIFA
calorimeter, which provides an approximate measurement of the angle
but no energy information. If the energy of the knocked-out neutron

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165701

and its emission angle must be measured precisely, a part of NeuLAND
can be placed near the target at an angle of around 45° with respect
to the beam direction. With a time resolution of 150 ps, neutron
energies in the range of 200 MeV can be determined with 1 — 3%
resolution depending on the solid angle to be covered. The second
half of the detector would be placed at zero degrees, as usual, to
detect the neutrons from the decay of continuum states populated after
nucleon knockout. The excitation energy of the residue can then be
reconstructed from the measured momentum vectors.

Another experimental campaign also demanding a split-up of Neu-
LAND in two or more parts, is related to the measurement of flow
and equation-of-state parameters in heavy-ion reactions at relativistic
energies. A pre-requisite of such studies is to measure neutrons and
protons within the same phase space region. Hence, a neutron detector
is needed with excellent calorimetric characteristics augmented by a
veto detector for charged particle identification. The limited calorimet-
ric capabilities of the former neutron detector LAND allows for a limited
separation of protons from heavier hydrogen isotopes only [31,32]. Bet-
ter calorimetric properties to distinguish unambiguously different light
isotopes are essential for future experiments of this kind. The neutron
detector, typically placed near 45° for detecting mid-rapidity emissions
for a large fraction of the transverse-momentum spectra, needs to
cover a maximum range of polar angles to extend the measurements
for a given transverse-momentum to forward and backward rapidities,
allowing to measure directed and elliptic flow simultaneously. This can
be achieved by dividing the detector into two or more parts, which are
placed at different polar angles and used as separate detector units.

3. Design studies
3.1. General detection concept

The design phase of NeuLAND towards its TDR (Technical Design
Report) [33] explored various detector concepts. A concept similar
to LAND [12], using alternating layers of passive converters and ac-
tive detection materials was investigated as well as the use of very
dense scintillator materials such as PbWO,. Very detailed studies were
performed for multi-gap resistive plate chambers (MRPCs) [34-41].
These studies were very successful with respect to the construction
of large detector chambers and an excellent response to minimum
ionizing particles. However, the response of MRPCs to fast neutrons
cannot compete with the one of a fully-active scintillator solution, since
calorimetric properties of the latter approach play an important role in
multi-neutron recognition, see Section 3.3.

3.2. Prototype studies

The studies for the fully-active detector concept focused on organic
scintillator material, namely RP-408 [42] (a BC-408 [43] equivalent),
and bar-shaped detector modules with scintillation light read out at the
far ends. Various bar geometries and readout devices were investigated.

First tests utilized fast protons (500 MeV), produced as a byproduct
of dissociation reactions of an ®°Fe beam on a Pb target during an
experiment carried out at GSI [44]. Two 2 m long scintillator bars with
quadratic cross sections of 3 x 3 cm? and 5 x 5 cm?, respectively,
were used. The light readout was realized by two photomultiplier tubes
(PMTs) at the far ends of the bars. For the thicker bar two-inch PMTs,
for the thinner bar one-inch PMTs were used. A time resolution for each
bar of o, = 88 ps for central hits was deduced from the time difference
distribution of the two bars. Further investigations included the change
to 3 m bar length and the use of more economical 1-inch Hamamatsu
R8619 photomultipliers [45]; for details we refer to the TDR [33].

Detailed studies of the detector response of the scintillator bars
were performed using the single-electron per bunch mode [46] of
the superconducting electron linac ELBE (Electron Linac for beams
with high Brilliance and low Emittance) at HZDR (Helmholtz-Zentrum
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Fig. 2. The time resolution obtained with single-electron beams as a function of
position along a prototype of a NeuLAND bar. Circles (blue) indicate the results when
optical coupling was applied for the connection of the photomultiplier window to the
light-guide exit. Squares (orange) display the time resolution obtained when no optical
coupling was used. The dotted vertical line indicates the center of the scintillator bar.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Dresden-Rossendorf e.V.). At an energy of 31 MeV, the energy loss
of these minimum ionizing particles is slightly smaller than that of
500 MeV protons. The time resolution was measured versus the radio-
frequency signal from the accelerator, which delivers precise timing
information. Together with the resolution of the readout electronics
TacQuila [47] (see Section 5.4) the time resolution of this reference
signal amounted to o,y = 30 ps. NeuLAND submodules in their final
shape were also exposed to the electron beam.

The bars have a length of 270 cm, of which 250 cm are rectangular
shaped with a cross section of 5 x 5 cm?. The outer 10 cm on each
side form the light guides, see Section 5.1.2 and Fig. 10 for technical
details. Again, R8619 PMTs for the readout were used. For the time
information, the time measurements of both PMTs are combined using
the arithmetic mean. A Gaussian fit was used to derive the resolution.
To minimize the walk effect for the determination of the time resolu-
tion, a condition on a small interval of the measured energy deposit
was set during the analysis. The time resolution observed has a slight
position dependence. The values obtained for the first measurement,
using optical grease to couple the photomultipliers to the light guide,
vary in the range of 6, = 125-135 ps, see Fig. 2. For comparison, a
measurement without added optical coupling was performed. A signifi-
cant decrease of signal height at the photomultiplier readout was found,
translating directly into a time resolution of about ¢, = 143-155 ps.

The results obtained from the prototype tests lead to the following
conclusions:

» The derived time resolution using electron beams fully satisfies
the NeuLAND design goal of 6, < 150 ps, see Table 3. Also, the
energy deposited by neutron interactions in NeuLAND is higher
than from electrons and thus the time resolution observed in
neutron events might improve.

For the readout of the 5 x 5 cm? surface using a one-inch PMT,

the use of light-guides allows a significant improvement in the
timing properties of the scintillator bar in the given configuration,
and is also predicted by simulations, see Table 3. Comparing the
results for the 200 cm long rectangular bar without light-guides
(6, = 157 ps [33]), and the 270 cm bar including light-guides, we
find an improvement of about 20%, even overcompensating the
expected decrease of resolution with the length of the bar.

Using a readout with a cost-efficient photomultiplier, such as

the Hamamatsu R8619, the time resolution design goal can be
achieved.

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165701

Table 2

Efficiencies for neutron detection with the former LAND detector at various neutron
energies. Simulations with Geant3 and Geant4 are compared to the measured values
from a calibration experiment [18]. The given uncertainties reflect only the fit error
assuming a Poisson function for the LAND hit multiplicity distribution. Systematic
uncertainties will occur if that assumption is not correct.

Energy GEANT3 GEANT4 measured
[MeV] [%] [%] [%]

270 80 88 85(7)
470 92 93 93(2)
600 96 95 94(1)
800 97 96 96(1)
1050 98 98 96(1)

3.3. Monte Carlo simulations

Monte-Carlo simulations on neutron detection were performed with
various frameworks and particle transport codes to investigate key
parameters.

For simulation codes, FLUKA [48,49], Geant3 [50] with GCALOR,
and especially Geant4 [51] were used either standalone or embedded
within the R3BRoot simulation and data analysis software. R3BRoot
is based on the FAIRRoot framework [52], which itself is based on
ROOT [53] and the Virtual Monte Carlo (VMC) concept [54].

3.3.1. Validation of simulation codes

One major quantity addressed in simulations was the energy de-
posited by neutrons impinging on the neutron detector. The deposited
energy for neutrons at 200, 600, and 1000 MeV, respectively, and a
detector volume of 250x250x300 cm? has been compared for the various
frameworks, shown as an example for 600 MeV neutrons in Fig. 3.

The deposited energy distributions have been divided by the neu-
tron energy and the quenching correction for the secondary protons,
also known as Birks’ law [55], has been applied. From this comparison,
it has been concluded that the three frameworks make nearly identical
predictions for the response of the NeuLAND detector.

Thereafter, the simulation packages were compared to relevant
neutron response data to confirm their predictive power for NeuLAND.
First, neutron data on two plastic scintillator materials with close
similarities to the proposed BC408/RP408 scintillator for NeuLAND
were selected. The neutron efficiency as a function of energy thresholds
has been measured for neutron energies up to 120 MeV using the
scintillation material NE-110 [56] and up to 200 MeV using Pilot-
Y [57]. These data have served already in the past as benchmarks for
Monte-Carlo neutron codes [58]. We present here the comparison of
the published data to the Geant4 findings, see Fig. 4. Overall, a very
good agreement is found for the two scintillator materials, the large
range of neutron energies, and the various energy threshold settings.

In a second step, the simulation was compared to the neutron
response of the existing LAND detector [12], which has been used for
more than 20 years for the detection of fast neutrons. Its detection
principle is based on the conversion of neutrons into charged particles
via reactions in iron. This is achieved by alternating layers of iron
and scintillating material with a thickness of 5 mm, each. The LAND
geometry was modeled in detail in the simulation package R3BRoot for
this purpose.

Here, we compare data from a deuteron breakup experiment, per-
formed in the year 1992, with simulation results. Deuteron beam
energies of 270, 470, 600, 800, and 1050 MeV/nucleon were used,
thus the characteristics of the detector can be determined for a wide
range of neutron energies. The simulated efficiencies in Table 2 were
determined with the Geant3 and Geant4 simulation packages and are
compared to the measured values.

The efficiencies calculated using both Geant3 and Geant4 are overall
in very good agreement with the experimental findings [18]. Compara-
tive studies between data and simulation for details like the multiplicity
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Fig. 4. Neutron efficiency as a function of the energy of impinging neutrons for two plastic scintillator materials. The data (symbols) for the scintillator NE-110 are displayed on
the left hand side [56] and the data for the scintillator Pilot-Y on the right hand side [57]. The Geant4 simulated neutron efficiencies are presented as solid curves. The legends
detail the different threshold settings in equivalent-electron energies for the experimental and simulated data.

of modules, the total deposited energy, the energy deposit during
the first interaction, and the energy deposit in a single paddle were
performed for all available neutron energies.

In the simulation, the PMT thresholds were adopted within a rea-
sonable range to match the multiplicity spectra. An overall factor
necessary to scale the Geant3 total energy deposits to the measured
energy deposits was later explained during extensive PMT response
studies for NeuLAND as saturation of the PMT output signal if a too
large number of photons is produced in the scintillator. With a single set
of parameters, the variation of spectra with the neutron beam energy
is well described by the Geant3 simulations [33].

3.3.2. NeuLAND submodules

Passive vs. Active design. The reason for the use of dense, passive
converters in LAND [12] was to improve the neutron efficiency via the
detection of particles created in the converter material while limiting
the depth of the detector to 1 m. In the design phase, we studied the
difference in response for a fully active detector and for a converter-
based detector with respect to the achievable time resolution and
efficiency with Geant3. For a detailed description, we refer to the
TDR [33].

The time difference between the first detected light and the time
of the first interaction is much broader for a detector with inserted
converter material than without a converter, even when assuming an
ideal time resolution (¢, = Ops) in the scintillator part. This effect can
be explained by the detection principle in a converter-based detector.
A typical interaction of a high-energy neutron with the iron converter
leads to the production of several protons, secondary neutrons, and
gammas. Protons originating from the evaporation of excited iron nu-
clei have an isotropic angular distribution and typical proton energies
are a few MeV with a high-energy tail. Therefore, the time resolution is
limited by the time jitter introduced by the protons traveling through
the iron until reaching the active part of the detector. In order to fulfill
the design criteria for NeuLAND with respect to time resolution, the
use of passive converters is problematic.

To study the efficiency for low-energy neutrons (~ 200 MeV), mod-
ules of the same dimensions as in LAND were simulated as above,
but without the iron converter. Instead, the depth of the detector
was doubled, resulting in 20 layers of scintillators. It has been ob-
served that the efficiency of 94% to 97% without passive material
is almost independent of the incident neutron energy, while for the
LAND detector the efficiency decreases towards lower neutron energies,
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Table 3

The effect of target-detector distance, time resolution o,, and scintillator dimensions
on the relative-energy resolution o(E,,) at E,,; = 100keV for 132Sn decaying into '3Sn
plus one neutron at a beam energy of 600 MeV/nucleon.

0 ps 100 ps 150 ps

3 x 3 cm? 13 keV 25 keV 32 keV

15 m 5 x 5 cm? 19 keV 29 keV 35 keV
10 x 10 cm? 38 keV 44 keV 49 keV

3 x 3 cm? 7 keV 12 keV 16 keV

35 m 5 x 5 cm? 10 keV 14 keV 17 keV
10 x 10 cm? 18 keV 21 keV 23 keV

e.g., from 94(1)% at 600 MeV to 85(7)% at 270 MeV. Note, that the
given uncertainties reflect only the fit uncertainty and do not take any
systematic errors into account.

In conclusion, the use of passive converters has negative implica-
tions for both resolution and efficiency, for the latter assuming that the
total detector depth can be enlarged for fully-active detector solutions.
As will be discussed in Section 4, calorimetry plays a crucial role
in multi-neutron recognition. Consequently, passive converters were
omitted from further design considerations of NeuLAND.

Detector dimensions. Key parameters for the performance of NeuLAND
are the distance of the detector to the target, its size, and its granularity.
With increasing distance to the target, the total Time-of-Flight increases
as well. This leads to a better energy resolution, as the absolute time
resolution is constant. However, more neutrons might react on a longer
flight path, and the angular coverage decreases. The size, or more
precisely the detector volume, determines to which extent a shower
of secondary particles is detected and has therefore a strong impact
on the calorimetric properties of the detector. Moreover, as showers
of secondary particles from different primary neutrons might over-
lap, the granularity affects the multi-neutron reconstruction efficiency.
Ultimately, detector distance, volume, and granularity are limited by
economic constraints.

The required detector parameters regarding time and spatial resolu-
tion are determined in a physics-driven approach from the experimental
cases listed in Section 2. Amongst the design goals for NeuLAND is
a resolution of the relative-energy o(E,,) < 20keV at small relative
energies between neutrons and the fragment. Simulations, assuming
uniform phase-space distributions, have been performed to match the
position resolution to the time resolution for given distances to the tar-
get. Two complementary configurations with different distances from
the target to the front of NeuLAND have been investigated:

» Full-Acceptance Mode (15m) to match the geometric angular limit
of 80 mrad of the R3B dipole magnet GLAD for point-like emission
of neutrons at the target.

* High-Resolution Mode (35m) which uses the maximum distance
between the target and NeuLAND in the R3B experimental hall at
FAIR.

For the simulations, the breakup of 132Sn at 600 MeV/nucleon into
131sn and one neutron was investigated. Table 3 gives an overview
of the resolution o(E,,) achieved for E = 100keV for variations of
the scintillator bar cross section and time resolution values. If the bar
cross section is reduced below 5 x 5cm? only a small improvement in
energy resolution is found for realistic time resolutions. In the high-
resolution mode, the desired o(E,,) of better than 20keV at 100 keV
relative energy can be achieved.

Resulting from these investigations, scintillator bars with a cross
section of 5x 5cm? and an active length of 250 cm have been selected
for the final detector design. This choice is also supported by the
prototype results, see Section 3.2. These scintillator bars are arranged
into so-called double planes with an active volume of 250x250x 10 cm?.

To fulfill the requirements for the relative energy resolution, the
time resolution is limited to o, < 150 ps, see Table 3.
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Fig. 5. Arrival time distributions of photons from simulations with different light guide
shapes for an entrance window of a photomultiplier with a diameter of 1inch.

Calorimetric properties play an important role in multi-neutron
recognition. A large detector depth is advantageous, because of a better
collection of the energy deposited by secondary particles, as detailed in
Section 4 and compared for detector depths of 2m and 3 m. Based on
these results, a depth of 3m for NeuLAND was chosen.

Light guides. The parameters for the NeuLAND scintillator bars were
determined by light transport simulations using Geant4. The goal was
to optimize the light yield at the far ends of the quadratic cross section
of 5 x 5cm? using PMTs with circular entrance windows. The direct
coupling of a PMT with a 1-inch diameter was compared to the readout
via light guides with pyramidal, spherical, and parabolic shapes. The
light-output was simulated based on a 50 MeV proton impinging on
the center of the scintillator bar.

We do not observe a substantial increase in the number of detected
photons when applying light guides, but differences in the distribution
of their arrival times. This can be explained in the following way:
photons, which are reflected multiple times and have large angles
relative to the scintillator surface. They are often reflected back into
the scintillator bar by the light guide, while, in absence of a light
guide, they impinge on the photomultiplier window. On the other hand,
photons that travel almost parallel to the scintillator but do not hit
the photomultiplier directly have a high probability to be reflected by
the light guide into the direction of the photomultiplier. In total, the
number of photons hitting the photomultiplier stays almost constant.
However, relative to the case without a light guide, the number of
photons with short travel times (early photons) are enhanced, as illus-
trated in Fig. 5. This leads to an improved time resolution since the
fastest photons determine the timing properties. The best performance
for one-inch PMTs is obtained for the light guides with pyramidal
(truncated) and parabolic shape. For practical reasons, light-guides of
conical shape with similar reflective properties were selected for the
NeuLAND submodules, see Section 5.1.2. Note that the light transport
was only simulated with Monte Carlo methods for this investigation.

Background. Background could be a limiting factor for neutron recog-
nition in NeuLAND. Possible background contributions and the need for
a charged-particle veto detector have been investigated [59]. The major
contributions to the background stem from scattered charged reaction
products, which can be reduced by an evacuated flight path. This is
realized in the R®B setup with the pipe shown in Fig. 1. Significant,
unavoidable background contributions stem from the interaction of the
heavy fragments with the tracking detectors, but these particles arrive
much later in the detector than the reaction products and thus can be
effectively removed with time cuts. Therefore, a veto detector is not
needed for the core experimental program.
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4. Neutron detection

With the design and dimensions of NeuLAND finalized, further sim-
ulations with Geant4 in R3BRoot were conducted to study the detector
performance and multi-neutron reconstruction methods in detail.

All simulations described in the following consider three parts for
the flight path of the neutrons from the target to the detector:

+ a path of 7m of vacuum from the target through the GLAD
magnet and its vacuum chamber behind,

+ the stainless-steel window at the back of the vacuum chamber
with 4 mm thickness,

+ the additional flight path to the front-face of NeuLAND in air.

The transport of the resulting light from the position of the hit
to the readout positions of the scintillator bars takes into account
the scintillator time response and the light attenuation length of the
bar. Light quenching was considered using Birks’ relation [55]. Energy
thresholds of the digitizers were set to approximately 1 MeV for both
readout sides. The time of each hit is derived from the mean time of
both readout times of the bar and a smearing of the time resolution of
150 ps is applied. For the energy of the hit, the geometric mean of the
energy signals from both PMTs is used after individual corrections for
saturation effects.

4.1. Single-neutron detection

For the final detector design, we find typical single-neutron de-
tection efficiencies of about 93% for 200 MeV neutrons and 95% at
600 MeV and 1000 MeV at 15m distance to the target. A comparison
with the LAND detector (Table 2) shows the advantage of a fully-active
detector at low neutron energies. Losses can be attributed to about 1%
each to neutrons that either produce insufficient energy to be detected
or do not react at all. About 3% of losses are caused by undetected
reactions in the vacuum exit window and in the air in front of the
detector.

4.2. Multi-neutron reconstruction

Two quantities have to be determined using NeuLAND to resolve
multi-neutron events:

1. The number of incident neutrons. It has to be determined as
unambiguously as possible.
2. The momentum of each identified neutron.

Since several hits in the detector occur per neutron, it is essential to
find the first interaction point of each primary neutron.

As an introduction to the challenge of resolving multi-neutron
events, Fig. 6 presents three example events, each displayed in a side
view of NeuLAND. For the event in the left panel, the neutron is
scattered and most of its energy is transferred to a knocked-out proton
((n, ' p) scattering), resulting in a straight track through 17 planes of
the detector. In this example, the reconstruction is unambiguous. In
the center and the right panel, the situation is more complex. For
the event displayed in the center, after neutron-proton scattering,
the proton knocks out several slow neutrons which lead to energy
depositions above the threshold in four different areas of the detector.
The right panel displays an event where most of the energy is, similar
to the first described case, deposited in proton tracks. However, the
first interaction is neutron-neutron scattering without a visible energy
deposit. As consequence, a wrong time and position will be measured
for the first interaction. A detailed overview of the probability of the
various nuclear reactions induced by fast neutrons in the scintillator is
given in Table 4.

It turns out that a generalized tracking mechanism alone does not
lead to satisfactory multi-neutron identification results. Instead, a two-
step approach, where calorimetric information is used to determine the
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multiplicity, and an algorithm to select the correct interaction points,
is used to resolve multi-neutron events.

Hits in one event are combined into clusters. Within one event, a hit
in NeuLAND is defined as a coincident observation of a signal at both
ends of a NeuLAND submodule. Spatially neighboring hits are identified
and grouped into clusters if their time difference is below a certain
time limit. Simulations indicate, that a time limit of 1 ns allows for a
clean assignment. The number of remaining clusters still is substantially
higher than the number of incident neutrons and depends on the energy
of the impinging neutrons. For example, for 200, 600, and 1000 MeV
neutrons, on average, about 2.8, 5.5, and 8.2 clusters are reconstructed
for one-neutron events. The overlap of the number of clusters for the
different neutron channels is large, see Fig. 7. For all three parameters,

+ the total energy deposited, E,,, in NeuLAND,

+ the number of hits in NeuLAND,
« the number of clusters

a clear and linear increase of the mean value is observed for increasing
neutron multiplicity, however, the distributions overlap for consecu-
tive neutron numbers. The neutron multiplicity can be obtained with
acceptable accuracy when combining the number of clusters and the
total deposited energy. Cuts are set in two-dimensional histograms as
shown in Fig. 7. Depending on the cross sections for different neutron
multiplicities and the investigated physics case, cuts can be optimized
to suppress either too high or too low neutron multiplicities. Here, cuts
have been calculated for the case of up to four neutrons without specific
optimizations.

With the neutron multiplicity determined, the respective number of
clusters is chosen according to the following process. The timewise first
cluster (after filtering early y-rays) is taken as the first neutron interac-
tion point. A good criterion for selecting the remaining clusters appears
to be a combined requirement on the smallest difference between the
cluster kinetic energy obtained from Time-of-Flight Epg cjyser and the
kinetic energy of the beam Eg,,,, divided by the energy deposit of the
cluster Edep,Clusler:

R= |ET0F,C1usler - EBeam| ) (1)
Edcp,Clustcr

After sorting in increasing order of their R-Value, clusters are selected

as neutron tracks up to the multiplicity from the calorimetry cuts. The

remaining clusters are eliminated from further analysis.

4.3. Multi-neutron efficiency

The quality of the multiplicity reconstruction can be understood
from neutron separation matrices displayed in Table 5 for 200, 600, and
1000 MeV neutrons. For multiplicities of up to 4 neutrons simulated
(columns), the percentage of detection in the various neutron channels
(rows) is indicated.

The separation matrices shown here are derived for an example
case of neutron emission from a medium-heavy nucleus with a relative
energy of E,.; = 500 keV with NeuLAND positioned in full-acceptance
mode at 15m from the target. Note that the decrease in efficiency
mentioned above for a single neutron is amplified exponentially. This,
together with the incorrect assignment of events by the calorimetric
algorithm, contributes to the presented values.

A high correct multiplicity assignment for the three- and four-
neutron cases is of extreme importance for the envisaged physics
program with NeuLAND since the investigation of more neutron-rich
nuclei is accompanied by higher neutron multiplicities.

A high percentage of proper neutron recognition is visible. Probabil-
ities to derive the correct neutron multiplicity for two- to four-neutron
events in the range of 50% to 70% are observed, slightly increasing
with increasing beam energy. It is important to mention here that the
probability values depend strongly on the assumed maximum neutron
multiplicity and on the selected scenario. In the example displayed
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Table 4
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The most frequent reaction products (n+X — Y, +...+7Y,) of the first interaction of a primary neutron with a kinetic energy of 600 MeV
in 30 NeuLAND double planes, excluding y-rays and z°, as simulated with the QGSP_INCLXX_HP and the QGSP_BERT_HP physics
list (Geant4 10.5.1). For the latter, ®Be has been replaced with a + « for better comparability. Carbon is destroyed frequently through
knockout (e.g. n+ '>C — n+ p+ ''B) or spallation. Elastic scattering on protons (n + p — n + p) only contributes 1.17% or 1.34 %, for
the two physics lists, respectively. Note that for all reactions listed here, the number of neutrons does not decrease, but increases in
most cases, which leads to many secondary reactions, as shown in Fig. 6.

QGSP_INCLXX_HP

QGSP_BERT_HP

Reaction products [%] Reaction products [%]
1 n+n+p+d+a+ta 7.7 1 n+p+"B 9.8
2 n+n+n+p+pta+a 6.7 2 n+n+n+p+pta+a 9.1
3 n+p+""B 4.9 3 n+n+'C 7.8
4 n+n+'C 4.4 4 n+n+p+'°B 4.1
5 n+n+n+p+p+d+d+a 2.7 5 n+n+p+d+a+a 4.0
6 n+a+a+a 2.3 6 n+at+a+a 3.3
7 n+p+a+’Li 2.2 7 n+p+'C+r 2.6
8 n+n+p+a+°Li 2.0 8 n+n+p+p+pta+a+a 2.1
9 n+n+p+'°B 1.8 9 n+12C 1.7
10 n+n+n+n+p+p+p+d+a 1.8 10 n+n+n+n+p+p+p+d+a 1.4

Neutron
— Proton
—Ions
-«

Fig. 6. Side views of NeuLAND together with the interactions of one incoming neutron at 600 MeV each. The interactions produce several secondary and tertiary particles which
deposit energy in the detector. The colored areas indicate the energy deposits in the corresponding detector bars in MeV. For details see text.
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Fig. 7. Number of clusters versus the total deposited energy (Egep) for 600 MeV neutrons. Panels (a) to (d) show the individual simulated data of neutron multiplicities between
1 and 4. In panel (e) the data of all neutron multiplicities have been combined. All panels share the same color scale. The lines represent the conditions which are applied in the
further analysis to distinguish the different multiplicities, and are placed in a way to minimize false classifications.

here, a maximum of four neutrons hitting the detector was chosen.
The detector depth of 3m plays a major role in the multi-neutron
recognition since the calorimetric properties depend significantly on
the detector volume.

As an illustration, we study the multi-neutron recognition of Neu-
LAND with a reduced depth of only 2m and present the 600 MeV case
here: While the one-neutron recognition is mildly affected, decreas-
ing from 89% (3m) to 83% (2m), the impact on the multi-neutron
recognition is significant. For a detector depth of 2m, two-neutron
events are detected with the correct multiplicity in 45% of the events,
instead of 66% using a 3m depth. A similar reduction by a factor of
0.7 is observed for higher multiplicities. Correspondingly, the fraction
of misidentified neutron multiplicities is enlarged, which is a problem
in the analysis of the physics data.

4.4. Neutron energy resolution

To summarize the overall relative-energy resolution ¢(E,,,), approx-
imated by Gaussian distributions, Fig. 8 displays the resolution ¢(E,)
as a function of E,. Here phase-space simulations of the decay of
1328n into 131Sn plus one neutron at 600 MeV/nucleon, are presented.
As discussed in Section 2.2, a resolution of about 20keV at an ex-
citation energy of 100keV above the threshold is aimed for in the
high-resolution mode.

For the same decay, but a relative energy of 100 keV, Fig. 9 (left
panel) presents the corresponding relative energy spectrum, obtained
with a full Monte-Carlo simulation. To optimize the energy resolution,
NeuLAND is placed at the maximum distance of 35m. The resulting
relative-energy spectrum for the '31Sn plus one neutron system is
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Table 5
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Neutron separation matrices for multiplicities of 1 to 4 neutrons. Columns display the neutron multiplicity simulated at the target

position, rows the neutron multiplicity derived from the calorimetric algorithm (see Fig. 7). Values are given in percent. Neutrons
were simulated with 200 (left), 600 (center) and 1000 MeV (right matrix). NeuLAND with 30 double-planes was located at a distance
of 15 m to the target. Neutrons were generated with a relative energy of 500 keV with respect to a medium heavy projectile fragment.
The distance between target and NeuLAND was filled with air and a 4 mm steel window. The simulations have been performed with
Geant4 using the QGSP_INCLXX_HP physics list. Note, that the details of the separation matrices strongly depend on the possible
maximum neutron multiplicity and on the chosen conditions. In the case simulated here, we assume an experiment with a maximum
multiplicity of four neutrons impinging on the detector and use conditions as displayed in Fig. 7. As a consequence the probability to
find a 4-neutron event in the correctly reconstructed neutron multiplicity is larger than for 2 or 3 neutrons.

200 Generated 600 Generated 1000 Generated
MeV 1 2 3 4 MeV 1 2 3 4 MeV 1 2 3 4
0 7 0 0 0 0 5 0 0 0 0 4 0 0 0
2 1 90 28 5 1 ] 1 89 20 2 0 < 1 88 18 2 0
g 2 3 58 24 5 S 2 6 66 23 4 g 2 7 70 24 5
g 3 0 13 48 22 g 3 0 14 56 26 _gi 3 0 11 62 30
4 0 0 23 72 4 0 0 19 69 4 0 1 13 66
= * - * 4.5. New approaches to multi-neutron reconstruction
O 20091 v 15m distance target-NeuLAND r
4 . : . :
—_ 35m distance target-NeuLAND The optimization of the neutron recognition in NeuLAND is an
g ongoing project. The difficulties to reach an unambiguous neutron
LB/ 100 detection result from the variety of nuclear interactions caused by
5 | L

3000
keV]

1000 2000

Erel [

Fig. 8. Relative-energy resolution o(E,,) for E,,values from 100 to 3000 keV for 32Sn
decaying into 131Sn plus one neutron at a beam energy of 600 MeV/nucleon. The values
simulated with the full detector response, are displayed for distances between the
detector and the target of 15m (inverted triangles) and 35m (triangles). The resolution,

approximated by a Gaussian distribution, is proportional to the square root of E,. The

curves represent fit results.

presented in the left panel of Fig. 9. A resolution of 6; = 14 keV is
obtained.

The multi-neutron recognition capabilities of NeuLAND are an es-
sential improvement over currently existing fast-neutron detectors. We
discuss in the following the response of NeuLAND to a challenge in
detector physics: the detection of four fast neutrons with a narrow
distribution in space and time. Four correlated neutrons may occur in
the breakup of four-neutron halo nuclei like 8He and “Be. Understand-
ing these systems is essential for the study of, e.g. the 7H system, as
mentioned in Section 2.2.

Examples for neutron-recognition efficiencies, based on simulations,
are given in Table 5. To mimic the tetra-neutron case, we investigate a
scenario where four neutrons plus the projectile fragment share a rel-
ative energy of 100 keV. NeuLAND is placed at the maximum distance
of 35m and 600 MeV/nucleon is selected as a typical beam energy. The
right panel of Fig. 9 displays the reconstructed relative-energy spectrum
for this scenario. A distribution, which has a Gaussian-like peak plus
an exponential tail towards higher relative energies is observed. Fitting
the Gaussian part, as displayed in the right panel of Fig. 9, results
in o = 29 keV. We find 51% of all entries within a 2c¢-interval.
For an estimate of the fraction of correlated 4-neutron events, which
can be resolved by NeuLAND, we use the total 4-neutron-recognition
probability of about 70%.

Therefore, about one-third of the impinging 4-neutron events can
be resolved with good resolution using the present neutron tracking
algorithm. For the events in the exponential tail, the first interactions
have not been correctly reconstructed for all four neutrons, thus leading
to a false reconstruction of the relative energy.

10

impinging fast neutrons. Table 4 lists the 10 most likely reactions for
600 MeV neutrons in NeuLAND, derived from Geant4 simulations using
two different physics lists. Although in most of the reactions at least one
proton is involved, the picture of a neutron solely knocking out one fast
proton, thus leading to an easy-to-reconstruct proton track, is by far too
simple. See also Fig. 6 for three example cases.

The recognition method presented in the previous chapter based
on the calorimetric multiplicity determination as well as on the first
interaction selection via the cluster R-Value is not the only conceiv-
able method for event reconstruction in NeuLAND. In principle, any
algorithm that takes hit patterns or derived values as input and delivers
multiplicity or primary interaction points is an option. The algorithm
with the best performance can then be chosen for each experiment. Up
to now, several different approaches are under investigation.

Multiplicity determination with the cuts shown in Fig. 7 introduces
hard boundaries between different multiplicities. Here, Bayesian statis-
tics could replace these with probabilities. Currently, this does not
result in significantly better accuracy but might be instrumental if false
assignments must be suppressed, i.e., events with uncertain multiplicity
assignments could be filtered out [60].

Machine learning could also be a viable option. Here, not only
basic derived quantities like the number of clusters and total deposited
energy but more complex features up to the full, unreduced hit pat-
tern could be processed. Currently, models based on scikit-learn [61]
as well as complex neural networks based on Keras [62] are under
development [63,64].

5. Technical specifications

Based on the design studies, simulations of neutron reconstruction
and the prototype results, as presented in the sections above, the final
design parameters and technical specifications of NeuLAND were fixed
(see also Table 1).

5.1. Structure of the NeuLAND submodule

5.1.1. Material, sizes, and wrapping

The NeuLAND bars have a total length of 270 cm, of which approx.
250 cm have rectangular shape with a cross section of 5 x 5 cm?, while
on both long ends the last approx. 10 cm have a tapered form, thus
forming a built-in light-guide to a one-inch circular front-face for the
light readout at the two far ends, see Fig. 10.

As organic scintillator materials BC-408-equivalents are used,
namely RP-408 [42] and EJ200 [65]. Both are cost-effective materials,
using Polyvinyltoluene as polymer base. They combine fast timing
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Fig. 9. Relative-energy spectrum for 31 Sn+n (left) and 2Sn+4n (right) at 600 MeV/nucleon, simulated with a relative energy of 100keV and the NeuLAND detector at a distance

of 35m to the target.

properties with a large optical attenuation length. The scintillator bars
provided by the companies include polishing, wrapping with a reflector
material and adhesive black tape for light-tightness®. The weight of one
scintillator bar amounts to about 6.4 kg.

5.1.2. Light guides

Each light guide transforms the quadratic cross section of the scin-
tillator bar to the circular cross section of the entrance window of the
photomultiplier. This tapered form, as shown in the drawings of Fig. 10,
is chosen for the readout with photomultipliers with a diameter of
1 inch, to optimize the timing properties of the detector, see Section 3.2
for prototype results.

To exclude potential losses at the optical borders between scin-
tillator and light guide, the scintillator bar and its light guides are
produced in one piece from the scintillator material, as detailed in the
upper part of Fig. 10. This also simplifies the mounting structure of the
modules, because no dedicated holding device is needed for the light
guides. Another advantage of this one-piece solution is, that we can
omit optical coupling materials, which otherwise might lead to aging
issues.

5.1.3. Photon detection

A conventional photomultiplier readout for the photons produced in
the scintillator bars has been selected and is currently used. However,
we follow closely the development of semiconductor devices for fast-
timing readout, in particular so-called Silicon-Photomultipliers (SiPM).
Studies with minimum ionizing 30 MeV electrons at the Rossendorf
ELBE beam facility have shown that a NeuLAND bar instrumented on
each side with just 144 mm? SiPMs (out of 490 mm? circular side-
surface area) can be read out with full efficiency and a time resolution
of o, 136 ps [66]. Open questions that are under study include
the dark count rate in a realistic readout scenario, sufficiently stable
voltage supply, the performance of the readout electronics, and the
gain linearity over two decades of light intensity, which is important
for calorimetry. Depending on the results of these investigations, a
SiPM-based readout remains an option, either for the later phases
of NeuLAND construction or for subsequent replacements of broken
photomultipliers in a possible refurbishing of NeuLAND.

For the first 12 double-planes of NeuLAND, the R8619-Assembly
photomultiplier from Hamamatsu [45] was chosen for the readout of
the NeuLAND submodules. Before its selection, tests of a NeuLAND
module in its final shape with these photomultipliers in electron beams
indicated a time resolution of 6, = 125-135 ps, which is sufficient for
the resolution NeuLAND aims for, see also Fig. 2. Later results from
experiments at GSI have confirmed these findings.

This PMT with a diameter of 1 inch and a peak sensitivity of 420 nm
is well-matched to the scintillator bars, via the light-guide coupling

3 Important specifications are the tolerance of 49.5 + 0.5 mm for the cross
section of the bars including wrapping, and the circular diameter of 25’:8 5 mm
without wrapping at both readout sides of the bars.
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discussed above. With a gain of 2x 10° and an anode rise time of 2.6 ns
it offers a cost-effective solution adapted to the needs of NeuLAND.
The assembly was by our request equipped with a fully-active voltage
divider [67], reducing the typical current from about 250 pA (operating
at ~1 kV) to less than 10 pA. This decreases the demands on the high
voltage distribution system (see Section 5.3.1).

The light-coupling between the scintillator bar and the PMT front
face was subject to investigations aiming not only at maximizing the
light readout but also at long-term stability and at the possibility to
apply the coupling material to vertically and horizontally oriented
PMTs. A coupling via silicon glue (Qsil 216 A/B) was selected after
curing issues had been successfully minimized.

5.2. Detector assembly

5.2.1. Double-planes

A mechanical frame was designed to assemble the scintillator bars
and PMTs into double-planes, see Fig. 11. Each bar is separately
mounted in the frame using a block holding structure, which matches
the conical light guides of the bars. In order to protect the horizontal
bars from bending, each bar is supported twice using a metal band
ladder structure with individual segments for each bar. The PMTs are
mounted to the bars via guide tubes made of aluminum. A light-tight
connection to the holding blocks is provided using O-rings. The far
end of the guide tube is closed with an endcap containing a bayonet
lock allowing for easy access to the PMT for maintenance. The signal
and high-voltage (HV) cables are fed through an elastomer cap for
light-tightness, see Fig. 10.

The signal and HV cables of the PMTs are connected to collector
boards mounted along the readout sides of the frame. Connections to
these boards are provided via LEMO and CLIFF contacts, again allowing
for easy exchange of PMTs during maintenance. From the collector
boards, the cabling to the HV distribution and the readout electronics
is provided via multipin connectors.

The weight of one double-plane amounts to about 1 t including
cabling, readout electronics and HV supply components.

5.2.2. Full detector setup

For NeuLAND in its final configuration, two identical support struc-
tures will be used, each holding 15 double-planes. Thus, the two
support structures together provide the mechanical support of the
completed detector with 30 double planes.

Together with the demonstrator support structure, which can host
up to six double-planes, it is possible to split NeuLAND into several sub-
detectors in case an experiment demands neutron detection at different
positions with respect to the beam at the same time (see Section 2.3).
Fig. 11 displays schematically one of the two identical NeuLAND frames
with twelve double-planes inserted. The design is optimized for easy
access of the PMTs, the readout electronics, and the high voltage
supplies.
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Fig. 10. Technical drawing of a NeuLAND submodule (scintillator bar) together with its light guides in the upper part, and a schematic of a PMT and its holding structure in
the lower part. In detail, the individual components of the PMT holding structure are shown in the lower left. Those are from left to right: O-ring, guiding-tube, O-ring, u-metal,
PMT, base, spring, bayonet lock. Note, the y-metal has been used during the R&D phase, however, it is not used in the final assembly. In the lower right the PMT is mounted to
the scintillator bar. The guiding-tube of the PMT is installed at the mounting-block of the scintillator. The bayonet lock is sealed using a elastomer cap for light-tightness.

Fig. 11. Schematic layout of one NeuLAND frame supporting 15 double-planes in total,
here equipped with 12 double-planes. A maintenance platform on top of the double-
planes allows for easy access to the readout electronics hosted in the boxes on both
sides above of the double-plane, the high voltage supply boards are located in the
lower left and right corners of each double-plane.

5.3. Peripheral systems

5.3.1. High-voltage supply

The PMTs of NeuLAND are supplied with high voltage using a high
voltage distribution system called HV3200, developed and produced by
the Petersburg Nuclear Physics Institute (PNPI). Each double plane is
equipped with its own high voltage distribution system (HVDS), thus
enabling the modular operation of individual NeuLAND double planes.
The principle of operation of the HV3200 is based on individual down-
regulation of a primary high voltage power supply. The low current
demands of the NeuLAND PMTs (see Section 5.1.3) simplify the thermal
aspects accompanying the voltage regulation.
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Each voltage regulator is located on an individual daughterboard. A
50-channel distribution board, DB50, carries 50 regulators. Thus, four
DB50 modules are needed for one NeuLAND double plane. One HV3200
can control up to 3200 channels, thus two distribution systems are
needed to supply the full detector with 6000 channels. The HV3200
distribution systems are controlled by a host computer using Ethernet
to connect to the HV Control Board (HVCB). For the slow-control,
an EPICS (Experimental Physics and Industrial Control System) [68]
Input/Output Controller (IOC) application software was implemented.

5.4. Prototype readout electronics

A multi-channel, multi-purpose readout system has been designed
for NeuLAND, allowing for time and charge measurements while pro-
viding multiplexing capabilities to monitor the analog and digital sig-
nals of each electronic channel.

As starting point for the development of the new readout system, the
TacQuila board, developed originally for the FOPI experiment [69,70],
was used. TacQuila is based on a high-resolution Time-to-Amplitude
Converter ASIC chip (TAC) for time measurement and compact readout
functionality. A time resolution of approximately 10 ps [47] can be
achieved using this board. The first version used by the NeuLAND
collaboration was TacQuilal”. This version has an additional 17th
channel which provides a copy of the ‘master-trigger’ on each board,
used as a ’common stop’ for the time measurement. The front-ends of
the TacQuila boards operate in a free-running common-stop mode, and
measure relative to an external clock. In addition to the TacQuila board
a full readout system consists of:

1. A 16-channel Front End Electronics (FEE) board for signal ampli-
fication, splitting, and discrimination. The first version is based
on a design by Ciobanu et al. [71], but for the use with NeuLAND
no amplifier stage is used.

2. A’control board’ [72] (called ‘TRIPLEX’) which offers individual
thresholds, multiplicity signal, analog sum, ‘or’ signal, a pulser to
fire the timing branch, and a multiplexer for analog input signals
and digital signals generated on the FEE.

3. A Charge (Q) to Digital Converter (QDC) board which deter-
mines the charge of a pulse.

The compact design of the assembly of these four boards, schematically
depicted in Fig. 12, allows mounting the electronics directly at each de-
tector double-plane minimizing the needed cable length and improving
the modularity of the detector.

The data of all detector tests presented within this work has been
collected using the TacQuilal” readout system.
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is connected to the main TacQuila card. On the latter, a separate QDC card is mounted.
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Fig. 13. Upper panel: The boards composing the TAMEX readout system are displayed
schematically listing their functionalities. Lower panel: shown is the FQT (front),
TAMEX (center) combination connected to the back plane (perpendicularly oriented
board in the back). The input signals from the PMTs are connected via the eight-fold
connectors visible in the front. The low-voltage power distribution as well as the optical
link for communication and data transfer are realized via the back plane. Shown here
is a single-card readout. In the NeuLAND electronics towers, 6, respectively 7 cards are
chained together.

5.5. Dedicated NeuLAND readout electronics

For the final readout electronics, a new multichannel system, called
FQT-TAMEX, has been developed by the GSI Experiment Electronics
Department, based on the experience made with the TacQuila-based
electronics. The new readout system combines the functionality of the
precursor (FEE + Triplex + QDC) with an FPGA-based TDC, which is
also developed by the Experiment Electronic Department of GSI [73,
74]. Compared to TacQuila, the time resolution has been improved
to 8 ps, determined from leading edge measurements between two
channels on the same card by assuming a similar resolution for both.

The QDC has been replaced by a Charge-to-Time Converter (QTC),
which is multi-hit capable, making the system also usable at high
event rates. The QTC result uses a linearized Time-over-Threshold
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(ToT) method [75,76], with the times measured by the FPGA-TDC to
determine the charge of the pulse.

In the final layout of the electronics FEE, QTC and the TRIPLEX
have been integrated onto a single printed circuit board (PCB) called
FQT (Front-End, charge (Q) and Time), see Fig. 13. This reduces the
number of needed PCBs and thus the occupied space as well as the
price per channel.

The pulser system of the new electronics is realized by injecting
an arbitrary signal into the first stage of the FQT from an external
signal source. By varying the amplitude, it can be used to test and
calibrate the time and charge measurements. This is an improvement
compared to TacQuila where only the time branch could be tested.
Furthermore, for the amplification stage of the new electronics a gain-
factor of approximately 3 has been selected to achieve the optimal time
resolution.

In total the FQT comprises the following stages:

+ Signal coupling/injection (galvanic isolation),
* Rectifier and inverter,

» Integrator, and

» Comparator.

Those stages ‘act’ in the following way on the signal: The PMT signals
are injected via galvanic isolation to avoid ground loops. The analog
monitor output signal is derived from this stage to ensure an unaltered
signal. The charge injection using the internal pulser distribution is
also done at this stage for calibration purposes. In this way, the full
electronic chain is also included for these types of events. After the
injection, a possible overshoot is avoided using a rectifier and the signal
is amplified and inverted. In the next stage the charge of the pulse is
integrated which leads to improved linearity of the ToT measurement
independent of the pulse shape. In the final comparator stage of the
FQT, a variable threshold is applied to the integrated signal.

The obtained digital signals from the comparator are routed to the
TAMEX TDC module for the high-precision measurement of leading
and trailing edge times. In total, a single channel of the FQT-TAMEX
readout system delivers two signals, interpreted as one time and one
charge measurement for each converted signal pulse.

The implementation of the time measurement inside the FPGA
provides the time information split into a fine part and a coarse part.
The coarse part is given by the number of clock cycles, while the fine
part corresponds to the time measured relative to the next clock cycle
using a tapped delay line [73,74].

The individual TAMEX systems are chained via a custom-designed
backplane using 2 Gb/s links on the backplane and on optical cables to
link to adjacent planes or to the readout PCs.

The data is sent from the backplane to a PC which contains two
special interface cards developed by the GSI electronics department —
the PEXOR [77] or KINPEX [78] and the TRIXOR [79]. In particular,
the data transfer and front-end control is done via one of the four
optical links provided by the PEXOR/KINPEX card.

The TRIXOR is a trigger module and can be connected to the trigger
bus of the main R®B data acquisition system (DAQ), if the Neuland
TAMEX is integrated into a larger experiment DAQ. Whenever a trigger
signal is received from the DAQ, data from the TAMEX will be read by
the PEXOR. The received data is verified by checking the data structure
and by comparing the trigger type and the trigger counter with the
information received from the TRIXOR. The two above-mentioned
modules are used to set up an MBS-based [80] DAQ.

For slow control, the individual FQT cards are interconnected using
an Inter-Integrated Circuit (I2C) bus. The cards are connected to this
bus in a multiplexing tree structure. The root module in the tree
is the so-called ‘FQT interface’. It delivers a few output signals: an
‘analog multiplicity’ signal representing the number of channels that
are currently active, a ‘digital multiplicity’ signal which signals that
a user-defined number of channels have crossed a threshold, and an
‘or’ signal that is active whenever any of the channels in the tree have
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crossed a threshold. In addition, the FQT interface allows to monitor
the analog and digital signals of one channel at a time, and provides
an input for an external channel.

The network to I2C conversion in the FQT interface card is realized
via the combination of a Raspberry Pi single-board computer [81], and
in the original design a HADes CONtrol board (HADCON), developed
by the GSI RBEE group [82]. The Raspberry Pi is attached to the R®B
controls network and provides the EPICS IOC that communicates with
the HADCON, which provides access to the I2C bus and a discriminator
level for the multiplicity signal. A modified version of the FQT-Interface
card now allows to directly use the I12C interface of the Raspberry
Pi without the HADCON board. The use of this modified control is
planned, since a higher rate of communication for reading and writing
is reached.

5.6. Slow control

EPICS is used as the general experiment control system in the full
R3B experiment. Using EPICS for NeuLAND as well allows for easy
integration into the R®B control infrastructure and user interface. EPICS
for NeuLAND will also profit from the services provided by R®B, such
as backup/restore functionality, access control, alarm systems, and
data archiving. EPICS also allows for the mapping between electronic
channel numbers and physical channel locations (plane, bar, and PMT
tube).

During experiment setup and operation, the following control pa-
rameters have to be monitored and possibly modified:

+ low voltage supply for electronics,

+ high voltage supply and current monitoring of PMTs,

» threshold setting of electronic channels,

» pulser for calibration of electronic channels,

+ multiplexer to inspect analog signals from PMTs,

» multiplicity outputs from the full detector and its sub-units
(double-planes).

For each defined process variable EPICS allows to set hard and soft
operation limits, which are checked before values are applied. Values
are set and displayed using English Engineering or SI units. Unit con-
version is automatically handled by EPICS based on the configuration
of process variables. The current set of parameters is stored in the EPICS
parameter database. In addition, the storage of these values in the data
stream in the form of so-called sticky events is in preparation. The
latter allows for easy retrieval of the parameter sets used in the specific
experimental run being analyzed.

A graphical user interface (GUI) has been implemented to achieve
a seamless integration with the surrounding control systems. This GUI
allows access to individual channels based on their physical location
using the channel mapping. In addition to the GUI, direct access via
command-line tools is also possible, enabling procedural automation
using scripts.

6. Production, quality assurance, and acceptance tests

The assembly of NeuLAND double-planes from scintillator bars and
photomultipliers is currently carried out at the GSI/FAIR site. A key
part of NeuLAND are the fully-active scintillator bars from BC408-
equivalent, delivered ready-made including wrapping for reflection
and light-tightness from commercial suppliers. Factory acceptance tests
(FAT) defined in the contracts serve to ensure the specified quality for
the mass production for each supplier.

Prior to their assembly into double-planes the bars undergo a site
acceptance test (SAT), verifying both the quality of the scintillator
material itself and the surface finishing. The test procedure developed
and carried out by the NeuLAND working group comprises a mea-
surement of the response of the scintillator bar to cosmic rays and a
measurement of the light transport using a light-emitting diode (LED)
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Fig. 14. A typical QDC spectrum for quality control, presented for the reference bar
(red) and for bar 29 (blue) of the 2013 delivery. The prominent peak around channel
number 900 originates from the LED pulse, while the broad peak around channel
number 300 is caused by cosmic rays traversing the bar. For details see text.

providing photons from one readout side of the scintillator bar which
can detected at the opposite side. The resulting data are compared to
the results obtained for a reference bar, which meets the design criteria
of NeuLAND. Fig. 14 presents a typical QDC spectrum from such a
combined cosmic and LED test.

Corresponding to the SAT results, the scintillator bars available for
one NeuLAND plane are ordered according to their quality ensuring the
highest quality for the central part of the plane. After the assembly of
the NeuLAND bars and PMTs into one double-plane, this double-plane
with its readout electronics and high-voltage supply units is tested using
cosmic rays, as described in the following section.

7. Calibration

Tracks of cosmic rays provide an ideal tool for the commissioning
of NeuLAND double-planes, but also for the internal calibration of the
complete NeuLAND detector before, during, and after experiments. The
hard component of the cosmic ray flux at sea level, mainly muons
(97%), has sufficiently high energy (the mean energy is 4 GeV) to
penetrate the concrete ceiling of the experiment cave, and to traverse
NeuLAND. For the completed NeuLAND a rate of about 1.5 kHz for
detected cosmic ray tracks is estimated.* That allows for a full scan of
the detector within a reasonable time scale (~20 min).

Tracks of muons, traveling (almost) at the speed of light, serve as a
source of correlated hits along a straight line with known relative time
differences between the traversed submodules.

The alternating orientation of the NeuLAND planes allows to derive
the hit position along the bar length from the geometrical information
of perpendicular bars with coincident hits from the same muon track.
By comparing this position to the time difference of left (lower) and
right (upper) PMT signal a time difference offset TDIFF is extracted
for each module of the detector. A time-wise synchronization for all
bars (providing TSYNC offset) is performed using the time and distance
information of two hits belonging to a single muon track. Their relative
time difference has to satisfy the condition of a particle traversing at the
speed of light. A minimization procedure can be applied to synchronize
all 3000 submodules of NeuLAND. At the same time, this calibration
also allows an energy gain matching, since the track length through a
bar is determined from the hits in the muon track.

This procedure has been developed for LAND [83] and proven very
successful. A more detailed description can be found, e.g., in [84]. De-
tailed studies of the cosmic response in a subset of NeuLAND have been

4 Using 8 double planes of NeuLAND, we find a rate of 700 Hz when
demanding a minimum of four valid signals in one double plane.
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Fig. 15. Time difference between the two timing signals of each bar versus the bar
number. The upper panel displays the time difference before a calibration with cosmic
muons, in the lower panel the same variable is shown after calibration.

Tbav'Ta75 [ns]

=N WW
oo w;

S
o

Tbar'T:ns [ns]

200

300 400 500 600 _ 700

800
Bar number

Fig. 16. Time difference between a hit in a bar and a hit in a selected central bar (we
use bar 375) versus the bar number. The time difference is displayed before (upper
panel) and after (lower panel) the calibration parameter TSYNC is applied. Note the
change in the time-difference scale between the spectra before and after calibration.
For more details, see text.

carried out [85]. Fig. 15 shows the parameter TDIFF for 8 double-planes
of NeuLAND as determined in the calibration of a GSI experiment
during 2020.

The synchronization of the time signals in different bars is shown
in Fig. 16. The time between hits produced by a muon in different
bars depends on the distance between these hits. Here in particular
the time difference between hits in each bar and in one reference
bar in the center of the detector is plotted as function of the bar
number. The calibrated data show clearly the correlation between the
time difference and the relative position and orientation of the bars.
The bar number is equal to (dp—1)x100+b, where dp indicates the
number of the double plane and b indicates the number of the bar in
a double plane. Horizontal bars are counted from 1-50 from bottom
to top and for vertical bars from 51-100, numbered from the fragment
side to the other side, see also Fig. 1. The reference bar 375 chosen
here is a vertical bar, and a different pattern in the spectra is seen
after synchronization for horizontal and vertical bars. For horizontal
planes, a rhomboid distribution of the time with respect to the vertical
reference bar over the bar number is visible. This reflects, that lower
bars (small numbers) are more often traversed after the reference
bar, and vice versa for the upper bars (larger numbers), due to the
distribution of the cosmic rays. For vertical planes, for each bar the
muon can traverse it either before or after traversing the reference
bar, resulting in the X-like shape of the spectrum. The time difference
increases with the distance from the center.

The absolute time offset relative to other detectors is obtained
from time-of-flight measurements of detected gamma rays produced
in reactions of a beam in a target. As an example, Fig. 17 presents
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Fig. 17. ToF distribution measured between the start counter and NeuLAND for 12°Sn
on a Pb-target at 800 MeV/nucleon, corrected for the difference in flight path for
gamma-rays to the interaction position in NeuLAND.

a ToF-spectrum taken for NeuLAND with 129Sn on a Pb-target at
800 MeV/nucleon in an experiment performed in 2019. The gamma-
peak from the target is located at 50.8 ns. The structure at 51.5 ns
originates from gamma-background caused by another layer of material
in the experimental setup. The wide structure centered at about 61.5 ns
gives the ToF of neutrons from reactions in the target. Note, that the
spectrum has been corrected for different flight paths for gamma-rays,
caused by different interaction positions within NeuLAND. The fit given
in Fig. 17 results in a ToF resolution of 5, = 128 ps for all 800 bars used
in this experiment.

A designated neutron calibration experiment is planned to complete
the commissioning phase of NeuLAND. Quasifree scattering (QFS) of
a deuteron beam on protons allows for a precise determination of
angle and energy of impinging neutrons on an event-by-event basis
for high-energy neutrons (200-1500 MeV), enabling detailed response
and efficiency studies for one-neutron events. Moreover, the quasi-free
proton knockout using a tritium beam and a liquid hydrogen target can
be utilized to study well-characterized two-neutron events, allowing for
a detailed verification of the simulation procedure for the two-neutron
response, which is of particular importance for low relative energies
between the two neutrons.

8. Project status

The step-wise construction of the detector started in spring 2013
and is ongoing. It is carried out at GSI by university groups of Darm-
stadt, Frankfurt, Cologne, RBI Zagreb and a core team from GSI.

During 2014, the NeuLAND demonstrator, consisting of five double-
planes (1/6 of the total detector) has been assembled, see Fig. 18. It was
tested in three experiments at GSI that year, using fast neutrons from
high-energy Coulomb breakup, fragmentation, and fission reactions
of various isotopes [86]. For the readout, TacQuila electronics, see
Section 5.4, and for the HV supply commercial modules, inherited from
the former neutron detector LAND, were used in those experiments.
The data from 2014 showed the expected time resolution of ¢, = 100-
150 ps, derived from prompt y-rays produced in a thick Pb target
and detected by the demonstrator. In addition, detailed background
studies were possible from the first test experiment in 2014, where the
downstream flight path of the reaction fragment was not under vacuum,
while many detector systems were placed along this path in the vicinity
of NeuLAND. This stimulated a design study for a veto detector for the
full-size NeuLAND detector [59].

Fragmentation reactions from the “Ca beam at 450 MeV/nucleon to
650 MeV/nucleon impinging on a carbon target, and Coulomb breakup
on lead, were used to produce fast neutrons for NeuLAND. These data,
dominated by one- and two-neutron events, provided important input
for further development of simulation and analysis tools. Fig. 19 illus-
trates a 3D-view of a measured two-neutron event within the volume
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Fig. 18. The first NeuLAND double-plane in the demonstrator frame in Cave C at GSI (left) in 2014, double-plane no. 4 on its way to Cave C (center, photo: G. Otto 2014) and
the start-up version of NeuLAND with its maintenance platform at Cave C in 2021 (right, photo: G. Otto 2021).
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Fig. 19. A measured two-neutron event is displayed in the detector volume (depth
40 cm for the four double-planes). The neutrons impinge at the front face (Z=0),
a veto condition on the first layer ensures the detection of neutrons and suppresses
(background) protons. The color code represents the energy deposit measured in the
corresponding scintillator bars in arbitrary units.

of four double-planes. After the completion of the experiments at GSI
in 2014, four NeuLAND double-planes and their associated electronics
were transported to RIKEN, Japan, in January 2015 and taken into
operation at the SAMURAI setup [3]. Those double-planes were used
in experiments investigating light exotic nuclei in conjunction with
the NEBULA detector [87] up to autumn 2017 and then transported
back to GSI [88]. Since 2018, NeuLAND is located in Cave C at GSI,
and equipped with TAMEX readout electronics and the HV-system
provided by PNPI, St. Petersburg. Several experiments, comprising R3B
commissioning and production experiments, were carried out during
2018-2020. Those experiments used 8 double planes, corresponding to
a detector depth of 80 cm. In the second half of 2020, an additional
4 double-planes were mounted and taken into operation, in preparation
for an experimental campaign in 2021 as part of the FAIR Phase-0
experiments. At the time of writing this report, the NeuLAND detector
provides 40% (120 cm) of the nominal full detector depth of 300 cm.
The production of further double-planes is ongoing. The final location
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of NeuLAND will be the High-Energy Cave at FAIR, as a key component
of the R3B experimental setup.

9. Summary and outlook

In this paper we have reported on the design of NeuLAND, one
of the key elements of the R3B setup at FAIR. NeuLAND is a time-
of-flight spectrometer and, due to its fully-active design, a calorimeter
for fast neutrons (100-1000 MeV). The characteristics of the detector,
summarized in Table 1, fulfill the demands determined by the am-
bitious and versatile physics program of R3B. A key requirement for
NeuLAND is the combination of excellent energy resolution, needed
for the investigation of one- and multi-neutron configurations, with
the highest possible efficiency. Both are essential for studies of rare
isotopes or exotic decay channels. The large granularity of the detector
together with a time resolution of better than 150 ps allows for a high-
resolution operating mode, while the identification of multi-neutron
events requires a large fully-active detector volume.

The modular structure of NeuLAND, with 30 independent double-
planes, allows to change the configuration of the neutron detector,
depending on the experimental requirements. The NeuLAND demon-
strator (40 cm depth) was used during an experimental campaign at the
RIBF at RIKEN from 2015 to 2017. Since 2018, the start-up version of
NeuLAND comprising dedicated readout electronics and HV supplies, is
used for the FAIR Phase-0 physics program carried out by R®B collabo-
ration in Cave C at GSI. At the time of writing, 40% of the full NeuLAND
has been taken into operation and further construction is ongoing.
Already in its start-up version, NeuLAND provides a significant increase
of the existing experimental capabilities. Once the Super-FRS of the
FAIR facility delivers radioactive beams to its high-energy branch, the
R3B setup and NeuLAND will open unique opportunities for nuclear
physics.
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