Chapter 12
Neutron Detectors Based on '’B-Containing
Nanomaterials

Levan Chkhartishvili, Otar Tsagareishvili, and George Tavadze

Abstract Due to of deep penetration ability and strong secondary ionization,
neutron-radiation is the mostly dangerous ionizing radiation for humans and envi-
ronment. Developments in materials science provide neutron-sensor devices with
enhanced selectivity and sensitivity. Among them, detectors based on boron-
containing thin films are the naturally best because of special neutron-capture
properties of '°B isotope. In this work, there are evaluated the key physical-
technical characteristics of neutron detectors made from '°B-enriched semi-
conducting materials: thickness of the effective working layer ~10 um, releasing
rate of the '°B — n interaction products ~10"°/cm? s, electron—hole pairs generating
rate in process of neutron absorption ~10*%/cm? s, rate of rise in the temperature
~10 K/s, and device mean operating time ~10™* s.
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12.1 Introduction

A number of different types of neutron sources are known: nuclear weapons testing
or its use in hostilities; nuclear power plants and research nuclear reactors; spent
nuclear fuel; radioisotopes and spread particle accelerators utilized as neutron
generators in various areas of human life: radiography and damage-evaluation in
materials science, industry, agriculture, environmental protection, medicine; ura-
nium deposits; cosmic radiation.
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Nuclear reactors are most important among sources of peaceful uses. They
utilize chain-reaction — neutron-induced decay of a heavy nucleus with additional
neutrons emission (e.g., U+n— Rb+Cs+4n). In deposits and wastes, it takes
place the spontaneous decay reaction also accompanied with neutrons emission
(e.g., U—Br+La+3n).

Physical damages of living tissue caused by neutron irradiation is more danger-
ous than that from other types of exposure at the same flux because neutrons tend to
provide high values of linear energy transfer. As for the ionization damage effects,
due to the lack of electric charge neutrons are unable to cause primary ionization by
detaching electrons from the water molecules predominantly constituting a tissue.
Instead, they penetrate deeply and detach nuclei of hydrogen atoms — protons,
which are charged heavy particles enable to cause the strong secondary ionization
damages. As a result, weight factor determining the relative share of living tissue
damages in equivalent absorbed dose from the neutron-irradiation is too high: from
~5 up to ~20 depending on the mean energy of neutrons in beam.

Thus, detection of neutron radiation and measuring its fluence are the particu-
larly important tasks caused by two factors: (1) currently, too many neutron-sources
are in wide use; and (2) neutron irradiation is mostly dangerous both for human
health and life and environment among other types of ionizing radiation. There is an
urgent need in means of the monitoring of neutron-active environmental pollutants
generated as a result of nuclear power plants operational or waste influences. In
addition, with an increase in neutron facilities in various fields, it becomes more
important the personal dosimetric control, environmental monitoring near the
neutron-active sources, as well as evaluation of leakage neutrons.

Developments in the range of sensor materials have provided devices with
enhanced sensitivity for neutron radiation. Current state of the art in technology
offers the ability to incorporate micro- and nano-sized neutron-radiation indicators
into widely used materials such as paints, coatings, and ceramics to create com-
posites. Among them boron-containing materials are found to be the best mainly
because of '°B isotope’s special neutron-capture properties.

Since neutrons are uncharged their detection depends on the secondary ionizing
processes induced by the products of neutron capture reactions, most important of
which is the capture by a 198 nucleus [1]:

6 % :'¢B+n— 'iB —Li(1.01 MeV) + 3He(1.78 MeV),
94 % :'9B +in — B — JLi(0.84 MeV) + 3He(1.47 MeV) + y(0.48 MeV).

Note, above reactions usually are used to detect slow, so-called thermal, neu-
trons. As for the general method of measuring intermediate and fast neutrons, it is to
first moderate their energies to thermal values so they can be detected with a
thermal neutron detector. The one of principal measurement systems is a long
counter, containing a boron fluoride BF; tube, surrounded by an inner paraffin
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moderator. Incident neutrons cause a direct response after being thermalized in the
paraffin layer. Those from other directions are either reflected or thermalized by the
outer paraffin jacket and then absorbed in a layer of boron oxide B,0;. The
disadvantage of this arrangement is that the probability that a moderated neutron
will be counted is not dependent on the initial energy and, therefore, no information
on the spectral distribution of neutron energies is obtained.

The description on applications of boron isotopes nuclear properties had been
done as early as in the brief overview [2]. Those included counters of neutrons and
energy sensors for neutron-detectors. Some neutron-capture applications of boron
cluster compounds were mentioned in [3, 4] as well. Neutron sensor device-
structures based on boron-containing materials also were described in the newer
Review [5] on the isotopic effects of boron in solid materials. Recently, in special
issue [6] of the SPIE Proceedings, devoted to the achievements in radiation
detectors physics, it has been described the boron-containing epitaxial layers
proposed for neutron-sensor applications.

Crystalline elemental boron, which is semiconducting, was used in neutron-
thermometers [7]. Neutron-sensors constructed from boron and boron-rich semi-
conductors offered advantages over the conventional (gas-filled) ones being more
effective due to easily detectable products of the nuclear reaction '°B — n.

At the first time, a boron-based neutron-detector was described in [8]. Two
members of a pair of thermoresistors were matched with respect to semiconductor
properties, but differed in nuclear properties: one thermistor was made of '°B, the
other of ''B. When exposed to neutrons with thermal energies, only '°B nuclei
undergo transformation and the significant energy released (~2.79 MeV per a single
act) causes the 19B_thermistor to become warmer than the ''B-thermistor. This
temperature difference can be converted into an electrical signal and measured.

Formation of the rectifying contact on '°B sample allowed its application in a
different-type solid-state neutron detector [9]. Its principle of operation is based on
the generation charge carriers due to absorbing He-nuclei, i.e. a-particles, ejected in
process of neutrons interaction with 198 nuclei. In the neutron detector [10] based
on semi-insulating boron-containing crystal biased by an external voltage, both
produced nuclei He and Li are rapidly stopped (within ~10 pm) exciting thousands
of electron—hole pairs. These free charges then drift in the electric field generating a
measurable current-pulse.

Boron carbide-based thermoelectric device for the detection of a thermal-
neutron flux proposed in [11] exploited, on the one hand, very high melting
temperature of boron carbides in combination with their radiation tolerance and,
on the other hand, anomalously large Seebeck coefficient of boron carbides in
proposing a relatively sensitive detector of the local heating that follows the
absorption of a neutron by a '°B nucleus. The possibility of elaboration of the
boron carbide-based neutron detectors also was considered in [12]. Thermal neu-
trons cannot penetrate for more than ~1 mm into '°B-enriched material before being
absorbed and upon absorbing a neutron, '°B decays heating the material in the
immediate vicinity. A temperature difference is thereby established between the
faces of a boron carbide sample. It can be monitored using large Seebeck effect. All
told, boron carbides may serve as simple, small, and robust neutron detectors.
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Real-time solid-state neutron detectors were fabricated [13] from different semi-
conducting boron—carbon alloy layers (with the natural isotopic abundance or
enriched in '°B) prepared by plasma-enhanced CVD method from the ortho-carborane
source gas. Single neutrons were detected, while the signals induced by concomitant
y-rays were determined to be insignificant. The last is important because at many
working places thermal neutrons coexist with y-rays. Such kind of active diodes could
use the inherent micro-scale spatial resolution, increasing the range of applications.

In [14], a plastic track detector was applied to thermal neutron dosimetry by
combining with boron nitride BN converter using (n, ) reactions. BN seems to be a
promising converter because of high boron-concentration and smooth surface. It is
important to detect separately thermal neutron flux and y-dose, in particular, to
evaluate prescript dose for so-called boron-neutron-capture-therapy, which uses a
high intensity neutron radiation. Recently, it has been proposed [15] the method
exploiting a glass-rod-dosimeter with thermal neutron shielding: in order to eval-
uate thermal neutron fluence, the combination with BN as a thermal neutron
converter has been developed. Epitaxial layers of h-BN synthesized by metal-
organic CVD have been used in [16] for the neutron-sensor application. To address
the key requirement of long carrier lifetime and diffusion length for a solid-state
neutron detector, on this basis the micro-strip metal-semiconductor-metal detec-
tors have been fabricated and tested. A good current-response was generated using
continuous irradiation with a thermal neutron beam corresponding to an effective
conversion efficiency of ~80 % for absorbed neutrons. Utilizing the graphene-oxide
property to provide a sufficient change in luminescence when exposed to neutron
radiation, it was investigated [17] the integration of h-BN with some graphene-
based structures to evaluate neutron-radiation induced conductivity in nanoscale
devices and discussed the successful integration of h-BN with large area graphene
electrodes as a means to provide the foundation for large-area sensors.

Boron phosphide BP single crystals were studied [18] to develop refractory
electric devices, such as solid-state neutron detectors utilizing a large cross section
of '°B isotope. Isotopic composition of the wafer used was (10BP)0.95(“BP)0A05.

Thermo-luminescent thermal-neutron dosimeters, which are one of known few
types of personnel dosimeters commonly used for protection purposes, also utilize (n,
o) reaction of 198 nucleus [19]. Such kind of neutron dosimetry can be performed, e.g.,
by the spark counting of tracks in boron-doped film [20]. For this purpose, thin
cellulose nitrate films doped with a boron compound. After thermal neutron irradia-
tion, the films etched and then the etch-pits caused by '°B (n, o) "Li reactions punched
and counted at high voltages. As a highly sensitive, simple and non-radioactive
neutron dosimeter, the plastic plates doped with other boron compound — ortho-
carborane — were prepared in [21]. The etch-pits generated then counted using an
optical microscope or an automatic track counting system. It is important to note that,
these plates are insensitive to other types of rays (visible, UV, X-, B- and y-) and are
easy to handle because detector and converter are incorporated together.

Alternative boron compound, lithium tetraborate Li,B,0;, was also considered
[22] as promising converter for neutron dosimeters. The poor reliability of sintered
crystals as dosimeter was overcome by making it forms of glass ceramics
Li,B4O07+5 % SiO,+0.01 % Pt or thin evaporated layers on a LiF single crystal.
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From the information on the thermally-stimulated-electron-emission glow pattern
of the duplicated structure sample it may be possible to measure the dose of each
kind of radiation separately in a mixed radiation field.

Nanostructured films of germanium and silicon doped with isotope '°B are known
as naturally the best materials for novel high effective and sustainable neutron-
radiation sensors preparation [23]. Boron atoms, originally shallow acceptors for
Ge and Si, change their charge because of nuclear reaction on '°B stimulated by
neutron-irradiation: it forms Li, the shallow donor for these semiconductors. Charge
carriers concentration changes are easy to fix by an electrical measuring.

The detailed Review on above mentioned neutron-detectors has been given
elsewhere [24].

We can summarize that, '°B isotope-enriched elemental boron crystalline mod-
ifications, semiconducting boron compounds — boron carbides, nitrides, phos-
phides, etc., and boron-doped common semiconductor or insulating materials can
serve as working bodies for effective neutron-fluence detectors of various types.
They exploit effects related to the nuclear reaction '°B (n, o) "Li such as transmu-
tation, heating, and generation of charge carriers. Present work aims to estimate
corresponding physical-technical characteristics of these devices.

12.2 Neutron Capture Properties of Materials

There are several advantages of '°B-containing materials making them useful in
designing the neutron detector devices.

Boron is a chemical element with two stable isotopes '°B and ''B. The natural
abundance of boron stable isotopes "B is: ~19.6 % '°B and ~80.4 % ''B. Both
interact with neutron through elastic and inelastic scattering processes. But, '°B
also interacts with neutron non-elastically — through capturing. This difference
makes the total cross section of a '°B — n interaction strongly exceeding that for
”B, as well as most of isotopes of other chemical elements. For example, the total
neutronic cross-section of 1OB, 1B and ™B for the “room-temperature” neutron
beam, i.e., with mean kinetic energy of E ~0.025 eV which is translates into mean
velocity of v~2200 m/s, equals to 3835, 0.0055, and 767 barns, respectively [25].

Thus, '°B and ''B being chemically identical are quite different by neutron-
absorbing characteristics. The effectiveness of boron as a neutrons absorber is due
to the '°B isotope, while ''B is essentially non-reactive with neutrons. This pro-
vides a flexibility in the use of boron-containing materials in nuclear systems, since
the mixture of boron isotopes can be adjusted.

Neutronic cross section of '°B exhibits the monotonous energy-dependence,
~1/ VE, over the almost entire examined incident neutrons energy range 10752107 eV,
what is not the case for isotopes of other elements: most nuclides show abrupt
increases in cross section at certain narrow ranges due to resonances.
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Boron belongs to the least abundant chemical elements: its content in the Earth
crust makes up no more than 0.005 wt. %. However, the role of boron in forming of
various solid structures is incommensurably great. Understanding of the structural
diversity of boron-containing phases reduces to the B-atom’s distinct electron-
acceptor property. It is a reason, why all-boron materials are electron-deficient and
exhibit very complex atomic structures, in which icosahedron B, serves as a main
building block. Acceptor behavior of B-atoms and their clusters favors formation of
the huge number of borides, i.e. compounds of boron with metals, which usually are
characterized by the electron-donor behaviour. Only binary B/Me crystalline com-
pounds with chemical formulas from MesB to MeBg¢ can be counted approximately
250. Boron compounds with non-metals characterized by the higher electron affinity
than boron, i.e., boron carbides, nitrides, oxides, etc. show lesser complicated struc-
tures. Strong B — B bonds makes all the boron-rich solids refractory and resistive
against aggressive-environment, while diversity of geometric and electronic struc-
tures and, consequently, the diversity of sets of their physical properties yields
extremely large sphere of their technical and technological applications.

Boron is a light element and, consequently, boron-rich compounds are
low-density materials.

One more advantage of the low atomic weight is that products of the nuclear
reaction '°B — n are stable — non-radioactive particles.

Neutrons detection ability by any boron-containing material is determined by the
higher-limit of concentration n of '°B atoms. Its values can be calculated on the
basis of appropriate geometric models for atomic structures of important boron-rich
materials, which were described previously in [26]. As for the obtained results of
estimations, they are presented in Table 12.1.

One can see that, higher-limits of the '°B isotope content in materials, from which
should be made neutron detectors, are too high: (0.1-2.5) 10%/cm’. It means that, the

Table 12.1 Higher-limit of concentration of 1B atoms in boron-rich materials

Material n/cm3 x 10?3
Boric acid H;BO;3 0.14
Bundle of B (2,1) nanotubes 0.27
Zirconium diboride ZrB, 0.65
Amorphous B 1.2
a-tetragonal B 1.3
p-tetragonal B 1.3
B-rhombohedral B, solid solutions of metals in B 1.3
Boron oxide B,O3 1.3
a-rhombohedral B, carbides and related compounds of B 1.4
Bundle of B (2,0) nanotubes 1.6
Boron nitrides h-BN and r-BN 1.7
Bundle of B (2,2) nanotubes 2.1
Bundle of B (1,0) nanotubes 2.2
Bundle of B (1,1) nanotubes 2.4
“Close-packed” B 2.5
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neutrons should be rapidly stopped in a '°B-enriched material [27]. Consequently, in
all the solid-state neutron-sensors based on '’B-rich materials, working body should
be a micro- or nano-layer.

12.3 Physical-Technical Characteristics

Let evaluate the key physical-technical characteristics of the neutron detectors
made from '°B-containing materials.

The depth of penetration / of neutrons into the material, in which concentration
of '°B nuclei is n, equals to

l=—

no

where o is the cross section of '°B — n interaction at the given neutron velocity.
Rate W of releasing of the nuclear reaction products is Jno with J for incident
intensity of neutrons. Taking into account the previous formula we get

W==:
I

If E, the energy released during a single act of '°B — n interaction, is spent only on
the thermal generation of the electron—hole pairs, their number N is equal to the
ratio E/E,, where E, is the band gap width of the irradiated material. It is evident
that the product NW is the rate R of generation of electron—hole pairs:

R—EW
_Eg

Let C is the heat capacity per unit volume of the irradiated material. If the energy
released in result of '°B — n interactions is spent only on the heating, then the
heating rate can be expressed as CdT /dt, where T is the temperature and ¢ is the
time. But, the same equals to EW as well. Consequently, the rate of rise in the
temperature in process of neutron absorption in material should be

dT  EW
d  C

As for the neutron detectors’ typical operation time, apparently it can be estimated
from the following relation:
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= |~

where v is the neutrons mean velocity.

Calculations were performed for following input data: total neutronic cross-
section of a '°B nucleus for thermal neutrons ¢ = 3835 b; incident neutron flux
intensity J = 10'%/cm? s, which is the value characteristic for radiation of a small
nuclear reactor; E=2.79 eV; band gap width of p-rhombohedral boron, the boron
ground-state modification, E, = 1.55eV [28]; specific heat of p-rhombohedral
boron at room temperature C =1.83- 10" eV/K cm? [29]; and the velocity of
thermal neutrons v =2200 m/s. Values of the concentration n were taken from
Table 12.1.

Estimated values of above introduced parameters are:

— thickness of the effective working layer in a semiconductor device ~10 pm;

— releasing rate of the '°B decay products, lithium and helium, induced by
neutrons absorption ~10%/cm? s;

— generating rate of electron—hole pairs in process of neutron absorption ~10*%/cm” s;

— rate of rise in the temperature in process of neutron absorption ~10 K/s;

— device mean operating time ~10~* s.

Using obtained results and relevant multipliers, engineers and designers of solid-
state detectors of neutron radiation can easily recalculate parameters for devices of
different designs and different values of the incident neutron flux.

12.4 Conclusion

On the basis of computations performed, certain recommendations can be made
about improvements in physical-technical characteristics of neutron-radiation flux
detecting and measuring devices made from '°B-containing materials.

The general conclusion is that '°B-isotopically enriched semiconducting modi-
fications of elemental boron, semiconducting boron compounds, and boron-doped
common semiconductor materials can serve as working bodies for thin-film, high-
reliable, high-sensitive, and fast-acting robust solid-state electronic neutron-
detectors of various types.

References

1. Martin JE (2008) Physics for radiation protection: a handbook. Wiley/VCH, Weinheim
2. Potapov SP (1961) On application of stable isotopes of boron. At Energy 10:244-252



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Neutron Detectors Based on '°B-Containing Nanomaterials 195

. Plesek J (1992) Potential applications of the boron cluster compounds. Chem Rev 92

(2):269-273

. Grimes RN (2004) Boron clusters come of age. J Chem Educ 81(5):658-672
. Chkhartishvili LS (2009) Isotopic effects of boron (Review). Trends Inorg Chem 11:105-167
. James RB, Burger A, Franks LA, Fiederle M (eds) (2012) Hard X-ray, gamma-ray, and

neutron detector physics XIV. SPIE Proc, 8507:1-237

. Cooper HS (1961) Boron. In: Hampel CA (ed) Rare metals handbook. Reynolds Publ. Corp/

Chapman & Hall Ltd, New York/London, pp 69-81

. Gaulé GK, Ross RL, Bloom JL (1965) '°B/''B thermistors pairs and their applications. In:

Boron: preparation, properties and applications. Plenum Press, New York, pp 317-338

. Costato M, Fontanesi S (1969) Studio delle propretia fisiche del Boro. Semin. Mat e Fis Univ

Modena Atti, 18:231-281

. Lund JC, Olscher F, Shah KS (1990) Solid state neutron detectors from boron-rich semicon-

ducting compounds. In: Abstract 10th international symposium Boron, Borides & Rel. Comp.
New Mexico University, Albuquerque, 100—100

Emin D, Aselage TL (2005) A proposed boron-carbide-based solid-state neutron detector. J
Appl Phys 97:013529, 1-3

Emin D (2008) Unusual properties of icosahedral boron-rich solids. J Solid State Chem 179
(9):2791-2798

Robertson BW, Adenwalla S, Harken A, Welsch P, Brand JI, Dowben PA, Claassen JP (2002)
A class of boron-rich solid-state neutron detectors. Appl Phys Lett 80(19):3644-3646

Oda K, Miyake H, Michijima M (1987) CR39 — BN detector for thermal neutron dosimetry. J
Nucl Sci Technol 24(2):129-134

Tanaka H, Sakurai Y, Suzuki M, Masunaga S, Kinashi Y, Marunashi A, Ono K (2013) Study
on the dose evaluation using glass rod dosimeter for boron neutron capture therapy. IFMBE
Proc 39:1142-1144

Majety S, Li J, Cao XK, Dahal R, Lin JY, Jiang HX (2012) Metal-semiconductor—metal
neutron detectors based on hexagonal boron nitride epitaxial layers. SPIE Proc 85070R:1-9
Robinson JA, Wetherington M, Hughes Z, 1a Bella III M, Bresnehan M (2012) Investigation of
graphene-based nanoscale radiation sensitive materials. SPIE Proc 83730J:1-9

Kumashiro Y, Kudo K, Matsumoto K, Okada Y, Koshira T (1987) Thermal neutron irradiation
experiments on '°BP single crystal wafers. In: Proceedings of the 9th international symposium
Boron, Borides & Rel. Comp. Duisburg University Press, Duisburg, pp 371-372

Griffith RV, Hankins DE, Gammage RB, Wheeler RV (1979) Recent developments in
personnel neutron dosimeters-alpha (Review). Health Phys 36(3):253-260

Tsuruta T, Takagaki M (1982) Neutron dosimetry by the spark counting of tracks in boron-
doped film. Health Phys 43(5):705-710

Tsuruta T, Juto N (1984) Neutron dosimetry with boron-doped CR — 39 plastic. J Nucl Sci
Technol 21(11):871-876

Kikuchi R, Kawamoto T, Lee CH, Kawanishi M (1983) The TSEE from the sintered Li,B40;
crystals, the glass ceramics of Li;B4O7 + SiO, and the thin evaporated layer of Li,B4O; on the
LiF single crystal. Radiat Prot Dosim 4(3—4):196-200

Kervalishvili PJ (2012) Boron isotopes doped germanium and silicon based gamma and
neutron radiation nanosensors. In: Cont. 2nd international conference ‘“Nanotechnologies”.
Nekeri, Thilisi, pp 120-121

Chkhartishvili L (2014) Neutron-fluence nanosensors based on boron-containing materials. In:
Nanomaterials for environmental protection. Wiley, Hoboken, Chap 26, pp 445-449

Murty KL, Charit I (2012) An introduction to nuclear materials: fundamentals and applica-
tions. Wiley/VCH, Berlin

Chkhartishvili L (2013) Interaction between neutron-radiation and boron-containing materials.
In: Radiation synthesis of materials and compounds. CRC Press/Taylor & Francis Group, Boca
Raton, Chap3, pp 43-80



196 L. Chkhartishvili et al.

27. Chkhartishvili L, Tsagareishvili O, Gabunia D (2012) '°B-based materials for neutron-
shielding. In: Proceedings of the international conference Mod. Technol. & Meth. Inorg.
Mater. Sci. Meridian, Tbilisi, pp 188-202

28. Tsagareishvili GV, Tavadze FN (1978) Semiconducting boron. Nauka, Moscow

29. Tsagareishvili GV, Tsagareishvili DS (1990) Thermal and elastic properties of boron.
Metsniereba, Thbilisi



	Chapter 12: Neutron Detectors Based on 10B-Containing Nanomaterials
	12.1 Introduction
	12.2 Neutron Capture Properties of Materials
	12.3 Physical-Technical Characteristics
	12.4 Conclusion
	References


