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Abstract. The state-of-the-art of the radiography and tomogra-
phy using X-ray and neutron radiation is described. The meth-
ods are widely used in scientific research and industry due to the
high penetrating power of radiation, different mechanisms of
interaction with matter, the absence of sample destruction, and
spatial resolution sufficient for a wide range of applications.
Radiation methods are widely used in the nuclear fuel cycle, in
studying the operation of fuel cells and materials under various
conditions, in flaw detection, in biology, and in other fields of
science and technology.

Keywords: X-ray radiation, neutron radiation, radiography, tomo-
graphy, neutron generators

1. Introduction

Radiography and tomography using X-ray and neutron
radiation are among traditional methods of nondestructive
testing and analysis of materials and various products. The
main goals of using the methods are the quality control of
manufactured articles in the process of their production, their
technical diagnosis, flaw detection and control of the
geometric characteristics of goods, scientific research, inspec-
tion of cargo, security checks of people and carry-on luggage,
etc. The unique capabilities of the methods are used to
develop technological processes, new products, and materi-
als and to oversee the most crucial construction assemblies
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and mechanisms. The methods are also often used to check
objects with defects that cannot be revealed visually and are
applied to detect local imperfections in continuity, occlusions,
differences in density, and deviations in the geometric
structure.

Thanks to high penetrating power, the images obtained
using X-ray and neutron radiography and tomography
contain the most complete information about the internal
structure of the studied objects.

This review discusses the application of the methods in the
nuclear fuel cycle, in the study of electric cells, in checking the
quality of turbine blades, in monitoring the operation of
internal combustion engines, and in materials study. The
issues of reverse engineering, space- and time-resolved radio-
graphy, and combined use of X-ray and neutron radiations
are considered.

Readers interested in X-ray and neutron radiography and
tomography can consult Refs [1-4] and the website of the
International Society for Neutron Radiography [5].

2. Main areas of application

2.1 Nuclear fuel cycle

Present-day radiography and tomography allow checking the
quality of parts, reveal the real condition of an exploited
object, ensure the safety and reliability of the operation of
nuclear power stations, and prevent possible accidents and
catastrophes. Neutron and X-ray methods are mutually
complementary tools used in the development and analysis
of nuclear materials, etc.

The combined use of neutron and X-ray radiation in the
nuclear fuel cycle is based on the substantial difference in their
interaction with matter. Chemical elements with low electron
density are poorly distinguished in X-ray radiographic images.
On the contrary, the attenuation of neutrons by matter
does not depend on its electron density. Thus, for example,
hydrogen can be detected inside a metallic container, since the
linear attenuation coefficient of thermal neutrons by hydrogen
amounts to 3.44 cm~!, and for Pb it equals 0.38 cm~!.
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Figure 1. Main stages of nuclear fuel cycle [8].

Fission-fragment radiography (f-radiography) [6] is a
unique method of analyzing radionuclides in the process of
fission in a variety of rocks. It allows determining the
quantitative content of fissile radionuclides, their spatial
distribution, as well as the form in which they are present in
the object of study. The method is instrumental, making it
possible to perform analysis without chemical preparation or
destruction of the sample and fixing the spatial location of
thorium, uranium, plutonium, and other elements with high
sensitivity. Fission-fragment radiography is based on the
phenomenon of fission of nuclei of thorium, uranium, and
plutonium in the field of thermal neutrons in a nuclear reactor
and on the detection of fission fragments (tracks). Track
detectors [7] fix the traces of fission fragments, which after
appropriate processing are observed with an optical micro-
scope.

The X-ray and neutron radiography application areas in
the nuclear fuel cycle are (Fig. 1):

— study of composition and mineralogy of uranium
ore;

— development and testing of fuel elements and materi-
als;

— investigating the quality of welds;

— checking nuclear reactor vessels;

— handling nuclear waste.

2.1.1 Study of ore composition. Radiography and tomography
are used as diagnostic tools for getting data on the geological
volumetric composition of rock, in particular, core samples
extracted from wells. Microcomputer X-ray tomography
allows obtaining the results in an hour with a spatial
resolution no worse than 6 pm and determining the content
of gold, pyrite, zircon, and brannerite in various rocks.
Uranite is found mainly in quartz matrices and carbon-
containing components of rock in the form of round grains
with a size of up to 200 um [9].

Combining 2D and 3D X-ray imaging methods facilitates
the understanding of the genesis of uranium-containing ores
[10].

The use of X-ray diffraction in the study of ore rocks of
the Malinovskoe uranium deposit revealed the presence of
uranium in both authigenic and terrigenous components of
the rocks; the presence of a finely dispersed ‘mineral-free’
form of uranium; and the participation of epigenetic
processes at different times in the formation of deposit ores
[11]. The sequence of formation and transformation of ores

allows attributing them to a unique subtype of Mesozoic
infiltration deposits from Western Siberia.

A combination of scanning electron microscopy and
energy dispersive X-ray spectroscopy (SEM-EDS) offers an
effective tool for determining uranium compounds. For this
purpose, very thin sample plates are prepared and exposed to
radiation in a nuclear reactor. The exposed samples produce
tracks observed with a microscope. Images of the tracks
determine the sample areas with increased uranium content,
subsequently studied using SEM-EDS, the spectra of which
are used to determine the mineralogy of the considered areas.
As an example, we can present the studies carried out at the
location of the former uranium factory in Grand Junction,
Colorado, USA [12]. The results of studies by both methods
have shown that the local uranium is coated by Al/Si gel and
gypsum. The zones of smaller uranium content are filled with
evaporite salts. The establishment of uranium mineralogy
helps us to determine the rates of uranium release into
underground waters.

2.1.2 Controlling enrichment of fuel rods. Natural uranium
contains 99.284% of the U-238 isotope. The content of the
U-235 isotope in natural uranium is only 0.711%. U-235 is
the only isotope in nature present in substantial amounts and
interacting with thermal neutrons. The distribution of
uranium isotopes in a sample is determined by either radio-
graphy or gamma spectrometric measurements [13]. Histori-
cally, the first developed method of measuring enrichment
was based on the fact that the intensity of gamma radiation
from U-235 contained in sufficiently thick uranium samples is
proportional to their enrichment [14]. As a rule, radiographic
methods allow determining the distribution of microinhomo-
geneities over the surface and volume of a sample. Thermal
neutron radiography yields the distribution of chemical
elements such as Nd, Gd, and Pu in spent fuel rods [15]. The
difference in absorption cross sections of U-235 and U-238
ensures nondestructive determination of the degree of fuel
enrichment in fuel element pellets. The image contrast of the
fuel element pellets with various densities depends on the
energy of neutrons[16]. At energies above 19.7 meV, neutrons
allow detection of pellets with minimum density. The rod
itself is characterized by the maximum transmission. At a
neutron energy of less than 6 meV, the pellets with the
smallest density manifest themselves in the radiographic
image as the darkest ones. The darker the image, the higher
the enrichment.

2.1.3 Development and control of fuel elements. In Russia,
the development of new kinds of fuel for nuclear power
plants is in progress: the fuel for WWER-1000 and
WWER-1200 reactors, the mixed fuel and fuel elements
for floating power units [17]. Fuel behavior in the process
of exploitation of fuel rods under extreme conditions,
characterized by high energy release, temperature, pres-
sure, and radiation, is being studied.

To get a license necessary to launch a nuclear reactor, it is
checked, in particular, for safety in exploiting the fuel
elements. The high sensitivity to the content of U-235 in
radiographic studies when using slow neutrons is explained
by their high penetration power in samples of natural
uranium and different attenuation capacities of its isotopes.
Neutron radiography methods allow studying the distribu-
tion of fissile material in fuel rods without compromising their
integrity.
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Figure 2. Neutron radiography image of a spent fuel element using thermal neutrons. Cracks (a) and voids (b) appear in the fuel. Fuel rod cladding is also

prone to destruction (c) [20].

In contrast to neutron radiography, X-ray radiography is
less used for the inspection of fuel rods, namely for the
following reasons:

— uranium has a high attenuation coefficient for X-ray
radiation (about 50 cm~! for E = 150 keV);

— for thermal neutrons, the attenuation coefficient is
0.8cm~!;

— in the case of thermal neutrons, U-235 and U-238 have
substantially different attenuation capacities, which allows
assessing the content of these isotopes;

— X-ray radiation does not allow detecting substances
that strongly absorb thermal neutrons (boron, lithium,
dysprosium, and gadolinium);

— X-ray radiation does not provide quantitative mea-
surements of hydrogen content in the rod housing.

Nevertheless, X-ray radiography is used to control the
manufacture of the claddings of heat-releasing elements
that determine the reliability and safety of exploiting a
nuclear power plant. To inspect them, a station for
inspecting fuel rod welding joints [18] has been developed
at the Design and Technology Institute of Scientific
Instrument Engineering of the Siberian Branch of the
Russian Academy of Sciences.

For decades, radiation radiography has been used to
visualize fuel elements with two main purposes: verifying
existing stocks and ensuring their quality. Review [19]
presented the results of studying both intact and exposed
assemblages consisting of various materials in various
physical forms. Four decades of development have led to
technologies through whose use it became possible to obtain
3D images of UO; granules 0.5 mm thick coated with an
external layer.

Detecting the destruction of fuel contained in fuel rods
(Fig. 2) is an important part of their study. Cracks (Fig. 2a)
and voids (Fig. 2b) appear in the fuel. The claddings of fuel
rods are also prone to destruction (Fig. 2¢).

Zirconium alloys are the main material of fuel rod
claddings in pressurized water and boiling water power
reactors. Generally, the alloys contain hafnium, niobium,
tin, iron, nickel, and chromium. Using zirconium is deter-
mined by a small coefficient of neutron capture. A radio-
graphic study with thermal neutrons (Fig. 3) [21] shows that
keeping the Zr(IV) alloy in water vapor for 8 hours at a
temperature of 800 °C leads to inessential changes in it. When
annealing the sample in the atmosphere with the addition of
air, an increase in the changes is observed and a slight swelling
of the sample occurs. When annealing in the atmosphere with
the addition of nitrogen, significant swelling is observed with

8 hat800°C
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Figure 3. Neutron radiography images of a Zr(IV) sample placed in
various atmospheres with a flow of water vapor (2 g h~!) and nitrogen
(101h~1[21].

a strong increase in the total cross section of interaction of
thermal neutrons with the sample.

It is accepted that, in case of an accident with the cooling
fluid, safety is guaranteed by the thermoplasticity of the fuel
rod cladding. However, the oxygenation of the cladding made
of zirconium by water vapor leads to the formation of free
hydrogen:

Zr + 2H,0 = ZrO, + 4H.. (1)

If there are ruptures in the fuel element cladding, the
hydrogen passes through them and is absorbed by metallic
zirconium. The absorption of hydrogen by zirconium (Fig. 4)
substantially deteriorates its plasticity [22]. In addition, the

Figure 4. (a) Reconstructed 3D volume of a high-pressure pipe sample
made of zircaloy (zirconium-tin alloy); (b, c) different sections of recon-
structed volume [22].
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Figure 5. Image of a graphite sphere for a high-temperature reactor and
results of measurements using neutron tomography [24].

oxygenation of zirconium leads to its becoming fragile. Thus,
neutron radiography and tomography allow determining the
hydrogen content in the cladding of the fuel element
qualitatively and quantitatively with high sensitivity and
accuracy.

The formation of hydrogen bubbles in high-pressure pipes
made of zirconium alloys in nuclear reactors is one of the
factors that limit trouble-free reactor operation [23]. The
detection of the bubbles, determination of their dimensions,
as well as the distribution of hydrogen in the surrounding
matrix allow assessing the reactor lifetime. Neutron tomo-
graphy is a means of studying the kinetics of hydrogen bubble
formation.

A spherical fuel element intended for a high-temperature
reactor is implemented in the form of a sphere 6 cm in
diameter [24]. To study it, one of the methods is X-ray
tomography, used to ensure the homogeneity of uranium
dioxide particle arrangement in the carbon matrix and to
develop a technological process, providing the central
position of the particles in the matrix. As a result of X-ray
tomographic analysis, the number of spatially separated fuel
elements and their diameter were determined, which
amounted to 8500 and 0.5 mm, respectively. Another result
was the determination of the mean distance between fuel
particles and the conformation of homogeneity of the fuel
element filling. The result of X-ray studies of the spherical
elements were confirmed by neutron tomography measure-
ments (Fig. 5).

Monitoring spent fuel elements is a problem that arises in
the development of new nuclear reactors. The problem
consists in the high gamma activity of the fuel elements,
which is an obstacle to using digital detectors and tomo-
graphic studies. This substantially increases the cost of the
measurements. In Ref. [25], a low-power (250 kW) radio-
graphic reactor with a relatively small neutron flux incident
on the sample and a large signal-to-background ratio was
used to examine fuel elements. An optical system was

developed that allowed using a digital detector by placing it
outside the neutron beam. The optical system consists of
several coaxial nested Wolter mirrors and can operate with a
polychromatic beam of thermal neutrons.

2.1.4 Handling nuclear waste. The radioactive waste classifica-
tion has been proposed by the International Atomic Energy
Agency (IAEA) [26]. The waste of low and medium activity is
usually sealed in steel barrels, which are pressed, covered with
concrete, and then placed in underground storage. Concrete
is a porous material and transmits water. It is important to
understand how this occurs during the storage of nuclear
waste. Neutron radiography and tomography of concrete
allow visualization of this process thanks to a high sensitivity
of the neutron radiation to hydrogen. Neutrons allow
measuring such physical properties of concrete as porosity,
permeability, and sorbing capacity. The aim of the studies
carried out in Refs [27, 28] was to improve the protective
concrete constructions by decreasing the sorption of water
and leaching of the concrete. The water sorption capacity of
concrete depends on the initial water-to-cement ratio in the
process of its production and the number of days that pass
after its curing (Fig. 6). The smaller the amount of water used
and the more time that has passed after the concrete curing,
the lower its sorption capacity. In Fig. 6, the number of days
passed after the concrete has cured is indicated at the bottom.

In atomic power engineering, concrete is used not only as
a construction material but also as a material for biological
protection. Concrete mix usually consists of cement, coarse
and fine aggregate, water, and various additives. Studies of
concrete properties were carried out using a setup placed at
one of the horizontal channels of the VVR-K reactor [29].
Samples of three concrete grades were investigated. The
distribution of pores and cracks in each sample was demon-
strated. The difference in linear coefficients of neutron
radiation attenuation by the samples did not exceed 10%.
The rate of water migration in the concrete was assessed. One
of the samples had a larger water penetration rate along the
concrete height, which testifies to its higher porosity. The
water migration rate along the height of this sample was
l4mmh!.

Neutron radiography methods were used to study the
solidification processes in cement pastes used to build
repositories or disposal sites of radioactive waste contain-
ing metallic aluminum. Various compositions of cement
pastes with organic additives to suppress gas formation
processes in the course of cement material curing were
tested. The kinetics of cement paste curing were consid-
ered [30].
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Figure 6. Neutron radiography images of a concrete sample after curing. Number of days after curing is indicated below images. The less water used and
the more time that has passed since the concrete cured, the lower its sorption capacity [27, 28].
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Figure 7. Neutron radiographic and tomographic images of a fuel cell with
a polymer electrolyte membrane. Maximum distribution of water is
observed in the anode of the cell [38].

The detection of radioactive materials is also of signifi-
cance. For these aims, two approaches are used: an active one
and a passive one. The active approach implies using a source
of radiation and, in many cases, imaging the object of study
[31-35]. Such an approach cannot be used in the immediate
vicinity of humans and in noncontrolled zones of detection.
The passive approach is related to using a system of detectors.
In contrast to the active approach, it requires less equipment
and is significantly cheaper to implement [36].

2.2 Electric cells

2.2.1 Evaluating water content. One of the important current
applications of neutron and X-ray radiography is the study of
fuel cells with a polymer electrolytic membrane. The cells can
be applied in both stationary and mobile devices. Water plays
an important role in the cells, particularly under low
temperatures. On the one hand, liquid water is necessary in
some amounts, since only a wet membrane transmits protons.
On the other hand, the water content in gas-transporting
channels and porous gas-diffusion layers strongly affects the
density of the released energy and the lifetime of the materials
used.

High-speed neutron tomography provides a quantitative
analysis of water distribution in a cell and makes possible its
computer simulation and creation of designs of the next
generation [37]. The time dependence of water distribution
in the cell anode and cathode, obtained by means of neutrons,
is shown in Fig. 7 [38]. The horizontal lines on the left at the
top are caused by liquid water moving along the channels
intended for gas. On the right at the top, the distribution of
water in the channels is shown immediately after their
switching from hydrogen to deuterium gas and 90 s after the
switching. It is seen that the water partially vanished in 90 s
and was replaced by the practically transparent heavy
water D,O. At the bottom of the figure, the water
distribution is shown as obtained from tomographic
measurements of a test cell. Each slice in the figure has a

Droplets of water

Figure 8. Images of an electrical element with polymer electrolyte
membrane obtained using radiography with thermal neutrons (a) and
synchrotron radiation (b). Arrow indicates area of hole drilling [39].

thickness of 0.125 mm. The maximum water distribution is
observed in the cell anode.

Combined use of neutron and X-ray radiography allows
studying the distribution of liquid water in cells under realistic
conditions of their exploitation. Neutrons easily penetrate
through metallic walls, whereas X-ray radiation provides a
high spatial (of the order of 1 um) and temporal (at a level of
100 ms) resolution when using a synchrotron source (Fig. 8).
Neutrons pass through metallic components of the cell, are
sensitive to water and allow imaging of the entire cell. The
necessity to drill holes in the face plates of the casing to pass
the synchrotron radiation through them limits the field of
view of the X-ray image, but at the same time provides
visualization of water droplets a few microns in diameter
[39]. The arrow in Fig. 8a indicates the region of the hole
drilling.

2.2.2 Study of electric battery discharge. The images in Fig. 9
show tomograms of an alkaline electric battery using
synchrotron and neutron radiation [39]. Images (a,c) were
obtained before the discharge, and images (b, d), after it. The
X-ray tomograms indicate considerable structural changes in
the zinc powder (the particles in the center of the images),
which were oxidated and partially dissolved in a KOH
electrolyte. The cathode swelled and cracked because of a

Figure 9. Tomograms of an alkaline cell: (a, b) in synchrotron radiation;
(c, d) in neutron radiation [39].
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Figure 10. Radiographic and tomographic images of a lithium cell: (a) and
(b) X-ray and neutron radiographic images; (c) neutron tomogram [39].

decrease in the amount of MnO,; (the grey zone) and the
penetration of hydrogen.

The complementary properties of X-ray and neutron
radiation are well manifested in the study of lithium power
cells. Since the cell contains solid Lil electrolyte, it demon-
strates high reliability and is used, particularly, in medicine
for heart pacemakers. It is important that the lithium cells
work stably for a long time. The stability of operation
depends on the change in the lithium distribution in the cell
with time, the study of which allows optimizing cell operation
and prolonging its lifetime. Thanks to a sufficiently large
number of electrons in the shell of the atom, iodine is a high-
contrast substance for X-ray radiation. At the same time,
lithium strongly absorbs thermal neutrons. The X-ray image
in Fig. 10a [39] mainly shows the iodine distribution in the
cell. The neutron image in Fig. 10b demonstrates a distribu-
tion of lithium. The image in Fig. 10c is tomographic and
shows a volume distribution of lithium. The cell size was
27 mm.

The processes that occur in vanadium cells depend on the
physical and chemical properties of the surface of the
materials used. To understand the influence of flow and
formation dynamics of hydrogen bubbles, various type of
cells were studied. The obtained data allow optimizing the cell
design [40].

2.3 Other industrial products

2.3.1 Turbine blades. Turbine blades are used in gas turbine
engines in aviation, shipbuilding, and power engineering.
Issues concerning their production are some of the most
science-intensive and complex. The blade is the most
important part, taking on all the thermal load. The operation
of the entire engine depends on its heat resistance. The blade
working temperature is about 1000 °C. The gas temperature
before the turbine is several hundred degrees Celsius higher
than the melting point of the blade material itself. The
uniqueness of the blade production technology consists in
the casting, during which its directed crystallization occurs.
The overhaul period of modern blades is about 1000 hours.
The service life of PD-14 engine blades (aircraft turbofan
engine of generation 5 and 5+) is 20,000 hours. The cost of
aircraft engine blade production is comparable to that of a
car. A blade is a virtually ideal single crystal with cavities
inside for its cooling, usually with air, to prevent its melting at
the operating temperature. The cavities are created by virtue
of using ceramics, which is destroyed and removed through
technological holes as the cavities are created. Neutron
images of a blade without gadolinium ceramics and with it
are shown in Fig. 11 [41]. When the ceramics contain
gadolinium, their residuals in the blade cavities are detected
by neutron radiography.

without Gd

with Gd

Figure 11. Neutron image of a turbine blade without (a) and with (b)
gadolinium-containing ceramics [41].

2.3.2 Pyrotechnic devices. Pyrotechnic devices are critical
components to carry a spacecraft into orbit. These devices
are used for ignition, stage separation, satellite rotation, etc.

The French company Dassault Aviation develops and
produces pyrotechnic components for the ARIANE 5
program. Before the launch, every pyrotechnic device is
thoroughly tested. A total of about 800 various pyrotechnic
devices are installed on ARIANE 5 [42-44]. The launch can
be guaranteed under the condition of high quality of the
installed devices. Neutron radiography using low-energy
neutrons is a unique method of checking the condition of
such devices and is widely used for these purposes.

The lack of explosives in a pyrotechnic device obviously
leads to a failure in its operation. Reference [44] considers the
possibility of using deuterium-tritium neutron generator
together with a 12-bit CCD camera as a recorder to solve
this problem. The studies revealed a typical change in the
radiographic image intensity in different regions inside the
metallic capsule with different wall thicknesses. The experi-
ments have shown the difference between a material with a
macroscopic absorption cross section of 13.9 b per molecule
and aluminum having 1.62 b per molecule. There is a problem
of detecting substances with close macroscopic absorption
cross sections. It is established that, when using a neutron
generator, it is possible to detect the difference between chalk
powder and sucrose with attenuation coefficients of 0.13 cm !
and 1.63 cm™!, respectively.

X-ray tomography is also used to study pyrotechnic
devices [45]. The images obtained when filling the device
with calcium carbonate and epoxy compound significantly
differ from those of unfilled samples. It was found that
radiographic and tomographic X-ray images are character-
ized by good contrast. The possibility has been demonstrated
of using X-ray tomographic measurements as an alternative
tool for studying pyrotechnic devices when for some reason
radiography cannot be performed.

2.3.3 Fuel injectors. Fuel injectors are also a target of
nondestructive control. Images obtained in X-ray radiation
at tube voltages of 100 kV and 190 kV, as well as in thermal
neutrons, are shown in Fig. 12 [46]. The neutron radiograms
are seen to reveal more details and in some sense to complete
the X-ray images.

Microcomputer X-ray tomography demonstrates the
effect of internal geometry of a fuel injector on the flow
characteristics under realistic conditions [47]. A phase-
contrast image can be used to study the internal cavitation
and movement of a needle that, in this case, is a part of the fuel
injector. The results of the study show that the flow
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Figure 12. Fuel injector images. X-ray images at two tube voltages of
100 kV (a) and 190 kV (b). (c) Thermal neutron image [46].

characteristics are affected by the movement and excentric
vibrations of the needle. X-ray imaging provides a good
spatial and temporal resolution. Multiple exposures and
absorption of X-ray radiation allow detecting the velocity
and density distributions in the near field of the device.

Cavitation phenomena in fuel injectors were studied using
neutron and X-ray radiation. The images have shown that the
cavitation occurs in the injector nozzle [48-50]. From X-ray
measurements, it follows that the cavitation volume has a
substantial gradient with respect to the nozzle volume. The
inner structure of the cavitation cloud is a hollow ball, formed
at the nozzle entrance. The studies allowed developing a
model of the injector nozzle geometry.

2.4 Dynamic radiography

The method of dynamic neutron radiography implements a
nondestructive control of device operation in real time. The
method is used when other kinds of radiation are inapplic-
able. A working internal combustion engine, whose operation
can be observed due to the periodicity of the process and its
synchronization with the operation of the neutron control
system [51], can be considered an example. In Fig. 13, it is
worth focusing attention on the position of the engine
valves.

Neutron images of a burning cigarette were studied in the
interests of a tobacco company [52]. The study allowed
determining the change in the cigarette mass in the process
ofits burning, as well as the sedimentation, transmission, and

evaporation of pyrolysis products. Additionally, the cigarette
burning rate was determined.

In modern nuclear power production, matter is under the
conditions of intense energy impact. This gives rise to a
variety of complex hydrodynamic phenomena, the under-
standing of which is of interest for both applied and
fundamental problems. The radiographic method using
X-ray radiation offers new possibilities for the experimental
study of a wide class of hydrodynamic, low-contrast, fast
phenomena in plasma.

The X-ray method developed in Ref. [53] allows studying
microobjects (including biological ones) with a spatial
resolution of 10-20 um and temporal resolution of 2-3 ns.
This is important for understanding local dynamical prob-
lems and offers a key to using various collective phenomena.

In Ref. [54], X-ray radiography was used to study the
development of Rayleigh—Taylor instability and pair shock-
wave structures in nanosecond laser-induced plasma. The
method is an upgrade of the technique of phase-contrast
X-ray superhigh resolution radiography, which opens up
new possibilities for the validation and development of
theoretical models describing low-contrast phenomena in
laser plasma, where a submicron accuracy of measure-
ments is necessary.

In the case of neutrons, the studies are carried out at
nuclear reactors. In this case, the degree of beam collimation
and, therefore, the spatial resolution of the obtained images is
worse. In Ref. [55], neutron radiography and tomography
were used to clarify the liquid flow in rocks and the sorption
of cadmium by them. Understanding these processes is
necessary to predict the seismicity of a region, the phenom-
ena of pollutant extrusion, the acceptability of underground
storage of waste, the consumption of geothermal energy, and
other issues. The different sensitivity of neutrons to isotopes
of hydrogen has been exploited.

Understanding liquid flow in rocks is of crucial impor-
tance for the quantitative assay of many natural processes.
Till recently, neutron methods were insufficiently used in
geology because of the large amount of time needed for data
acquisition. Reference [55] demonstrates the possibility of
data acquisition in the case of leakage of a liquid and
pollutants in rocks, in particular, of cadmium salts, which
are present in many electronic devices, including power cells,
and are a widespread pollutant of soil and ground water. The
results of the study show that in porous rocks of centimeter
scale the cadmium transfer occurs along the most favorable

| - )t

‘ f
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Figure 13. Study of operation of an internal combustion engine using dynamic neutron radiography [51].
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Figure 14. Spatial distribution (a) and diameter (b) of granite inclusions in
a sample of lamprophyre [57].

paths. The neutron visualization of the process yields new
information on the subsurface transfer of pollutants.

The study of biological phenomena is related to the
dynamics of water penetration into plant roots. Reference
[56] uses the contrast for thermal neutrons that exists for usual
and heavy water. Gradual vanishing of the image in plant
roots means the penetration of heavy water into them.

2.5 Materials study

Neutron tomography is one of the means to extract informa-
tion on the spatial distribution and diameter of granite
inclusions in lamprophyres (Fig. 14) [57], which are rare
ultra-potassium magmatic rocks, mainly found in the form
of dykes, lopoliths, laccoliths, stocks, and not large intru-
sions. They are alkaline undersaturated rocks with a high
content of magnesium oxide, > 3%, potassium oxide, sodium
oxide, nickel, and chromium.

In the building industry, the composition of cured
concrete and the mortar used is of importance. These data
are, notably, required in cases where it is necessary to
conclude whether the dosing of the components, first of all
cement, corresponded to the specified grade of concrete. Such
a necessity arises, for example, in cases of accidents or
detecting insufficient concrete strength. The neutron radio-
graphy and tomography used to determine the composition
of the cured concrete are of significant interest both for
building companies directly responsible for the concrete
quality and for the inspection bodies (courts, etc.). The
study of cured concrete by neutron imaging is a useful tool
in the study of the causes of its cracking and appearance of
defects (Fig. 15) [58].

The reconstruction of tomograms is often performed
using the Octopus program [59], and, for the analysis of
sample porosity, the VGStudio package [60] is used.

Due to the large cross section of interaction of thermal
neutrons with hydrogen, neutron tomography is sensitive to
its content and is often used to detect hydrogen-containing
substances and to complement X-ray measurements. An
example is AlSigCuy aluminum foam, in the production of
which at the first stage the foaming agent TiH, is used. Its
distribution before and after the foaming process is of great
importance for the entire process and determines the foam
quality (Fig. 16) [61].

In the neutron tomogram (Fig. 16b), TiH, agglomerates
are shown in red. When studying the TiH, distribution, X-ray
tomography provides necessary spatial resolution, whereas
neutron tomography allows detecting TiH, agglomerates.

Reference [62] discusses the necessity of using neutron
radiography in the study of diffusion processes and the
kinetics of chemical reactions. As an example, the zirconium

Volume, mm?
50

0 Steel

Figure 15. Tomogram used to analyze concrete porosity [58].

Figure 16. X-ray (a) and neutron (b) tomograms of AlSigCuy foam.
Agglomerates of TiH; are shown in red in neutron tomogram [61].

alloy is used, where the diffusion of hydrogen, its absorp-
tion upon high-temperature oxidation, and reactions
occurring in the atmosphere of nitrogen and air are
explored. The advantages of using neutron radiography
are being discussed.

Using neutron and X-ray radiation, the behavior of water
in a steel pipe was studied [63]. The results of the simulation
performed in this paper show the possibility of measuring the
hydrogen density under high pressure in metallic vessels.

3. Reverse engineering

Reverse engineering is a process of creating a 3D model of the
product under study, writing the design documentation, and
making the product itself [64].

Reverse engineering is applied when

— the design documentation is absent or has to be
restored;

— the present documentation is irrelevant;

— the characteristics of the existing product have to be
improved,

— a new product is to be developed.

Till recently, it was believed that the reverse engineering
requires a long time, is costly, and suffers from many
limitations. However, the appearance of advanced computer
tools for determining a subject’s characteristics, imaging, and
processing software changed this point of view. Usually, the
data for reverse engineering of products are obtained using an
optical or laser 3D scanner, which provides information on
the exterior geometry of the product. An advantage of using
neutron tomography consists in the determination of the
dimensions of internal structures without their physical
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destruction should the sample contain material of low-
contrast or impermeable for X-rays.

Neutron tomograms are usually obtained at reactors,
using cold, thermal, epithermal, and fast neutrons. The
obtained set of 3D data contains information on the local
distribution of the radiation attenuation coefficient in a
sample. The sample boundaries are determined by the
gradient between the adjacent voxels (elements of volume
image, containing values of the mapped quantity). The data
are converted into a geometric model by means of a triangle
mesh, connecting adjacent elements and forming a set of
triangles, describing the real surface. This procedure also
describes voids and inhomogeneities.

In Ref. [65], neutron tomograms were used for reverse
engineering of gas turbine components. Naturally, of impor-
tance is the position of the sample on the rotary stage and the
exposure time. The reconstruction of the sample structure is
to be performed using the appropriate software. For
inhomogeneous samples, it is reasonable to export and
process the tomograms of the constituent parts individually.

X-ray radiation is used, particularly in the reverse
engineering of printed-circuit boards [66].

4. Neutron generators in radiography

Fast neutrons are used when it is necessary to image products
having low transparency for thermal neutrons and containing
substances with low contrast for these neutrons. The sources
of fast neutrons are nuclear reactors, accelerators, and
neutron generators. Portable neutron generators allow
designing equipment that can work in laboratory and field
conditions. A promising area of developing such equipment is
the use of generators implementing the method of accom-
panying particles (Fig. 17) [67, 68]. These generators emit
neutrons with an energy of 14 MeV as a result of the nuclear
reaction

d+t—o+n. (2)

The alpha particle escapes together with the neutron
virtually in the opposite direction. Therefore, the detector of
alpha particles detects the escape direction of the neutron.
Such is the ING-27 generator (Dukhov All-Russia Research

DT generator Induced fission

visualization

Portable
system

5

identification

Figure 17. Oak Ridge National Laboratory setup with neutron generator
using method of accompanying particles [69].

Neutron
detectors Neutron
generator
X-ray
detectors

X-ray
linear
accelerator,
., 6 MeV

Figure 18. Photograph of stereoscopic setup for luggage inspection using
two kinds of radiation, produced by CSIRO (Australia) and Nuctech
Company Limited (China) [71].

Institute of Automatics), with an output of 1 x 103 neutrons/s
in the stationary mode of operation, the neutron energy being
14 MeV [70], or the API 120 generator (Thermo Scientific)
[71] with an output of 2 x 107 neutrons/s.

The authors of Ref. [71] proposed a mobile system of
luggage inspection based on using X-ray radiation and a
generator of fast neutrons. For cargo inspection, the system
implies using a tunnel 1.1 m in size, an X-ray generator with a
tube voltage of 170 kV, and a DD generator of 2.5-MeV
neutrons (Fig. 18). The sources of X-ray and neutron
radiations are located at the bottom of the setup.

5. Conclusion

The review covers the main applications of neutron and X-ray
radiography and tomography in research and industry. The
methods considered have their limitations, associated with
the use of ionizing radiation and the necessity of radiation
protection. X-ray and neutron radiation is used first of all for
revealing defects that cannot be detected with the naked eye.
They are efficient due to the high penetration power of the
radiation, different mechanisms of interaction with matter,
the absence of sample destruction, and a spatial resolution
sufficient for a wide range of industrial applications. The
radiation can pass through various materials, so it is
applicable for inspecting objects and materials without the
necessity to move them. The methods are mainly used to test
products in the nuclear fuel cycle, to study the behavior of
materials under various conditions, to transport of sub-
stances in fuel cells, to detect flaws in various products, and
for biological studies.

The issues excluded from consideration in the present
review include, in particular, the methods of X-ray and
neutron radiography and tomography in different beams
using phase contrast. In the review, we do not consider
experimental setups used for their implementation and do
not comment on the advantages of joint application of both
kinds of radiation. The choice of materials for the review,
nevertheless, seems justified. It acquaints the reader with the
state-of-the-art of X-ray and neutron radiography and
tomography and is useful as an introduction to radiation
methods of research.

There are a considerable number of areas where proceed-
ing to digital methods is profitable due to saving time and
labor, eliminating expenditures for film, chemicals, and their
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utilization, and increasing production efficiency. In this case,
the reduction of measuring time is ensured by the automated
positioning of the products and saving the obtained images in
seconds.

Progress with the methods of digital radiography and
tomography at present is related mainly to the development
and improvement of research methods, sources and recorders
of radiation, high-efficiency algorithms and software, as well
as the automation of measurements.
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