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ABsTRACT: Environmental neutrons are a source of background for rare event searches (e.g., dark
matter direct detection and neutrinoless double beta decay experiments) taking place in deep
underground laboratories. The overwhelming majority of these neutrons are produced in the cavern
walls by means of intrinsic radioactivity of the rock and concrete. Their flux and spectrum depend on
time and location. Precise knowledge of this background is necessary to devise sufficient shielding
and veto mechanisms, improving the sensitivity of the neutron-susceptible underground experiments.
In this report, we present the design and the expected performance of a mobile neutron detector for
the LNGS underground laboratory. The detector is based on capture-gated spectroscopy technique
and comprises essentially a stack of plastic scintillator bars wrapped with gadolinium foils. The
extensive simulation studies demonstrate that the detector will be capable of measuring ambient
neutrons at low flux levels (~107%n/cm?/s) at LNGS, where the ambient gamma flux is by about 5
orders of magnitude larger.

Keyworbps: Detector modelling and simulations I (interaction of radiation with matter, interaction of
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neutrons); Particle identification methods; Scintillators, scintillation and light emission processes
(solid, gas and liquid scintillators)
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1 Introduction

Underground laboratories render rare event searches possible thanks to the powerful attenuation of
the cosmic rays by rock overburden. In this very low event rate regime, ambient neutrons originating
from the surrounding rock induce background via capture reactions, elastic and inelastic collisions
for a variety of elusive searches, e.g., dark matter direct detection and neutrinoless double beta decay
experiments. It is crucial that both flux and energy spectrum of the environmental neutrons are
measured with scrutiny in order to evaluate their impact on the experimental sensitivity and to help
design an adequate shield, suppressing the external neutron background.

In deep underground laboratories, the vast majority of the cavern wall neutrons are produced
in two mechanisms, the spontaneous fission of 2*8U and the (@, n) reactions, prompted by the
a-emitters in the decay chain of 233U and 232Th, on the light nuclei present in the rock, such as C, O,
Mg and Al [1]. As a third mechanism, neutrons are produced by the muon interactions in the rock as
well. However, the flux of muon-induced neutrons is about two to three orders of magnitude smaller
than that of radioactivity-induced neutrons at large depth underground [2].

Located 1400 m below Gran Sasso mountains, corresponding to a depth of 3800 meter-water-
equivalent [3], Laboratori Nazionali del Gran Sasso (LNGS) has been hosting numerous rare event
searches. The thermal and fast neutrons in the laboratory environment were measured on different
occasions in the past [4—15]. Based on these measurements, projected background rates due to
ambient neutrons with a shielding in place were estimated for several dark matter and neutrinoless
double beta decay experiments at LNGS [16-22]. Ambient neutrons were likewise surveyed in other
deep underground labs around the globe in an attempt to contribute to the hosted experiments [23-33].

The results on ambient neutron fluxes at LNGS vary considerably, as they highly depend on
the uranium and thorium content, and the water level of the surrounding rock and concrete [12]. In



fact, it was previously shown that due to the different compositions, the rock in Hall C produces
10 times more neutrons than that in Hall A [1]. Hitherto, the neutrons were measured at various
locations with *He [4, 6, 10, 12, 14] and BF3 [7] counters, liquid scintillators doped with Li[5] and
Gd [15], undoped liquid scintillator cells interleaved by Cd sheets [9], NaI(T1) [11] and BGO [13]
crystal scintillators, and a neutron converter based on Ca(NOj3), solution [8]. Not only the different
measurement locations but also the different detection systems with idiosyncratic systematics make
it difficult to reconcile between the measurement results [12]. Detectors also covered different
neutron energy ranges. For instance, the best spectrum so far was achieved with the Gd-loaded liquid
scintillator (1.2 ton) embedded in the LVD experiment [34]; however, with a high energy threshold
of 5MeV [15].

In order to monitor the neutron fluxes in different experimental halls and to make the direct
comparison between these measurements much easier, a mobile neutron spectrometer would be a
valuable asset for the scientific infrastructure of the LNGS. The design of such portable neutron
counter must meet the following minimum requirements:

* Given the low neutron fluxes at ~10~°n/cm? /s level, the detector should have an effective
area of 0.1-1 m? to accumulate enough statistics within a couple of months of running, while
the design should be kept as simple as possible for transportation and maintenance purposes.

 Since the gamma fluxes are about 5 orders of magnitude bigger than the neutron fluxes [11],
an excellent gamma discrimination is mandatory.

* As per environmental considerations by local authorities, the liquid scintillators are not
currently permitted at LNGS.

Bonner Sphere Spectrometers (BSS) [35] have been widely used to measure the neutron fluxes
and energy spectra in deep underground laboratories [7, 27, 28, 30, 32, 33]. In this method, a set
of thermal neutron detectors (typically gaseous *He or BF; counters) are placed at the centre of
moderating spheres of different radii. Each sphere is sensitive to a particular neutron energy range.
The neutron energies are not measured directly. Rather, the incident neutron spectrum is inferred
from the individual count rates in each sphere upon an unfolding process. Despite good gamma
discrimination and large energy range from thermal to GeV scale, the system provides poor energy
resolution and may be susceptible to significant uncertainties as a result of sophisticated spectral
unfolding [36]. A detection scheme that enables event-by-event neutron energy reconstruction may
overcome these drawbacks, thus being preferred over BSS for the portable neutron detector project.

While BSS use passive moderators, capture-gated neutron spectrometers [37-40] employ active
moderators in conjunction with thermal neutron capture agents. This technique allows neutrons to
be recorded thanks to the coincidence between the neutron capture signal and the neutron-induced
proton recoil signals in the active medium. The sum energy of the proton recoils that precede
the capture signal, in principle, adds up to the incoming neutron energy; hence event-by-event
neutron energy reconstruction can be realized. Since liquid scintillators are not a viable option at
LNGS, plastic scintillators as an active medium in the mobile neutron counter become an apparent
choice. Segmented capture-gated neutron spectrometers, combining plastic scintillators with 3He
proportional counters, were already developed to operate in underground laboratories [41, 42],



representing a candidate detection scheme for this particular project. However, such hybrid detector
design is not favorable due to the detector complexity and large size.

Table 1 summarizes various properties of common neutron capture agents that can be utilized in
combination with plastic scintillators. Development of lithium-loaded plastic scintillators has recently
been an active area of research [43—47]. To the best of our knowledge, commercial production
has not been launched to date. Plastic scintillator-based capture-gated neutron spectrometers
incorporating °LiF/ZnS(Ag) scintillators [48, 49] and ®Li-enriched glasses [50, 51] have been
previously demonstrated. Neutron capture pulses generated in the ®Li-doped medium generally
have longer tails than the background pulses produced via Compton scattering of gamma rays in
the plastic scintillator. Thus, the neutron identification is accomplished by an offline pulse shape
discrimination analysis. A big drawback of this approach is that as the background rate induced
by the ambient gamma radiation is many orders of magnitude larger than the neutron-induced
signal rate at LNGS, the data acquisition system would experience a heavy load during months-long
measurement campaigns.

Table 1. Properties of candidate thermal neutron absorbing materials for the LNGS neutron detector. oy,
denotes the thermal neutron capture cross section. For '°B neutron captures, only the dominant reaction branch
is shown with the corresponding branching ratio. No correlated gamma is emitted in the other reaction branch.

Isotope | Natural Abundance (%) Reaction o, (b)
oLi 75 Li+n - H+a 940
108 19.8 OB +n — "Li+a+7y(0.477MeV) (93.7%) | 3840
1B3¢cd 12.2 B3Cd +n — "4Cd + y-rays (9.04 MeV) 20600
155Gd 14.8 155Gd + n — °Gd + y-rays (8.53 MeV) 60900
157Gd 15.6 57Gd +n — 8Gd + y-rays (7.95MeV) | 254000

Capture-gated neutron spectroscopy based upon commercially available boron-loaded plastic
scintillators is a well-established concept [37, 38, 52]. The heavy capture products ("Li and ) induce
93 keV electron-equivalent (keV,.) scintillation [37], which is localized. Additionally, 477 keV vy
could be fully absorbed depending on the total scintillator size, leading to a maximum possible
capture signal at 570keV. Unfortunately, the ambient gamma field at LNGS, extending up to
2.6 MeV [11], would outweigh the capture signals in rate, hampering pristine neutron identification.
Aside from that, a boron-loaded plastic scintillator batch of the size of our interest is prohibitively
expensive. An alternative boron-based design would involve combining unloaded plastic scintillators
with gaseous boron trifluoride (BF3) thermal neutron detectors. However, we already abandoned
this hybrid scheme due to the reasons stated above.

Two isotopes, >>Gd and '3’ Gd, with very large neutron capture cross sections make gadolinium
highly attractive. Despite the fact that plastic scintillator technologies with Gd-loading were explored
by various groups [53-55], Gd-doped plastic scintillators are yet to be commercialized. A novel
type of Gd-based capture-gated neutron detector was previously demonstrated [56—58], in which
blocks of undoped plastic scintillators were interleaved with gadolinium sheets. The cascade of 3—4
post-capture y-rays —whose energy sum is 8.53 MeV and 7.95 MeV for '>Gd and '°’Gd captures,
respectively— leaves energy deposit in the scintillator above the gamma background level with an



efficiency that increases with size. This enables neutron capture events to be distinguished on a
quasi-background-free basis with a sufficiently large detector at LNGS. Furthermore, since the
high light yield and the transparency of the plastic scintillators are not compromised by Gd-loading,
the proton recoils preceding the capture signal can be reconstructed more accurately, hence better
neutron energy resolution. As we will show later, this detection scheme fulfills the main requirements
of the project. Alternatively, cadmium could be chosen instead of gadolinium, as presented in
ref. [59]. However, the use of cadmium was avoided due to its toxicity.

2  Design

The detection principle of the LNGS mobile neutron spectrometer is illustrated in figure 1. The
detector essentially consists of a stack of plastic scintillator bars. The four sides of each bar are
covered by thin Gd foils to enhance the neutron detection sensitivity. A fast neutron loses energy
through proton recoils in the scintillator bars. Following the thermalization, the neutron is captured
in the Gd foil, resulting in emission of multiple high energy gamma rays. Since the most energetic
gamma line present in the natural radioactivity of the LNGS cavern is at 2.6 MeV (**®Tl decay in
the 232Th series), an energy deposit above this level would be identified as a neutron capture signal
with a negligible background. The capture of a fast neutron would also reveal that the neutron lost
essentially all of its energy in the scintillator bars. Therefore, the neutron energy can be reconstructed
based on prior proton recoil signals. Time correlation between delayed capture and preceding
recoil interactions establishes a ground to remove the uncorrelated background pulses imitating
proton recoils. Additionally, the capture of ambient thermal neutrons on the support structure and
gamma shield is possible and the resulting high energy y-rays will be detected by the system as well.
However, thermal neutron capture signals will not be preceded by time-correlated proton recoils.
Since Gd-loading dictates a segmented structure, the detector can be composed of independent
detector segments. Figure 2 (left) portrays a single detector module, which essentially consists of
a 3-inch photomultiplier tube (PMT) and a plastic scintillator bar of dimensions 5cm X 5cm X
25cm. The PMT is of 9302B series, manufactured by ET Enterprises Limited [60] using ultra-low
background glass. The PMTs are equipped with mu-metal shields against Earth’s magnetic field.
The plastic scintillator is of EJ-200 type fabricated by Eljen Technology [61]. To improve the light
collection, the scintillator is wrapped by 3M ESR (Enhanced Specular Reflector) [62] film on all
sides not facing the PMT. The scintillator is glued to the PMT window by a thin layer of optical
cement (EJ-500 by Eljen Technology) to accomplish optical coupling and mechanical stability.
Finally, the reflector layer is covered by 100 pm thick Gd foils on all four lateral sides. These foils are
5cm by 25 cm in size and supplied by Stanford Advanced Materials [63]. The production process
of Gd foils encompasses several stages, namely, melting, purification, ingot casting, extrusion,
rolling, and surface treatment, by which >99.9% purity (in weight) is attained. The mobile neutron
spectrometer is made of 36 identical detector modules in 6 X 6 arrangement as shown in figure 2
(right). Note that all modules are individually wrapped by thin black foils, not displayed in the figure,
in order to ensure light-tightness. The rows in the scintillator array are separated by a vertical gap
of 1.2 cm, whereas there is no horizontal gap between the scintillators within each row. For every
pair of neighboring detector modules, no two PMTs are situated on the same side of the scintillator
array. Considering that the PMT window (3 inch diameter) has larger area than the scintillator face
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Figure 1. A simplified drawing of a fast neutron event in the LNGS Gd-based capture-gated neutron
spectrometer. A fast neutron (black) slows down via proton recoils (red) in the plastic scintillator bars
(blue). The thermalized neutron (dashed black) wanders in the plastic and eventually gets captured in the
Gd foil (green). Post-capture y-rays (yellow) serve as a neutron tag. Preceding proton recoils permit energy
reconstruction of the incident neutron.

(5 cm X 5 cm), this detector layout achieves the best possible compactness. In addition, the detector
architecture includes a gamma shield, which will be discussed in section 3.1.

Figure 2. (Left) Illustration of an individual detector segment. A 3-inch 9302B PMT is glued to a Scm X
5cm X 25 cm EJ-200 plastic scintillator on the head with optical cement. The scintillator is first wrapped
by a reflector film (orange) on remaining five sides, and then covered by 100 pm thick 5cm X 25 cm Gd
foils (green) on four lateral sides. The inset provides a longitudinal view of the PMT-scintillator intersection
around the corner of the scintillator (blue), indicating that all points on the scintillator face see the PMT.
(Right) CAD drawing of the LNGS mobile neutron spectrometer. The detector is assembled as a 6 X 6 array
of detector segments. A gap of 1.2 cm is present between the scintillator rows, while there is no horizontal gap
between the scintillator columns. To elude the overlap between PMTs, every two adjacent PMTs are imposed
to face opposite directions. The support structure, the gamma shield as well as light-tight black covers are not
shown in the drawings to avoid cluttering.



2.1 Determination of detector segmentation and segment size

There are major design constraints to impose for practical as well as physical reasons. First of all,
the number of PMT channels should be reasonably small, in fact not greater than 40, which allows
to use the existing data acquisition (DAQ) board provided by the Institute for Data Processing and
Electronics at Karlsruhe Institute of Technology (KIT) for this project. The details regarding the
DAQ system will be presented in section 4. Secondly, light guides are avoided because of adding
complexity and extra dead material to the detector, and attenuating the signal size. Thirdly, the light
collection within a detector segment should be fairly uniform, i.e., no significant position dependence
to ensure good energy resolution. Finally, the detector should have an adequate size (surface area
of ~0.5 m?) and a decent neutron efficiency (>3 %) to record at least 10 neutrons (fast) per day at
LNGS, if a total neutron flux of 107%n/cm? /s is assumed.

The uniform light collection without the aid of light guides can be achieved using transparent
but not too long plastic scintillator bars. If the scintillator slabs are short enough to ensure the
homogeneous light collection, then one PMT per plastic bar is sufficient. Given the number
of channels in the DAQ board, the detector can comprise up to 40 scintillator-PMT pairs. The
scintillators can be a cylinder or a cuboid. Based on previous applications and good practice, cuboid
plastic scintillators were preferred despite that the coupling between a PMT and a cylindrical bar
appears much simpler.! Furthermore, discarding the light guide-based approach requires that for
uniform light detection there must be no optically-decoupled spot on the scintillator-PMT interface.
Thus, the PMT window size is a natural guide to the transverse dimensions of the scintillator bars.
The typical PMT choices are 2- and 3-inch diameter ones and they can cover the entire scintillator
cross-sections of 3.5cm X 3.5cm and 5 cm X 5 cm, respectively.

A scintillator size of 30 cm x 30 cm x 25 cm (surface area of 0.48 m?) was deemed adequately
large for the neutron flux measurements and picked as a starting point to explore detector segmentation.
The scintillator volume could be cut into segments of size of 3.5cm X 3.5cm X 25 cm if 2-inch
PMTs were used. This would require more than 40 channels in the DAQ board, which can not be
accommodated. In the scenario of 3-inch PMTs, the same volume could be divided into 36 segments
with the dimensions of 5cm X 5 cm X 25 cm, satisfying the channel requirement. The choices for
the PMT window size as well as the transverse dimensions of the scintillator segments were then
made right away.

Although the segment cross-section was determined, the segments could also be assembled
from smaller segments, also wrapped by reflector and Gd foils, to enhance the Gd-loading, hence
the neutron efficiency. However, the more pixels the segments have, the more the light collection
uniformity degrades and the worse the energy resolution becomes. In order to examine the impact of
the design parameters on the light collection uniformity, Geant4 [64] simulation toolkit, version
10.06.p02, was utilized.

Two mini-segmentation cases as well as that of no mini-segmentation were considered to
simulate the light collection within a detector module. Given the benchmark segment size of 5 cm
X 5cm X 25 cm, the dimensions of the mini-segments were W X W x 25 cm, where the width, W,
was set to 1.25 cm, 2.5 cm and 5 cm, corresponding to 4 by 4 and 2 by 2 mini-segmentation, and no

1Optical simulations show that a cylindrical scintillator results in larger light collection efficiency on average yet larger
positional variations than a cuboid scintillator of similar size.



mini-segmentation, respectively. Each mini-segment was covered by a reflector layer on all sides
except the front end. The scintillator faces and the PMT window were coupled by 125 pm thick
optical glue. A tiny air gap was placed between scintillator and reflector to bolster total internal
reflections. Gadolinium foils do not bear an impact on the optical response, so they were ignored in
the geometry for this study. Table 2 summarizes the detector components and their optical properties
used in the light collection simulations. No wavelength dependence was assumed for the optical
parameters presented therein.

Table 2. Optical parameters used in the Geant4 simulation of the light collection for the LNGS neutron detector
modules. The scintillator surfaces were modelled as polished. The attenuation length of the scintillator
was quoted from the manufacturer’s datasheet. The optical glue’s absorption length was inferred from the
measurements in ref. [65]. Based on the datasheet, the reflector has a nominal reflectance greater than
98.5%. However, the reflectivity was set to 95% to account for minor imperfections at the air gap-reflector
interface. The optical photons were assumed to undergo specular spike reflection (i.e., perfect mirror) on the
reflector surface.

Component Refractive Index | Absorption Length (cm) | Reflectivity
EJ-200 Plastic Scintillator 1.58 380
PMT Borosilicate Glass 1.49 00
EJ-500 Optical Cement 1.57 1.65
Enhanced Specular Reflector 0.95

To compute the position-dependent light collection efficiency (LCE), photons were uniformly
generated over the scintillator module, which was then divided into cells of 0.5 cm x 0.5 cm X 0.5 cm.
About 25000 photons were originated from each cell. The light collection efficiency here is defined
as the ratio of the number of photons hitting the PMT photocathode (right behind the PMT window)
to the total number photons generated in a cell. Note that the photocathode has an active diameter of
70 mm. Figure 3 (left) shows the light collection efficiency distribution of the cells for the three
segmentation scenarios given the length of the scintillator module, L = 25 cm. As expected, the case
without mini-segmentation (W = 5 cm) is the most optically favorable option. The LCE distribution
for W =5cm and L = 25 cm has a mean of 51.43% and a standard deviation of 0.62%. Furthermore,
the impact of the scintillator length on LCE was analyzed. Although shorter modules are optically
more favorable, they produce smaller neutron efficiencies, as the efficiency is proportional to the
detector size, i.e., less likely for post-capture y-rays to escape without energy deposit. By the same
token, the ambient gamma background rate also scales with the module length. In figure 3 (right),
the LCE distributions of the modules with various lengths are compared given the width of 5 cm.
The LCE distributions for L = 30 cm and L = 35 cm possess mean values of 49.91% and 48.50%
and standard deviations of 0.74% and 0.88%, respectively. Considering the trade-off between LCE,
neutron efficiency and gamma background rate, a cautious choice of W = 5cm and L = 25 cm was
made for the segment size. In section 2.2, it will be established that this design provides sufficient
neutron detection efficiency.
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Figure 3. (Left) The LCE distributions of the detector segments, 25 cm in length, constructed from 4x4
(violet), 2x2 (orange) and 1x1 (red) scintillator pixels. The histograms have mean values of 46.77%, 49.11%
and 51.43%, and (unbinned) standard deviations of 1.81%, 1.01% and 0.62%, respectively. (Right) The LCE
distributions of the detector segments, 5 cm in width, with different lengths. The histograms for the lengths of
15cm, 20 cm, 25 cm, 30 cm and 35 cm have mean values of 54.95%, 53.11%, 51.43%, 49.91% and 48.50%,
and (unbinned) standard deviations of 0.43%, 0.51%, 0.62%, 0.74% and 0.88%, respectively. All histogram
contents were normalized to one.

2.2 Determination of gadolinium foil thickness

The effect of the gadolinium foil thickness on the neutron detection performance was investi-
gated within the same Geant4 framework as in section 2.1. The reference hadronic physics list,
QGSP_BIC_HP, was selected for the neutron simulations, which includes the high-precision trans-
port model of neutrons with energies below 20 MeV based on evaluated neutron data libraries. At
thermal energies, the neutron wavelength becomes comparable to the inter-atomic distances of the
hydrogenous medium, complicating the neutron scattering as a result of molecular effects [66]. In
order for a more accurate modelling of thermal neutron-hydrogen interactions (<4 eV) in the plastic
scintillator, G4NeutronHPThermalScattering library was also implemented, using the available
evaluated thermal neutron scattering data for polyethylene as a proxy material.

Thanks to the initiative of the neutrino physics community, it has been widely known that
Geant4’s modelling of the Gd gamma cascade following the neutron capture has shortcomings [67].
Since many of the post-capture y-rays escape the detector due to its small size, a correct description of
the Gd deexcitation cascade in simulations (i.e., individual gamma spectrum and gamma multiplicity)
is essential for an accurate computation of the expected neutron efficiency. An improved Geant4-
based Gd(n, y) model developed by the LZ dark matter experiment was employed in neutron
simulations [68, 69].

In simulations, neutrons were launched uniformly in all directions from the surface of a sphere
with a radius of 90 cm. The center of the sphere coincides with that of the full detector assembly
shown in figure 2 (right). Neutrons follow the standardized energy distribution of a bare >>Cf
source [70] with a low energy cut-off at 1 MeV. The 232Cf spectral shape above this energy is a
good approximation for that of the LNGS ambient neutrons calculated in ref. [1]. Three Gd-foil



thicknesses were investigated, namely 10, 30 and 100 pm. 100 million neutrons were generated for
each thickness configuration.

The neutron capture time profiles of the detector setups with different Gd foil thicknesses are
presented in figure 4 (left). The capture time distributions are essentially very much alike except that
more prompt captures take place with increasing thickness. Ultimately, 30 pm thickness is already
sufficient to capture almost all thermal neutrons reaching the Gd layer given 7 pm of mean free path
of the thermal neutrons in Gd. However, Gd isotopes also have appreciable capture cross sections
above thermal energies. As the thickness increases, more neutrons are captured rapidly prior to the
thermalization. These instant captures may pose a challenge for the detector electronics, since the
proton recoil and neutron capture signals are not well-separated. Thus, we required the capture
time to be greater than 1 s as a conservative measure in our analysis. Furthermore, about 88% and
95% of the captures occur within 100 ps and 150 pis, respectively. The upper end of the coincidence
window was then set to 100 ps in order to detect the most of the captures, while minimizing the
gamma accidentals.

Figure 4 (right) shows the neutron detection efficiencies for three detector configurations. The
efficiency here was defined as the probability of a neutron entering the active detector volume from
any direction to be captured by Gd foils within 1 to 100 s after its generation and then to induce
gamma energy deposits, whose sum is above the selected threshold energy. The efficiency curves are
almost identical at 30 and 100 pm, whereas the efficiencies are slightly lower when 10 nm thick foils
are used. Since thinner Gd foils are more complicated to fabricate, hence more expensive, 100 pm
thick foils were selected considering all three thicknesses resulted in similar performances.
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Figure 4. (Left) Normalized neutron capture time distributions for three Gd foil thicknesses. The capture
time was defined with respect to the generation time of the neutrons. The first proton recoil typically takes
place 40 ns after the neutrons start to propagate. The 95th percentile of the distributions is at about 150 ps.
(Right) Neutron detection efficiency as a function of the energy threshold on the post-capture gamma deposits
in the scintillator. A capture time cut of [1-100] ps was implemented. The efficiencies were simulated for the
full geometry of the setup. Only neutron captures on Gd were included in both figures.

The highest y-line originating from the natural radioactivity at the LNGS cavern walls is at
2.6 MeV. Therefore, the energy threshold to tag the Gd capture must be above this value in order to



distinguish Gd capture y-rays. The exact threshold value depends on energy resolution, which will
be discussed in section 3. However, it can be inferred from figure 4 (right) that the neutron efficiency
is expected to be bigger than the minimum requirement of 3%. Note that the fractions of neutron
capture events on gadolinium, hydrogen and carbon are 82.8%, 16.9% and 0.3%, respectively, in
the active medium of the detector. The captures on hydrogen were excluded in the analyses, since
hydrogen capture events produce single 2.2 MeV vy-rays, which would eventually be vetoed by the
energy threshold cut.

Finally, we investigated the energy sum and hit multiplicity distributions of the Gd(n, ) events
in order to further our understanding. The dataset simulated with 100 pum thick foils was used for
this purpose. Figure 5 (left) illustrates the spectrum of the energy deposits summed over all detector
modules. Since the capture y-rays are not entirely contained in the detector, the spectrum is rather
featureless and ends at about 8.3 MeV. Figure 5 (right) shows the distributions of the number of
modules that are hit by the y-rays for the events, where the total energy deposition is at least 2.6 MeV.
The distributions were drawn for several energy thresholds required per module. When all modules
with non-zero energy sum are counted, the average hit multiplicity is 3.98.
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Figure 5. (Left) Simulated energy sum spectrum of the capture events on Gd. The thickness of the Gd foils
was set to 100 pm in simulation. (Right) Hit multiplicity distributions of the Gd(n, y) events with the total
energy deposition greater than 2.6 MeV. The multiplicities were derived by requiring at least O keV (solid),
100 keV (dashed) and 200 keV (dotted) of energy deposition per module. The average module multiplicities
are 3.98, 2.89 and 2.49, respectively. All histogram contents were normalized to one.

3 Simulated detector response

The simulation of the complete detector response to gammas and neutrons was carried out by turning
on scintillation and quantum efficiency processes in plastic scintillators and PMTs, respectively.
Besides the optical parameters described in table 2, the electron scintillation yield was set to 10000
photons/MeV as per the product specifications and the proton scintillation yield was taken from
ref. [71]. Figure 6 illustrates the emission spectrum of the plastic scintillator as well as the PMT
quantum efficiency (QE) as a function of the scintillation wavelength. The effective QE averaged
over the scintillation spectrum is about 24%. Combining it with the mean LCE of 51.43% and the
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electron scintillation yield, an energy scale factor of 1.234 photoelectrons/keV was derived. This
conversion factor was used to obtain electron-equivalent reconstructed energy of an event after
counting the number of photoelectrons over all detector modules.
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Figure 6. Scintillation spectrum of the EJ-200 plastic scintillator (black) and ET 9302B PMT quantum
efficiency vs. wavelength (blue). Both spectra were acquired from manufacturers’ datasheets and included in
the Geant4 simulations.

3.1 Suppression of gamma-induced background

The high ambient gamma flux at LNGS is a potential source of accidental coincidences mimicking
proton recoils and neutron capture pulses in the detector. An environmental y-ray will be misidentified
as a real proton recoil pulse if it randomly leaks into the coincidence time window. To reduce
accidental y-events preceding a proper capture pulse, applying a high energy threshold on the prompt
signal (proton recoil) is not appropriate. Plastic scintillators yield quenched light output for proton
recoils [72]. In EJ-200, ~2.6 MeVe. signal is produced if a 6 MeV neutron deposits all its energy in
a single scatter [42]. Implementing a high energy cut on the proton recoil pulse similar to that on
the capture pulse would render the detector completely insensitive to <6 MeV neutrons. Therefore,
a gamma shield should be put in place in order to reduce the probability of accidental gammas
mimicking a proton recoil pulse.

In order to assess the impact of the shield, a series of gamma background simulations was
performed. The shield, fully encapsulating the detector, was modelled as a hollow box with
varying thicknesses. The inner dimensions of the shield are 36.2cm X 41.2cm X 59 cm. Lead was
chosen as a shielding material. The environmental gamma flux at LNGS was measured by various
groups at different lab locations [11, 73-76]. The flux numbers range from 0.15 to 1 y/cm?/s.
Conservatively, 1 y/cm?/s was assumed for the gamma rate estimation. The measured gamma
spectrum in refs. [73, 74], which extends up to 3 MeV, was fed into the Geant4 particle generator.
Taking a similar approach as in section 2.2, the gamma particles were generated isotropically from
the surface of a sphere with a radius of 90 cm. The energy of an event was reconstructed from the
total number of photoelectrons as aforementioned. The gamma rates as a function of the shield
thickness were then derived.
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Figure 7. Expected background gamma rate as a function of lead shield thickness. Only reconstructed energy
deposits greater than 50 keV are considered in the rate calculation.

Figure 7 shows the rate of ambient gamma events leaving more than a total of 50keV energy
deposit in the whole detector as a function of the lead shield thickness. The chosen value of 50 keV for
the threshold was driven by the response of the EJ-200 scintillator to 1 MeV neutrons, corresponding
to the start point energy of the simulated neutron spectrum in section 2.2. A 1 MeV neutron induces
on average a proton recoil of 0.5 MeV energy during a single scatter. A proton recoil of that energy
produces slightly above 50 keV., scintillation in the plastic [71]. Since neutrons undergo multiple
elastic collisions before the capture, it can be anticipated that 1 MeV neutrons will induce a total
of at least 50 keV e energy in proton recoils most of the time. Therefore, only the ambient gamma
events with more than 50 keV energy deposit, now a well-motivated design threshold, could then
fake the proton recoils in our setup. Note that this threshold energy is equivalent to ~60 detected
photoelectrons, clearly not a weak signal. In the real application, however, this threshold may be
revised and slightly increased depending on noise terms originating from the data acquisition system.
Figure 7 indicates that the accidental probability within the coincidence capture time window of
[1-100] ps can be kept below 5% with a 6 mm thick lead shield. Note that the thicknesses above
20 mm were not considered due to the heavy weight compromising the mobility of the system.

External y-rays can also induce a neutron capture signal. In principle, these fake capture
pulses can be very efficiently eliminated with an appropriate energy cut given that the flux of the
environmental y-rays with energies above 3 MeV is suppressed by five orders of magnitude with
respect to that of 2.6 MeV y-rays from 2%®TI decays in the cavern walls [73]. However, two gamma
rays that randomly enter the detector at about the same time may produce coincidentally summed
events [77]. These 2-fold pile-up events result in pulses with energies extending up to 5.2 MeV,
which can not be removed trivially. This pile-up effect was exploited to estimate the high energy
background for the capture pulses and to devise shielding against the spurious capture events of
pile-up origin.
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To incorporate the effect of the pile-up in the background gamma spectrum, a simple model
presented in ref. [78] was followed. Suppose fs(E) represents the probability density function
(PDF) of the no-pile-up (single) spectrum. Then, the PDF of the pile-up (double) spectrum, fp(E),
will just be the convolution of the two single PDFs:

+00
1o(B) = [ Ss(Ef5(E - EE (3.1)
Then, the combined PDF will read as:

fc(E) = (1= p)fs(E) + pfp(E) (3.2)

where p is the pile-up probability. It is equal to the single rate (p) times the pile-up time window
(€). A typical PMT pulse is a few tens of nanoseconds wide. However, the raw PMT pulses need to
be stretched due to the characteristics of the data acquisition system (see section 4). The stretched
pulses will not be wider than 250 ns as a design criterion. Thus, € was set to 250 ns as the pile-up
time window for the high energy background estimation. Since p < 0.1, pile-up at higher orders is
negligible. Figure 8 provides an illustrative example on how pile-up induces background for our
capture signals. It should be noted that thanks to the segmented detector layout, two random gammas
hitting different detector segments are expected to be resolved within a much shorter window in
reality than the assumed e.
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Figure 8. Spectral shapes of the no-pile-up (black), pile-up (blue) and combined (dashed red) cases computed
under the no-shield assumption. The pile-up phenomenon is responsible for the background above 3 MeV.
The high energy tail is suppressed by the pile-up probability.

The impact of the lead shield on the pile-up-induced background was investigated as in what
follows: First, the combined PDFs were derived for various lead shield thicknesses. Second, the
PDFs were normalized to the total single rate in order to estimate high energy background at different
thresholds. The high energy pulses alone do not mimic a fast neutron capture event, they have to be
accompanied by a preceding accidental y-ray. Thus, the rate of fake neutron captures owing to the
pile-up was obtained after multiplying the high energy gamma rate by the accidental probability at a
given lead thickness.
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Figure 9 shows the rate of this background as a function of the lead shield thickness at three
different high energy thresholds. The background rates become almost flat starting at 16 mm. At this
thickness, 0.45 background events per day is expected at the threshold of 3 MeV, whereas the real
fast neutron expectation is typically 10 events per day, as aforementioned. It can be argued that a
thinner lead shield thickness may indeed be sufficient. However, it should be noted that our neutron
detection efficiency is yet to be experimentally verified and that the neutron flux at LNGS is likely to
vary significantly. The expected signal rates may turn out to be lower or higher. For this reason,
the lead thickness was chosen to be 16 mm, which is rather conservative. Note that the accidental
probability at this thickness is 2.16%. Figure 10 presents the expected background gamma spectra
with and without the lead shield. The background gamma rate is suppressed by almost a factor of 15
with the lead shield.
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Figure 9. The counts of the pile-up-induced background per day as a function of the lead shield thickness for
three alternative capture energy thresholds. The right-hand panel shows the background rates with the lead
shield thicknesses from 8 to 20 mm for clarity.

3.2 Complete detector response to neutrons

The full detector response to the fast neutrons was implemented by repeating the simulation steps
described in section 2.2 with the addition of the particle type-dependent (proton and electron)
scintillation emission. The neutron flux for the full detector simulation was assumed to be
0.42 x 10~%n/cm?/s. The number was based on a previous on-site measurement in ref. [9] and
corresponds to the flux of neutrons with energies between 1 and 10 MeV. In the neutron simulations,
the neutron energies are sampled from the 22Cf spectrum, which also has an artificial low-energy
cut-off at 1 MeV (reason explained in section 2.2) and an end point at 10 MeV. The simulated gamma
spectra, following the neutron capture on Gd, are shown in figure 11 for the unshielded and shielded
detector configurations. The integrated neutron capture rate is about 12 neutrons per day at the
capture threshold of 3 MeV. The shield does not affect the neutron detection efficiency. The rate of
the neutron captures on lead leaving at least 3 MeV of energy deposit in the scintillator modules is
0.006 counts per day.

Capture signals of the fast neutrons will always be preceded by proton recoils. In order to
examine our experimental sensitivity to the proton recoils, captures of 1, 2, 3 and 4 MeV neutrons
were analyzed. Figure 12 shows the electron-equivalent energy distributions of the proton recoils
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Figure 11. Simulated Gd(n, y) spectra of the ambient neutrons (left axis) with (red) and without (blue) a lead
shield of 16 mm thickness. The black dots represent the expected daily neutron capture counts (right axis) at
various thresholds on the energy deposit due to capture y-rays. The shielded spectrum was integrated starting
at respective threshold values in order to obtain the daily counts. A neutron flux of 0.42 x 107%n/cm?/s
was assumed.
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of these neutrons. With a probability of 85%, 1 MeV neutrons produce recoil signals, whose sum
energy is greater than the threshold of 50 keV... The same probability is about 95% for the other
three neutron groups. Thus, operating the detector at the neutron energy threshold of 1 MeV seems
quite feasible. As stated in section 1, ref. [15] reported ambient neutron measurement at LNGS with
the best resolution up to date, albeit at a high neutron threshold of 5 MeV. By design, this neutron
spectrometer has a promising potential to reduce the neutron threshold down to 1 MeV or even lower.
Note that the unfolding of the proton recoil spectrum and the impact of the detector segmentation
on the neutron energy reconstruction were not scrutinized here, as they are not within the scope of
this report.
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Figure 12. Proton recoil spectra of various neutron groups. Only the events that passed the capture time
(1-100 ps) and capture energy (>3 MeV) cuts were plotted. The neutrons were generated isotropically from a
sphere of a radius of 90 cm similar to the other neutron simulations presented. The proton scintillation was
simulated based on the measurements in ref. [71]. The detected photoelectrons induced by proton scintillation
were counted over all channels and then converted into an electron-equivalent energy. All histogram contents
were normalized to one.

Lastly, thermal neutrons were studied as a background source. Thermal neutrons can also be
captured in the detector. If the capture pulse is preceded by an accidental gamma within the capture
time window, it would pose as a signal event. The thermal neutron flux numbers vary between
0.32 [12] and 5.3 [4] x10~°n /ecm? /s across the measurements. Assuming the largest flux value, the
rate of thermal neutron captures on both gadolinium and lead, leaving at least 3 MeV of energy in the
scintillator volume and being coincident with an accidental y-ray, is 2.26 counts per day. In the real
application, the sum rates of this background and pile-up-induced background will be determined
from the sideband measurements (i.e., studying the events where the preceding pulse lies outside the
chosen coincidence time window), as they are tied to random coincidences.

Muon-induced neutron activity is another critical background source for rare event searches
at LNGS. In principle, the designed detector will be sensitive to neutrons of this origin as well.
However, the flux of the muon-induced neutrons, heavily suppressed at these depths, is at least
two orders of magnitude lower than that of radioactivity-induced neutrons, as stated previously in
section 1. The event rate will therefore be statistically insignificant. Moreover, the muon-induced
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neutron spectrum extends to several GeV [2]. The design was optimized to detect <10 MeV neutrons,
hence only muon-induced neutrons within this energy region will be detected efficiently. Therefore,
although we may occasionally observe a muon-induced neutron event, the proposed system is focused
on the detection of radioactivity-induced neutron activity.

4 Data acquisition and mechanical setup

The data acquisition (DAQ) will be handled by the board that was previously built at KIT for the
TRISTAN experiment [79]. The main board allows a digital readout of up to 40 channels thanks
to the five 8-channel analog-to-digital converters (ADC) located on individual mezzanine boards.
Each ADC board comes with an 8-channel programmable-gain amplifier and anti-alias filters. The
PMT signals are digitized at a sampling frequency of 62.5 MHz (i.e., 16 ns of pulse sampling width).
Since the typical PMT pulses are much faster, each raw pulse will be stretched via a low-pass circuit
individually in order for a commensurate waveform sampling by the DAQ board. This front-end
circuitry is currently being designed and the stretched pulses are expected be shorter than 250 ns
(see section 3.1).

The trigger decision will be made based on the sum of the pulses from multiple detector modules
that are hit simultaneously by the capture gamma rays. This master trigger will have a high threshold
(3 MeVe.) to select neutron capture candidate events. Multiple modules, where the total energy
deposition is greater than 3 MeV,., as well as a single module with >3 MeV,. energy deposit can
activate the master trigger. An event will be centered around the master trigger time and extend
100 ps backward and forward. The Field Programmable Gate Array (FPGA) on the main board
will be set up to look at all channels and find pulses above a certain threshold within the event
window. This secondary threshold ensures that only waveform snippets that are significantly above
the baseline are recorded. The coincidence time between the capture pulse and proton recoils is not
a part of hardware trigger, but will be imposed during offline analysis. Note that the acquisition
scheme will grant dead time-free readout. Additionally, the system will be capable of adopting an
external trigger as master trigger.

Ideally, a fast neutron capture event will be triggered by the Gd(n, ) pulse passing the assumed
threshold of 3 MeV,., and then preceding proton recoils with an energy sum of at least 50 keV,
will be identified in the pre-trigger window (100 s wide). However, that may not always be the
case. For instance, a 9 MeV neutron, captured in the detector, may produce >3 MeV,. proton
recoils, which would trigger an event. In this case, the actual capture pulse would follow the trigger
pulse and could be found in the post-trigger window (also 100 pis wide). Thus, the event would be
constructed in the correct order during offline analysis and the proton recoils would be selected (with
no high-energy cut-off) if and only if the capture pulse passes the relevant threshold. Thanks to
the pre- and post-trigger recording, we can maintain the sensitivity to the high energy tail of the
neutron spectrum.

Concerning the mechanical setup, all system components will be loaded on a sturdy 2-tier utility
cart on wheels. The bottom shelf will host the detector modules and the lead shield, whereas the
DAQ board, the front-end circuit, the high voltage (HV) crate and the computer will be placed on the
top shelf. The PMT and HV cables will be delivered from bottom floor to top floor. The design of
the complete mechanical structure is ongoing.
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5 Summary

We presented the design of a mobile neutron spectrometer for the LNGS underground laboratory.
The detector consists of 36 independent modules arranged in a 6-by-6 array. In each module, a plastic
scintillator bar, after being wrapped by reflector and gadolinium foils, is affixed to a 3-inch PMT via
optical glue. The proton recoils prompted by the thermalization of a fast neutron in the scintillator
gives a measure of the neutron’s initial energy. The high energy deposit following the capture of the
thermalized neutron on gadolinium enables neutron tagging. The time coincidence between the cap-
ture signal and the preceding proton recoils lies at the core of the design, which provides an excellent
background suppression. A further reduction in background originating from accidental gammas
is accomplished by a 16 mm thick lead shield. The detector construction is currently in progress.
We also studied the expected detector performance within the Geant4 simulation framework.
The simulations indicate that the neutron threshold energy down to 1 MeV can be feasibly reached.
Using a simulated 22Cf neutron source with a clipped energy spectrum (1-10 MeV), the neutron
detection efficiency was found to be ~6 % at the capture gamma energy threshold of 3 MeV. We
expect to detect about 12 neutrons per day, assuming an ambient neutron flux of 0.42 x 10~ n/cm?/s.
Two background sources were thoroughly investigated, namely thermal neutrons and the pile-up
of environmental gammas. Thermal neutrons will be captured on gadolinium sheets and the capture
pulses can accidentally pair up with an ambient gamma, hence faking fast neutron capture events.
Based on the largest thermal neutron flux number ever measured at LNGS, 5.3 X 10~%n/cm?/s,
we established that the upper limit for the thermal neutron-induced background rate would be 2.26
counts per day. Concerning the pile-up phenomenon, two random environmental gammas can
quasi-simultaneously leave energy deposits in the detector and the summed pulse may be misidentified
as a genuine capture pulse. Combined with an accidental gamma within the coincidence window,
false neutron capture events may arise. Assuming an ambient gamma flux of 1 y/cm?/s, the
pile-up-induced background rate was conservatively estimated to be about 0.45 events per day at
the capture signal threshold of 3 MeV. The rate of ambient gammas leaving at least 50 keV energy
deposit (assumed threshold for the preceding proton recoil signal) in the detector is 218 Hz. The
probability of an ambient gamma faking a proton recoil within the coincidence time window is 2.16%.
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