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A new method of creating a multilayer scintillation element for the registration of thermal 
neutrons using 3D printing technology on an FDM printer has been developed. The influence of 
thermophysical parameters of printing materials on the geometric shape and functional proper-
ties of the printed product was investigated. Optimal settings of the printing technology were 
selected. Samples of the scintillation element, which consists of layers of light guides alternating 
with scintillator layers, have been produced. Polystyrene was used as the light guide. A compos-
ite material based on polystyrene with a filler of zinc sulfide powder activated by silver, with the 
addition of a boron oxide (B2O3) neutron converter – ZnS:Ag/B2O3 – was used as a scintillator. 
The use of 3D printing with two materials in a single technological cycle made it possible to 
significantly simplify the process of creating a scintillation element compared to traditional tech-
nologies. The thermal neutron registration efficiency of the scintillation element sample created 
using 3D printing technology is 68%, which is comparable to the modern analogs of solid-state 
detectors created using traditional technology.

Keywords: 3D printing, FDM, ZnS:Ag, boron oxide, neutron converter, scintillation materi-
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3Д-друк сцинтиляційного елемента для детектування теплових нейтронів на 
основі ZnS:Ag/В2О3. М.Л. Сібілєв, А.Ю. Бояринцев, О.В. Колесніков, В.О. Новгородцев, 
Т.Г.  Сібілєва

Розроблено новий спосіб створення багатошарового сцинтиляційного елементу для 
реєстрації теплових нейтронів з використанням технології 3D-ддруку на FDM принтері. 
Досліджено вплив теплофізичних параметрів матеріалів друку на геометричну форму 
та функціональні властивості друкованого виробу. Підібрано оптимальні налаштування 
технології друку. Виготовлено зразки сцинтиляційного елементу, який складається з шарів 
світловодів, що чергуються з шарами сцинтилятору. В якості світловодів використано 
полістирол. В якості сцинтилятору використано композитний матеріал на основі 
полістиролу, з наповнювачем порошку сульфіду цинку, активованого сріблом з додаванням 
конвертеру нейтронів нейтронів оксиду бору В2О3 – ZnS:Ag/B2O3. Використання 3D-друку 
двома матеріалами в єдиному технологічному циклі дозволило значно спростити процес 
створення сцинтиляційного елементу порівняно до традиційних технологій. Ефективність 
реєстрації теплових нейтронів зразку сцинтиляційного елемента, створеного за технологією 
3D-друку, становить 68%, що можна порівняти з сучасними аналогами твердотільних детек-
торів, створених за традиційною технологією.
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1. Introduction
Thermal neutron detectors are used in ra-

diation portal monitors [1, 2, 3], nuclear power 
engineering [4], neutron radiography [5], etc. 
Due to the combination of high functional and 
operational characteristics, gas proportional 
detectors based on 3He have found wide appli-
cation and have become the de facto standard 
in this field. However, over the last ten years, 
there has been a shortage and rising prices 
of this isotope. The annual production of ³He 
is 10-20 thousand liters, while the demand is 
40-70 thousand liters [2]. This necessitates the 
introduction of alternative thermal neutron 
detectors, in particular solid-state scintilla-
tion detectors. Usually, such detectors contain 
neutron converters − isotopes capable of effi-
cient absorption of neutrons with subsequent 
emission of alpha particles, which, in turn, in-
teract with the scintillator (for example, ZnS:
Ag). Despite the fact that such detectors have 
been known for more than half a century [6], 
the development of such detectors is currently 
still relevant. They are considered as one of the 
promising technologies for replacing ³He detec-
tors [2, 7]. The most common neutron convert-
ers are the isotopes 6Li and 10B, [3, 7]. Scintil-
lation detectors based on ZnS:Ag with such 
converters demonstrate technical characteris-
tics comparable to 3He gas discharge detectors 
[8-10].

Although 10B is inferior to 6Li in reaction en-
ergy (4.78 MeV versus 2.73 and 2.05 MeV for 
10B), it has the following advantages: a larger 
neutron capture cross section (3837 barn ver-
sus 942 barn for 6Li); a higher content of the 
10B isotope in natural boron (about 20% com-
pared to 7.5% of 6Li in natural lithium), which 
makes it possible to use natural boron for the 
manufacture of detectors without strict effi-
ciency requirements; a larger number of non-
hygroscopic and chemically stable compounds, 
which determines the manufacturability of 
scintillation elements.

Since it is currently impossible to obtain 
bulk crystals of ZnS:Ag, the scintillation mate-
rial is made in the form of composites and mix-
tures, which are small granules of ZnS:Ag in a 
polymer matrix. Obviously, such mixtures have 
a large extinction coefficient, so they are practi-
cally opaque. The traditional way to overcome 
this drawback is to use designs in which the 
scintillation signal is transmitted to the pho-
todetector through a non-scintillating fiber. In 
practice, this principle is implemented in the 

following designs: detectors in the form of non-
scintillating fibers with a scintillation coating 
[7], ring detectors [11] and more common mul-
tilayer detectors in which scintillation layers 
alternate with optical fiber layers. Depending 
on the application conditions, detectors with 
different numbers of scintillator and fiber lay-
ers are manufactured [8, 12, 13].

Geometric parameters of scintillation ele-
ments are determined by their specific purpose 
and operating conditions. In the first approxi-
mation, it is possible to formulate the following 
general principles regarding the interrelation-
ship of geometric and functional parameters. 
Reducing the thickness of the scintillation 
layer makes it possible to reduce the sensitiv-
ity to gamma radiation. Increasing the number 
of scintillation layers allows for higher neutron 
detection efficiency. Reducing the thickness of 
the optical fiber allows for more compact scin-
tillation elements. For example, a scintillation 
element for thermal neutron detection [12] has 
3 layers of light-guiding material with a thick-
ness of 3 mm and 4 scintillation layers with a 
thickness of 0.2 mm. And the scintillation ele-
ment for recording thermal neutrons [8] has 4 
layers of light- guiding material with a thick-
ness of 3 mm and 5 scintillation layers with a 
thickness of 0.2 mm.

The idea of manufacturing scintillation de-
tectors using 3D printing methods is relatively 
new, but has already proven its capabilities in 
scintillation materials science [14-17]. At the 
same time, 3D printing methods provide new 
opportunities for automating production, ob-
taining products of stable quality and accuracy 
by eliminating the “human factor”, the relative 
ease of obtaining geometrically complex proto-
types and detectors consisting of several mate-
rials, etc. [14, 16, 18].

One of the most common additive manufac-
turing technologies, Fused Deposition Model-
ling (FDM), is based on the layer-by-layer depo-
sition of molten material onto a work platform. 
A thread of low-melting material (filament) 
is fed into a heated extruder, melted and ex-
truded onto the platform. The extruder moves 
along a given trajectory, creating a part of a 
given shape. FDM technology allows creating 
both monolithic and composite scintillation de-
tectors [14, 17]. This work continues this direc-
tion and is devoted to the study of the possi-
bilities of creating scintillation elements from 
two different (both in terms of thermophysical 
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and functional properties) materials in a single 
technological cycle.

In contrast to the fabrication of structural 
parts, when manufacturing optically trans-
parent scintillation elements, it is necessary 
to select printing parameters that exclude the 
formation of cavities [19, 20]. The formation 
of cavities depends on the bonding conditions 
of adjacent layers, which are determined by 
the rheological characteristics of the molten 
filament, the temperature of the extruder and 
printer table, the thickness of the applied lay-
ers, etc. [19-23].

The purpose of the work is to develop a 
new method of creating a multilayer scintil-
lation element for the registration of thermal 
neutrons using FDM technology; for this, the 
following stages must be implemented: 1) de-
velop a suitable compatible pair of materi-
als (composite polymer material based on  
ZnS:Ag/10B and light-guiding material) in the 
form of a filament, taking into account the spe-
cifics and limitations of FDM technology; 2) in-
vestigate the influence of printing parameters 
on the bonding conditions of polymer layers and 
on the geometric and functional parameters of 
the resulting scintillation elements; 3) create a 
research prototype of a neutron detector using 
the FDM 3D printing method.

2. Experimental
The technological sequence of obtaining the 

detector includes the following stages: obtain-
ing scintillation granules ZnS:Ag by the method 
of solid-phase synthesis; coating the granules 
with converter material; obtaining scintillation 
and transparent filament; printing the scintil-
lation element on an FDM printer.

Often, boron oxide (B2O3) is used as a con-
verter [5, 6]. This is justified, since the natural 
content of the isotope 10B in it is 6.3%. This con-
tent of the isotope 10B allows the use of boron 
oxide without additional enrichment.

2.1 Preparation of scintillation mate-
rial ZnS:Ag with converter

The solid-phase synthesis of the ZnS:Ag 
scintillator is carried out in a sealed crucible, 
into which carefully dried initial components 
(ZnS, AgCl, NaCl and S powders) are loaded 
[24]. The synthesis is carried out in vacuum 
with a gradual increase in temperature to 
820°C. Removal of auxiliary substances (NaCl) 
and unreacted components is carried out by 
successive washing with a solution of sodium 

thiosulfate (Na2S2O3) and distilled water. Af-
ter washing and drying, approximately round  
ZnS:Ag granules with a characteristic size of 
10-20 μm are obtained.

The next step is to create a ZnS:Ag/B2O3 
scintillation material by coating ZnS:Ag gran-
ules with a converter film (B2O3) according to 
[25]. The production of the scintillation compo-
sition includes the use of ready-made phosphor 
ZnS(Ag) and boric acid (H3BO3) in a ratio of 2:1 
and subsequent sintering of the resulting mix-
ture, crushing and separation into fractions. 
A layer of boric acid from its heated saturated 
aqueous solution is deposited on the phosphor 
grains. The resulting product is separated from 
the cooled solution and, after drying, sintered 
at a temperature of 430-470°C. Fractions with 
particle sizes of up to 50 microns are used, 
which is acceptable for creating a composite for 
3D printing by the FDM method.

2.2 Obtaining filaments for 3D printing
Experience shows that when creating scin-

tillation elements made of two different materi-
als using FDM technology, it is advisable to use 
polymer matrices with similar thermophysical 
characteristics. In this work, we use polysty-
rene (PS) without luminescent additives as a 
composite matrix for the scintillation filament 
and for the filament for printing the light guide. 
PS meets all the necessary requirements: it is 
transparent in the region of the ZnS:Ag lumi-
nescence spectrum (420 nm) and has acceptable 
values of printing and glass transition temper-
atures. It was also experimentally established 
that during the manufacture of composite fila-
ments, different plastics have different degrees 
of mixing with powders of solid fillers. Thus, 
polystyrene showed significantly better misci-
bility (for example, compared to polycarbonate 
or PMMA). This ensures homogeneity of the 
mixture with ZnS:Ag granules. For the manu-
facture of the filament, crushed PS obtained 
by the method of cast polymerization from the 
monomer was used.

Filaments with a diameter of 1.75 ± 0.05 
mm were produced using a laboratory extruder 
Noztek Pro HT at a temperature of 200-235°C. 
Polystyrene granules were used for the produc-
tion of the light guide filament. A composite 
material from a mixture of ZnS:Ag granules 
coated with a layer of B2O3, polystyrene gran-
ules, and a plasticizer was used to manufacture 
the scintillation filament [14].
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2.3 3D printing
Printing a prototype of a neutron-sensi-

tive detector element involves the sequential 
creation of a structure consisting of layers of 
two types: a scintillator and a light guide. The 
printing format is the formation of layers in one 
technological process using two different mate-
rials. SolidWorks 3D CAD software was used 
to develop the product model. To divide the de-
veloped model into layers for 3D printing, the 
CreateWare slicer program was used.

The final structure of the scintillation element 
is similar to the previously developed analogue 
[12] and is a rectangular parallelepiped with 
dimensions: length = 40 mm, width = 25 mm, 
height = 10 mm. The number of scintillator layers 
is 6 layers, the light guide layer is 5 layers.

For 3D printing, a CREATBOT F430 3D 
printer with two extrusion heads was used. The 
printing layer, the temperature of the extrusion 
and the desktop, the printing speed and other 
parameters are set depending on the purpose of 
the experiment and are the subjects of this re-
search. The first layer, 0.2 mm high, was print-
ed with scintillation filament based on polysty-
rene with the addition of ZnS:Ag/B2O3. After 
that, the next layer, 1.7 mm high, is printed 
with a light-conducting filament made of pure 
polystyrene. Then, similar iterations were re-
peated 5 times and the last layer was printed 
with a scintillation filament.

The manufactured multilayer structure is 
grinded on all ends. One end (smaller side) is 
polished to optical transparency. The resulting 
scintillation element blank is covered on five 
sides with two layers of 200-μm-thick reflec-
tive polytetrafluoroethylene film; the sixth side 
(polished smaller side) remains free (Fig. 1).

2.4 Modeling heat transfer during 
printing

Since direct measurements of temperature 
distribution when printing detectors with thin 
monolayers present certain technical difficul-
ties, the dynamics of heat exchange processes 
will be estimated from the data of the math-
ematical model.

Let’S formulate a model for printing a mul-
tilayer sample made of two materials (material 
A and material B). Let’S introduce the follow-
ing terms: the material applied in one pass of 
the 3D printer extruder will be called a mono-
layer; several monolayers of the same material 
will be called a layer.

Multilayer detector consists of NA  layers 
of material A, which in turn consists of nA  
monolayers, and N NB A= -1  layers of mate-
rial B, which in turn consists of n�  monolayers. 
Each new monolayer is applied to the previous 
monolayer with a time interval τ = const . The 
thickness of the monolayers for both materi-
als is h constm = . The temperature of the new 
monolayer at the time of application at t n= τ  
regardless of the material T = =T const0 .

The boundary condition on the lower surface 
of the sample at z=0
	  T z t Tbase=( )=0, 	 (1)
where Tbase is the temperature of the 3D print-
er base (Table).

The boundary condition on the upper sur-
face of the sample z=Z(t) corresponds to the 
cooling of the printed sample due to convection 
and radiation heat exchange
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where, λ  is the thermal conductivity coeffi-
cient; Tamb is the temperature in the 3D printer 
chamber; Heff  is the effective heat transfer co-
efficient at the upper boundary of the detector 
being printed; m is the ordinal number of the 
monolayer; τ  is the time interval between ap-
plying monolayers; Z(t) is the height of the de-
tector being printed at any moment of time t.

Between the individual monolayers there is 
an ideal thermal contact, which fulfills the con-
ditions of continuity of temperature and heat 
flow
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Using the simplification associated with the ab-
sence of heat transfer through the side surfaces 
of the printed sample, we will write down the 
one-dimensional equation of heat conduction 
for a multilayer sample
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where, n1, n2 ... n11 are the numbers of mono-
layers of material A (total of 6 scintillation lay-
ers) and material B (total of 5 light-guiding lay-
ers) in 11 separate layers of the detector with 
a total size of n11 monolayers; a is the thermal 
conductivity, which is given by a piecewise-con-
tinuous function.

Thermophysical parameters of the materi-
als are given in Table 1. These are: λі,ρі, cі, aі 
where i means the material type of a separate 
monolayer i∈{A,B}. All of them are constant 
and do not depend on temperature.

The glass transition temperature of poly-
styrene can take different values depending on 
the method and conditions of polymerization, 
starting materials, etc. Therefore, in this work, 
the glass transition temperature of polystyrene 
used was determined by the method [26, 27]. 
It consists in measuring the electrical capaci-
tance of samples measuring 40 x 40 x 0.2 mm, 
placed between polished aluminum plates. The 
sample is placed in the furnace with a rate of 
temperature change of 1 K min-1. The glass 
transition temperature is determined by the po-
sition of the breaking point on the graph of ca-
pacity versus temperature. The obtained value  
Tg = 102°C corresponds to the literature data 
[28, 29]. The electrical capacitance was mea-
sured using an immittance meter E7-13.

The density, heat capacity, and coefficient of 
thermal conductivity of the composite scintilla-
tion material are calculated using formulas
	 ρ ρ ρcomp ZnS ZnS PS PSp p= + 	  (9)

	 A p A p A
comp

ZnS ZnS ZnS PS PS PS

comp

=
+ρ ρ

ρ
	 (10)

	  λ λ λcomp ZnS ZnS PS PSp p= +   	  (11)
where, ρ ρ ρcomp ZnS PS, ,  are the densities of the 
composite material, zinc sulfide, and poly-
styrene, respectively; A A Acomp ZnS PS, ,  are the 
the heat capacities of the composite material, 
zinc sulfide, and polystyrene, respectively; 
λ λ λcomp ZnS PS, ,  are the coefficients of thermal 
conductivity of the composite material, zinc 
sulfide, and polystyrene, respectively; p pZnS PS,  
are the mass fractions of zinc sulfide and poly-
styrene, respectively.

3. Results and discussion
The appearance of the scintillation elements 

produced according to different technologi-
cal parameters of printing is shown in Fig. 1.  
Fig. 1b shows an element with defects typical 
for FDM printing – cavities (bubbles) in the vol-
ume of the light-conducting layers. There are 
several reasons for the occurrence of this defect: 
the round shape of the extruder nozzle, the rel-
atively high viscosity of polymer melts, the dif-
ficulty of creating thermal conditions for bind-
ing adjacent filament threads, the insufficient 
volume of the material, etc. [19, 20]. Possible 
methods for eliminating these reasons include 
increasing the temperature of the extruder and 
printer table, reducing the thickness of mono-
layers, increasing the extrusion multiplier, etc. 
In this case, it is possible to significantly reduce 
the porosity of the printed parts, but at the 

Table 1 Thermophysical parameters of materials

Name Param-
eter

Unit of mea-
surement ZnS:Ag scintillation fila-

ment (і=А)
light guide filament 

of PS (і=В)
thermal conductivity 

coefficient λ W m-1 K-1 27   [30] 3.9 0.13   [31]

density ρ kg m-3 4090   [32] 1519 1100   [31]
heat capacity c J kg-1 K-1 480   [33] 991 1300   [31]

thermal diffusivity a m2 S-1 1.4 10-5 2.6 10-6 9.1 10-8

Fig. 1. Variants of neutron-sensitive scintillation elements manufactured using FDM technology
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same time its geometry deteriorates (Fig. 1c). 
That is, the practical task was to find such a set 
of technological printing parameters that mini-
mize the number of pores while preserving the 
geometry of the scintillation element (Fig.  1a).

A series of experiments were conducted 
on printing detectors with varying the follow-
ing parameters: heat transfer coefficient Heff, 
monolayer thickness hm, table temperature 
Tbase, extruder temperature T0, extrusion 
multiplier “Flow” (percentage of plastic flow 
intensity through the extruder relative to fac-
tory settings). The quality of the manufactured 
printed detectors was assessed by the following 
parameters: plane parallelism of scintillation 
layers; deviation of the external shape of the 
detector from the specified one; presence of in-
clusions in the light guide layer. The influence 
of the above parameters on the temperature 
distribution was determined from the analysis 
of the simulation results.

To simplify the quantitative assessment of 
the relationship between printing modes, it is 
proposed to introduce a single measurement 
parameter. Its essence will be the time dur-
ing which the temperature of the printed layer 
exceeds the glass transition temperature of 
polystyrene. First, this parameter is naturally 
associated with print modes. Second, it deter-
mines the conditions for bonding monolayers 
and the formation of bridges between rows of 
plastic mass [20]. This affects the optical char-
acteristics of the light-guiding layer. Thirdly, it 
determines the volume of the already printed 

layer, which is subjected to deformations due to 
the movement of the extruder and the pressure 
of new portions of the molten material. This de-
termines the degree of deviation of the geomet-
ric dimensions from the specified ones.

A fragment of the calculation of tempera-
ture changes during printing is shown in 
Fig.  2. Curve 1 (blue) in Fig. 2 corresponds to 
the printing of a scintillation layer consisting 
of two monolayers. Curve 2 (red) in Fig.  2 cor-
responds to the printing of a light guide layer 
with the optimal set of parameters (Fig. 1a): 
extruder temperature Т0 = 240 °C, table tem-
perature Tbase = 100 °C. The dash-dotted line 
indicates the glass transition temperature. 
The glass transition “temperature overshoot 
time” parameter is equal to the sum of the gray 
rectangles. Curve 3 in Fig. 2 corresponds to 
the printing mode T0 = 250 °C, Tbase = 110 °C. 
Increasing the extruder temperature by 10 °C 
to T0 = 250 °C causes a slight increase in tem-
perature in the first 100 - 150 seconds (near-
est 2 - 3 layers) after application. This is due 
to the fact that the main heat flow is directed 
upwards (heat transfer to the 3D printer cham-
ber). When the table temperature is increased 
by 10 °C to Tbase = 110 °C, a constant increase 
in temperature is observed approximately  
200 seconds after application (there are already 
5-6 layers to the sample surface). The time of 
exceeding the glass transition temperature is 
significantly increased. The light guide layer of 
the printed element will be almost free of cavi-
ties, but the plane parallelism of the scintilla-
tion layers is lost, and the external dimensions 

Fig. 2. Modeling of temperature distribution 
during printing. The effect of changing the tem-
perature of the extruder (T0) and the surface of 
the printing bed (Tbase).

Fig. 3. Modeling of temperature distribution dur-
ing printing. Effect of changing the heat transfer 
coefficient (Heff)
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deviate from the specified ones by more than 
4-5 mm (Fig. 1c).

The effect of changing the heat transfer 
coefficient on the time of exceeding the glass 
transition temperature is shown in Fig. 3. 
An increase in the heat transfer coefficient  
(curve 1, Fig. 3) above the optimal mode (curve 2,  
Fig. 3) leads to a significant decrease in the time 
it takes to exceed the glass transition tempera-
ture. This printing mode corresponds to the ele-
ment shown in Fig. 1b. Decreasing in the heat 
transfer coefficient (curve 3 Fig. 3) significantly 
increases the time of exceeding the glass transi-
tion temperature, which leads to a result similar 
to that described in the previous paragraph.

To determine the effect of thermal destruc-
tion of polystyrene and its oxidation by oxygen 
in the air during the manufacture of the fila-
ment and during printing, samples measuring 
25 mm x 40 mm x 1.7 mm were made from 
polystyrene by cast polymerization method 
and obtained by 3D printing. The absorption 
spectrum was measured on a spectrophotom-
eter Shimadzu UV-2450. It was found that the 
absorption spectrum in the ultraviolet region 
shifts by approximately 40 nm. At the same 
time, in the region of 420 nm, corresponding 
to the luminescence of ZnS:Ag, the absorption 
coefficient remains practically unchanged. The 
results are given in Fig. 4. Similar results were 
obtained in [34, 35]. Thus, it was established 
that the thermal effects associated with fila-
ment production and 3D printing do not pre-
vent the use of polystyrene with scintillation 
materials based on ZnS:Ag.

The results of experiments and calculations 
are summarized in Table 2.

The best obtained scintillation element 
(Fig. 2a), manufactured with the following set 

of printing parameters, was chosen as a refer-
ence sample: Heff =30 W m-2 K-1, hm = 0.1 mm, 
T0  =  240 °C, Tbase = 100 °C time. The calcu-
lated parameter (time of exceeding the glass 
transition temperature) T> Tg = 38 S. Flow = 
110%. The quality indicators for it: deviation 
from the specified layer geometry is less than 
0.3 mm; deviation from the specified product 
geometry is less than 1.0 mm; the presence of 
cavities in the volume of the light-guiding lay-
ers is insignificant.

Measurement of thermal neutron de-
tection efficiency of a printed scintil-
lation element based on ZnS:Ag/B2O3

To measure the neutron registration effi-
ciency (ηn), a printed scintillation layer made of 
a composite material based on ZnS:Ag/B2O3 and 
a scintillation element made of 6 such layers 
were installed directly on the entrance window 
of the photomultiplier (PMP) on the side free of 
the reflective coating. The neutron registration 

Table 2. Calculated and measured parameters of scintillation elements

Parameter Unit Value
Time 
T>Tg , 

sec

Layer 
geometry 
deviation, 

mm

Product 
geometry 

deviation, mm

Presence of 
cavities in the 

volume
Product 
example

Heff W m-2 K-1 10 76 1.5-2 3-4 insignificant
Heff W m-2 K-1 50 21 up to 0.5 up to 1.5 multiple Fig. 2b
hm mm 0.05 13 up to 0.5 up to 1.5 multiple
hm mm 0.2 48 up to 1 1-2 little
T0 °C 230 27 up to 0.3 up to 1.0 multiple
T0 °C 250 42 1-2 4-5 missing Fig. 2c

Tbase °C 90 25 up to 0.5 up to 1.5 medium
Tbase °C 110 89 up to 1 2-3 insignificant
Flow % 100 38 up to 0.3 up to 1.0 much a lot
Flow % 120 38 1.5-2 3-4 missing

Fig. 4. Comparison of light absorption spectra 
of polystyrene produced by cast polymerization 
with polystyrene samples printed on an FDM 3D 
printer.
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efficiency (ηn) was measured on a device with 
a CAEN 5770 multichannel analyzer, a Hama-
matsu R1307 photomultiplier (PMP) and a cer-
tified 239Pu-Be fast neutron source with a flux 
of 1·105 n/S ±10% according to the passport. To 
obtain thermal neutrons, the 239Pu-Be source 
was placed in the center of a spherical poly-
ethylene neutron moderator with a diameter 
of 150 mm and a certified conversion factor of 
fast neutrons to thermal neutrons (8% with an 
error of ± 5%). Thermal neutrons are absorbed 
by a screen (1 mm thick) made of metallic cad-
mium with a natural isotopic composition. The 
neutron counting rate is measured with and 
without cadmium. The difference in the result-
ing counting rates (“cadmium difference”) is 
the thermal neutron counting rate. The ratio 
of this value to the calculated value of the ther-
mal neutron flux through a layer of scintilla-
tion material is the thermal neutron detection 
efficiency (ηn). Fig. 5 shows the amplitude spec-
trum obtained by irradiating a scintillation ele-
ment manufactured by 3D printing using FDM 
technology. As a result, the area under the dif-
ference spectrum reflects the number of ther-
mal neutrons that passed through the entrance 
window of the detector.

The choice of the distance between the neu-
tron source and the detector is a matter of com-
promise. The magnitude of the non-uniformity 
of the neutron flux over the detector area, the 
proportion of neutrons reflected from the walls 
of the room, the scattering of neutrons in the 
air, etc. depend on this distance [36]. Based 
on considerations of minimizing measurement 
errors, we chose a distance of 0.3 m. Param-
eters of the experiment for measuring the ther-
mal neutron detection efficiency: exposure is  
1000 S; solid angle of incidence is π/283. Area 
in the “cadmium difference” spectrum is 4790 
counts. Estimated total error of the experiment 
is about ±16%.

The results of the measurements showed 
that the printed scintillation layer made of a 
composite material based on ZnS:Ag/B2O3 with 
dimensions of 40x25x0.2 mm has a thermal 
neutron detection efficiency of 17%. The print-
ed detector has a thermal neutron detection ef-
ficiency of 68%, which is 91% of the efficiency 
compared to the analog created by traditional 
methods based on the scintillation material 
6LiF/ZnS(Ag) [8].

Further development of technology for man-
ufacturing layered neutron-sensitive scintilla-
tion elements by additive methods (3D print-

ing) has a promising continuation with the use 
of more efficient materials (for example, com-
posites based on ZnS:Ag/carborane according to 
[12]). These directions could form the basis for 
new research into the use of 3D printing to cre-
ate detectors.

4. Conclusions
A new method for creating a multilayer 

scintillation element for detecting thermal 
neutrons using 3D printing technology on an 
FDM printer has been developed. Filaments of 
a pair of materials with coordinated thermal 
properties for 3D printing were manufactured: 
scintillating composite based on scintillating 
material ZnS:Ag/B2O3 dispersed in a polysty-
rene matrix and non-scintillating light-guiding 
(polystyrene). The influence of thermophysical 
properties of the materials and technological 
parameters on the geometric and functional 
characteristics of the manufactured scintillat-
ing elements was investigated. A single mea-
surement parameter has been established: 
the time during which the temperature of the 
printed layer exceeds the glass transition tem-
perature of polystyrene. For an optimal balance 
between optical transparency and geometric ac-
curacy, this value should be within 35-45 S. Ac-
cording to the developed method, a scintillation 
element consisting of five layers of light-guid-
ing material alternating with six layers of scin-
tillation material was produced. The efficiency 
of thermal neutron detection of the developed 
scintillating element is at the level of 68%.

The printed scintillation element based on 
the ZnS:Ag/B2O3 material can be used to create 
efficient thermal neutron detectors for high-
energy physics, nuclear energy, environmen-
tal monitoring, and other fields of science and 
technology.

Fig. 5. Pulse height spectra of a detector with 
6 layers of ZnS(Ag)/B2O3, subjected to neutron 
irradiation from a 239Pu-Be source: red curve 
– without a Cd screen, blue curve – with a Cd 
screen, black curve – “Cd difference”.
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