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A B S T R A C T   

Based on the RBMK-1500 (rus.: peaктop бoльшoй Мoщнocти кaнaльный, PБMК; reaktor bolshoy moshchnosti 
kanalnyy, “high-power channel-type reactor”) reactor irradiation conditions, ion implantation was used as a tool to 
study neutron induced morphological changes in both highly oriented pyrolytic graphite (HOPG) and nuclear 
grade RBMK graphite. Graphite samples were implanted with 180 keV 14N+ ions at the fluences of 1.0 × 1016 

ions/cm− 2 and 2.5 × 1016 ions/cm− 2. To study temperature effects on both ion migration and structural disorder 
level in the graphite matrix, the implantation procedures were carried out under different temperature condi-
tions – room temperature (RT) and 500 ◦C. Subsequently, the distribution profiles of the implanted 14N+ ions 
were obtained by using secondary ion mass spectroscopy (SIMS) technique, while the microstructural properties 
of the graphite were evaluated by Raman spectroscopy. Implantation induced primary displacement damage 
profiles and implanted ion profiles were evaluated theoretically by using GEANT4 10.6 and SRIM-2013 codes. 
The profiles of implanted nitrogen obtained by SIMS technique were found to be in good agreement with 
theoretical ones. The surfaces of HOPG samples displayed macroscopic damage in form of fractures after 14N+

ion implantation at 500 ◦C; however, in case of RBMK graphite, the sample surfaces remained without visually 
observable changes. The Raman spectra showed an increase of sp3-related content and formation of amorphous 
carbon in both HOPG and RBMK graphite samples; the latter exhibits higher structural disorder at microscopic 
level and stronger amorphization than HOPG.   

1. Introduction 

The main problem when dealing with irradiated graphite waste 
management strategy is the radioactive content of different radionu-
clides which arises during the activation process from impurities, sur-
face contamination or graphite matrix itself. One of the main 
contributors to the total activity of irradiated graphite is 14C also known 
as radiocarbon. There are three different reactions which result in 
radiocarbon production in the nuclear graphite under reactor opera-
tional conditions: 14N(n,p)14C, 13C(n,γ)14C and 17O(n,α)14C. However, 
the majority of 14C is produced from isotope 14N when capture of 
thermal neutrons occurs. 14N is usually found as impurity in different 
concentrations up to 300 ppm depending on nuclear graphite type [1]. 
Despite the fact that RBMK type nuclear graphite is very pure material, it 
contains traces of nitrogen – average nitrogen concentration is 15 ppm, 

while maximum concentration can reach up to 70 ppm [2]. Moreover, 
the mixture of the helium-nitrogen gas (70–90 % He, 10–30 % N2) cir-
culates in the core of the RBMK reactor during its operation at an excess 
pressure of 0.49–1.96 kPa [3]. Nitrogen may adhere to outer surface of 
the graphite structural components via chemisorption and incorporate 
into material forming covalent bonds. The 14N(n,p)14C nuclear reaction 
results in 14C atoms with the kinetic energy of 41.4 keV which is high 
enough to break any chemical bond. Continuous neutron irradiation 
induces point defects in the graphite matrix which tend to agglomerate 
and form extended defects if reordering process does not take place. 
These defects as well as any carbon atom with free valence electron in 
disordered graphite structures serve as the binding sites for 14C in 
neutron irradiated nuclear graphite [1]. Therefore, the relatively high 
concentration of 14N atoms in the reactor active zone during its opera-
tional time is located on the surfaces and/or in the near-surface 
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structures of graphite constructions. The high level of structural disorder 
in the graphite material may lead to 14N migration and its incorporation 
and stabilization as 14C in the irradiated graphite matrix. The intensity 
of these processes may vary depending on graphite type, reactor type, 
operational parameters etc., therefore, the experimental graphite acti-
vation investigation should be performed in each case. 

Nuclear grade graphite is an artificial material produced from pitch 
and petroleum coke grains under high temperature conditions which is 
also known as graphitization process. This process results in an het-
erogeneous material with binder matrix and coke filler particles. Due to 
this, nuclear grade graphite exhibits both areas of oriented morphology 
and extensive micro cracking [4]. The distribution of the pores and 
cracks depends on the choice of raw materials and manufacturing pro-
cess. Grain size, as the main parameter for classification of the synthetic 
graphite, mainly depends on the size of filler particles. Both physical and 
mechanical properties of synthetic graphite depend on micro and 
macrostructure of crystals. 

Ion implantation method is widely used as a tool to study neutron 
induced structural changes in graphite matrix under reactor operational 
conditions [5]. 12C+ ion implantation as a tool to study structural 
changes in RBMK-1500 reactor graphite was used in [6]. HOPG as a 
form of high-purity synthetic graphite with a high degree of preferred 
crystallographic orientation, is often used as the reference material and 
model system for the single crystal graphite in such kind of studies [7,8]. 
Structural studies of both HOPG and RBMK graphite in coupled manner 
may provide insights about particularities of the morphological 
behavior of the nuclear graphite under reactor operational conditions. 
Moreover, the understanding of the morphological properties of the 
irradiated graphite is important for determination of the chemical form 
and stability of the radionuclides (especially 14C) in the irradiated 
graphite matrix containing crystal grains and open pores. The aim of this 
work is to compare the structural behavior of both HOPG and nuclear 
grade RBMK graphite under different 14N+ ion irradiation conditions – 
fluence and temperature. This is the first step in order to understand 
physicochemical processes of incorporation and stabilization of 14C in 
the irradiated nuclear graphite. 

2. Materials and methods 

2.1. Sample preparation and ion implantation 

Graphite samples were cut out from a raw graphite stack column of 
the RBMK-1500 reactor obtained from the Ignalina nuclear power plant 
(Ignalina NPP). The samples in dimensions around 10 × 10 × 5 mm were 
prepared for ion implantation experiments. HOPG was obtained from 
SPI Supplies (West Chester, US) through Neyco SA (Paris, France) in 
form of 1 mm thick 10 × 10 mm2 plates. No additional surface treatment 
was applied before the ion implantation procedure. A batch of samples 
(1 sample of RBMK nuclear graphite and 1 sample of HOPG) was 
implanted with 14N+ ions at the energy of 180 keV and a fluence of 1.0 
× 1016 ions/cm2, while another batch at a fluence of 2.5 × 1016 ions/ 
cm2. In this study the 14N+ ion implantation conditions were chosen, 
taking into account the average amount of defects in the RBMK-1500 
reactor which was calculated as high as 0.51 DPA/full power year. 
Theoretical evaluation of the primary displacement damage in the 
neutron irradiated RBMK-1500 graphite is described in details else-
where [9]. The implantation procedure was carried out under vacuum 
(7 × 10-7 mbar) at the RT as well as temperature of 500 ◦C at the Pprime 
Institute, CNRS-Poitiers university, France. 

2.2. SIMS measurements and depth profile estimation 

To study the distribution profiles of the implanted 14N+ ions SIMS 
experiments were carried out. Measurements were performed by using 
ION ToF-SIMS V equipment at SERMA Technologies, laboratory Science 
et Surface, Ecully, France. The focused primary beam was rastered over 

an area of 100 × 100 μm2 on the sample surface. Secondary ions (14N+

and 12C+) were collected from a smaller region (20 × 20 μm2) located at 
the center of the sputtered area to minimize crater-edge effects. For each 
14N+ profile, the depth scale was determined by measuring the crater 
depth by optical interferometry with a Neox 3D interferometer of Sen-
sofar. The experiments were carried out at the Laboratoire de Mécanique 
des Contacts et des Structures (LaMCoS) at the Institut National des 
Sciences Appliquées (INSA), Lyon, France. The nitrogen concentration 
was determined thanks to the use of the Relative Sensitive Factor (RSF) 
introduced by Wilson [10]. 

2.3. Ion beam interaction simulations 

Implantation induced primary displacement damage profiles and 
implanted ion profiles were evaluated using GEANT4 10.6 [11] and 
SRIM-2013 (The Stopping and Range of Ions in Matter) [12] codes. Both 
GEANT4 and SRIM-2013 are Monte Carlo based simulation codes which 
use binary collision approximation (BCA) to obtain the displacement 
damage. In BCA, the interactions are treated as single atom-projectile 
pair events and the target lattice is simulated as being static (at 0◦K). 
Moreover, there is no displacement damage accumulation during the 
simulations and the material is treated as amorphous. Although SRIM- 
2013 code is used as an industry standard in such calculations, 
GEANT4 code can also be used for the evaluations as it is a versatile 
simulation toolkit capable of simulating displacement and implantation 
profiles with great accuracy. Moreover, the comparison of results could 
provide insight on the expected experimental implanted atoms profiles. 
The main reason of GEANT4 usage in this research is the ability to use 
other than SRIM-2013 stopping powers. Additionally, the information 
about the individual recoils (energy, momentum direction, depth in the 
sample, etc.) can be obtained. 

The SRIM-2013 and GEANT4 simulation tools were used for com-
parison of the implanted atom and the displacement intensity profiles. 
The projected range of implanted ions Rp indicates the average value of 
depth the incident particles will penetrate to. This value is measured 
along the initial direction of the impinging particles. When particle 
beam is perpendicular to the surface of the sample, the projected range 
of simulations can be easily compared to the SIMS depth results. The 
projected range values (see Table 1) also contain the error which is 
obtained from range straggling equation (1): 

[(
∑

i
x2

i )/N − R2
p]

1/2
(1)  

here Σixi
2 is the sum of the squared range of individual ions, N is the 

number of particles simulated and Rp is the projected range of all ions, 
obtained from the simulations. 

2.3.1. Ion beam interaction simulations with SRIM-2013 code 
The ion beam interactions were numerically simulated for HOPG 

graphite (density 2.25 g/cm3) and RBMK graphite (density 1.7 g/cm3) 
by using SRIM-2013 toolkit. In SRIM-2013 environment, the Kinchin- 
Pease method was used for evaluations of both the implanted ion pro-
file and the primary displacement damage profile. The implanted ion 
profile does not depend much on whether the Full-Cascades option or 
the Kinchin-Pease method is chosen. However, the primary displace-
ment damage depends on the approach. The primary displacement 
damage estimated by using the Full-Cascades method is higher than 
compared to the Kinchin-Pease method and the difference depends on 
the target-ion pair. In this research the primary displacement damage 
was evaluated based on the recommendations by other authors (see 
[13;14]), namely, the Kinchin-Pease method with lattice binding energy 
set to 0 eV. The damage energy (energy of the ion that is dissipated in 
elastic collisions with the atoms of the lattice) is calculated based on 
energy lost to lattice phonons. To quantify the primary displacement 
damage, DPA (displacement per atom) units are used. DPA refers to the 
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average number of times an atom is displaced from its original lattice 
site. The DPA rate is obtained by using the previously mentioned dam-
age energy in the Norgett–Robinson–Torrens (NRT) [15] equation: 

DPA = (0.8 × T)/(2 × Ed) (2)  

here T is the total damage energy, Ed is the threshold energy to create a 
displacement (displacement energy) which was set to 25 eV in this 
research. Vacancy production profiles (from VACANCY.txt file) were 
modified by the ratio of number of vacancies obtained by simulation 
(from summing vacancies produced by both ions and recoils, from VA-
CANCY.txt file) to the number of vacancies obtained from (1) formula. 
By using the NRT method, the number of vacancies obtained is by a 
factor of 1.067 larger than obtained from SRIM-2013 Full-Cascades 
simulations. The displacement damage profile (vacancies per angstrom 
per ion) is multiplied by this factor to obtain the NRT based displace-
ment profile. The implanted ion profiles and displacement damage 
profiles were simulated with two material setups: one with a compound 
correction and one without it. The compound correction in SRIM-2013 
essentially alters the elemental stopping powers due to different outer 
shell electron orbitals when compared to the elemental material [16]. In 
the case of our research the nitrogen ion-graphite pair gives a compound 
correction of 0.868 and by 13.2% lower stopping powers. 

2.3.2. Ion beam interaction simulations with GEANT4 toolkit 
GEANT4 is an open-source toolkit written in C++ and designed for 

the simulation of particles traversing the matter. GEANT4 provides an 
extensive possibility to use different physics lists and processes. In this 
research, the simulation process was made by including several physics 
processes. For simulation of electronic energy loss of ions, the G4ionIo-
nisation class was used with step function parameters 0.1, 0.02 mm. The 
G4ionIonisation class uses G4BraggIonModel for low energy ions and 
G4BetheBloch model for high energy ions. However, for low energy ions 
G4IonParametrisedLossModel model can be used which allows simulating 

energy loss based on the stopping power parametrization or experi-
mental values for materials defined in ICRU73 [17] or ICRU90 [18] 
stopping power libraries. ICRU73 (Stopping of Ions Heavier Than Helium) 
library does not contain stopping powers for graphite material and uses 
parametrization based on carbon atoms, while ICRU90 (Key Data For 
Ionizing-Radiation Dosimetry: Measurement Standards And Applications) 
library contains stopping powers of graphite. Moreover, G4IonParame-
trisedLossModel was modified to allow the usage of SRIM stopping 
powers. The material used in the simulations was G4_Graphite with a 
density set to 2.25 g/cm3 for HOPG and 1.7 g/cm3 for RBMK graphite. 
For scattering events, the single scattering class G4CoulombScattering 
with G4IonCoulombScatteringModel model was used. The recoil threshold 
energy was set to 25 eV. The nuclear energy loss was simulated with the 
G4NuclearStopping class which uses ICRU49 (Stopping powers and ranges 
for protons and alpha particles) [19] stopping powers. ICRU49 reported 
stopping powers can deviate by 10 – 20 % for lower energies when 
compared to SRIM-2013 stopping powers, thus, a deviation in range and 
primary displacement damage is also expected [20]. The nuclear energy 
loss was obtained by using G4NIELCalculator method which evaluated 
non-ionizing energy loss (NIEL) for each step of the particle. The total 
NIEL energy was used in equation (2) with a 25 eV displacement energy 
to obtain the total number of displacements per ion. For comparison 
reasons the primary displacement damage and implanted ion profiles 
obtained with GEANT4 toolkit were evaluated based on the ICRU73, 
ICRU90 and SRIM electronic stopping powers. 

2.4. Raman spectroscopy 

The graphite samples were characterized by Raman spectroscopy in 
ambient conditions using a Renishaw inVia spectrometer. The excitation 
light of 532 nm was used. The laser beam was focused using 50 ×
objective lens to a 0.8 μm diameter spot on the sample surface. A very 
low incident power of about 0.3 mW was used to avoid the heating ef-
fect. Spectra were acquired from 3 to 5 areas of each sample, while each 
individual spectrum was collected over 100 s. All the spectra were 
registered in 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 wavenumber calibration. 

3. Results and discussion 

3.1. The nitrogen concentration profiles measured by SIMS 

The distribution profiles of the implanted 14N+ ions in both HOPG 
and RBMK nuclear graphite samples were obtained by SIMS at both 
fluences and temperatures. The nitrogen distribution profiles in HOPG 
samples are shown in Fig. 1. 

For the higher implantation fluence (2.5 × 1016 N+/cm2), the entire 
depth profiles measured by SIMS are really close to the calculated ones. 
For the lower implantation fluence (1.0 × 1016 N+/cm2), the base signal 
measured by SIMS is high revealing a probable pollution during ion 
implantation as no nitrogen content is expected in HOPG samples. But, 
even if the depth profiles are higher than expected, we can rely on the Rp 
values. In all cases, the peak maximum measured by SIMS is at about 
300 nm in good agreement with the calculated values by the MC codes. 
The SIMS technique has usually an excellent depth resolution (<10 nm) 
if the roughness is low which is the case for the HOPG samples (see 
Fig. 3, left). Therefore, we can assume a small shift of the peak towards 
the sample surface when implanted at 500 ◦C. 

The nitrogen distribution profiles in RBMK graphite samples are 
shown in Fig. 2. It should be noted that for RBMK graphite the experi-
mental peaks are much broader than simulated ones (and also than the 
depth profiles measured by SIMS in HOPG samples). This is explained by 
a high value of the surface roughness in RBMK graphite samples due to 
the structural non-homogeneity and the porosity of RBMK graphite (see 
Fig. 3, right). For this reason, the transformation of the SIMS sputtering 

Table 1 
Comparison of the theoretical implantation values for HOPG and RBMK graphite 
when implanted with 14N+ ions at the energy of 180 keV and fluence of 1.0 ×
1016 ions/cm2.  

Graphite type HOPG RBMK 

Density 2.25 g/ 
cm3 

1.7 g/cm3 

Projected range of ions: 
SRIM-2013 300 ± 45 

nm 
397 ± 60 
nm 

SRIM-2013 CR1 336 ± 51 
nm 

440 ± 68 
nm 

GEANT4 SR2 305 ± 45 
nm 

405 ± 60 
nm 

GEANT4 IC733 328 ± 50 
nm 

434 ± 66 
nm 

GEANT4 IC904 283 ± 41 
nm 

375 ± 54 
nm 

Maximum number of displacements per atom (DPA) 
SRIM-2013 1.51 1.14 
SRIM-2013 CR 1.56 1.18 
GEANT4 SR 1.8 1.37 
GEANT4 IC73 1.77 1.34 
GEANT4 IC90 1.84 1.39 
Average number of defects on the surface (~50 nm) (DPA) 
SRIM-2013 0.41 0.4 
SRIM-2013 CR 0.42 0.4 
GEANT4 SR 0.77 0.76 
GEANT4 IC73 0.76 0.75 
GEANT4 IC90 0.77 0.76 
Average amount of defects in the nuclear reactor due to 

the neutron damage (DPA/full power year) 
– 0.51  

1 SRIM-2013 with compound correction, 2GEANT4 with SRIM stopping 
powers, 3GEANT4 with ICRU73 stopping powers, 4GEANT4 with ICRU90 stop-
ping powers. 
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time into depth leads to a huge error which can be estimated to be 
around 100 nm according to the crater roughness. Even with this error, 
it can be seen that the Rp measured by SIMS is around 400 nm in 
agreement with the calculated values. It can also be noted that: (i) the 
SIMS baseline shows a nitrogen concentration of around 0.4 and 0.5 % 
at. in RBMK graphite samples, and (ii) a same tendency of the peak shift 
towards the surface after implantation at 500 ◦C is likely to occur. In 
some cases, the surface region (0 to 10 nm) affected by the surface 
contamination and the tails of the profiles (<200 nm) affected by the 
‘knock-on’ effect [21] were observed. 

3.2. Comparison of the nitrogen concentration profiles measured by SIMS 
and calculated by MC simulations 

The implantation induced primary displacement damage profiles 
and implanted ion profiles for both RBMK and HOPG graphite are shown 
in Fig. 4. 

The comparison of HOPG and RBMK nuclear grade graphite prop-
erties is shown in Table 1. The modelling results of 14N+ ion implanta-
tion at the energy of 180 keV and fluence of 1.0 × 1016 ions/cm2 are also 
presentred. In the case of the fluence of 2.5 × 1016 ions/cm2 the pre-
sented DPA values should be simply multiplied to 2.5. This is due to 
modelling limitations, especially, there is no damage accumulation 

during the simulation as every incident ion interacts with material 
which is not affected by previous ions. The more detailed description of 
the modelling limitations was described in [22]. 

HOPG is formed by oriented stacking of graphene planes, while 
nuclear grade RBMK graphite is heterogeneous material with high in-
ternal porosity. Porosity of GR-280 grade graphite is about 23 %, from 
which 17 % are for open and 6 % are for closed pores volume [23]. 
Previous studies on microstructure of the GR-280 graphite, from which 
the stack of the RBMK reactor is formed, report that the filler particles 
are in irregularly angled shape with the grain size of 0.5–1.5 mm. The 
size of crystal structures was found to be 10–20 μm. The binder material 
is reported as fine-grained crystallites of about 1 μm [3]. These micro-
structural particularities lead to the higher implantation depth when 
compared to HOPG. 

As observed in HOPG, the maximum concentration of implanted 
nitrogen ions differs by about 53 nm when compared SRIM-2013 to 
GEANT4 results. The difference between peak positions is about 65 nm 
in the case of RBMK graphite. Another distinct difference is that the 
GEANT4 simulated peak is broader than obtained by SRIM-2013. This is 
due to the fact, that width of GEANT4 peak is smaller than the SRIM- 
2013 one. Although the GEANT4 simulated peak intensity is higher, 
the integrated concentration is equal between both codes. This means 
that GEANT4 simulated peak width is smaller. In the case of primary 

Fig. 1. The nitrogen distribution profiles in HOPG: (A) experimentally obtained 
in the samples implanted at a fluence of 1 × 1016 ions/cm2 and compared to 
simulated ones; (B) experimentally obtained in the samples implanted at a 
fluence of 2.5 × 1016 ions/cm2 and compared to simulated ones. 

Fig. 2. The nitrogen distribution profiles in RBMK graphite: (A) experimentally 
obtained in the samples implanted at a fluence of 1 × 1016 ions/cm2 and 
compared to simulated ones; (B) experimentally obtained in the samples 
implanted at a fluence of 2.5 × 1016 ions/cm2 and compared to simulated ones. 
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displacement damage, difference between peak maxima positions is 
around 75 nm in HOPG, and around 90 nm in RBMK graphite. GEANT4 
predicts more displacements closer to the sample surface than SRIM- 
2013. 

When simulating ion implantation profiles with GEANT4, a differ-
ence in the final distribution of the ions is observed when different 
stopping powers/parametrizations are used. The ICRU90 stopping tables 
gives a narrower distribution with the projected range and peak 
maximum being by 20–30 nm lower than the one obtained with SRIM- 
2013 and GEANT4 with SRIM stopping powers. When SRIM stopping 
powers are used in GEANT4, the implanted ion profile coincides well 
with the distribution obtained by using SRIM-2013 without compound 
correction. When compound correction is used in SRIM-2013, the profile 
shifts by 30–40 nm to higher depths and a good agreement with the 
GEANT4 ICRU73 approach is observed. With higher projected range 
values, a clear spread of the distribution by depth is observed. Thus, the 
simulated profile of implanted ions depends significantly on the stop-
ping powers used. As comparison of stopping powers and different 
methods were not the main focus of the paper, the different approaches 
were used to estimate the most expected depth of primary displacement 
damage and implanted ion maxima. 

3.3. Raman spectroscopy and optical microscopy analysis 

The typical Raman spectrum of carbonaceous material exhibits two 
characteristic peaks: the G peak at 1580 cm− 1 and the D peak at around 
1350 cm− 1 (in case of excitation light of 532 nm). The G band (E2g 
symmetry) represents the C––C stretching modes and indicates the sp2 

hybridization. This mode is always allowed in the Raman spectrum of 
graphite. The D band (A1g symmetry) is Raman-forbidden mode in 
perfect graphite and it becomes active due to structural imperfections, 
impurities, and disorders [24,25]. In case of highly disordered structure 
the D’’ band with peak at around 1500 cm− 1 is found in between of the G 
and D bands. This broad band shows the presence of amorphous carbon 
[26]. At the high frequency side of G band (near 1620 cm− 1 the defect- 
induced band D’ can be observed [26,27]. Analysis of relative intensity 
of this band allows to probe the nature of defects [27]. The Raman 
spectra are shown in Fig. 5 for HOPG (A) and RBMK (B) for both fluences 
and temperatures. All spectra are normalized in relation to the 
symmetry-allowed G band. These results are in agreement with those of 
Ammar et al. [28] obtained in HOPG implanted with 37Cl ions at 1016 

ions cm− 2. 
When comparing HOPG and nuclear grade RBMK graphite, several 

differences should be noted, consistent with those observed when 
comparing HOPG with the French UNGG nuclear graphite [28]. The 
spectrum of raw HOPG shows the absence of the D band due to the ideal 

Fig. 3. SIMS craters in the HOPG (left) and RBMK graphite (right) sample surface after implantation with 14N+ ions at the fluence of 2.5 × 1016 ions/cm2 at 
temperature of 500 ◦C. 

Fig. 4. The implantation induced primary displacement damage (DPA) profiles 
for both (A) HOPG and (B) RBMK graphite evaluated by using GEANT4 and 
SRIM-2013 codes at 1 × 1016 ions/cm2. 
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hexagonal structure of the graphene sheets as well as correct interplanar 
stacking of them. The spectrum of the non-irradiated RBMK graphite, 
contrary to HOPG, exhibits the presence of the D band. Similar obser-
vations were also observed in case of UNGG graphite [28]. The nuclear 
grade graphite contains grains and pores, which leads to non- 
uniformities on the surface after sample preparation procedures. Pre-
vious studies showed that the samples with the cleaved surface 
demonstrate the lowest intensity of D band compared to ones treated 
according to other sample preparation techniques [6]. However, as 
mentioned previously, in this research the samples were cut-off in order 
to expose the smooth surface for uniform ion implantation as well as 
proper SIMS profile measurements. The disorder parameters of the cut- 
off samples are higher when compared to the cleaved ones, though they 
still match the features of the unirradiated polycrystalline nuclear 
graphite which are reported as FWHM<20 cm− 1 and the ID/IG ratio 
below 1 [29]. 

The Raman spectra of both HOPG and RBMK graphite samples 
implanted at the RT show that D and G bands overlap with each other 
indistinguishably for both fluences of 1.0 × 1016 ions/cm2 and 2.5 ×
1016 ions/cm2. In these cases the surfaces of the graphite samples are 
almost fully amorphous, however, as previous studies have shown, the 
highly amorphous graphite structure could be reordered if appropriate 
temperature treatment is applied [6]. If some areas exhibiting patterns 

of microcrystalline graphite remain in very heavily damaged regions, 
they can initiate the crystalline regrowth under appropriate annealing 
conditions [30]. 

Although similar trends in increase of the D band intensity in both 
HOPG and RBMK graphite samples are observed, the latter exhibits 
higher morphological disorder at microscopic level and stronger 
amorphization than HOPG. On the other hand, the surfaces of RBMK 
graphite samples remained without any visually observable changes. 
The HOPG samples exhibited different macrostructural behavior 
depending on irradiation conditions. Fig. 6 presents optical microscopy 
images of HOPG sample surfaces irradiated at different ion fluencies at 
both RT and 500 ◦C temperature. 

At RT the surface of HOPG graphite samples exhibits visually 
observable fractures, which are significant on the surface of the sample 
implanted at a fluence of 2.5 × 1016 ions/cm2, while the sample 
implanted at a fluence of 1 × 1016 ions/cm2 is less fractured. At the 
temperature of 500 ◦C, the sample surface remains intact. According to 
the detailed studies on surface damage of the crystalline graphite due to 
the ion implantation, the cracks are initiated at a grain boundary and 
they propagate along grain boundaries. As they propagate, the cracks 
join other cracks to form polygons when the crack length lc is compa-
rable to the grain boundary dimensions [30]. Similar observations were 
reported by Watanabe et al. [31,32]. The appearance of cracks is 
attributed to the increase of the surface strain, which is induced by 
formation of amorphous carbon also known as diamond-like carbon 
(DLC) in the sample surface layer exposed to N+ implantation. 

This is also consistent with the SIMS experiments. No broadening of 
the depth profiles is observed after the implantation at 500 ◦C which 
means that no nitrogen diffusion is occurring in our conditions. How-
ever, a small shift towards the surface of the depth profiles maximum is 
always observed after implantation at 500 ◦C, at a depth which is 
roughly the maximum of the damage depth profile calculated by the 
Monte Carlo codes. The Raman analysis clearly show that the damage 
created by the implantation process is limited due to the temperature or 
that the annealing occurs quickly after the collision cascades preventing 
the formation of defect clusters. In all cases, there is a limited mobility of 
the defects which can be associated to this short-range movement of N 
atoms seen by SIMS. 

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 [33]. The current experiment 
revealed that during the dynamical annealing of the graphite structure 
at the operating RBMK-1500 reactor temperature, most of the 14N(n, 
p)14C reaction dependent 14C is immobilized in the graphite matrix. This 
suggests that the graphite matrix is a highly effective 14C migration 
barrier, which is one of the determining factors for the assessment of the 
final disposal strategy. 

4. Conclusions 

The study on morphological changes and temperature effects on both 
ion migration and structural disorder level in the HOPG and RBMK 
nuclear grade graphite samples was carried out by using the 180 keV 
14N+ ion implantation at the fluences of 1.0 × 1016 ions/cm2 and 2.5 ×
1016 ions/cm2 under RT and 500 ◦C.  

• Experimentally by SIMS obtained nitrogen profiles are in good 
agreement with simulated ones. Comparing the GEANT4 and SRIM- 
2013 simulation data, the maximum range position varies less for 
HOPG than for RBMK graphite. Moreover, it should be noted that for 
RBMK graphite the experimental nitrogen profiles are much broader 
than simulated ones. SRIM-2013 modelling results are in better 
agreement with experimental data, when comparing with GEANT4 
and further studies are needed to obtain the more accurate predic-
tion. However, GEANT4 could be also used considering the possible 
discrepancies. 

Fig. 5. Raman spectra of HOPG (A) and RBMK (B) graphite samples – raw and 
implanted with 1.0 or 2.5 × 1016N+/cm2 at RT or 500 ◦C. 
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• 14N+ ion damage indicates that nitrogen is more mobile in the porous 
RBMK nuclear grade graphite structure compared to monocrystalline 
– but in both cases only the slight shift of the nitrogen profile 
maximum to the sample surface is observed when implanted at 500 
◦C.  

• Based on the Raman spectra, the dynamical annealing of defects 
during implantation is more effective than defect annealing after 
implantation process is finished. Displacement damage induced by 
ion implantation process creates point defects and if they are simply 
annealed during implantation process, the formation of complex 
defects does not occur.  

• Operational temperature of nuclear reactor (~350–550 ◦C) is high 
enough to ensure that both defect creation and structural reordering 

process occur at the same time. Due to this, the full amorphization of 
the crystal matrix is avoided and the functional properties of graphite 
are not lost, which ensures proper functionality of the material.  

• During the dynamical annealing of the graphite structure in the 
operating RBMK-1500 reactor, most of the 14N(n,p)14C reaction 
dependent 14C is immobilized in the graphite lattice. This analysis of 
14C behaviour in RBMK graphite suggests that the graphite matrix is 
a highly effective 14C dispersion barrier, which is one of the deter-
mining factors in the assessment of the surface/geological storage 
choice strategy. 

Fig. 6. The surface state of the HOPG samples implanted at different ion fluences and temperature conditions. Scale – 100 μm.  
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