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damage and radiation-chemical attack, with a variable con-
tent of stored Wigner energy.[2, 3] The International Atomic 
Energy Agency (IAEA) has been promoting research and 
implementation of processing technologies in the i-graphite 
management field by supporting the Member States through 
several coordinated international projects, the last one being 
Irradiated Graphite Processing Approaches (GRAPA),[3] in 
which this work is settled. Accurate radiological character-
ization of i-graphite is an enabling activity for subsequent 
dismantling and disposal procedures, allowing localization, 
identification, and quantification of activated radionuclides 
to be assessed.[4, 5] Owing to their relatively short half-
lives, radionuclides such as 3H and 60Co represent the main 
issue during immediate or deferred dismantling activities, 
while the long–lived 14C and 36Cl impact on long-term 
safety of disposed waste.[6] Most of these radionuclides 
are classified as Hard to Measure (HTM), as they decay 
without emitting easily measurable photons.[7] Conse-
quently, their accurate determination in hundreds of sam-
ples would require destructive radiochemical processing 
and large investment in terms of economic and temporary 

Introduction

Irradiated nuclear graphite (i-graphite) represents a chal-
lenging issue for the decommissioning of graphite-moder-
ated nuclear reactors, given the large quantities of generated 
waste and its specific properties.[1] More than 250,000 tons 
of i-graphite, mainly coming from defence and commercial 
nuclear power plants developed in UK, USA, Russian Fed-
eration and France, still have to be permanently disposed.[2, 
3] The main problems concerning the dismantling and treat-
ment of graphite from a reactor after a full operational life-
time involve the handling of large amounts of radioactive 
graphite stacks, possibly distorted and degraded by neutron 
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Bulk results of most of the nuclides were consistent with benchmark Inductively Coupled Plasma–Mass Spectrometry 
(ICP-MS) and literature data. In the case of 14N and 35Cl, depth distribution profiles were observed and quantified for the 
first time. These outcomes could shine a light on 14C and 36Cl depth distribution profiles and fractional release during 
leaching experiments.

Article highlights
	● A complete dataset of virgin graphite impurities distribution serves as input data for activation computational codes.
	● A complete elemental characterization is achievable by the complementary PGAA and ICP-MS techniques.
	● N and Cl depth distribution profiles have been discovered in graphite, untangling 14C and 36Cl activation mechanism.

Keywords  Decommissioning · Nuclear Graphite · Impurities · Depth distribution · Prompt Gamma activation analysis

Received: 3 March 2022 / Accepted: 15 May 2022 / Published online: 17 June 2022
© The Author(s) 2022

Determination of nuclear graphite impurities by prompt gamma 
activation analysis to support decommissioning operations

Eros Mossini1  · Zsolt Revay2 · Andrea Camerini1 · Marco Giola1 · Gabriele Magugliani1 · Elena Macerata1 · 
Mario Mariani1

http://orcid.org/0000-0002-5918-1681
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-022-08381-3&domain=pdf&date_stamp=2022-6-13


Journal of Radioanalytical and Nuclear Chemistry (2022) 331:3117–3123

1 3

at natural isotopic abundance; the other one could be the 
depth dependent activation of 14N to 14C by (n,p) reaction.
[13, 18, 19] Nitrogen is present as an impurity coming both 
from graphite manufacturing process and reactor operat-
ing environment.[20] This concurrent activation path could 
explain 14C distribution with depth, as the external graphite 
layers should be more enriched in 14N than the bulk due 
to manufacturing process and exposure to air,.[13, 17, 21] 
Dealing with 36Cl, a depth gradient may similarly arise from 
activation of 35Cl by (n,γ) reaction, since 35Cl may be more 
concentrated in the superficial layers of the graphite blocks 
as well.[22] In this case, the purification treatments usu-
ally performed during graphitization involve the exposure 
of carbon blocks to halogen gases, such as fluorinated and 
chlorinated gases.[20] Chlorine diffuses through the porous 
structure to react with the metallic impurities and forms 
halides of low boiling point that vaporize from the block: 
as graphitization process takes places, some gas molecules 
may remain trapped in the pores of the material, thus origi-
nating a depth profile for 35Cl, which, upon activation, gen-
erates 36Cl.[23] Hence, one of the most ambitious goals of 
this work is demonstrating the existence of depth distribu-
tion profiles of 14N and 35Cl.

Materials and methods

All analytical grade reagents were purchased from Merck 
and used without further purification. The certified stan-
dard solutions for ICP-MS analyses were purchased from 
Inorganic Ventures (CMS-x standards). The herein reported 
experiments have been conducted on non-irradiated AGOT 
graphite (Atcheson Graphite Ordinary Temperature) coming 
from the same stock employed as reflector and moderator 
at L-54 M nuclear research reactor, operated between 1959 
and 1979 at Politecnico di Milano, Italy.[9, 24] The sam-
ples collection and preparation were previously designed in 
view of conducting the measures under optimal conditions 
to allow full and homogeneous neutron irradiation of the 
specimens during PGAA. In order to perform the measures 
and acquire both N and Cl depth distribution profiles and 
bulk concentration data for B, N, and Cl and other impu-
rities, a 2 cm diameter cylindrical core-drill was obtained 
from a virgin AGOT graphite rod by abrasive water jet 
technique.[25] Four cylindrical slices (samples #1 – #4, see 
Fig. 1) were collected at increasing depth from the surface, 

resources, since it is impossible to assess average radionu-
clides concentrations in the whole nuclear graphite blocks, 
and each stock needs to be analysed independently.[8] In 
order to acquire an accurate and cost-effective radiological 
characterization of a large number of specimens, neutron 
activation models can be developed on the basis of avail-
able information about material and structural composition, 
together with irradiation history of the samples.[9, 10] At 
this aim, elemental composition of the impurities present in 
virgin graphite must be determined, as they are neutron acti-
vation precursors. However, historical nuclear grades are 
often no longer available and very few complete elemen-
tal characterization studies of non-irradiated samples have 
been carried out, especially for what concerns light and vol-
atile elements such as Li, B, N and Cl, which are important 
precursors of medium (3H) and long living (14C and 36Cl) 
neutron activation radionuclides.[11, 12].

Radiochemical and spectrometric analysis – such as 
Inductively Coupled Plasma–Mass Spectrometry (ICP-MS), 
Accelerator Mass Spectrometry (AMS), Thermal Ioniza-
tion Mass Spectrometry (TIMS), and Secondary Ionization 
Mass Spectrometry (SIMS) – are the most widespread tech-
niques when elemental characterization is intended. Besides 
being too time-consuming, expensive or not easily acces-
sible, the mentioned procedures often reveal unadapt in 
measuring ultralow concentrations of the lighter elements 
in nuclear graphite, which are the main interest for decom-
missioning and disposal operations.[13, 14] Prompt gamma 
activation analysis (PGAA) is a valuable non-destructive 
nuclear analytical method to accurately measure these low-
concentration nuclides. It is based on the neutron capture 
of the atomic nuclei followed by the emission of charac-
teristic gamma radiation. The special strength of PGAA is 
the analysis of light elements. [15] In this work, the bulk 
assessment of such elements and the study of depth distribu-
tion profiles have been attempted by PGAA and compared 
with ICP-MS benchmark data and literature references, 
with a view to improve the radiological characterization of 
i-graphite provided by neutron activation simulation codes 
thanks to a more accurate input data set. In fact, the already 
known 14C concentration gradient as a function of depth and 
its fractional release during leaching experiments could be 
explained by two main concomitant and concurrent neutron 
activation mechanisms.[3, 16, 17] One is the homogeneous 
activation of 13C to 14C by (n,γ) reaction, that is not depth 
dependent as 13C is homogeneously distributed in graphite 

Fig. 1  AGOT virgin graphite 
samples for PGAA: samples 
from #1 to #4 are 3 mm thick-
ness slices; #5 is a 1 cm thick 
bulk sample
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using deuterated water as the sample to simulate the irradia-
tion of the surrounding structural elements by a strong scat-
terer. This step was performed at atmospheric pressure (960 
mbar), and the background nitrogen masses were subtracted 
according to the chamber pressure. From the intensities of 
the characteristic peaks, the concentrations of the compo-
nents were determined.

For what concerns the ICP-MS analysis, the graphite 
powder was obtained from a virgin AGOT graphite rod by 
drilling and further grinded in a ceramic mortar. In view of 
the analysis, a proper matrix destruction protocol has been 
specifically developed in this work, based on the method 
applied in a previous study on the same graphite stock, 
with some modifications.[9] First, the weighed amount of 
treated graphite was increased from 2.5 to 14  g, in order 
to obtain a more representative sample. The graphite pow-
der sample was oxidated in a furnace at 650  °C for 24  h 
and the residues were treated with ultrapure HCl and HNO3 
until complete dissolution. In order to simplify the protocol, 
dissolution with HF was not performed. The resulting solu-
tion was diluted with 1%v ultrapure HNO3 to comply with 
the ICP-MS detection limits and optimal ranges in terms of 
analytes concentrations and acidity of the injected solutions. 
The Perkin Elmer NexION 2000 single quadrupole ICP-
MS instrument was employed upon external calibration by 
means of standard certified solutions properly diluted with 
the intention to cover, when possible, the 0.1–100 ppb con-
centration range.

with thickness of about 3 mm each, to obtain depth distribu-
tion concentration profiles. The volume of each sample was 
around 1 cm3, the mass ranged from 1.5 to 1.8 g, leading to 
the expected average density of about 1.7 g/cm3. Finally, a 
fifth sample (sample #5, see Fig. 1) with thickness of about 
1.2  cm and mass of about 6  g was collected for the bulk 
concentration assessment. The larger dimensions of this last 
specimen were aimed at improving the minimum detectable 
concentrations. Care must be given to the choice and use 
of the cutting technique, to limit heat production in graph-
ite and so preventing gaseous elements from being released 
from the porous structure. [26, 27]

In order to ensure similar and reproducible irradiation 
conditions between different samples, all specimens were 
precisely fixed by Teflon strings in the centre of aluminium 
sample holder frames. Air was evacuated from the irradia-
tion chamber to perform the experiments under vacuum, 
with a pressure between 0.6 mbar and 2 mbar. This is a nec-
essary countermeasure, since atmospheric nitrogen would 
be a non-negligible background, thus hindering the determi-
nation of very low-level nitrogen concentration in the sam-
ple.[15] In order to demonstrate that volatile elements (such 
as Cl and N) were not released due to the application of vac-
uum, the PGAA experiment was repeated on some samples. 
The variation of volatile elements concentration resulted to 
be within the experimental uncertainty. The measurements 
were conducted at Heinz Maier-Leibnitz Zentrum (MLZ), 
using a cold neutron beam with a flux of 4 × 1010 cm–2 s–1 
and 11 × 16 mm2 beam size. A Compton-suppression spec-
trometer was used for gamma detection (60% HPGe detector 
surrounded by a BGO scintillator and connected in anticoin-
cidence mode).[28] All specimens were analysed by PGAA 
for four to ten hours. For the more accurate determination 
of impurities, a background measurement was performed 

Fig. 2  Prompt gamma spectrum 
of sample #5 (bulk sample). 
Most important characteris-
tic lines are marked with the 
chemical symbol of the element
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B, N, and Cl in AGOT graphite, further data were obtained 
for other impurities, such as Ca, V, Fe, Ni. These elements 
were found to be nearly constantly distributed with depth. 
PGAA bulk results for sample #5 are shown in Table  1 
together with literature values and ICP-MS data (this work), 
while the obtained depth distribution profiles for N and Cl 
in samples #1 - #5 are reported in Figs. 3 and 4 respectively.

Results and discussion

As an example, the PGAA spectrum of sample #5 is 
shown in Fig. 2. The measurement was performed in a flux 
2·1010 cm–2 s–1 for 10 h.

PGAA results were then compared with ICP-MS bench-
mark data and literature references, revealing to be mostly 
consistent.[9, 29] In addition to the novel information about 

Fig. 4  35Cl concentration mea-
sured by PGAA as a function 
of AGOT graphite rod depth. 
The red dotted line is the DL. 
Uncertainties bars are within the 
marker size

 

Fig. 3  14N concentration mea-
sured by PGAA as a function of 
AGOT graphite rod depth. The 
red dotted line is the Detection 
Limit (DL)
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could be retrieved and segregated from the less activated 
bulk material, that could hence be downgraded and disposed 
in a safer and cheaper way. The same approach could be 
applied to other situations and activated materials, like bio-
logical shield concrete, to optimize their decommissioning 
and waste management.

A comparison between ICP-MS and PGAA results 
obtained for bulk sample, together with literature data 
benchmarks, are provided in Table 1.[9, 28, 29].

The new ICP-MS results appear to be in good agreement 
with the analogue previous analysis considered.[9] More-
over, both for ICP-MS and PGAA, overall obtained results 
often fall within the literature references values collected 
through several elemental characterizations of different 
nuclear grade graphite stocks. [9, 28, 29] Consequently, it is 
possible to confirm that AGOT graphite is highly pure, as it 
contains low amounts of impurities such as other analogue 
nuclear graphite types. In particular, for most of the consid-
ered elements, the measured values are closer to the lower 
limit of the literature range. In addition, for some other ele-
ments – above all U, Th – the herein measured concentra-
tions are orders of magnitude lower than literature values. 
As undesired losses of these elements due to the treatment 
steps should not be envisaged – since their solubility in the 
employed solvents is sufficiently high – such low measured 
concentrations should rather be ascribed to the lower detec-
tion limits ensured by the treatment method and ICP-MS 
equipment employed in this work. However, in some cases, 
e.g. Co, the obtained PGAA values are higher – even more 
than one order of magnitude higher – than ICP-MS results. 
This could be explained by a not effective background 

In both cases, the measured values are above detection 
limits (DL). A decreasing trend of concentration within 
the first 3  mm depth is clearly present: reduction factors 
of about 1.8 ± 0.2 and 4.7 ± 1.0 are calculated for 14N and 
35Cl respectively as the ratio between the value of the near-
surface sample and those of the bottom ones. The values 
of deeper samples keep nearly constant within the measur-
ing uncertainty, confirming literature data and reflecting the 
stabilisation of 14N and 35Cl concentrations just few mm 
from the graphite rod surface.[28, 29] According to these 
outcomes, as a first approximation, the concentration of 
these precursors in the activation model could be assumed 
to be equal to the just determined bulk values. This simple 
and reasonable assumption would be useful during prelimi-
nary radiological characterization campaigns since it would 
allow obtaining sufficiently accurate values of 14C and 36Cl 
activity concentrations with low computational costs. Once 
more accurate values will be required, the model should 
just be implemented with the complete impurities’ concen-
tration data set. Moreover, for those i-graphite stocks that 
have experienced just a very low activation during reactor 
operation, like in nuclear research reactors, these outcomes 
may be exploited to demonstrate the applicability of surface 
decontamination processes with the purpose to declassify 
most of the waste inventory.[20, 30] This decontamination 
practice would result in the loosening of regulatory control 
on a material otherwise considered a radioactive waste. 
Hence, both management costs and environmental footprint 
would be reduced, since a smaller amount of material would 
have to be disposed as a radioactive waste. On the contrary, 
for highly activated i-graphite stacks, the surface layers 

Table 1  ICP-MS and PGAA results of main graphite constituents and activation precursors in the bulk sample, compared with literature references
Element ICP-MS [ppm] PGAA [ppm] Literature references [ppm]
B 0.107 ± 0.031 * 0.216 ± 0.006 0.075–0.9
Ba 0.081 ± 0.018 n.a. 0.05–30.0
Ca 3.418 ± 0.024 n.a. 5–100
Cl n.m. 2.3 ± 0.3 0.3–100
Co 6.35 × 10− 3 ± 3.9 × 10− 4 1.0 ± 0.1 < 0.02–1.5
Fe 2.415 ± 0.080 6.7 ± 0.3 1.85–45
K 0.952 ± 0.072 2.3 ± 0.3 0.24–10
Li 0.201 ± 0.008 < DL(DL = 1.7 ppm) 0.04–0.43
Mn 2.38 × 10− 3 ± 9.2 × 10− 4 n.a. 0.02–0.3
Mo 0.195 ± 0.021 n.a. 0.05–7.0
N n.m. 8 ± 1 0.05–60
Ni 0.686 ± 0.066 1.11 ± 0.07 0.3–6.0
Th 3.48 × 10− 4 ± 1,3 × 10− 4 n.a. < 0.01
U 1.3 × 10− 4 ± 7 × 10− 5 n.a. < 0.07
V 18.4 ± 1.0 32 ± 2 0.4–60.0
n.m.: not measurable;
n.a.: not assessed;
* for Boron, no acceptable ICP-MS data are available. Equivalent boron content was estimated from other impurities determined by ICP-MS 
analysis, according to a well-established approach.[31]
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virgin graphite sample, which can be fed into activation 
codes as input data. Then, radionuclide distribution in real 
samples can be simulated with accuracy, thus supporting 
experimental characterization campaigns.

This study opens to further work in the field of radiologi-
cal characterization in support of decommissioning activi-
ties, since it is a generic method to complete input database 
for accurate and reliable activation codes.
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