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ABSTRACT. In this paper we demonstrate that it is possible to produce low cosbme
sensitive detectors using stereo-lithography additive manufacturing. A curabikasicigtresin
is made by mixing BN/ZnS with a commercially available UV resin. Téssn is used to prir
several small area neutron detectors made of arrays of BN/ZnS conesnthag directly
coupled to a photo-multiplier tube.
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1. Introduction

Helium 3 detectors are considered the Ogold standardO for neutron detectioheiue
high efficiency and insensitivity to gamma radiation. Driven by shortages afriidiin recent
years however, there has been rapid development in alternatives to thisagghursahg solid
state detectors or scintillating materials. Li/ZnS composite natgeare one such alternativi
that are sensitive to thermal neutrons. A neutron capture by Li resultkotiy &haracteristic
decay time of the ZnS scintillator pulse which can be easily idehtii@ng pulse shape
discrimination techniques. Since Li/ZnS is opaque, the sensitivity ofeatdeis governed by
the total active surface area coupled to a photo-detector. Several designsdde use of
rippled structures, or light guides to effectively increase the total isensitea of these
detectors with a minimal number of photo-detectors [1][2]. In [3], it was shown that chmeshri
hexagonal BN mixed with ZnS was a suitable lower cost alternativilZa3. provided large
area, low cost detectors could be constructed using wavelength shifting light guides for re.

Recently, with rapid advances in the availability and reduction in cost pfi@bng, there
have been several studies on the development of 3D printing plastic soml6][6]. In [5],
scintillating dopants are mixed with a photopolymer resin to produce a solutiooathde
cured (solidified) using 385 nm light. This makes it possible to use StereoLiphggiaL) to
produce 3D objects by curing multiple 2D images from the resin and stackingpthép of
one another as shown in Figure 1. A high efficiency scintillator resin timabes8D printed
using SL has the potential to radically transform the radiation detecuby ri@king it possible
to prototype complex structures that are not feasible using standard manufacturing techni

In this paper we demonstrate that it is possible to 3D print complex, neutrsitivee
geometries by mixing unenriched BN/ZnS with a UV curing resin. Since only theuttgre
layers of a BN/ZnS or Li/ZnS detector are sensitive to neutrons due to ateriatDs
opagueness, it is feasible to mix these compounds into commerciallybéev&lM curing resins
to produce sensitive detector prototypes at low cost. This paper is orgasiseltbws; in
section 2 the scintillating resin mixture and curing procedures are discussextition 3 the
scintillator testing method is described, in section 4 the pulse disation performance for
three differing geometries is evaluated, before finally section 5 discusse®rnclusions and
potential uses for this technique.

2. UV Cured BN/ZnS Scintillator

To produce a neutron sensitive scintillating resin, BN and ZnS powders wer intixe
commercially available clear UV resin from AnyCubic Photon Ltd [7] with a weight ratio of

1 BN :57ZnS: 5 Clear Resin.
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Figure 1. Stereolithography 3D printing method. Objects are OslicedO into multiple 2D

which are cured by a UV screen projected into the resin container. 3D objects are cons

by curing many different 2D layers on top of one another, moving the print bed up slic
after each layer.

In [3], ratios greater than 1:3 of BN to ZnS were shown to satisfy the conditioaati
BN molecule is sufficiently surrounded by ZnS that the neutron capture productso le
strong scintillation signal. A slightly larger conservative fraction of ZnS etesen in this wor
to ensure this was still the case in the UV curable resin mixforensure adequate mixing
the BN/ZnS compound, these were first mixed dry inside a blacked out container.

The resulting powder was then placed on a slow magnetic stirrer as id\iviees pourel
in to the blackout container to produce an opaque white resin. This scimgillasin was slowl
stirred for two hours at room temperature to ensure a good solution with no air bublel
resin was kept in the original blackout container throughout the entire mixing pratés
minimised unwanted curing of the resin before the printing stage, as this was tto
prematurely thicken the mixture making it difficult to print with. Ideally, th&o of BN/ZnS tc
resin should be as high as possible as the resin is insensitive to natgrantions, howeve
initial tests found that mixtures with a ratio much higher than 1:1 begarhtwvdes a nor
Newtonian fluid that made it difficult to produce a well-mixed solution of BiE/resin tha
could be printed with.

An AnyCubic Photon SL printer was used to construct 3D objects from this latimd
resin, curing with a 406m UV screen [8] with voxel resolution of ~10um. When trying to ¢
with the scintillating resin using the standard curing settings suggestedefariginal clea
resin, many prints failed as the resin tended to cure directly to the rddhsinstead of the pril
bed. This was determined to be due to poor UV light transport through the opaqusines
insufficient light could pass through, the first few layers were only slightlyddiareaway fron
the UV screen. This was solved by printing the first few layers of disposapp®rt structure
using a standard clear UV resin before filling the resin container with BN&Si® mixture
once a stable base on the print bed had been formed.

This dual resin method made it possible to print 3D objects, however as shBigare 2,
it was still not possible to produce high quality outputs due to the print betbplieea skew
over the course of a print. This was found to only occur when using vertical lsg@k5i@pum.
It is believed this is a result of the slightly non-newtonian behaviour of thewben mixed a
a 6:5 powder to resin ratio. This behaviour leads to a minimum compression $sidlaiew
which excess pressure is applied to the print bed that leads to askevalhfter each layer
cured. This results in failed print parts with noticeable warping.

Changing to a minimum vertical layer size of 5@ and avoiding printing objects wi
large surface areas on consecutive layers reduced the forces on the print beddantt
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Figure 2. (top left) Skewed print bed due to the BN/ZnS UV curing resin due to using

small vertical layer heights when printing. (top-right) Example of a failed, skewed pri

Modified curing settings with thicker printer layers lead to successful prints, allowing n
complex geometries to be produced (bottom).

possible to successfully produce complex prints from the resin. Figure 2 showsesasfuity
printed neutron detector made of an array afi8 radius BN/ZnS cones that can be dire
mounted onto the face of Photo-Multiplier Tube (PMT) for readout. This cone structkes it
possible to couple a larger surface area to a PMT compared to a flanBNlheet simply b
changing the geometry of the printed part. Since the minimum compression thick
believed to be a function of the powder to resin ratio, it is possible thateckduiging ratios
could be used to produce parts with a much finer vertical resolution in the fllleievath
lower detection efficiencies.

3. Scintillator Testing

To evaluate the neutron discrimination power of this 3D printed cone dete¢ést,
stand was setup inside a dark box as shown in Figure 3. The neutron detectoouméed
directly onto the face of an ET-Enterprises 9902B PMT. The PMT was supptiec Wi2kV
High Voltage (HV) bias using an ET-HV3820AN base. The output pulse from thevirld Ted
directly into a DRS4 Evaluation Board, which digitised the signal into 14 ADCabiisrate o
1GHz with a 1024 sample acquisition window. Since this digitiser does netahBulse Shay
Discrimination (PSD) trigger built in, a fixed threshold discriminator s&0DatV was used t
trigger the digitisation of a full pulse which was saved for further processing offline.

In early tests it was noted that the ZnS was easily activately/dight, therefore eac
3D print was kept in a dark box for 24 hours before being tested. In each test, theSI
detector was removed from storage and mounted inside the test stand beforefb&mndlL0
minutes for any stray activation of the ZnS during its installation to déadpwing this
installation period, a one hour data taking period was started on the diJitiserovide ar
source of neutrons, a Cf-252 source (0.729MBq) was placed outside the dark box surrot
a HDPE moderator, approximately 40cm away from the detector. As expectaonsadtmm
the Cf-252 source were found to produce long pulses in the BN/ZnS mixture, of the ¢
several microseconds. In contrast pulses obtained either with no source preseith, @
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Figure 3. Photo-multiplier test stand layout. A neutron capture on the BN/ZnS cone de
results in a long scintillator pulse in the PMT which is tagged during offline analysis o
DRS4 digitiser data.
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Figure 4. Characteristic difference in pulse decay times for neutrons, gamma and
noise events for the detector. The long decay time of neutron events are usec
discriminate neutrons from background signals by comparing short and long inte:

Cs-137 gamma source (213MBq), were found to have widths below 30ns. Example puls
a characteristic neutron and background pulses can be seen in Figure 4.

Using the digitised pulses collected over each one hour period, a Pulse
Discrimination (PSD) algorithm was applied to the pulses offline. A IRalo metric wa:
defined as the ratio of OshortO and OlongO integrals. Given a trigger tirae)3JhortO integ
was defined as the total pulse area fran6Tis to T+20ns, and OlongO was the total area
To-6 ns to ©+920ns. A width of 2éns for the short integral was chosen based on studies
pulses taken with either Cf-252 or Cs-137 sources present, and data obtained when n
detector was attached to the PMT face. To obtain a high neutron deféctenay, it was
necessary to operate the PMT with high gain, as typically only several phatoasletecto
every few nano-seconds during a neutron capture event. The drawback of this is BT {
noise typically has a high amplitude and is too difficult to separate frammgainteractior
events based on its pulse height or timing information. Despite this, the hamgcteristic
decay time of neutron capture events in the BN/ZnS made it possible ate itoése even
from the PMT background and gamma events.
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Figure 5. Pulse shape discrimination results for a UV-cured neutron detector.
left) No source present. (top-right) Cs-137 gamma source present. (bottom-
Cf-252 present. (bottom-right) Alternative time-over-threshold discriminatio

metric performance for various source conditions. All Cf-252 distributions shc

clear excess of events due to neutrons capturing in the detector.

Plotting these PSD distributions as a function of the short pulse intedtiguire 5 show.
a distribution of background eventsRfD Ratio < 6.15 that is present even when no sou
nearby. When a Cs-137 gamma radiation source is added, a significant inctbassaumber o
these events is observed, but it is difficult to separate the two tfypmeents based on pul
height or timing information. In contrast, when a Cf-252 source is placed outside thmxaa
clear excess of events with long decaying pulses appears above PSD Ratidrraldion to
this clear excess, additional events are also observed in the PSD<Rsatib region when
Cf-252 source is present. Due to Cf-252 gamma radiation events, and additional Jgkss
that are generated from events where an additional event occurred detectedhéuraagiou
dead time of the DRS4 evaluation board (1ms), and the trigger misinterprets thietperong
scintillation decay as a new trigger event. It is expected that antissid data acquisitic
system could be used to further optimise the efficiency of these detectomsenahve DRS:
board has been shown to achieve a satisfactory level of neutron detecti@m@ffigiven the
relatively low cost to produce the neutron sensitive detectors themselvdgerfore, givel
the long decay time of the detectors when exposed to a neutron source, it silsle posise
simplified discriminator metric such as Time-Over-Threshold as showrgurd-b to reliably
identify neutron events, meaning they could be used with a single channel compa
produce an extremely low cost neutron detector.
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4.PSD Performance Evaluation

This novel development in 3D printed structures makes it possible to inve
alternative ways to print optimised structures. In this section we briefgsfigate the possib
effect 3D printed cone size could have on detector performance for a neutron dtataorto
that shown in the previous section. By printing narrower conical structures witbathe
height, the total sensitive area of a neutron detector that emits lighitérsorface isotropicall
should be effectively increased. To investigate the effect this could drawdiscriminatior
power, two alternative conical geometries were investigated. Conicalafa@dimm (small),
3mm (medium), and #m (large) were considered as shown in Figure 6. The approx
increase in surface area compared to a flat disk when neglecting thieveensiface of on
cone being blocked by another, is 401% (small), 273% (medium), and 211%
respectively. Unfortunately, due to the bed skew issues discussed previamakyniot possibl
to print a flat neutron sensitive disk for reliable comparison, however relatiparisons o
such geometries can still highlight whether specific optimisation metadsmprove neutro
detection or light collection efficiency.

Figure 6. Different cone detector geometries considered in this study.

For each geometry study, the analysis procedure described in Section 3 waedr
Digitiser pulses were recorded for a one hour period, with and without a Cf-252 sourtaai
into the PMT test stand, before being analysed offline. As can be semguiia ¥, the additiol
of the Cf-252 source produces a clear excess of events around B3Dr short pulse integra
greater than 800 mVs due to neutron interactions in the BN/ZnS. No significkmeiif in
the shape or position of this distribution was observed when changing the detectosize a
shown in Figure 7.

Comparisons of the total number of events detected with PSD Ratio > 6.15 h
suggest a very slight change in total detection efficiency, with thdél so@es showing
+6.6+ 3.2% increase in efficiency, and the large cones having at-&46 reduction ir
efficiency when compared to the medium cones detectrge increases in the number
events observed were also observed for the small cones detector even with eqsesent
suggesting that some fraction of the variation in events observed for PSD < 6.dGentashe
surface of the BN/ZnS activating when exposed to light when the detectorgstafied in the
dark box. One possible reason for such small differences in total detected resternis
compared to that expected from the change in total surface area is duedeelieed nature c
the 3D printed cone arrays. When considering perfectly smooth cones therayes efflective
increase in area with reducing cone diameter. In a voxelised geometry haalleserfaces ar
either directly parallel or perpendicular to the PMT face when imaged l&ipan scale
Therefore the increase in effective area is likely to be significardiycesd. Despite this lack
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Figure 7. PSD Ratio comparisons for neutron detectors with variable cone dimensior
short pulse integrals > 800 mVs. All pieces were found to be sensitive to a Cf-252 soul
showed no significant variation in pulse height or discrimination power. (left) Comparis
the results obtained with the Medium Cones detector under different radiation field cor
to highlight the neutron events excess. (right) Comparison of the neutron event excess

three different candidate detector geometries.

Table 1. Detected events in different PSD regions for the three ne
detector geometries investigated in this study.

No Source Cf-252 Source Cs-137 Source
Detector
PSD < 6.15| PSD > 6.15| PSD <6.15| PSD >6.15| PSD <6.15| PSD >6.15
Small 2840 + 53 23%5 13454 + 115 2152 + 46 - -

Medium 1421 + 38 255 9345+ 97 2019+45(10319+101 51+7
Large 1351 + 37 16+4 7482 £ 86 1852+ 43 - -

improvement in discrimination power, these studies have demonstrated tbiaf tueing resin
suggested in this paper can be used to produce extremely fine scale fe@thwat further
degradation of the detector sensitivity.

5.Conclusions

This work has demonstrated that it is feasible to produce novel neutron detesitgy
additive manufacturing by mixing BN/ZnS compounds into commercially availableeSi.
This makes it possible to produce complex structures that could be usednz®mietecto
sensitivity. Whilst changes in total surface area in a printed conegeoayetry were found t
not significantly improve the pulse shape discrimination power, alternativeegeesproduce:
on printers with finer resolution could improve this in the future.

The use of low cost clear resin to print support structures was found to notdmypaint
stability but also reduce the total cost of the prints. Custom built 3D yxriotelld extend thi
further by using in-situ resin mixing to produce complex structures with varying lev:
scintillator doping across a part. This could potentially provide positional inframabr
improved sensitivity and discrimination capability in mixed radiation fields.
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