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a b s t r a c t

This study aims to characterize the irradiated RBMK-1500 nuclear graphite in terms of both structural
and radiological properties. The experimental results of morphological and structural analysis of the
irradiated graphite samples by using SEM, Raman spectroscopy as well as the theoretical evaluation of
primary displacement damage are presented. Moreover, the experimental and theoretical evaluation of
the neutron flux is provided and the presence of several g emitters in the analyzed graphite samples is
assessed. Furthermore, the improved version of rapid analysis method for 14C activity determination is
applied and the experimentally obtained results are compared with calculated ones. Results indicate that
structural changes are uniform enough in all the analyzed samples. However, the distribution of ra-
dionuclides is non-homogeneous in the irradiated RBMK-1500 reactor graphite matrix. The compre-
hensive understanding of both structural and radiological characteristics of nuclear graphite is very
important when dealing with decision about irradiated graphite waste management strategy or treat-
ment options prior to its final disposal.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ignalina Nuclear Power Plant (INPP) in Lithuania consists of two
units of RBMK-1500 (Russian: РБМК, Реактор Большой Мощности
Канальный (High Power Channel-type Reactor)) water-cooled
graphite-moderated channel-type power reactor. INPP Unit 1 was
shut down at the end of 2004, while Unit 2 at the end of 2009. The
decommissioning process is in progress for more than ten years and
it requires the strategy how to handle the irradiated graphite waste.
The total mass of irradiated graphite at INPP is about 3820 tons [1].

The main structural component of the RBMK-1500 reactor core
is the cylindrical graphite stack. The main function of the graphite
stack of the RBMK-1500 reactor is neutron moderation and
reflection, but it also provides structural integrity as well as rela-
tively large heat capacity in case a temporary cooling malfunction
a).

by Elsevier Korea LLC. This is an
occurs [2]. The stack is assembled from various GR-280 grade
graphite blocks stacked into columns. The axial openings in the
middle of each column serve as fuel channels (FC) or the special
purpose channels (e.g., control and protection system (CPS) chan-
nels, radial reflector cooling (RRC) channels). FC and CPS channels
within the RBMK-1500 reactor core are positioned by using special
rings and sleeves, which both are made of GRP-2-125 grade
graphite [3]. During reactor operation process these rings provide
heat transfer from the graphite stack to the coolant which flows
over the channel. Moreover, they serve as compensators in case the
channels and graphite blocks change in dimensions due to the heat
and radiation [4]. The graphite blocks located within the radial
reflector are filled by graphite rods manufactured from GRP-1-280
grade graphite. These graphite rods join the blocks within the
column increasing the density and neutron reflecting effectiveness
[3].

Graphite as amajor structural componentmaterial of the RBMK-
1500 nuclear reactor core is subjected to high levels of radiation,
which leads to changes in both physical and chemical properties of
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Fig. 1. The positions of the samples in the RBMK-1500 reactor core. Sample No.1 was
selected from the central zone, the samples No.2�4 were taken from the central
plateau zone of the RBMK-1500 reactor core. Samples No.3 and No.4 were taken from
the same channel, but different height. Sample No.5 was from the peripheral zone.
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thematerial. The neutrons produced by nuclear fission fall in awide
range of energy e from an eV to ~10 MeV, with a mean energy of
about 2 MeV. These high energy neutrons are scattered by carbon
atoms in the graphite matrix either elastically or inelastically. The
binding energy of the carbon atom in the graphite crystal lattice is
~7 eV, thus the kinetic energy transferred from the colliding
neutron displace the carbon atom from its original lattice site.
Displacements are produced by neutrons with energies greater
than ~100 eV [5]. The displaced atoms lead to cascade damage
events, they also can move in the graphite matrix between layers
losing their energy without displacing atoms and finally aggregate
in form of the defect clusters. To quantify the primary displacement
damage DPA (displacement per atom) units are used. DPA refers to
the average number of times an atom is displaced from its original
lattice site. Evaluation of the primary displacement damage in the
neutron irradiated RBMK-1500 graphite was performed recently
[6].

Since the nuclear reactor operates under high temperature
conditions the dynamical mechanisms of the defect creation and
recombination are accelerated by the thermal effects. In case of
RBMK type reactor the maximum calculated graphite temperature
is 750 �C, however, the average temperature of the graphite stack
during operation is about 500 �C [2,7]. The displacement damage
results in creation of in interstitial-vacancy pairs (also known as
Frenkel pairs). The formation of these defects and their mobility is
temperature dependent [8]. In this work the nature of defects in the
irradiated RBMK-1500 reactor graphite matrix is characterized by
using scanning electron microscopy (SEM) and Raman spectros-
copy techniques.

Intensive neutron flux in the nuclear reactor core leads not only
to the structural changes in the graphite matrix but also to accu-
mulation of radionuclides which are produced due to the activation
process. 14C is one of the limiting radionuclides in case of disposal of
irradiated graphite waste not only from RBMK type reactors, but
also from other nuclear reactors, such as UNGG, Magnox, etc
[9e11]. There are three reactions involved in 14C production in the
graphite matrix under reactor operational conditions: 14N(n,p)14C,
13C(n,g)14C or 17O(n,a)14C. However, the impact of each mechanism
strongly depends on the both isotopic abundance and neutron
capture cross section of the precursor. Thus, the 14C production
from 17O is not significant due to the low both isotopic abundance
as well as neutron capture cross section (0.24 b). The neutron
capture cross section of 13C is also very low (0.0014 b). However, 13C
is a stable minor isotope of carbon with isotopic abundance of
1.07%, so it is naturally present and homogeneously distributed in
the graphite matrix. The neutron capture cross section of 14N is
1.83 b. 14N is found in graphite matrix in the form of impurity,
where it is non-homogeneously distributed during manufacturing
process and/or randomly absorbed from the atmosphere on the
surface of pores located near the surface. Furthermore, in the
RBMK-1500 reactor the gas mixture (the standard composition is
10 % nitrogen and 90 % helium, by volume) is supplied through the
gaps between the tubes and blocks at a pressure of 0.49e1.96 kPa
during the operation time [2]. This may serve as an additional
source of 14N for 14C production. The 14C specific activity in the
irradiated RBMK-1500 reactor graphite is about 105 Bq/g in the
reactor core, while up to one order of magnitude lower in the
graphite reflectors [12,13]. The presence of other impurities leads to
production of different long-lived radionuclides, so they are also
investigated [14].

The evaluation of both structural and radiological properties of
irradiated graphite is very important for optimization of decom-
missioning process of RBMK-1500 reactor. Based on this knowl-
edge, the behavior of irradiated graphite as nuclear waste may be
revealed and the best way of treatment and/or disposal may be
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proposed. The structural analysis of irradiated graphite from INPP
was not performed before, so the aim of this work is to provide
morphological and radiological characterization of irradiated
RBMK-1500 nuclear graphite.

2. Materials and methods

2.1. Sample preparation

Graphite samples were obtained from the INPP RBMK-1500
reactor, in which graphite was used as both a moderator and a
reflector. Sample No.1 was selected from the central zone, where it
was located near the temperature channel. The samples No.2�4
were taken from the central plateau zone of the RBMK-1500 reactor
core, while the sample No.5 was from the peripheral zone (See
Fig. 1 and Fig. 2).

At first the structural analysis and g measurements were per-
formed by using the bulk samples, then the certain parts of initial
samples were prepared for both stable carbon isotope ratio (d13C)
and 14C measurements. The samples used for stable carbon isotope
ratio (d13C) measurements are noted as No.1a, No.2a, etc., while
ones used for 14C analysis as No.1b, No.2b, etc.

2.2. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) was employed to
examine the microstructure of the graphite samples. The high-
resolution images of the reactor irradiated graphite sample No.1
form the central zone and sample No.5 from the peripheral zone as
well as raw graphite sample surface were obtained by using SEM
Helios NanoLab 650 equipment. An accelerating voltage of 3 kV and
an electron beam current of 0.80 nA was used to acquire the elec-
tron micrographs of the examined area of the sample.

2.3. Raman spectroscopy

The graphite samples were characterized by Raman spectros-
copy at ambient conditions using a Renishaw inVia spectrometer.
The samples were placed under a Leica microscope with the
50 � objective lens and 0.75 numerical aperture (NA). Samples
were excited with 532 nm continuous wave laser radiation. The
1800 grooves/mm grating was used. Laser power at the sample was
restricted to 0.3 mW to avoid the heating effect. Spectra were ac-
quired from 3e5 areas of each sample, while each individual
spectrum was collected over 100 s. All spectra were registered in



Fig. 2. The cross section of the full scale MCNP6 3D model of the RBMK-1500 reactor
core and sample positions.
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the Raman shift range from 1000 to 3000 cm�1. Before and after the
measurements, a silicon sample spectrum was acquired and a
520.7 cm�1 peak was used for the wavenumber axis calibration.

2.4. Evaluation of primary displacement damage

Neutron induced primary displacement damage evaluations
were performed based on the neutron flux distribution from the
MCNP reactor core model and nuclear data library processing code
NJOY2016 [15], with additional evaluation based on SPECTRA-PKA
[16]. NJOY2016 is a widely used tool for processing ENDF-6
format [17] files based on users instructions [18]. The code con-
sists of main modules, each having a well-defined processing
function. Cross sections were obtained from 12C and 13C ENDF/B-
VIII.0 nuclear data libraries, reconstructed at 600 K temperature.
In this research the evaluation of displacement damage was based
on HEATR and GROUPR modules. HEATR module generates point-
wise displacement damage energy and heat production cross sec-
tions. The total displacement damage energy production cross
section (eV-barn) is obtained by evaluatingMT¼ 444, which covers
elastic, inelastic and neutron disappearance processes. The total
damage energy is then obtained by combining the cross section
with the corresponding flux. The damage energy is modified by
Robinson partition function (see [19]) and the number of displaced
atoms is evaluated based on NRT (Norgett, Robinson, Torrens)
method [19]:

DPA¼ð0:8� TÞ=ð2� EdÞ (1)

here T is the total damage energy, Ed is the threshold energy to
create a displacement. In this research the threshold energy for all
approaches was set to 28 eV.

Another approach to evaluate the displacement damage was
based on GROUPR module and SPECTRA-PKA code. The GROUPR
module of NJOY evaluates group-to-group recoil cross-section
matrices from ENDF-6 files. This way provides possibility to
obtain matrices for every available reaction. By combining the
recoil matrices with the corresponding neutron flux, one can obtain
PKA and particle production spectra. For this, SPECTRA-PKA code
was used. It is a command-line driven program for estimation of
PKA spectra for a given target nuclide under neutron irradiation. To
evaluate the displacements, the code requires recoil matrices,
neutron flux, and user input files. The authors of the code provide
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prebuilt neutron induced PKA production matrices based on
TENDL2015 nuclear data. However, in this research we also used
reaction matrices based on ENDF/B-VIII.0 nuclear data library ob-
tained with GROUPR module. The combination of recoil matrices
and neutron flux is also modified by Robinson partition function
and the number of displacements is obtained based on NRT
method.

For comparison reasons, neutron induced primary displacement
damage was also evaluated by using GEANT4 [20] approach based
on NRT method. The technique was detailed previously [6] and will
not be discussed here.
2.5. g-ray spectrometry

In order to determine the presence of g-ray emitters as well as
their activity in the sample, the g-spectrometric analysis was car-
ried out. Graphite samples were measured using a g-ray spec-
trometer equipped with a HPGe well-type detector with a crystal
volume of 170 cm3 and an energy resolution of 2.05 keV at a full-
width at the half peak maximum (FWHM) of 1332.5 keV.
2.6. Stable carbon isotope ratio (d13C) measurements

In order to estimate the total neutron flux in different parts of
RBMK-1500 reactor, the stable carbon isotope ratio (d13C) in irra-
diated as well as raw graphite samples was measured. During the
sample preparation procedure graphite was mixed with the mag-
nesium perchlorate (Mg(ClO4)2) as an oxidizingmaterial and placed
into a tin capsule. Then the measurements were carried out by
using the elemental analyzer FlashEA 1112 (Thermo Fisher Scientific,
USA) connected to the Thermo Finnigan DeltaPLUS Advantage sta-
ble isotope ratio mass spectrometer (Thermo Fisher Scientific, USA).
More detailed description of experimental setup can be found
elsewhere [21].
2.7. Calculation of 13C and 14C production

The production of 13C and 14C in the irradiated graphite of the
RBMK-1500 reactor has been obtained by modeling of the 3D
reactor core with computer code MCNP6 [22]. It should be noted
that full scale MCNP6 3D model of RBMK-1500 core has been
developed in earlier studies [23e25] and was adapted for calcula-
tion of neutron fluxes and neutron reactions in particular graphite
construction. For analysis of the generation of 13C and 14C in the
RBMK-1500 reactor core graphite the new nuclear data libraries for
12C and 13C isotopes have been used [26].

The plan view of the full scale MCNP6 3D model of the RBMK-
1500 reactor is given in Fig. 2. The full scale MCNP6 3D model is
made of 1661 fuel assemblies and 223 control rods (CR) in the
graphite matrix with a realistic distribution of the control rods. In
this case the configuration with extracted control rods as well as
with 135Xe admixture (0.46 ppm) for compensation of the reactivity
excess to obtain keff ~1 (keff ¼ 1.0201 ± 0.0002) was used. The
measured power distribution in the RBMK-1500 reactor is more
“flat” compared with the simulated one. However, the power in-
tensity does not vary more than 20 % in both core plateau and
periphery zone, while it decreases in the reflector zone [25]. In
order to obtain the neutron flux at the particular sample position
(both certain region of the reactor core and height), the MCNP6 3D
model is adjusted according to the real axial and radial power of the
INPP [27]. By using MCNP6 code the 14N(n, p)14C and 13C(n, g)14C
reaction rates in the RBMK-1500 reactor graphite are calculated as
follows:



E. Lagzdina, D. Lingis, A. Plukis et al. Nuclear Engineering and Technology 54 (2022) 234e243
RRi ¼N
ð∞

0

sðEÞfðr; EÞdE (2)

here RRi e is rate at which reactions are occurring in the nuclide i
(reactions/s); N - number of target atoms in the sample; s(E) -
energy-dependent microscopic cross-section; and f(r,E) - energy-
dependent neutron flux in the sample (n/cm2s).

2.8. 14C activity determination

To determine 14C activity in the irradiated graphite samples
experimentally, the rapid analysismethodwas applied [12]. Prior to
the analysis the graphite samples were weighted by using a XP105
(Mettler-Toledo, Switzerland) dual range balance. The obtained re-
sults are referred as sample mass by weighing. Then these graphite
samples were packed in the 8 � 5 mm pressed tin capsules
(Elemental Microanalysis, UK) and mixed with magnesium
perchlorate (S€ANTIS Analytical, Switzerland) as the oxidizing mate-
rial to enhance the combustion process. Graphite samples were
combusted using an elemental analyzer Thermo Flash EA 1112
(Thermo Fisher, USA). After the combustion event the CO2 amount
was estimated by using the thermal conductivity detector (TCD).
The obtained results are referred as sample mass by CO2 amount or
sample mass by combustion. After TCD the CO2 gas passed through
the custom made tubing system to the b particle registration sys-
tem and finally to the two CO2 gas catchers filled with 3 M NaOH
solution designed to capture 14C.

14C activity determination was carried out based on the b-par-
ticle registration in CO2 gas flow by using Passivated Implanted
Planar Silicon (PIPS) (Canberra, USA) semiconductor detectors. The
b-particle registration system was incorporated between the sam-
ple combustion system and alkaline CO2 gas catchers. During
sample combustion process the CO2 gas from elemental analyzer
system passed through the b-particle detection chamber where
two PIPS detectors were located. Pulses from each of the detectors
were amplified by using an Ortec 142 (Ortec, USA) preamplifier and
registered with a DSA1000 (Canberra, USA) system as can be seen in
Fig. 3.
Fig. 3. b-particle de
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The b-particle activity spectrumwas measured with a time step
interval of 60 s, while the total time of sample combustion was
preset to 600 s. Finally, each spectrum was integrated to find out
the sum of pulses per step.

As the cross-check of the 14C activity determination by semi-
conductor b-particle detection system, the liquid scintillation
counting (LSC) was applied. By using this method the 14C activity in
alkaline 3 M NaOH solution catchers was examined. The 4 ml of
exposed solution was mixed with 16 ml of liquid scintillation
cocktail Opti-Phase HiSafe 3 (PerkinElmer, USA) and subsequently
measured with a liquid scintillation counter Quantulus-1220 (Per-
kinElmer, USA). Based on the obtained LSC spectrum the 14C activity
in the combusted graphite sample was obtained.

Based on the sample mass obtained independently by both
weighing and combustion methods and b activity of the sample
registered by semiconductor detector as well as LSC method, the
specific activity of 14C in the irradiated graphite samples was
evaluated. The detailed description of the rapid analysis method for
the determination of 14C specific activity in irradiated graphite was
published previously [12].
3. Results and discussion

3.1. Structural analysis: SEM and Raman spectroscopy

The structural properties of irradiated RBMK-1500 reactor
graphite samples were analyzed experimentally by using scan-
ning electron microscopy (SEM) and Raman spectroscopy tech-
niques. The SEM images of the irradiated graphite samples as well
as raw graphite sample are shown in Fig. 4. In general, nuclear
graphite exhibits the non-homogenous morphology which is seen
in the micrographs of both irradiated and raw graphite samples.
However, the damaged structure is especially visible in the mi-
crographs of the sample from the central zone of the reactor. As can
be seen from the micrographs, there are a lot of small cracks and
pores. The small crystallites are randomly oriented.

The surface of the irradiated RBMK-1500 reactor graphite was
also studied by using Raman spectroscopy. This method is widely
used to investigate the structural properties of carbonaceous
tection system.



Fig. 4. The SEM images of graphite samples obtained from peripheral and central sites of RBMK-1500 reactor as well as raw graphite sample.
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materials including irradiated nuclear grade graphite [28,29]. In
this work both raw and irradiated RBMK graphite samples were
examined to observe the structural changes induced by neutron
irradiation during the operational time of the RBMK-1500 reactor.
The Raman spectra are compared in Fig. 5.

The raw graphite sample with cleaved surface without any
additional pre-treatment wasmeasured prior to examination of the
irradiated graphite samples. The Raman spectrum of the raw
graphite sample shows the characteristic G band at around
1580 cm�1 as well as small defect induced D peak near 1350 cm�1

which appears due to natural non-uniformity of the cleaved surface
of graphite sample. The shoulder at 1620 cm�1 is known as Dʹ band
and also appears due to the presence of defects. The second-order
2D band is clearly visible at around 2700 cm�1. This band is an
overtone of the D band, but, unlike the D band, activation of this
mode does not require the presence of the defects [29].

The examination of the irradiated graphite samples shows a
significant intensity increase of the defect-induced D band at
around 1350 cm�1 relative to the symmetry-allowed G band which
is found at 1580 cm�1. The D and G bands remain clearly visible, but
they become very wide. The intensity of the 2D band at around
2700 cm�1 is reduced due to a general rise in intensity at higher
wavenumbers. These changes occur due to the radiation induced
formation of polycrystalline carbon consisting of small crystallites
[30]. Recently, Raman spectroscopic analysis of irradiated Oldbury
reactor Pile Grade A (PGA) graphite was carried out by Payne et al.
[28]. The Raman spectrum from raw PGA shows the G, D and 2D
bands with the G band being dominant. However, a significant
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increase in the width of both the D and G peaks was also observed
in the Raman spectra of irradiated PGA graphite surface. The 2D
band also is broadening and decrease in intensity or it is even not
present. In general, the profiles of Raman spectra of irradiated
RBMK-1500 reactor graphite samples are similar to those obtained
in case of examination of the Oldbury reactor graphite samples by
Payne et al. [28].

3.2. Evaluation of primary displacement damage

The theoretically evaluated neutron induced primary displace-
ment rates are shown in Table 1. The average DPA per year is
evaluated by taking into consideration the constant neutron flux
and multiplying the average displacement per atom rate (DPA/s
averaged over all calculation methods) by the number of seconds in
a year. Our previous evaluations of the DPA rates have shown, that
with the 1.36 � 1014 cm�2 neutron flux, the average number of DPA
per year in graphite stack is around 0.51, with the maximum value
of 0.76 DPA per year near the fuel channels, and around 0.38 DPA
per year in the graphite column corners [6]. Only the single
graphite column with reflective surfaces was simulated in our
previous research, while in this research, a whole reactor model
was simulated with the neutron flux evaluation at the sample lo-
cations in the model. In the 3D RBMK-1500 reactor model, the total
neutron flux as well as its energy distribution varies at the different
sample locations. Because of this, the DPA rate values obtained
differ between one another and between the average value ob-
tained from our previous research. However, the values obtained in



Fig. 5. The Raman spectra of graphite samples obtained from different locations of
RBMK-1500 reactor core. The excitation wavelength is 532 nm (0.3 mW).
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this research coincide well with the values obtained in previous
research. As can be seen in Table 1, only the DPA rate evaluated for
the sample No.5 is smaller than the average one, while the DPA of
samples No.1 and No.4 are higher due to higher neutron flux or
larger fraction of high energy neutrons. Sample No.5 lies in the
peripheral zone, and the total neutron fluence is lower than in the
central and plateau regions, so the DPA rate is lower.

The values presented in Table 1 are preliminary as the history of
the experimental neutron flux in these locations is not well known.
The changes in DPA rate could be seen experimentally in the Raman
spectra of the samples. The D band of Raman spectrum of sample
No.2 (see Fig. 4) appears with lower intensity than the G band; this
could indicate a lower displacement damage. However, if the
Raman spectrum of the sample No.5 would be taken into consid-
eration, the D band is not smaller than the G band, which means
that the theoretical displacement rate is not always accurately
observed from the experimental results. It is well known fact, that
Table 1
Numerically evaluated displacement per atom per second (DPA/s) rates in for different s
averaging the DPA/s rates over all methods and multiplying by the number of seconds in

Evaluation method Displacement per atom rate (DPA/s)

Sample No.

No.1 No.2

NJOY HEATR 3.83 � 10�8 1.11 � 10�8

GEANT4 4.01 � 10�8 1.19 � 10�8

SPECTRA-PKA ENDF8 4.21 � 10�8 1.25 � 10�8

SPECTRA-PKA TENDL 4.16 � 10�8 1.23 � 10�8

Average DPA/year 1.28 0.37
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most of the primary displacement damage is annealed due to the
thermal heating [31,32]. Different form of Raman spectrum of
sample No.5 could be due to the lower temperature and less
effective annealing of defects. This means that although the tem-
perature might be sufficient to anneal the primary defects so they
wouldn't agglomerate into amorphous structures, the temperature
might be lower than in the central regions so the ratio of survived
point and higher order defects could be higher when compared to
the samples in the central region of the RBMK-1500 reactor core.
3.3. g-emitters in the irradiated RBMK-1500 reactor graphite

After structural analysis by both SEM and Raman spectroscopy,
the irradiated graphite samples were prepared for d13C and 14C
measurements. For this purpose initial samples were divided and
small parts of them were taken. Radionuclides, which usually are
found in the spent nuclear graphite, fall in different groups ac-
cording to the origin (e.g. impurities, fission products, etc.) as well
as distribution in graphite matrix. In order to evaluate the presence
of g-ray emitters in the irradiated RBMK-1500 reactor graphite
samples, the g-spectrometric analysis was performed. Experi-
mentally determined activity of g-ray emitters in these samples is
presented in Table 2.

60Co is one of the main g-emitters in the irradiated RBMK-1500
reactor graphite. The specific activity of 60Co falls in the range from
331 ± 27 Bq/g to 39500 ± 3160 Bq/g in the measured samples. The
highest value of specific 60Co activity is registered in the sample
No.1 from the central zone, while the lowest one is obtained in the
sample No.5 from the peripheral zone. However, the activity values
are very different even in the parts of the same sample. Under
reactor operational conditions 60Co is produced mainly due to
activation of impurities by the 59Co(n,g)60Co reaction. As 59Co im-
purity is distributed non-uniformly in the nuclear graphite, the
contamination by 60Co is also non-homogeneous [33]. 60Co with
half-life of 5.3 years is at negligible concentrations after 100 years,
so for the long term storage and disposal requirements of the spent
nuclear graphite, the radionuclides with half-lives of thousands of
years are under concern [34].

137Cs is also detected in every examined sample of irradiated
RBMK-1500 reactor graphite. The highest activity value of
1370 ± 83 Bq/g is registered in the sample No.3, while the lowest
one of 61 ± 5 Bq/g is obtained when measuring the sample No.5.
However, unlike in case of 60Co, the activity differences in the parts
of the same sample are not so significant. 137Cs is a fission product.
Fission products appear from uranium impurity in the graphite
matrix or from the uranium traces from the outer surface of the fuel
elements via surface contamination pathway. Both 60Co and 137Cs
activity values may be used in the scaling factor method for the
determination of activity of other radionuclides in the spent nu-
clear graphite [35], but only if sufficient number of statistical
measurement runs is performed and the averaged values of the
amples based on their location in the reactor. The average DPA/year is obtained by
a year.

No.3 No.4 No.5

0.93 � 10�8 3.31 � 10�8 0.34 � 10�8

0.98 � 10�8 3.46 � 10�8 0.35 � 10�8

1.03 � 10�8 3.64 � 10�8 0.37 � 10�8

1.01 � 10�8 3.60 � 10�8 0.37 � 10�8

0.32 1.10 0.11



Table 2
Experimentally determined activity of g-ray emitters in graphite samples, Bq/g (k ¼ 1), 2018-01-01. The samples noted as No.1, No.2, etc. refers to the initial samples used for
the structural analysis, the samples used for stable carbon isotope ratio (d13C)measurements are noted asNo.1a,No.2a, etc., while ones used for14C analysis asNo.1b,No.2b, etc.

Sample No. Sample mass, g Co-60 A, Bq/g Ba-133 A, Bq/g Cs-134 A, Bq/g Cs-137 A, Bq/g Eu-152 A, Bq/g Eu-154 A, Bq/g Eu-155 A, Bq/g

No.1 0.02245 12970 ± 778 153 ± 14 40 ± 4 321 ± 20 <7.3 83 ± 8 100 ± 7
No.1b 0.00019 39500 ± 3160 363 ± 44 257 ± 24 e 70 ± 10
No.1a 0.000074 2100 ± 168 165 ± 21 145 ± 18 e e

No.2 0.02333 10830 ± 650 <3.0 10 ± 2 96 ± 7 <6.7 <2.4 <4.4
No.2b 0.000422 4900 ± 392 e 66 ± 6 e e

No.2a 0.0001 4560 ± 365 e 73 ± 10 e e

No.3 0.0251 12540 ± 752 75 ± 7 35 ± 4 1060 ± 64 <6.1 167 ± 15 173 ± 11
No.3a 0.000278 21700 ± 1740 112 ± 15 987 ± 60 354 ± 58 111 ± 11
No.3b 0.00038 33500 ± 2680 341 ± 42 1370 ± 83 517 ± 58 393 ± 25
No.4 0.01869 1351 ± 82 <1.5 <2.5 66 ± 4 <3,1 <1.4 <2.5
No.4a 0.000152 4310 ± 345 e 139 ± 16 e e

No.4b 0.000204 2100 ± 168 e 70 ± 7 e e

No.5 0.02041 4010 ± 241 13 ± 2 17 ± 2 91 ± 6 <4.5 78 ± 7 80 ± 5
No.5b 0.000414 4240 ± 340 e 61 ± 5 e e

No.5a 0.000272 331 ± 27 e 102 ± 8 e e
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measured nuclide with its confident intervals are estimated. The
results of g measurements carried out in this work imply that 60Co
as well as 137Cs distribution in the irradiated RBMK-1500 reactor
graphite is not homogeneous and it does not correlate with 14C
distribution. The more detailed analysis on nuclide distribution in
the RBMK-1500 reactor graphite is presented in [36].

134Cs is produced in the reactor graphite through the activation
of 133Cs impurity as well as a fission product [33]. The highest 134Cs
activity of 40 ± 4 Bq/g is detected in the sample No.1, while in the
sample No.4 it is found below detection limit. Similar data are
obtained for 133Ba, however, contrary to 134Cs, its activity is found to
be below the detection limit also in the sample No.2. 154Eu and
155Eu, which both are fission products, are detected just in the
samples No.1, No.3 and No.5. The activity of 152Eu is found below
detection limit in all measured samples.

3.4. Modeling of neutron flux and 14C activity in the RBMK-1500
graphite

In order to assess the real irradiation parameters of the exam-
ined RBMK-1500 graphite, the method based on coupling of stable
isotope ratio mass spectrometry and MCNP6 modeling is used.
Stable carbon isotope ratio (d13C) measurements in irradiated
graphite were described previously as experimental method to
evaluate the total neutron flux [13,21]. MCNP6 modeling of the
activation of graphite samples in RBMK-1500 neutron flux is per-
formed taking into account the axial and radial power distribution
as described above.

In the reactor operational conditions the 12C(n,g)13C reaction
occurs 3.7 times faster than 13C(n,g)14C reaction. This leads to the
enhanced accumulation of 13C compared to 14C in irradiated
graphitematrix for the certain period of time (21 year of INPP Unit 1
operation). Thus, according to the calculated d13C value it is possible
to obtain the real neutron flux to which graphite sample was
exposed. Both the d13C experimental values and the neutron flux
recalculated according to d13C experimental values are presented in
Table 3. The neutron flux calculated at the different sample posi-
tions by using 3D MCNP6 model was adjusted to real axial/radial
power and corresponding theoretic d13C values are also reported in
Table 3.

In general, experimentally determined d13C values fall in the
range from �20.0 to �25.6 in irradiated graphite samples, while in
rawgraphite sample d13C value is equal to�30.7. In the sample from
the central zone of the reactor the d13C value of�24.5 was obtained,
while in graphite samples from the central plateau zone of the
reactor it differs from�20.0 to�24.4. In the sample fromperipheral
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zone the d13C value of �24.1 was found. In summary, the results
indicate clear difference between the irradiated and non-irradiated
rawgraphite samples. However, thedependence of d13C value on the
irradiated graphite sample location in reactor core is not found. This
indicates that the neutron flux is quite uniform in the RBMK-1500
reactor core. The measured d13C values in graphite at different po-
sitions of the reactor core indicate that the neutron flux in the
samples varies from 7.3 � 1013 n/cm2s to 1.5 � 1014 n/cm2s.
Comparingwith themodeled neutronflux adjusted to the real axial/
radial power and d13C e in No.1a, No.2a and No.5a samples the
differences are in the range of 3e9 % except for samples No.3a and
No.4a where higher differences of 15e30 % were observed most
probably due to sample position in the reactor core (taking into
account, that these two samples were taken from the stack graphite
of the same fuel channel, but at differentheight). Actually this allows
us to validate 3D MCNP6 model to assess the real irradiation pa-
rameters at any place of the RBMK-1500 graphite core within 10 %
uncertainty range in all graphite constructions byusing thismethod.

By using the full scale MCNP6 3D model of RBMK-1500 reactor
core the realistic neutron flux at each irradiated graphite sample
position of RBMK-1500 reactor core was obtained. The modeling
results of 14C activity and neutron flux in the RBMK-1500 graphite
constructions are given in Table 4.

The flux in the periphery zone differs by 3 times and by order of
magnitude in the side reflectors if compared to the plateau region.
It can be noted that 14C activity is directly proportional to the
neutron fluence value and does not depend on other parameters if
there is no additional 14C production due to the inflow of the ma-
terial (as for example 14N in the cooling gas of the stack). According
to the obtained results the production of 14C from 14N in the RBMK-
1500 reactor is about ~60 % when using the RBMK-1500 neutron
spectrum and 15 ppm of 14N impurity concentration in the graphite
matrix.

3.5. Experimental 14C activity determination

For the experimental determination of 14C activity in irradiated
graphite samples the rapid analysis method was applied as
described previously [12]. In brief, the graphite samples were
combusted to CO2, the evolved CO2 gas passed to the elemental
analyzer for the determination of C (carbon) amount. After that, the
CO2 gas passed to the b-detection system where 14C content was
determined. Based on the detected CO2 amount the total mass of
carbon in the sample was determined. The correlation of graphite
sample mass as obtained by weighing and by the combustion
method is presented in Fig. 6.



Table 3
Experimentally determined as well as modeled d13C and corresponding neutron fluxes in the graphite samples.

Sample No. No.1a No.2a No.3a No.4a No.5a Raw

Exp. d13C �24.5 �24.4 �25.6 �20.0 �24.1 �30.7
Flux (recalculated according to d13C), n/cm2s 8.9 � 1013 9.1 � 1013 7.3 � 1013 1.5 � 1014 9.5 � 1013

Flux (model adjusted to real axial/radial power), n/cm2s 9.6 � 1013 9.4 � 1013 6.2 � 1013 1.0 � 1014 1.0 � 1014

Model d13C �24.1 �24.2 �26.4 �23.5 �23.5

Table 4
The results of modeling of neutron flux and14C activity in the RBMK-1500 reactor
graphite constructions for average power of 2152 MW (for 2018-01-01 date).

Graphite construction Flux, n/cm2*s 14C A, Bq/g

Graphite stack (plateau region) 1.0 � 1014 1.44 � 105

Graphite stack top&bottom 1.4 � 1013 3.24 � 104

Graphite sleeve 9.9 � 1013 1.16 � 105

Periphery graphite stack 3.0 � 1013 4.26 � 104

Periphery graphite stack top&bottom 4.1 � 1012 9.67 � 103

Graphite reflector 9.7 � 1012 2.38 � 104

Graphite reflector top& bottom 1.4 � 1012 3.71 � 103

Graphite reflector with cooling channel 1.2 � 1012 3.26 � 103

Graphite reflector with cooling top&bottom 1.8 � 1011 5.07 � 102

Graphite CPS channel 9.0 � 1013 1.60 � 105

Graphite CPS channel top& bottom 1.2 � 1013 2.81 � 104

Fig. 7. The spectrum of 14C in the graphite sample No.2 registered by semiconductor
detector.
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After application of linear approximation it is found that all the
samples fall in the 95 % confidence band and the correlation coef-
ficient is ~0.99. These results are in good agreement with previous
research were correlation between these two independent
methods was found with the correlation coefficient of about 0.97
[12].

During the sample combustion process the CO2 gas flows
through the detection chamber where b-activity pulses are detec-
ted (Fig. 7). Usually 2e3 combustion cycles are needed to burn-
down the graphite sample completely. The number of cycles
needed depends not only on the mass of the graphite sample and
its porosity but also on the amount of the oxidation agent. No CO2
signal from TCD ensures that graphite combustion process is
completed.

The combined data from TCD as well as from b detection system
are presented in Fig. 8. The b-counts start to increase at about
300e400 s during the sample combustion cycle with a slight delay
Fig. 6. The correlation of graphite sample mass obtained independently by weighing
as well as by the CO2 mass after combustion in the elemental analyzer system. The Adj.
R-Square value of the linear approximation is 0.99.
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compared to the increase of the TCD signal. This occurs due to the
geometrical characteristics of the b-detection system i.e. the vol-
ume of the b detection chamber is larger compared to one of the gas
tubes.

Based on the sum of the b-pulses encountered during all com-
bustion cycles the total sample activity is evaluated. In the case of
LSC measurements, the gas catchers are not changed until the
combustion of the sample is complete. It means that the total
amount of the CO2 from the whole graphite sample is collected in
the alkaline solution to represent the total activity of the given
sample.

The comparison of the data obtained by both semiconductor
detector and LSC method is presented in Fig. 9. It is observed that
data from these two independent methods exhibit a linear
Fig. 8. The TCD signal indicating intensity of CO2 flow and b counts registered by
semiconductor detector during the combustion of the graphite sample No.2.



Fig. 9. The correlation of 14C activity in graphite samples obtained independently by
LSC as well as by b detector. The Adj. R-Square value of the linear approximation is 0.97.

Table 5
Experimentally determined mass of graphite samples as well as14C activity.

Sample No. Sample mass, mg 14C activity,
Bq

14C activity,
Bq/g

By weighing By CO2 amount

No.1b 190 186 43.7 ± 2.5 (2.30 ± 0.13) � 105

No.2b 422 400 114.5 ± 6.5 (2.71 ± 0.16) � 105

No.3b 380 373 94.5 ± 5.5 (2.49 ± 0.14) � 105

No.4b 204 210 39.9 ± 2.3 (1.96 ± 0.11) � 105

No.5b 414 388 78.9 ± 4.6 (1.91 ± 0.11) � 105
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dependence with a correlation coefficient of ~0.99, while all values
fall in the 95 % confidence band. Comparing with results obtained
previously (R ¼ 0.94) [12], one can find out that the current version
of the experimental setup is more precise.

The experimentally measured 14C activity in the graphite sam-
ples is by ~1.5 times higher compared to modeling in the graphite
stack (see Tables 4 and 5 for details). This could be due to the higher
production of 14C from 14N in the RBMK-1500 reactor. 14N impurity
concentration of 15 ± 4 ppm was used for modeling in graphite
activation based on previous RBMK-1500 reactor graphite activa-
tion measurements [13]. However, the 14N impurity concentration
of 25e35 ppm corresponds to measured activities of samples of
RBMK-1500 reactor graphite.
4. Conclusions

The structural and radiological characterization of irradiated
RBMK-1500 reactor graphite is important for the radioactive
graphite waste management. Structural properties of the irradiated
graphite influence behavior of radionuclides in the graphite matrix
under disposal conditions. Radiological characterization of the
irradiated nuclear graphite aims to identify major contributors to
radioactive contamination of the spent nuclear graphite waste. In
this study the following observations are reported:

� Irradiated RBMK-1500 reactor graphite exhibits significant
reduction in crystallites size when compared to the raw RBMK
graphite. However, amorphous fraction is very low in both
samples from the central and peripheral zone of the RBMK-1500
reactor core.
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� Numerically evaluated displacement per atom per year values
vary from 1.28 DPA/year in the central region to 0.11 DPA/year in
the peripheral zone of the RBMK-1500 reactor core.

� Distribution of g-ray emitters is non-homogeneous in the irra-
diated RBMK-1500 reactor graphite matrix; the main g-ray
emitters are 60Co and 137Cs. The number of samples is not suf-
ficient for scaling factor determination between 60Co and other
nuclides.

� The measured d13C values indicate that the neutron flux in the
samples from different positions varies from 7.3 � 1013 n/cm2s
to 1.5 � 1014 n/cm2s. The neutron flux is quite uniform in the
entire RBMK-1500 reactor core (no dependence of d13C value
was found when comparing plateau and peripheral regions).

� Measured 14C specific activity values in the irradiated RBMK-
1500 reactor graphite samples vary from 190 kBq/g to 270
kBq/g. This corresponds to 25e35 ppm 14N impurity
concentration.

It should be noted that observations presented in this study are
obtained by examination of five samples only which were taken
from the different positions of RBMK-1500 reactor core. Therefore,
the results may not be representative when characterizing the total
amount of irradiated graphite from the whole RBMK-1500 reactor
core. When interpreting results of activity of g emitters the possi-
bility of random distribution of the traces of uranium products on
the graphite surfaces directly exposed to the fuel channel needs to
be accounted for. Also, it should be noted, that the real irradiation
history is unknown for the particular sample and this may lead to
mismatch when comparing the experimentally obtained d13C
values and calculated ones. However, the brief results of structural
analysis obtained in this study are important for further detailed
structural research of irradiated RBMK-1500 reactor graphite.
Furthermore, some observations described here e.g. 14C activity are
in good agreement with previous studies. Moreover, the improved
version of the previously reported rapid analysis method showed
more precise results than it was obtained before. Thus, study
described here could be useful for further analysis of irradiated
RBMK-1500 graphite (e.g. 14C spatial distribution inside the first
fewmillimeters of the graphite surface) as well as graphite of other
graphite-moderated reactors.
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