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B pabore mnpencTaBieHbl Pe3yJbTaThl HCCICAOBAHHUS CEPUH OOBEKTOB JJICKTPUUYCCKUX
YCTPOWCTB M apXEOJOTHYECKOTO HACICAWS METOJOM HEWTPOHHOH paaworpaduu U
tomorpaduu (auox BJI-10, cBeua 3akuranus, KOJOKOJ, APEBHEE KOJIBIIO, KaMeHh). [Toka3aHo,
9TO METOJ HEUTPOHHOU paauworpaduu u ToMorpaduu JOCTOBEPHO paboTacT Ha 0OpasIax,
W3TOTOBIICHHBIX W3 PAa3MUYHBIX MarepuanoB. HeWTpoHHO-pamnorpaduveckue M TOMOTpa-
(uaeckne uccienoanus nuona BJI-10 mamm mpecTtaBieHre 0 BHYTPEHHEH CTPYKType AMOJA.
DKCIIEPAUMEHTHI CO CBEYOH 3a)KUT'aHUs MTO3BOJIIIN BEIABUTH IPUIHHEI €T0 HEUCTIpaBHOCTH. [1o
TOMOTpaUUECKUM pEe3yibTaTaM KOJIOKOJNA, KONbLA W KAaMHS BBISBICHB HEOXHOPOJHBIC
YY9acTKd BO BHYTpEeHHEM oOBeMe 3TuX OOBEeKTOB. [lomydeHHBIE pe3yiIbTaThl SBISIOTCS
OCHOBOW [UISI MajdbHEHIIMX WCCIEIOBAaHMKH B OONACTH apXeoJOTHYECKOrO HACIeAHs W
TEXHUYCCKUX YCTPOUCTB 0COOOT0 Ha3HAYCHUS.

KonroueBble ciioBa: HEHTPOH, ToMorpadus, paxuorpadus, NCCIETOBATEIbCKUH AESPHBIA PEakTop, HOTOK
TEIUIOBBIX U JIHUTEIIOBBIX HEUTPOHOB, CIMHTHILIATOP, YCTPOUCTBO ¢ 3apsioBoi ces3bio (I13C), pacces-
HHE, TIOTJIOICHHE, CEUCHHUE, H300paKeHHe.

The paper presents the results of the study of a series of objects of electrical devices and arc-
haeological heritage by the method of neutron radiography and tomography (VL-10 diode,
spark plug, bell, ancient ring, stone). It is shown that the method of neutron radiography and
tomography reliably works on samples made of various materials. Neutron radiographic and
tomographic studies of the VL-10 diode gave an idea of the internal structure of the diode. Ex-
periments with spark plugs have revealed the causes of its faulty function. According to the
tomographic results of the bell, ring and stone, the heterogeneous areas in the internal volume
of these objects were revealed. The results obtained are the basis for further research in the
field of archaeological heritage and technical devices for special purposes.

Keywords: neutron, tomography, radiography, research nuclear reactor, thermal and epithermal neutron
flux, scintillator, charge coupled device (CCD), scattering, absorption, cross section, image.
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L. Introduction . .
ture. Non-destructive analysis allows you to detect

During operation, the technical condition of the defects and damage formed during the operation of
equipment, its elements deteriorate due to the forma- the equipment. There are various methods of non-
tion of various defects and destruction of their struc-  destructive analysis: ultrasonic radiography, flaw de-
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tection, magnetic particle flaw detection, eddy current
method, neutron radiography and tomography [1].

Neutron radiography and tomography makes it
possible to obtain complete information about the in-
ternal structure of an object with a high resolution
from deep layers of the object under study due to the
electrical neutrality of the particle [2].

It is known that the neutron flux passing through
a substance is weakened as a result of absorption or
scattering of neutrons on the atomic nuclei of the me-
dium, and their intensity decreases along straight
paths. The attenuation of the neutron flux intensity by
the sample is described according to the Beer-
Lambert law [2].

In neutron radiography and tomography, thermal
and epithermal neutrons are mainly used, the main
role here is played by the absorption and scattering of
neutrons. Cold neutrons obtained after neutron mod-
eration with liquid deuterium are also used in neutron
radiography and tomography [3].

Taking into account the advantage of the non-
destructive research method, in recent years a large
number of experiments in biology [4-7], geophysics
[8-10], engineering [11-13], paleontology [14-17],
archeology [18-22], etc. In [23, 24], the possibilities
of neutron radiography and tomography for visualiz-
ing the presence of organic substances inside metals
are presented. The results of studying the internal
macrostructure of a garnet crystal in a matrix of mica,
mollusk shells, as well as visualization of a turbine
blade model are presented in [25, 26]. In [27], the
presence of fillings of the internal volumes of a gold
vessel and an encolpion cross made of copper-based
alloys was established.

Archaeological finds, pieces of glass from
around the Ist-2nd century AD and polychromatic
marble [28] were investigated using a neutron tomo-
graphy facility, areas with high neutron absorption
were discovered, and voids and defects in glass ma-
terial were quantitatively analyzed [28].

The method of neutron radiography and tomo-
graphy is especially important in the study of cultural
heritage. Due to the need to study the internal struc-
ture, identify the presence of internal defects and, in
many cases, find out the original figure, which may
be hidden due to the presence of rust, fossils of sub-
stances adhered to them (after their manufacture),
formed over time.

Another important possibility of the method is to
study the internal structure, the presence of internal
defects in electrical installations, parts of electronic
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equipment made of various materials to identify the
causes of their failure and optimize their production
technology.

Thus, the purpose of this work is to study the in-
ternal structure, integrity and presence of defects in
archaeological objects found in Uzbekistan and elec-
trical devices at the neutron radiography and tomo-
graphy installation of the INP AS RUz.

II. Objects of study and experimental tech-
nique

The objects of research are electrical devices and
archaeological finds. The VL-10 diode and car spark
plugs were chosen as electrical devices to visualize
their internal structure and analyze the cause of their
malfunction. The internal structure, homogeneity of
the following archaeological sites: bell, ceramic stone
and ancient ring will be investigated. The origin of
the archaeological finds probably dates back to the
ancient period, when the first urban planning activity
began in Bukhara. To date, in the Varakhsh massif of
the oasis, as a result of archaeological research, many
archaeological excavations have been discovered.
Among them there are more than 100 metal artifacts
of copper, bronze, silver and lead dating back to the
XI-XII centuries [29-31].

The studies were carried out on a neutron radio-
graphy and tomography unit installed on the fifth ho-
rizontal channel of the WWR-SM reactor of the INP
AN RUz with a neutron flux of ~9x10° neutrons/cm’s
and a resolution of ~ 280 um (L/d~600) [32]. In neu-
tron tomography, a controlled goniometer rotates the
sample 180 degrees during an experiment [32].

The 6LiF/Zn(Cd)S:Ag screen is used as a scintil-
lation detector to convert neutrons passing through
the sample into visible light with a wavelength of 380
nm to 760 nm. The highly reflective light emitted by
the scintillator using mirrors 200x280x3 mm is di-
rected into a ProLine PL09000 CCD camera [32].
The rotation step was 0.45°, the total number of
measured projections was 401. The exposure time for
each position of the object was 3 s, and the final mea-
surements lasted 34 min.

The obtained experimental data were processed
with special software. Neutron radiographic images
were corrected for the background noise of the detec-
tor system, the contrast of all images was corrected,
normalized to the intensity of the incident neutron
beam, and the required area of radiographic images
was “cut out” using the ImageJ software package [33].
After processing the radiographic images with the
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Image]J program, the resulting cropped radiographic
images were processed with the SYRMEP Tomo
Project (STP) software [34] to create a 3D tomo-
graphic image from individual angular neutron pro-
jections using mathematical operations. SYRMEP
Tomo Project (STP) is designed with a clear distinc-
tion between a graphical user interface and basic
functionality. Depending on the experimental condi-
tions, various methods are proposed for reconstruct-
ing a three-dimensional image of the object under
study [35-38]. For visual viewing, analysis and
processing of the obtained three-dimensional data, the
Avizo™ software package is used [39].

II1. Experimental results and their discussion

As a result of neutron-radiographic and tomo-
graphic studies of the VL-10 diode, it was found that
the characteristics of the neutron radiography and to-
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mography unit of the INP of the Academy of
Sciences of Uzbekistan make it possible to visualize
its internal structure. From the radiographic and to-
mographic data obtained below (Fig. 1), it can be
concluded that a diode consisting of an external flex-
ible terminal (1), a glass insulator (2), an internal
flexible terminal (3), a housing (4), crystalline semi-
conductor silicon (5), bases (6) and pins (7) for fas-
tening to the radiator were visualized with good con-
trast, no damage was found. It can be seen from the
tomographic images (Fig. 1) that each element of the
diode gives a separate contrast, and the connecting
solders also have a “kind” of contrast. From the radi-
ographic sections in Fig. 1 it can be seen that the
semiconductor crystal attached to the diode anode has
a more "hazy" contrast compared to other elements
and the diode body.

Figure 1. Tomographic view and radiographic section of the diode. 1 - external flexible lead, 2 - glass insulator, 3 -
internal flexible lead, 4 - case, 5 - semiconductor silicon crystal, 6 - base, 7 - stud for fastening to the heatsink.
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Figure 2. A visual comparison of the internal structure of a working and non-working spark plug. The arrows indicate

the conductive section in the center rod of the spark plug.
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On the installation of neutron radiography and
tomography, a three-dimensional image of the inter-
nal structure of a BRISK L15YCY automotive spark
plug was obtained. Experiments were carried out first
with a working spark plug, and then with a non-
working spark plug of the same brand. As a result of
processing, visual 3D images were obtained (Fig. 2).
Based on the results obtained, it was found that the
conductive sealant connecting the upper and lower
rods melted in an idle spark plug at "strong" heating.
The length of the molten portion of the conductive
sealant is approximately 3.7 mm. Based on the results
obtained, it can be concluded that in an inoperative
spark plug, the malfunction is most likely due to
strong heating of the conductive material.

The archaeological site of the bell is mainly
composed of a copper compound. The bell has the
shape of a truncated cone with an elliptical base (Fig.
3 (a)). The bell surface is uneven and dark red. As a
result of processing the experimental data, it turned
out that the bell has an uneven thickness throughout
its volume. The tomographic images show (Fig. 3)
that on the lateral surfaces of the bell there are
thinned areas up to 2.55 cm high (Fig. 3b), 1.53 cm
(Fig. 3c), 3.88 cm (Fig. 3d) and width up to 3.01cm
(Fig.3b), 1.24cm (Fig.3c), 0.89cm (Fig.3d). This
thinning of the side surface of the bell can be caused
by corrosion from oxidation of the copper compound
in the bell material. Corrosion of metals is a normal
process, since archaeological finds are mainly found
in humid places underground, in the ground.

@b

Figure 3. Photo (a) and radiography (b, c, d) of the bell.

The next object of cultural heritage research is
an ancient ring, consisting mainly of iron, on the sur-
face of which there is rust (Fig. 4). As a result of se-
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vere corrosion, the ring surface has deep cracks of 2.7
mm in size. The ring has a peculiar shape, consists of
an incomplete round shank and a cylindrical caste.
Approximately one fourth of the ring was “lost” as a
result of the collapse. Fig. 4 (b, d), it can be seen that
the ring of an unusual shape has an inhomogeneous
internal structure, as evidenced by the area with a
darker reflection of the internal structure of the ring
in the caste part. It can be assumed that the inhomo-
geneous internal structure was formed as a result of
“incorrect” solidification of the substance forming it
upon cooling after the ring was cast. The dimensions
of this area are approximately: height 0.33 cm, width
0.69 cm. In the whole volume of the ring, no defects,
cracks or the presence of other metals were found.
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Figure 4. Photo (a) and tomographic image (b) of the an-
cient ring.

The archaeological object made of "stone" has
an elliptical shape with an uneven white-yellow sur-
face and a hole in the center, which in ancient times
was most likely intended for household work. From
the radiographic and tomographic results, it can be
seen (Fig. 5) that the object has an inhomogeneous
shape throughout the entire volume. Visual tomo-
graphic images of the inner layers showed that an
area with a high neutron attenuation is located closer
to the outer surface of the stone, which may be asso-
ciated with a high content of elements with a large
neutron absorption cross section (B, Cd, Li, etc.). The
dimensions of this area of the stone are 0.50 cm long
and 0.53 cm wide. Tomographic images of the stone
have shown that it mainly consists of two areas. The
first area is the outer disk, which is rendered with
good contrast, and the inner area, which has darker
contrast. Since the stone is composed of different
elements and therefore neutrons are mainly atte-
nuated in the outer layers of the stone, and a small
amount of neutrons pass through the inner layers of
the stone, and for this reason it is quite difficult to
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visualize the complete internal structure of the stone
with good contrast. Below is (Fig. 5) a visual repre-
sentation of the stone in various positions.

a b

Figure 5. Photographic (a) and tomographic (b) images of
the stone in different positions.

IV. Conclusion

The internal structure of the VL-10 diode and
BRISK LI15YCY brand spark plugs was obtained by
research on a neutron radiography and tomography
installation. The obtained radiographic and tomo-
graphic pictures show that each material of which the
VL-10 diode and the spark plug are composed gives a
kind of contrast, and from these pictures it is possible
to distinguish the materials of which they are com-
posed.

Possible causes of malfunction of an inoperative
spark plug are identified and a molten conductive
section of a malfunctioning spark plug with a size of
~ 3.7 mm is shown.

It was found that the ancient bell has an inhomo-
geneous internal structure, that is, there are thinned
areas on the bell body with a width of up to 3.01 cm
and a height of up to 3.88 cm. These areas are asso-
ciated with corrosion of the bell material, a picture of
the distribution of corroded areas in the volume of the
bell metal was obtained.

In the inner structure of the ring, a region with a
high attenuation of neutrons was found, which mani-
fests itself in a darker contrast of this region. The dis-
covered inhomogeneous region 0.33 cm high and
0.69 cm wide in the inner structure of the ring was
apparently formed as a result of improper solidifica-
tion of the ring after its casting; deep cracks of 2.7
mm in size were found on the surface of the ring.

In the image of the stone, closer to the surface,
there is a section with dimensions of 0.5 cm in length
and 0.53 cm in width, which is caused by a high con-
tent of elements with a high degree of neutron attenu-
ation.

The studies carried out demonstrate the effec-
tiveness of using neutron radiography and tomogra-
phy to study the internal structure of complex objects,
such as objects of cultural and historical heritage and
various electrical devices.
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Makonaga HEHTpoH paguorpaduscu Ba TOMOIpa-
(dusgcu ycynmn OWIaH aipuM JJIEKTp KypHiMaiap Ba
apxeosoruk TonuiMmanapuu (BJI-10 pycymmu auon,
YT OJIupuIl cBe4YacH, KYHFUPOK, KaIUMIH Y3YK,
TOII) YpraHWII HAaTIKajgapu KenTupwirad. HedTpoH
panuorpadusicn Ba ToMmorpadusicu ycynu €pmpamuna
TYpJIM MaTepHaiiapAaH TaiépiaHraH HaMyHajIap Ud-
KA TY3WIHMIIMHA IOKOPH AaHUKIMK OWJIaH TaJKHK
KWIAII MyMKHHJIATH KypcaTuirad. TaJKukoTiaap Ha-
tkacuaa BJI-10 pycymian TUOZHMHT WYKH TY3WJIH-
IIM XAKHa MabIyMOT OJIMHIAH. YT OJIMPHII CBEYa-
cu OmiaH YTKa3WiIraH TaJKUKOTIAp YHUHI HOCO3JIHK
cababiiaprH1 aHUKJTAIITa UMKOH Oep/Iu.

KyHFUpOK, KaquMId y3yK Ba TOIIHHHI TOMOTpaduK
HaTWKaJIapu dca, ymoly OOBEKTIIApHUHT XaKMHIA
allpuM HYKCOHJAp Ba KAIMHJIWTH Typiu4a OyiraH
KHCMJIap MaBXYIUIMTUHUA KypcaTau. OIUHTaH HATU-
JKajlap apXeoJIOTMK TONMWJIMAJIAp Ba Maxcyc Makcai-
Jap YYyH KYJUITaHWIQJWIraH TeXHUK KypwiMaiap Ty-
3WIMILIM COXaCHJaru KEWHWHIH TAaJKUKOTIAp YYyH
acoc 0yu0 XU3MaT KHJIa/Iu.
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