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ABSTRACT

Over 2300 years ago, the discovery of tourmaline led to the understanding of pyroelectric properties, which opened new doors to various
applications of pyroelectric crystal, such as neutron and x-ray generation, energy harvesting, mass spectrometry, high-voltage sources, and
more. In the last two decades, researchers have carried out extensive research and development to select components and materials and
innovate the design and construction of the pyroelectric neutron generator (PNG). This manuscript investigates the process and history of
the PNG’s development. It explains the physics governing pyroelectric crystals and the method of producing neutrons in a comprehensive
and straightforward manner. Although PNGs have a lower yield and shorter lifetime compared to other neutron generators, they are still
significant for research purposes due to their lack of need for an external high-voltage power supply, lower cost, smaller size, and safety. The
main objective of this manuscript is to bring more attention to the research and development of PNGs. In recent years, new methods have
been introduced that reduce the amount of neutron flux required for various applications. This has raised hope for the progress of commer-
cial and industrial use of PNGs in the near future. The manuscript mentions some research cases that represent the future perspective of
PNG development. Furthermore, the challenges faced by PNGs can be handled more efficiently with the utilization of generative learning
algorithms and improvements in the components/mechanisms used for PNG design.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205453

I. INTRODUCTION

In recent years, compact neutron generators (CNGs) have
gained significant importance in various scientific, security, and
industrial fields." Some of the most important applications of the
CNGs include wireless data transmission,” calibration of neutrino
detectors in research related to neutrino and dark matter detec-
tion,” inspection systems for drug and explosive detection,” fissile
material detection,’ portable material analysis,("7 mine detection
and ammunition separation,”” industrial radiography with small
dimensions,'' geology,'” geophysics,'’ archeology,'* medical and
biological applications,>'® well-logging,'””'® neutron scattering,"’
neutron imaging,” activation analysis,”’ and even exploring to dis-
cover water on the planet Mars.”> Moreover, they may be an alter-
native to traditional research reactors.”’

Although, radioisotope sources have several advantages such
as low production cost and the ability to achieve the appropriate
particle production rate for any application, their use is limited by

16

some obstacles. The most significant limitation is the need for the
heavy and bulky shields that must be continuously present.’
Moreover, these sources are hazardous and cannot be turned off.
On the other hand, the CNGs are not subject to limitations of
radioisotope sources due to their high flexibility in design and the
possibility of being turned off.

The need for CNGs with different neutron production rates
has led to extensive research studies and development in their
design and manufacturing. Almost all of the existing and develop-
ing CNGs use deuterium-deuterium (D-D) and deuterium-tritium
(D-T) fusion reactions to produce neutrons. Several types of CNGs
have been designed and introduced so far, including
NEUTRISTOR™ and CNGs with field ionization ion sources.””~”’
The introduction of new CNGs that are more efficient, have a
longer life span, smaller size, lower power consumption, and lower
total cost makes them more applicable and could lead to further
development in various fields.
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Pyroelectric neutron generators (PNGs)*® are a type of the
CNG. About twenty-three centuries ago, Theophrastus, a Greek
philosopher, observed that certain materials such as wood, straw,
copper, and iron were absorbed by the mineral tourmaline.”’
Today, it is known that this absorption property is caused by the
pyroelectric property of some types of crystals.”’ Pyroelectric crys-
tals are anisotropic dielectric materials that are spontaneously
polarized in equilibrium conditions, without any external electric
field. This polarization can be changed by varying the temperature
of the crystal. The change in the dipole moment of these crystals
for the temperature variation of about 50 °C can create an electric
field that is strong enough to produce/accelerate charged particles
(i.e., electrons and ions).”’ When these charged particles collide
with the appropriate targets, they can generate secondary particles
such as x rays and neutrons for different applications.’””
Pyroelectric crystals are, also, applied for electrical energy harvest-
ing from heat, ™ micro-analyzer probes,35’3(’ mass spectrometry,37
driver of dielectric laser accelerators,”® pulsed gamma source,””
pulsed neutron detection,”” ion pump,’' accelerator beam deflec-
tor,"* high-voltage sources,”” and so forth.

Almost all neutron generators require high-voltage power sup-
plies in order to create the potential required for the fusion reac-
tion. However, the PNG is the only reliable generator that can
produce neutrons without the need for an external high-voltage
power source.”’ In the PNG, the electric field required to increase
the energy is provided by heating or cooling the crystal, which
changes the temperature from the laboratory temperature to more
than 70 °C in a vacuum environment."*

Compared to other CNGs, PNGs have a lower manufacturing
cost and can be designed in smaller dimensions. However, the

TABLE I. List of different technologies for neutron generation.
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main disadvantages of the PNGs are their low yield and low
lifetime.

Although the PNGs have lower yield and shorter lifetime
compared to other neutron generators, study on these generators is
important due to their lower cost, smaller size, and enhanced
safety. Moreover, the development of new techniques that can
reduce the need for a relatively high neutron flux is making PNG
applications more valuable. The main objective of this manuscript
is to draw more attention to the PNG research.

In this manuscript, in Sec. II, the development history of the
PNG as a special kind of CNG is discussed. In Sec. I1I, the physics
governing the pyroelectric crystal is explained and the method of
producing neutrons by pyroelectric crystals is given. In Sec. IV, the
future perspective of the PNG development and utilization is con-
ferred. Section V gives the conclusion.

Il. THE DEVELOPMENT HISTORY OF THE
PYROELECTRIC NEUTRON GENERATOR AS A SPECIAL
KIND OF COMPACT NEUTRON GENERATORS

A. Compact neutron generators

Table I lists various technologies used for neutron generation,
including PNGs as a subclass of CNGs."”**7* As mentioned, it is
obvious that PNGs have a lower yield for neutron generation com-
pared to other CNGs. However, PNGs have the advantage of not
requiring a high-voltage power supply and being a cost-effective
option in comparison to other techniques.

CNGs, typically involve three main processes, which include
(1) ion production, usually deuterium, (2) ion acceleration, and
(3) collision with a target for neutron production, usually contain

Most common

Technology Reaction neutron yield Most common applications
Nuclear research reactors Fission 10%-10" n/cm®/s  Radioisotope production, medical, imaging,
materials and physics research
Nuclear fusion systems Fusion Energy
Very high energy ion accelerators
(> 500 MeV) Spallation 10'%-10"° n/cm?/s Materials and biology research
High energy electron accelerators
(>10 MeV) Photoneutron 10"-10" n/s Radioisotope production, nondestruction
testing, radiography
Medium energy ion accelerators
(> 2 MeV) Fusion 10"2-10" n/s Therapy, benchmark experiments, research
and training
Low energy ion Sealed tubes
accelerators Fusion 10°-10"" n/s Well logging, activation analysis,
(CNGs) Neutristor ~10° n/s instruments calibration, reactor startup,
(< 400 keV) Field ionization 10°-10% n/s moisture gauge, research and training
sources
Plasma Focus 10°-10® n/pulse
PNGs 10°-10° n/s
Radioisotope sources Spontaneous fission, alpha, Reactor startup, mineral resources
and gamma neutron sources 10°-10° n/s exploration, calibration, and training
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deuterium or tritium atoms.”””' The most important part of a
neutron generator is its accelerator which is usually utilized in a
pulsed mode and can operate at different output levels.”””’
Commonly, several electrodes with a cylindrical symmetry are used
to form the ion accelerator with power supplies between 100 and
500 kV.”* These electrodes focus ions to a small point of target,
similar to the function of an einzel lens.”” One of the most well-
known CNGs is NEUTRISTOR which generates neutrons using a
deuterium-deuterium fusion reaction. This generator is 1000 times
smaller than its competitors.”® The small size of NEUTRISTOR
makes it more suitable for use in medical applications. For
example, by implanting this neutron generator near a cancer
tumor, the patient does not need to visit the doctor frequently, by
receiving a low dose over an extended period.”” The main challenge
of NEUTRISTOR faces is the need for the high-voltage power
supply. The other important types of CNGs are: penning ion
source based D-D and D-T neutron generators,” " electron
accelerator-driven neutron source,”’ electron cyclotron resonance
ion source based neutron genera‘[ors,"2 and field ionization/desorp-
tion/evaporation ion source based neutron generators.”’™*

The main difference between the PNGs and other types of
CNGs is that the electric field needed to increase the ion’s energy is
generated by changing the crystal temperature instead of an exter-
nal high-voltage power source. This feature of PNGs makes it pos-
sible to generate neutrons with the help of a low-power battery
(e.g., 20 W). It should be note that since the crystal is susceptible to
fast temperature changes, the rate of temperature change should
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FIG. 1. The schematic view of a typical pyroelectric neutron generator.
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not exceed 2°C/s.”° Therefore, the crystals need time in order of

minute to produce high voltages for different applications.

The schematic view of a typical PNG is presented in Fig. 1. As
mentioned previously, a potential of about 100 kV can be produced
on the crystal’s surface by heating/cooling it. By using a nano-tip
needle on the crystal, the electric field can be locally enhanced and
increase the deuterium ion production. The produced ions are then
accelerated in the crystal’s field and produce neutrons by hitting a
deuterated/tritiated target.

In the following, the history and physics of neutron produc-
tion by the pyroelectric crystal are reviewed and presented in detail.

B. Development history of the pyroelectric neutron
generator

In 1992, Brownridge first reported the generation of x rays
from a pyroelectric crystal.”” Then, in 2001, Brownridge and
Shafroth for the first time presented the results of pyroelectric
accelerator tests with the ability to accelerate the electron beam to
an energy of more than 100keV.”® They succeeded in increasing
the potential of a pyroelectric electron accelerator up to 160 keV."”
In these years, extensive research on electron/ion pyroelectric accel-
erators has been carried out in various universities/institutions.”’~"*
In 2005, for the first time, neutron production with the help of a
pyroelectric crystal and without the need for high-voltage power
sources was reported. This research was conducted by Naranjo
et al.”® In this experiment, a tungsten needle with a tip of 100 nm
and a height of 2.3 mm was placed vertically on a pyroelectric
crystal made of LiTaO3 with a diameter and height of 2.5 and
0.5 cm, respectively, and the chamber containing the crystal was
filled with deuterium gas with a pressure of 3.4 mTorr. The effi-
ciency of neutron detection in the experiments was estimated to be
around 18%, and the rate of neutron production in the said experi-
ment reached about 800 neutrons/s. One year later, in 2006, under
a research by Geuther and his colleagues,”” a neutron production
experiment was conducted with the help of two pyroelectric crys-
tals with a diameter of 2cm and a thickness of 1cm. In these
experiments, by placing two crystals facing each other, and heating/
cooling them simultaneously, the potential of the accelerator
increased up to two times. However, the neutron production in
these experiments did not increase. In 2007, an article investigating
the reasons for the low production of neutrons in this experiment
was given.”* The optimal diameter of the needle introduced needles
with a tip of 70 nm for optimal neutron production experiments,
while theoretically the optimal diameter of the needle was
calculated to be 400 nm. In this article, the electric field required
for the ionization of deuterium atoms was calculated as

154V .

107" m
(the ionization potential of deuterium by the size of the deuterium
atom). In 2007, by changing the thermal cycle of the crystal, the
number of produced deuterium ijons in the accelerator was
doubled, and as a result, about 2 x 10° neutrons were produced.’®
In 2008, without the use of a needle, neutrons were produced.”” In
2009, the maximum rate of neutron production instantly reached
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10'° neutrons per second by placing an independent ion generator
and using a crystal as an accelerator of deuterium ions.”® In 2009, a
portable pyroelectric neutron generator system with suggestions to
optimize the distance between two crystals, changing the deuterium
gas pressure, and so forth was presented.”” In addition, an arrange-
ment to improve the yield of the PNG and to increase the repro-
ducibility of the experiments was proposed.”® In this experiment,
the amounts of neutrons produced in one cycle were reported to be
about 7 x 10* neutrons. In 2010, a new experimental setup to
increase the potential of pyroelectric accelerator was introduced,””
and this arrangement was used for neutron production.”’ In the
same year, the PNG was introduced as one of the approved pro-
jects in the United States Defense Threat Reduction agency.”' In
2011, for the first time, the operation of the PNG with a tritiated
target was reported.”” Nevertheless, the results of the experiments
did not show much success in increasing the yield of the crystal
and did not reach the initial goal of increasing the yield to more
than 10° neutrons per thermal cycle. In 2013, the PNG with a
field ionization source was used to produce ions.*> In 2015, a
report on conducting various experiments to improve the yield of
the PNG was given.”" In 2020, a new type of pyroelectric accelera-
tor that had the ability to operate in a pulsed manner was intro-
duced.” In 2022, the pyroelectric accelerator was launched with
the help of infrared rays.*®

Moreover, other studies have been conducted on pyroelectric
neutron generators including a comparative study of the perfor-
mance of targets containing different deuterium in the PNGs,"
determination of the optimum needle size for the PNG,*® investiga-
tion of abnormal changes in the current of pyroelectric accelerator
in sinusoidal changes of crystal temperatures,”” investigation of the
effect of pyroelectric crystal size on the production rate of the
PNG,”*’! measurement of atom/molecule ratio of deuterium ions
of the pyroelectric accelerator,” the production of a focused ion
beam with the help of a pyroelectric accelerator,” the use of
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unconventional types of pyroelectric crystal to produce the beam
(ie., the ferroelectric ceramics),”* the design of an indicator to
know the time of occurrence of electric discharge in the crystal,”
determining the optimal temperature change rate of the pyroelec-
tric electron accelerator,”® using the PNG in the calibration of neu-
trino and dark matter detectors,”” and the PNGs in dynamic tests
of a research reactor.”>”’

In addition, the ferroelectric generators (FEGs) as a sub-
class of the pyroelectric generators can store electrically poled
energy in the form of bound electric charge. This stored charge
is depoled because of a phase transition occurring in the
ceramic working body and charge releasing to an output
circuit.'”’ These generators can be high-voltage sources. As an
example, an FEG with a diameter/length of 20 mm/25 mm,
respectively, can generate approximately 100 kV.'" Therefore,
the FEG can be used to produce neutrons similar to the PNG.
The schematic view of the significant works on the PNG is pre-
sented in Fig. 2.

lll. THE PHYSICS OF NEUTRON PRODUCTION BY
PYROELECTRIC CRYSTALS

A. Interaction of electrical, thermal, and mechanical
characteristics of a pyroelectric crystal

In crystallography, centrosymmetry refers to the presence of
an inversion center within a crystal lattice. A crystal is considered
centrosymmetric if it possesses this inversion symmetry.
Conversely, non-centrosymmetric crystals lack an inversion center.
These non-centrosymmetric materials exhibit interesting properties
due to their broken symmetry, including pyroelectricity as a sub-
class of piezoelectricity.'”

Pyroelectricity is a phenomenon where certain materials gen-
erate an electric polarization in response to temperature changes.
When the temperature of a pyroelectric material varies, its
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FIG. 2. The schematic view of the significant works on the PNGs.
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pyroelectric materials.

spontaneous polarization also changes. This effect has practical
applications in various fields, including temperature sensing,
energy harvesting, particle acceleration, and so forth. The pyroelec-
tricity consists of primary and secondary effects which are dis-
cussed in the following.

Figure 3 shows the interaction of electrical, thermal, and
mechanical properties in materials that exhibit pyroelectric phe-
nomena.'’” The lines connecting each two properties (i.e.,
blocks) indicate that a small alteration in one property will cause
a change in the others. Also, the bold lines represent the general

REVIEW pubs.aip.org/aip/jap

electro-thermal, electro-mechanical, and thermo-mechanical
effects.

As shown in Fig. 3, the change in temperature in the form of
primary and secondary pyroelectric effects can cause a change in
the electric flux density in pyroelectric materials (i.e., the dashed
lines). In the primary pyroelectric effect, the temperature change
has a direct effect on the electric flux density. The secondary effect,
on the other hand, occurs due to the change in crystal shape,
which happens as a result of the expansion or contraction of the
material due to the temperature change. The change in shape
creates tension in the crystal, which changes electric flux density.
The relationship between primary and secondary effects of pyro-
electric crystal is given by

0DY _ (D) (D) (o n
T ) x5 \OT)px \0x)p;\OT/) S

where E is the electric field, D is the electric flux density (i.e., elec-
tric displacement), T is the temperature, X is the strain, and S is the
stress.

The primary and secondary pyroelectric coefficients of some
ferroelectric and non-ferroelectric materials are shown in
Table 11" As can be seen, in most pyroelectric crystals, the sec-
ondary effect does not have a significant effect on the pyroelectric
property of the crystal, and the primary effect is dominant. Among
the mentioned crystals, two crystals, LiTaO3 and LiNbO;, are com-
monly used for the neutron production. However, reports have also
been presented on the use of other crystals (e.g., SBN) as a pyro-
electric generator. 103

B. Electric charge and field generation on the surface
of a pyroelectric crystal

Figure 4 shows the electric charge generation process due to
the heating/cooling of a pyroelectric crystal.'”> In part (a), the
pyroelectric crystal is in an equilibrium state. The spontaneous
polarization in the crystal causes the absorption of free electric
charges from the surrounding environment on the crystal surface,
neutralizing the effect of spontaneous polarization. Part (b) shows
that if two crystal surfaces are connected to an ammeter in the

TABLE II. Primary, secondary, and total pyroelectric coefficients for a number of materials at common temperatures.

Crystal symmetry Total coefficient Secondary pyroelectric Primary pyroelectric
Pyroelectric material group (uC/m*K) effect effect
Sr0A5Ba0A5NbZO3 (SBN) 4 mm —550 -21 —-529
(NH,CH,COOH);H,S0, 2 -270 +60 -330
LiTaO, 3m -176 +2 -178
LiNbO; 3m -83 +12/9 —-95/9
Pb5Ge3011 g —-95 +15/5 —-110/5
BazNaNb5015 2 mm —100 +41/8 —141/8
NaNo, 2 mm —140 -5 —135
Li,SO4(H,0) 2 +86/3 +26/1 +60/2
Li,GeO; 2 mm -27 —12/8 —14/2
ZnO 6 mm -9/4 -2/5 —6/9
BaTiO; co —190 +80 —270
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surface by field emission phenomena. By hitting these produced
electrons with a copper/tungsten target, x rays can be gener-
ated.'’"'"” However, the electric field is not strong enough to sig-
nificantly ionize the surrounding gas atoms/molecules. Therefore,
in order to achieve a high ion current, the field enhancement
methods are needed. The simplest method is to use needles with a
very small tip diameter (ie., between 70 and 400 nm).”* There are
some other methods for the deuterium ionization which are
applied in other CNGs. Field ionization,"”*" field emission,'**'"”
field desorption and evaporation in electric field,””'’® and micro-
wave and radio frequency ion generation'””™""" are the main
methods of ion production in the CNGs.

Figure 5 shows the schematic of an ideal model of a pyro-
electric single-crystal neutron generator. It is assumed that
factors such as current leakage to other parts in the gas
chamber, current leakage from the surface, and non-
uniformity of the charge produced by the crystal will not have
a significant effect on the calculation of pyroelectric potential.
In this model, considering two parallel capacitors, the electro-
static potential of the crystal can be calculated according to the
amount of electric charge on the surface of the crystal (i.e.,
Qcry) which is given by

Electrode

(b) dT/dt=0

Heating
©
dT/dt>0

+ + + + + + + + +

Electrode

_ ch}/ _ PAT
Gy 0y B0 Egap’

3

L cry Lg“P

Electrode where p is the pyroelectric coefficient, AT is the temperature
""" change, C,, is the capacitor equivalent value, &, is the relative
electric permeability coefficient of the crystal,'”” L,,, is the
thickness of the crystal, and Lg,, is the distance of the crystal
to the target.

Figures 6 and 7 show the results of the calculated electric
potential and electric field around the crystal by the ideal model.
The potential value on the surface of a LiTaOj; crystal with a pyro-
electric coefficient of 176 uC/m*K (i.e., p), diameter of 30 mm,
thickness of 1cm, and vacuum thickness of 1.5cm is equal to

Cooling |
(d)
dT/dt<0

+

+ + + + + + +
Electrode

+

FIG. 4. A sample of pyroelectric materials including dipoles and polarization
vector (a) without electrodes, (b) with electrodes connected to an ammeter at a
constant temperature (c) in a heating mode, and (d) in a cooling mode.

Target
equilibrium state, no current flows. When the pyroelectric sample

is heated, the amount of polarization will be decreased, reducing ‘ |
the electric charge bounded to the crystal surface [see part (c)]. On = =
the contrary, by cooling the pyroelectric crystal in part (d), the -1
spontaneous polarization increases, reversing the direction of Gap —Cu
the produced current in the ammeter. The current produced by the
pyroelectric crystal is given by Q,, Qq
dT T c
i, = Ap—, 2 —_— o
b= AP @ Crystal ”
where i, is the pyroelectric current, A is the crystal surface area, =
and p is the pyroelectric coefficient. L

When an electric charge accumulates on the surface of a pyro-
electric crystal due to a temperature change (e.g., 50 °C), it creates
an electric field around the crystal. This electric field can be strong
enough (e.g., more than 10" V/m) to emit electrons from the crystal

FIG. 5. Schematic of the ideal model of a pyroelectric single-crystal neutron
generator.

J. Appl. Phys. 135, 200701 (2024); doi: 10.1063/5.0205453 135, 200701-6
© Author(s) 2024


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

REVIEW pubs.aip.org/aip/jap

0.09 x10° T T T
0.085 - R
0.08 3F 1
0.075 2.8} §
0.07 o 2.6 -
0.065 24t -
0.06 = 22} 1
0.055 S Ll |
0.05 =
0.045 g 18f T
S 1.6F 4
0.04 B j.ab .
0.035 o [
0.03 ' 12 ]
0.025 g Ir )
0.02 E 08 - -1
0.015 0.6 1
0.01 0.4+ -
0.005 0.2F -
0 0 1 1 1
0 0.02 0.04 0.06

0.06 0.08 0.1 0.12 0.14

Distance from the crystal surface (m)

FIG. 6. The electric potential obtained around a typical pyroelectric crystal for a temperature difference of 100 °C.

about 430 kV, for 100 °C increase in temperature. However, experi-
ments have shown that the potential value is actually about 130 kV
and at its maximum reaches to 190 kV.”" The main reason for this
difference is that the ideal model does not consider the electric
charge leakage from the crystal surface, which can happen through

the crystal or through the space between the crystal and the
target."”* The ideal model also assumes that the crystal and
vacuum have infinite resistance, which is not accurate. The amount
of vacuum resistance in order to estimate the electric charge
leakage cannot be easily obtained.''” Therefore, an improved model
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FIG. 7. The electric field obtained around a typical pyroelectric crystal for a temperature difference of 100 °C.
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FIG. 8. The improved model of a pyroelectric accelerator.

(i.e., the most accurate model) is given by Eq. (4) which replaces
the crystal potential with time variation of the potential,

4)

where Rg,, and R, are resistances of vacuum and crystals, respec-
tively, C,, is the capacitor equivalent value, Q. is the crystal’s
surface charge, T is the crystal’s temperature, ¢ is the crystal’s
potential, p is the pyroelectric coefficient, and A is the crystal’s
surface. This improved model (Fig. 8) provides a potential value
that is closer to the experimental results.'’*

Using the above model and simulating the D-D and D-T
interactions, theoretical maximum neutron yield/current of a
typical PNG is calculated, with values of 6 x 10° and 10nA,
respectively.''”

C. Commonly used fusion reactions and resulting
neutron energy distribution

The PNG is similar to other compact and portable neutron
generators that uses the D-D and D-T fusion reactions which are
given by Eq. (5) produce nearly single-energy.

FIG. 9. D-T reaction in a laboratory system.
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FIG. 10. The energy of the neutrons produced from the D-T interaction for dif-
ferent energies of the incident deuteron particle.

Considering that the Coulomb barrier between two nuclei is
more than 400keV, their interaction with low energy (e.g.,
100 keV) is usually possible through the tunneling phenomenon,'"*

D} +D? — T; + H' +4.03 MeV,
D; + D} — He; + ny + 3.266 MeV, (5)
D; + T} — He; + ny + 17.588 MeV.

Targets containing deuterium/tritium are generally divided
into two general categories: metal targets and organic targets. The
most commonly used metal targets are titanium (TiD2), zirconium
(ZrD2) and yttrium (ErD2), and the most commonly used organic
targets are polyethylene (CD2) and polystyrene (CD).

In the D-T reaction, the deuterium nucleus interacts with
tritium, and the resulting neutron and alpha particles scatter at ¢
and 0 angles, respectively. This phenomenon is shown in Fig. 9.
The released energy of D-T interaction is given by

Q= T,,(l +@) = Td(l +ﬂ) — 2 fmm T, cos6, (6)
my mg Mg
where T and m indicate kinetic energy and mass, respectively, and
Q is the released energy. In Fig. 10, neutron energy is given accord-
ing to their scattering angle for D-T interaction. As the deuterium
energy increases, the energy spectrum of produced neutrons
becomes wider. Additionally, neutrons scattered in the direction of
deuterium momentum have the highest energy, while the opposite
direction has the lowest energy.'"”

IV. THE FUTURE PERSPECTIVE OF THE PNG
DEVELOPMENT AND UTILIZATION

No need for a high-voltage power supply, safer, and small size
are some characteristics of the PNGs making them a potentially
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suitable type of neutron generator for various applications.
However, they also have some challenges such as lower yield and
shorter lifetime, which need to be addressed for practical applica-
tions of PNGs.

There are two ways to achieve this goal. First, we can increase
the yield of the PNG by using optimization methods and generative
learning algorithms''® in the design and construction of the PNG.
Second, we can improve and optimize the performance and effi-
ciency of analyzing techniques utilizing neutrons such as PGNAA,

NAA, neutron imaging, etc.''”''® by using soft computing tech-
niques such as fuzzy systems, neural networks, and evolutionary
algorithms.

For instance, optimization of the PNG to achieve the
maximum possible neutron yield,""” optimization of thermalization
devices using multi-layer perceptron neural network for maximiz-
ing/minimizing thermal flux/non-thermal flux,'”” PGNAA optimi-
zation based on signal-to-noise ratio evaluation,'”' NAA device
optimization,'** reduction the number of projection/time usage for
neutron tomography using artificial neural networks,'* utilization
of deep convolutional neural networks for obtaining high-quality
reconstructions from sparse-view and low signal-to-noise ratio,'**
resolution enhancement of neutron radiography image using con-
volutional neural networks,'”” and so forth may be applied to
improve the yield and utilization of PNGs.

Moreover, investigating the use of iridium needle instead of
tungsten in the pyroelectric generator effect on increasing the life-
span and efficiency of the generator, applying other heating
methods, such as using infrared lasers for heating the crystal and
examining its effect on the generator’s radiation dynamics, deter-
mining the optimal profile of the temperature change of the crystal
in order to increase the yield of the pyroelectric generator, survey-
ing the effect of different temperature ranges of the crystal (e.g., 0-
50 °C instead of 20-70 °C) on the neutron yield of the crystal, opti-
mizing the dimensions of the plate under crystal to prevent electri-
cal failure in the pyroelectric generator, investigating the possibility
of using other types of pyroelectric crystals such as SBN, and utiliz-
ing various types of resistors capable of withstanding high voltage
between the needle and the crystal may be appropriate for increas-
ing the PNGs yield.”® Finally, some recent research in halide
perovskite and molecular crystals has discovered new non-
centrosymmetric crystals with giant pyroelectricity. Utilizing them
in the PNGs can significantly improve their neutron yield and
durability."*’

V. CONCLUSION

Pyroelectric crystals have already shown their ability in many
applications including neutron and x-ray generation, radiation
detection, energy harvesting, micro-analyzer probes, high-voltage
sources, and so forth. For utilization of pyroelectric crystal as a
neutron generator, nearly two decades of research and development
have been carried out in the selection of components/materials and
innovations for the PNG design. The PNG does not need any high-
voltage power sources to produce neutrons. This makes this type of
generator potentially the most interesting and the smallest neutron
generator available. Despite this significant advantage, it is neces-
sary to increase the neutron production yield and lifetime of the

REVIEW pubs.aip.org/aip/jap

PNGs in order to use them efficiently in industrial and security
applications. With the growing use of artificial intelligence methods
in optimizing neutron analyzing systems, the required neutron flux
for various applications is expected to decrease over time. The hope
is that in the near future, commercial and industrial use of portable
neutron generators in different fields will advance, similar to pyro-
electric x-ray generators. Additionally, by utilizing generative learn-
ing algorithms and improving the components and mechanisms
used in portable neutron generator designs, it may be possible to
more effectively address the challenges associated with these
generators.
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