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Abstract
Characterisation of activated reactor components is a multifaceted effort, which include both experimental work and activa-
tion calculations which together form a comprehensive characterisation approach. However, both the experimental work 
and activation calculations have their constraints and uncertainties. This work presents the characterisation of a highly acti-
vated stainless steel pipe including sampling planning, sampling, sub-sampling, elemental and radionuclide analyses, and 
activation calculations. 55Fe, 63Ni and 60Co analyses were carried out in a trilateral intercomparison exercise and the results 
were compared with activation calculations. The results showed excellent alignment between experimental and activation 
calculation results.
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Introduction

Characterisation of high activity materials is a challenge 
as both the representativeness of the sample and radiation 
safety must be considered. Small sample sizes are preferred 
when handling high activity materials whereas large sample 
sizes are preferred especially with heterogenous materials. In 
the case of activated reactor components, homogenisation is 
not possible (i.e., solid materials with activation gradients) 
and consequently a compromise is needed to collect a sam-
ple as representative as possible.

The two main materials contributing to radioactive 
decommissioning waste volumes are the biological shield 

concrete and the reactor core structure steels. Steel contains 
at least 50% iron, but various amounts of alloying elements 
have been added to the different steel types to enhance one or 
several specific properties, e.g., strength, hardness, corrosion 
resistance or machinability [1]. The alloying elements gener-
ally include carbon, manganese, silicon, nickel, chromium, 
molybdenum, vanadium, titanium, niobium, and aluminium 
[1]. The roles of the alloying elements are shown in Table 1. 
Overall, there are thousands of different steels and conse-
quently their classification is difficult [1]. However, steels 
are generally classified as carbon steel and alloy steel [1]. 
The carbon steels, which are also called plain-carbon steels, 
constitute a family of iron-carbon-manganese alloys [1]. The 
alloy steels are alloys of iron with the addition of one or 
more of the following elements: C, Mn, Si, Ni, Cr, Mo, and 
V [1]. The alloy steels cover a wide range of steels, includ-
ing low-alloy steels, stainless steels, heat-resistant steels, 
and tool steels [1]. Stainless steels are corrosion-resistant 
steels that contain at least 10.5% chromium, which forms a 
passive layer on the steel surface protecting it from corro-
sion [1]. The stainless steels are divided to five types, i.e., 
austenitic, ferritic, duplex, martensitic, and precipitation-
hardening steels [1]. In general, the austenitic steels contain 
16–26% Cr and 6–22% Ni [1]. The ferritic stainless steels 
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Table 1  Elemental analysis of FiR1 stainless steel

Element ICP-OES and 
ICP-MS results 
[mg  kg−1]

Combined ICP-OES and 
ICP-MS results [mass%]

GD-OES results [mass%] Nitrogen analyser 
results [mg  kg−1]

Role of the alloying element [1]

Fe (6.1 ± 0.5) E + 05 69 ± 6 66.7 ± 0.6
Cr (1.7 ± 0.1) E + 05 19 ± 2 22.2 ± 0.4 Important element due to the positive 

effect on hardenability.
Ni (8.4 ± 0.7) E + 04 9 ± 1 7.1 ± 0.2 Important element due to the positive 

effect on hardenability.
Mn (1.6 ± 0.1) E + 04 1.7 ± 0.1 1.78 ± 0.04 Several roles, for example to assure 

that all residual sulphur is combined 
to form manganese sulphide, which 
hinders formation of brittle iron 
sulphide.

Cu (3.5 ± 0.2) E + 03 0.39 ± 0.02 Residual element, generally restricted 
to levels below 0.04%. Even though 
copper is not generally added to 
steel, there are steels, namely weath-
ering steel, in which copper is added 
for strength and hardness.

Mo (2.27 ± 0.05) E + 03 0.25 ± 0.01 0.158 ± 0.003 Hardenability element which forms 
carbides that are important for 
wear-resistant applications, e.g., tool 
steels.

Si 1010 ± 80 0.11 ± 0.01 1.46 ± 0.03 For example, a deoxidiser, which 
removes dissolved oxygen from 
molten steel during the steel-
refining process. Oxygen forms 
oxide inclusions, which can degrade 
ductility, toughness, and fatigue 
resistance.

Co 800 ± 70 0.09 ± 0.01 0.137 ± 0.006
S 320 ± 30 0.036 ± 0.003 0.09 ± 0.02 Residual element generally restricted 

to below ~ 0.02%, although it is 
important in special classes of 
steels, i.e., free-machining steels.

W 250 ± 5 0.028 ± 0.001 0.03 ± 0.01 Hardenability element which forms 
carbides that are important for 
wear-resistant applications, e.g., tool 
steels.

P 190 ± 20 0.021 ± 0.002 0.0460 ± 0.0004 Residual element generally restricted 
to below ~ 0.02%, although it is 
important in special classes of 
steels, i.e., phosphorised steels.

Mg 100 ± 10 0.011 ± 0.001
Sn 77.2 ± 1.8 0.0086 ± 0.0002 Residual element.
Nb 51 ± 1 0.0057 ± 0.0001 0.16 ± 0.02 Important element due to its pre-

cipitation strengthening through the 
formation of niobium carbonitrides.

Ga 22.5 ± 0.6 0.0025 ± 0.0001
Zn 7.9 ± 0.8 0.0009 ± 0.0001
Se 1.54 ± 0.05 0.00017 ± 0.00001 Improves machined surfaces.
Ag 0.75 ± 0.02 0.000084 ± 0.000002
Ho < 0.0012
C 0.06 ± 0.02 The most common alloying element 

in steel having a strong influence on 
hardness and strength.
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are iron-chromium alloys with Cr content between 10.5% 
and 27% and without Ni or in minor amounts, i.e., less than 
1% [1]. The dublex stainless steels are approximately equal 
mixtures of ferrite and austenite. Martensitic stainless steels 
contain added C allowing higher Cr content [1]. Precipi-
tation-hardening stainless steels are iron-chromium-nickel 
alloys which have high strength and toughness through addi-
tion of Al, Ti, Nb, V and/or N [1]. Other stainless steels, 
such as tool steels, are alloy steels that are used for cutting 
or machining of other materials and they contain various 
levels of Cr, Ni, Mo, W, V, and Co [1]. In nuclear applica-
tions, carbon steel is typically used in massive structures 
as a radiation shield outside the reactor tank. For example, 
type 304 austenitic stainless steel, which is typically used 
in reactor core structures due to its mechanical and chemi-
cal properties, contains 18–20% Cr and 8–12% Ni. In some 
components, acid resistant stainless steel (containing as well 
2–3% Mo) may also be used.

For all activated steel types, the main gamma emitters are 
60Co  (t1/2 5.27 a), 54Mn  (t1/2 312 d), and 51Cr  (t1/2 27.7 d). 
Stainless steel, which is typically used in reactor core struc-
tures due to its mechanical and chemical properties, contains 
after irradiation the same radionuclides as carbon steel, e.g., 
60Co, 14C and 55Fe. However, due to the much higher nickel 
and chromium content in stainless steel, the 63Ni, 59Ni and 
51Cr activities are much higher compared to ones present in 
carbon steel.

Activation calculation is an advantageous tool to carry 
out assessments of activation levels for reactor compo-
nents such as steel components. Preliminary calculations 
are often carried out conservatively due to a lack of infor-
mation on detailed chemical compositions, irradiation 

history, and neutron fluxes. Nonetheless, the activation 
calculations can give indicative estimations on the activa-
tion level of the radionuclides and consequently dose rates 
can be estimated. This information is of great value during 
the sampling plan so the analyses can be prepared while 
keeping in mind the goal i.e., a safe and representative 
sampling to minimise the need for a secondary sampling 
campaign and consequently lower the use of resources. 
After validation of the method by comparing the results 
of the activation calculation with the measurements per-
formed in the laboratory, the calculations can be used on 
larger waste volumes and different reactor components 
with varying activation levels. Consequently, the cost of 
characterisation is reduced.

The radionuclides in radioactive waste are divided into 
easy to measure (ETM) and difficult to measure (DTM) 
radionuclides. The ETM radionuclides (i.e., gamma emit-
ters) can be measured non-destructively with short radia-
tion exposure time to the operator whereas the DTM radi-
onuclides (i.e., alpha and beta emitters) require hands-on 
analysis lasting up to several days. Therefore, a careful 
assessment of the activity levels (i.e., the amount of sample 
needed for detecting radionuclides of interest), representa-
tiveness, and radiation exposure times needs to be carried 
out case by case. The ETM analysis is a well-established 
technique measuring discrete gamma emissions resulting in 
quantitative analyses enabled by geometry and efficiency 
calibrations. Most often the gamma emitters can be deter-
mined directly from a sample, without a need for a preced-
ing radiochemical separation procedure. However, sample 
preparations can include homogenisation and placement in 
well-defined geometries.

Table 1  (continued)

Element ICP-OES and 
ICP-MS results 
[mg  kg−1]

Combined ICP-OES and 
ICP-MS results [mass%]

GD-OES results [mass%] Nitrogen analyser 
results [mg  kg−1]

Role of the alloying element [1]

N 460 ± 20 Added in some steels to provide suffi-
cient nitrogen for nitride formation, 
i.e., strengthening.

Ti 0.017 ± 0.006 Strong deoxidiser but it is usually not 
used solely for that purpose. Tita-
nium, being a strong carbide former, 
is used as a carbide stabiliser.

V 0.019 ± 0.09 Hardenability element which forms 
carbides that are important for 
wear-resistant applications, e.g., tool 
steels.

B 0.0052 ± 0.0005 Hardening element.

Mass fractions of the elements are presented with combined standard uncertainty and in a decreasing order of mass%, measured by ICP-MS or 
ICP-OES. Si, P, S, Cr, Mn, Fe, Ni, Co, Mg, and Cu were measured using ICP-OES and the ICP-MS results are isotope-specific, i.e., 93Nb, 95Mo, 
107Ag, 182 W, 66Zn, 69Ga, 77Se, 118Sn, 165Ho
Gamma spectrometric analysis results at VTT
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Radiochemical analysis requires separation and purifica-
tion of the DTM of interest from the interfering radionu-
clides and the stable elements using destructive treatments 
(e.g., acid digestion, alkali fusion), precipitations, ion 
exchange, and chromatographic resins prior to detection with 
liquid scintillation counting or alpha spectrometry. Radio-
chemical procedures of DTM analyses in activated steels 
have been reported in the literature [2–4]. However, report-
ing of DTM analyses in highly activated steels is scarce. 
For example, Corcho-Alvarado et al. [5] reported DTM 
analysis of a 1 mg steel sample, which had been taken from 
the bottom structure of a nuclear fuel element with 60Co 
activity concentration of 3.0 ×  108 Bq  g−1 [5]. The 1 mg 
sample (dose rate 0.3 mSv  h−1) was dissolved and diluted 
into four aliquots that were taken for DTM analyses [5]. The 
averaged DTM results in each aliquot was reported to have 
excellent repeatability, i.e., 1030 ± 20 Bq  ml−1 of 55Fe and 
320 ± 33 Bq  ml−1 of 63Ni [5]. Even though Corcho-Alvarado 
et al. [5] did not discuss the sampling procedure nor the rea-
son for the small sample mass, it can be speculated that the 
radiation safety of the analyser played a role. Additionally, 
the representativeness of the sample was not discussed. The 
radiochemical procedures do not necessarily differ between 
low, medium and high-activity materials, and also radiation 
dose can be lowered with exposure time, distance from the 
source, and shielding. However, the practical limitations in 
the radiochemical analyses (i.e., hands-on working in a fume 
cupboard, risks associated with destructive use of acids; and 
possible spills due to obstructive shielding) may dictate that 
a compromise is needed between radiation protection and 
chemical safety. Optimisation of sampling and sub-sampling 
as well as careful planning beforehand are therefore essential 
in the sampling of highly radioactive materials.

Activation is dependent on the chemical composition 
of the material, the irradiation history, and the neutron 
flux. The activation calculations are directly dependent 
on the above-mentioned parameters. The minor impuri-
ties present in the material are often the major constituent 
in activation, e.g., Co and Ni, but also Mo, Se, Ho, etc. 
In some cases, the material specifications do not include 
all the minor impurities, or only a limit of detection is 
reported. Therefore, there is a need to carry out chemi-
cal composition determinations, which can be carried out 
using destructive and non-destructive methods. A common 
destructive method (destructive analysis, DA) is to miner-
alise the material using mixtures of acids and measure the 
chemical composition of targeted elements (i.e., relevant 
radionuclide precursors such as Co and Ni) using optical 
or mass spectrometric technologies such as inductively 
coupled plasma optical emission spectrometer (ICP-OES) 
or inductively coupled plasma mass spectrometer (ICP-
MS). A semi-destructive method (semi-destructive analy-
sis, semi-DA) to determine elemental mass-percentages is 

glow discharge optical emission spectrometer (GD-OES). 
In this case, the material surface is studied for the chemi-
cal composition. A thin layer of the material surface is 
destroyed in each measurement. One benefit of GD-OES 
over ICP-MS and ICP-OES is in the analysis of C which is 
one precursor for long-living 14C. ICP-MS and ICP-OES 
are not suitable for measurement of C due to weak ionisa-
tion of C in ICP, being only 1–5% [6, 7]. In addition, ICP 
measurements most often require Ar gas, which contains C 
as an impurity, as well as many common reagents contain 
C. Neutron activation analysis (NAA) is an example of 
non-destructive chemical analysis (non-destructive analy-
sis, NDA). However, the availability of NAA is much more 
limited compared to widely available ICP-OES and ICP-
MS technologies.

As in any analysis, method validation is needed for both 
ETM and DTM analyses. Especially for DTM analyses, 
there are no commercially available reference materials 
against which laboratories could assess their radioanalyti-
cal performances. In order to fill this gap, intercomparison 
exercises have been carried out for both spiked and real 
materials [2, 4, 8–13]. The benefit in analysis of real mate-
rials is associated with real difficulties in the analyses. For 
example, a difference in radioanalytical performance was 
found between spiked and real sample analyses in a previ-
ous intercomparison exercise, where 63Ni was analysed 
from spiked water and reactor process water samples [8]. 
Real sample analyses may produce more scattered results 
than spiked sample analyses, due to impurities (e.g., 60Co 
in steel) or interfering bulk elements (e.g., Ca in concrete) 
in the real material and impurity-induced challenges for 
the radioanalytical separation method. Moreover, the spe-
ciation of DTMs may be significantly different in contami-
nated and activated waste, and mutually different radioana-
lytical separation procedures for these waste types might 
be then necessary [2].

This paper describes the sampling plan and execution, 
characterisation (i.e., activation calculations and elemen-
tal, ETM and DTM analyses), method validation and les-
sons learned in analysis of a high activity stainless-steel 
sample. The studied sample originated from FiR1 TRIGA 
Mark II type research reactor, which is currently under 
decommissioning. The sampling plan and execution con-
sidered the characterisation needs (i.e., representativeness 
of the sampling and formation of a scaling factor) and 
needs in the analyses (i.e., radiation and chemical safety 
and sample masses). Elemental analyses on inactive and 
low activity samples were carried out in order to feed input 
in the activation calculations. A trilateral intercomparison 
exercise was organised to validate ETM (i.e., 60Co) and 
DTM (i.e., 55Fe, and 63Ni) analyses. All analysis results 
were compared with the activation calculations.
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Characterisation in FiR1 decommissioning 
project

FiR1 research reactor was the first nuclear reactor in Finland 
with initial power of 100 kW when inaugurated in 1962. The 
power was raised to 250 kW in 1967 and a boron neutron 
capture therapy (BNCT) was started in mid 1990s, which 
included both changes in the reactor structures and opera-
tion. During 1962–2015 FiR1 research reactor has been 
used for education, research, isotope production and other 
services utilising neutrons. Characterisation of the reac-
tor’s activated structures has been an ongoing effort since 
the permanent shutdown in 2015 [14–16]. Both activation 
calculations and experimental studies have been utilised to 
form material-specific scaling factors prior to dismantling. 
Radiochemical methods have been developed and validated 
in several intercomparison exercises [2–4, 9–13] whereas 
this paper presents characterisation of the first sample repre-
senting highly activated FiR1 materials, namely a cable pipe 
for stainless steel cladded instrumented fuel element. Previ-
ously established sampling and pre-treatment methods were 
utilised throughout the work, keeping the radiation safety 
of the workers in the forefront without forgetting analytical 
objectives.

FiR1 stainless steel

The TRIGA research reactor core is approximately 46 cm 
in diameter and has 89 fuel element locations in five circu-
lar rings. Two of the fuel elements were instrumented, i.e., 
they had a thermocouple built inside of them to monitor 
the fuel temperature (Fig. 1). The signal from the thermo-
couple instrument was led to the surface of the reactor tank 
inside the stainless-steel tubing. The material specifications 

indicated that the instrumentation pipes were made of 
stainless steel by General Atomics. However, no detailed 
specifications on chemical compositions were available. The 
stainless steel pipes were connected to instrumented fuel 
elements, which were similar to other fuel elements but with 
incorporated temperature probes. Because the lower end of 
the cable pipe was directly above the reactor core, it was 
highly activated.

The spent nuclear fuel from the FiR1 reactor was removed 
in 2020 and the instrumentation pipes were cut prior to pack-
aging the fuel. Approximately 5 cm of the instrumental pipes 
remained with the fuel elements. A maximum of 100 cm of 
the activated ends of the pipes (corroded instrument cables 
were left inside) were placed in a shielded dry storage. The 
remaining lengths of the pipes (i.e., over 500 cm) were not 
activated and were handled as free-release waste.

Experimental

The experimental work was a multifaceted study including 
elemental, ETM and DTM analyses, corresponding sample 
preparations (i.e., sub-sampling, pre-treatment and analysis), 
activation calculations, trilateral intercomparison exercise 
on characterisation of DTM and ETM radionuclides, and 
comparison of the measurement results with activation cal-
culations. The overarching theme throughout the study was 
sample representativeness, radiation safety and efficient use 
of resources. The sub-sampling, elemental analyses and ini-
tial gamma spectrometric analyses were carried out at Centre 
of Nuclear Safety (CNS) at VTT. The elemental analysis 
results fed information into the planning of DTM analyses 
(i.e., solubility and Fe and Ni compositions) and activation 
calculations.

Fig. 1  TRIGA research reactor instrumented fuel elements. The samples studied in this article were collected from the lead-out tubing
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Sampling

The inactive, low and high activity locations of the FiR1 
stainless-steel instrumentation pipe were manually sampled 
using a manual 3–45 mm pipe cutter, with which the cutter 
blade was pressed on the pipe and rotated around the pipe 
until break through. Inactive samples were collected from 
the non-activated upper part of the 5 m long pipe. The sam-
ples were labelled as sample A (inactive), B (low activity) 
and C (high activity).

The inner and outer diameters of the pipe were easily 
determined (i.e., without exposure to radiation) from the 
inactive stainless-steel sample A using a vernier calliper. 
The lengths and masses of samples A and B were measured 
using the vernier calliper and an analytical balance. A close 
inspection of samples A and B showed that there was some 
rust in the inner wall of the pipe. The rust originated from 
rusted instrumental wires, which run throughout the pipe. 
Therefore, it was very possible that the highly active sample 
C would also contain rust in the inner wall and consequently, 
it should be removed prior to ETM and DTM characterisa-
tion. The height of sample C was measured inside a hot cell 
using OGP Flash CNC 200 optical measurement device.

Sub‑sampling

Sub-samplings of the stainless-steel samples A, B and C 
were needed for the elemental, ETM and DTM analyses. 
The material was hard and the pipe wall was relatively thick 
(2.4 mm) with a smooth surface and therefore sub-samplings 
by hand (e.g., file, pliers, saw) was considered to be an inef-
ficient technique. Hand operated pliers would have not had 
enough strength to cut small pieces. Sawing would have suf-
fered from precision due to the smooth surface and addition-
ally causing contamination of the equipment and possible 
air contamination. Similarly, filing would have also caused 
contamination of the equipment and possible air contami-
nation. A wire EDM (Electrical Discharge Machining) is a 
powerful and very precise tool for cutting different objects. 
VTT has a GF AgieCharmilles Cut 200 mS wire EDM inside 
a hot cell and it has been utilised for cutting specimens for 
mechanical testing. For example, cutting Charpy impact, 
tensile and miniature compact tension specimens was per-
formed with the wire EDM related to the investigation of 
decommissioned Swedish Barsebäck 2 reactor pressure ves-
sel weld materials [17]. Wire EDM has also been used for 
preparing samples for hardness testing and Charpy speci-
mens cross-section evaluation for finding the location of the 
fracture initiation [18]. Wire EDM can cut only electrically 
conductive materials. The maximum dimensions for the wire 
EDM workpiece are 1000 mm (length), 550 mm (width) and 
220 mm (height) and axis travel lengths are 350 mm (X-axis) 
220 mm (Y-axis) and 220 mm (Z-axis). However, the hot cell 

environment has restrictions for workpiece size e.g., the lift 
capacity of a small crane in the hot cell is 100 kg and for 
the A200 series manipulators by Wälischmiller Engineering, 
that are used for the remote handling of items inside the hot 
cell, it is theoretically 8 kg.

The wire EDM operates underwater and produces con-
taminated water which is purified with mechanical cartridge 
filters. Before use, the water is deionized with resin to reduce 
the electrical conductivity of the water. Deionising resin and 
used wire are contaminated when radioactive objects are 
cut. In general, 760 l of water circulates through the wire 
EDM and approximately 10 m of contaminated wire is pro-
duced per minute of cutting. Additionally, in each cut the 
wire releases approximately 0.4 mm width of material along 
the cut, depending on material height and surface quality 
requirements. Wire EDM produces much less material waste 
compared to conventional machining methods and that is 
a clear advantage in perspective of radioactive waste han-
dling and unique material cutting. During the project, only 
inactive samples were allowed to be handled with the wire 
EDM and therefore, the inactive sample A was sub-sampled 
to demonstrate the wire EDM’s capabilities and study the 
behaviour of the material (e.g., the thinness of the slices, 
cutting configuration) for future applications.

Figure 2 illustrates the EDM cut model, which was done 
with IronCAD software. The cutting path of the wire EDM 
was programmed with PEPS CAM software, which ena-
bled the cutting of a thin slice into four pieces, which would 
remain attached to the pipe and could be safely detached 
using a manipulator. The depth of the cut was planned to 
result in sub-samples of 100–200 mg, which was considered 
to be a good size for a high-activity sample sub-sampling 
i.e., enough material for the ETM and DTM measurements 
with relatively low dose rate.

Sub-sampling of the highly activated sample C was 
needed to minimize exposure to external radiation during 
the radiochemical analyses. Since the wire EDM was not 
an option at this point, sub-sampling was carried out with a 
MeteCNC 3-axis milling machine which is used for open-
ing irradiation capsules, for example. CNC milling machine 
operates with 3 axes which travel distances of 675 mm, 
390 mm, and 350 mm (X, Y, Z-axes) and it includes an auto-
matic magazine for 7 tools. The machine was tailor-made 
for hot cell use and all the functionalities can be operated 
remotely or from the maintenance room on the back of the 
machine to minimise the need to go inside the hot cell. Cut-
ting with a milling machine produces a lot of small chips 
and to protect those spreading throughout the cell the cutting 
area was protected with movable plastic covers. After cutting 
and collecting the samples most of the chips were cleaned 
with a squeegee attached to a manipulator and the rest of 
the chips were removed with in-cell vacuum cleaner. The 
methodology was first tested inside a hot cell with the low 
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activity sample B (Fig. 2) to optimise the cutting parameters. 
The determining factor of the parameters was the form of 
the sub-samples. Optimised parameters were spindle speed 
800 rev  min−1, feed rate 0.35 rev  min−1 and the depth of cut 
2.0 mm. Milling was performed with a 20 mm indexable end 
mill cutting tool.

The lessons learned were directly utilised in the sub-
sampling of the highly activated sample C. The sample was 
placed inside a plastic vial to facilitate easy handling of the 
sample. Actually, handling of the high-activity sample C was 
planned to start from packing the sample inside a transport 
casket at the FiR1 research reactor site for transportation to 
CNS. The sample C inside the plastic vial was placed in a 
metal jar with an upright handle and then placed inside a 
transport casket. The upright handle enabled easy lifting of 
the jar from the transport casket with manipulators inside the 
hot cells. Additionally, the type of plastic vial had already 
been successfully handled with manipulators (e.g., open-
ing and closing of the cap). These considerations become 
relevant when handling of the samples needs to be carried 
out with manipulators.

Elemental analyses

Elemental analyses were carried out for inactive and low-
activity sub-samples, which were decontaminated with 
 HNO3 prior to analyses. Both destructive ICP-OES (Agi-
lent 5100 SVDV) and ICP-MS (ThermoScientific Element 
2) techniques require the dissolution of the solid sample 

prior to analysis. The sample size does not have significant 
restrictions as long as the sample is soluble. A literature 
study showed that the solubility of stainless steel should not 
be problematic as different acid mixtures (e.g., aqua regia, 
aqua regia combined with HF) had been reported successful 
[19–22]. However, different types of stainless steels, and 
steels in general, can behave differently and therefore, the 
inactive sub-samples were also used to test the solubility of 
the studied stainless steel. The measured elements (e.g., Fe, 
Ni, Co) were selected in order to provide input data for the 
activation calculations, categorisation of the steel type, and 
complementary data for the design of the DTM analyses.

The GD-OES (Spectruma Analytik GMBH α GDA) 
measurements were focused on the analysis of C, which is 
one precursor for 14C activation. Additionally, there was an 
interest to compare the ICP-MS and ICP-OES results with 
the GD-OES results, because the latter technique gives the 
results in mass percentages and the measured elements are 
selected based on the main elements that should be found 
in the material. The GD-OES analysis is a spectroscopic 
method, where a high direct voltage is applied between 
an anode with a 2.5 mm slit and the sample that acts as 
a cathode. In low pressure argon gas, the method is based 
on sputtering technique, as the argon cations knock out the 
sample surface atoms. The sample atoms are transferred to 
the detector for the characteristic wavelength of the sam-
ple atoms to be analysed. The chemical composition can be 
determined by comparing the wavelengths to a set of refer-
ence materials with similar compositions.

Fig. 2  Inactive sample A with 32 mm height (a), CAD-model for the 
EDM cut for 32 mm height inactive sample A (b), EMD cut sample 
A pieces (c), decontaminated high activity sample C pieces (approxi-

mately 0.1 g) cut with milling machine (d) schematic presentation of 
hydraulic cutter sub-sampling (e), overall schematic presentation of 
the sample A, B and C locations (not in scale) (f)
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N analyses (Bruker G8 Galileo) were carried out as N is 
the main precursor for 14C activation. The N content in the 
steel sample was analysed using hot melt extraction method 
on a gas analyser using a thermal conductivity detector. The 
sample material was cut into 0.1 g chips and three repetitions 
were measured. The samples were melted in an impulse fur-
nace in a graphite crucible between two electrodes, heating 
up to 2680 K, extracting the nitrogen gas detected using 
argon as inert carrier gas.

Gamma spectrometric measurements at VTT

Gamma spectrometric measurements were carried out using 
two high-purity Ge-detectors. Detector 1 (coaxial, 20% rela-
tive efficiency, high purity Germanium by Canberra) was 
located in a hot cell, in which gamma activities of arriv-
ing and departing transports are carried out. Detector 2 
(p-type, 18% relative efficiency, high purity Germanium by 
Canberra) was reserved for characterisation of laboratory 
samples. The low activity sample B (23 mm height piece of 
pipe, see Fig. 2) was measured with both detectors using at 
least overnight measurement time. The high activity sample 
C (33.9 mm height piece of pipe, see Fig. 2) was measured 
only with Detector 1 inside the hot cell whereas sub-samples 
of sample C were measured with Detector 2 (measurement 
time 500–700 s). The measurements of samples B and C 
using both detectors were carried out in order to compare 
the obtained activity results. Sample B was measured in the 
hot cell using Detector 1 at 700 mm distance (0.5% dead 
time) and sample C at 795 mm distance (6% dead-time). 
Sample B was measured at 40 mm distance (0.05% dead 
time) and sub-samples of sample C (approximately 0.1 g of 
cut pieces, see Fig. 2) were measured at 120 mm distance 
(approximately 2% dead time) using Detector 2. Measure-
ments of the sample C sub-samples were also carried out to 
determine their homogeneity, which was a needed parameter 
in the intercomparison exercise.

Trilateral intercomparison exercise

Method validation of the DTM analyses is challenging since 
there are no commercially available DTM reference mate-
rials. Spiking of an inactive material with DTM standard 
solutions is one way to validate the radiochemical methods. 
However, spiked materials may not include the difficulties 
encountered when analysing real materials, and therefore, an 
intercomparison exercise, in which real materials are stud-
ied, is a highly beneficial way to validate the radiochemical 
analysis methods. Even though ETM analyses are generally 
reported to be easy to perform, intercomparison exercises 
are also highly beneficial for gaining confidence. Therefore, 
an intercomparison exercise on ETM and DTM analyses was 
carried out by three laboratories. Each laboratory received 

approximately 100 mg of high-activity stainless-steel sub-
samples and the homogeneity was determined using gamma 
spectrometry as previously explained. The selected ETM 
was 60Co and the selected DTMs were 55Fe and 63Ni. The 
analysis results were statistically analysed according to ISO 
13,528 standard [23]. The same methodology was followed 
as in previous exercises [2, 4, 9–13] i.e., robust means and 
robust standard deviations were calculated using Algorithm 
A. which is robust for outliers up to 20% [23]. Performance 
assessments were carried out using z score of Eq. (1). which 
is a recommended method in cases where the assigned value 
 xpt is calculated from the submitted results [23]. The submit-
ted results (noted xi) were assessed against the assigned val-
ues derived from the participants’ results [23]. The z score 
results were acceptable when |z| ≤ 2.0. a warning signal was 
given for results with 2.0 < |z| < 3.0. and |z  ≥ 3.0 results 
were unacceptable [23]. The assigned values were also com-
pared with activation calculation results.

where xi = the value given by a participant i. xpt = the 
assigned value. σpt = standard deviation for the proficiency 
assessment.

Activation calculation

 Estimating the activation reactions in the reactor structures 
was a two-stage process. First, a particle transport code was 
used to solve the neutron fluxes inside the reactor structures 
and components, and then this data was used in a point-
depletion code, which took the energy dependent neutron 
flux values from the transport calculations together with the 
material composition data and operating history to deter-
mine the quantity of neutron activation products. This study 
applied Monte Carlo based neutron transport code MCNP 
and a point-depletion code ORIGEN-S [24, 25]. The proce-
dure utilised is presented in Fig. 3 [26].

The instrumentation pipe studied in this article had been 
used in the FiR1 reactor tank for years 1987–2015. There 
have been changes in the other reactor structures during 
those years, but their effect on the core and instrumented 
fuel elements was considered negligible. Therefore, only one 
neutron spectrum calculated with MCNP code was used. 
However, neutron flux decreases rapidly directly above the 
core and consequently, the results were calculated to cover 
1 cm increments in the 0–12 cm above the core. Calculated 
thermal neutron flux densities are presented in Table 2.

The operating history in a research reactor is very compli-
cated with typically hundreds of start-ups and annual shut-
downs. For simplification, it was assumed that all the operat-
ing hours of the reactor each year have been accumulated in 
a single run and the reactor has been shut down for the rest 

(1)zi = (xi − xpt ) ∕ �pt
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of the year. Annual operating hours were manually collected 
from reactor operating diaries. In total, the instrumentation 
tube has been exposed to neutron irradiation for 18 998 h.

Measured stainless steel composition was assumed in the 
calculation and ENDF/B-VI formatted cross sections were 
used for the activation reactions.

Results and discussion

Sampling and sub‑sampling results

Sampling of the stainless-steel samples using the manual 
cutter was quick and easy. The minimum height of a sample 

was practically approximately 2 to 3 cm and therefore, sub-
samplings were required. The several sub-samplings of the 
inactive and low-activity samples were carried out to prepare 
appropriately sized measurement targets for the elemental 
analyses and to practice sub-sampling of the high activity 
sample (i.e., CNC milling machine). The sub-sampling using 
the EDM was demonstrated to be a very precise tool and the 
cutting parameters were successfully designed for a highly 
active sample even if the technique was utilised only for the 
inactive sample at this point. However, the desired param-
eters especially for the GD-OES (i.e., flat and smooth sur-
face) and gas analyser (i.e., 5 × 5 × 5 mm pieces of approxi-
mately 0.5–1 g) could have been catered using the EDM if 
the parameters would have been known at the beginning 
of the project. This realisation resulted in the first lesson 
learned: the sampling and sub-sampling plan to cater several 
different types of characterisation techniques (i.e., NDA, DA 
and semi-DA) should be established to great detail in order 
to prepare appropriate sub-samples with minimum effort and 
resources.

The radiation dose to the operator’s hands during the 
sampling of the high activity sample C was estimated to be 
low, i.e., < 4 µSv. However, a significant amount of effort 
was required for the sub-sampling. The use of EDM would 
have been a relatively quick technique (i.e., half a day) but 
such a high precision tool is not necessary in destructive 
analyses. Additionally, EDM would have produced second-
ary waste, namely contaminated resin and wire. The use of 
CNC milling machine was able to produce small shavings of 
sub-samples as demonstrated with the low activity sample. 
Collection of the shavings using the manipulators was rela-
tively easy for the experienced operator. However, a major 

Fig. 3  Overview of the applied calculation steps [26]

Table 2  Thermal neutron flux densities used in the activation calcula-
tion

Distance from the core grid plate (cm) Thermal 
neutron flux 
 (cm−2  s−1)

0 7.48E + 11
1 6.04E + 11
2 4.89E + 11
3 4.01E + 11
4 3.28E + 11
5 2.69E + 11
6 2.17E + 11
7 1.73E + 11
8 1.42E + 11
9 1.14E + 11
10 9.69E + 10
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drawback was realised during the sub-sampling of low activ-
ity sample B, as contamination (characterised by presence 
of 54Mn) originating from a previous campaign was meas-
ured in the sub-samples when they were taken out of the 
hot cells. Consequently, decontamination of the sub-samples 
was especially important. As the major gamma emitters of 
the previous campaign were 54Mn and 60Co and the studied 
samples contained only 60Co, the presence of only 60Co in 
the decontaminated sub-samples was an indicator of suc-
cessful decontamination.

The radiation safety during the sampling and the sig-
nificant work carried out for the sub-sampling of the high 
activity sample C, were a driving force to establish a bet-
ter procedure in a proceeding sampling campaign. Even if 
the estimated dose to the operator’s hands was relatively 
low, it did not follow the As-Low-As-Reasonably achiev-
able (ALARA) principle. An increase of even a few cm dis-
tances between the pipe and hands would lower the dose 
rate significantly. Therefore, the sampling procedure in the 
proceeding sampling campaign was updated to include a 
hydraulic cutter (Cembre B-TC550 by Teleinstrument) and 
tongs, which enabled several cm of distance from the pipe 
to the hands. Additionally, the pipe was shielded with lead 
bricks and only few centimetres of the most active end of 
the pipe was exposed during sampling. The benefit of using 
a manual cutter compared to the hydraulic cutter is that the 
pipe is not pressed flat. The sampling configuration using the 
hydraulic cutter was practiced with an inactive stainless-steel 
pipe and approximately 5 mm height samples were cut. A 
5 mm sample instead of a minimum of 2 to 3 cm sample was 
a major improvement as a smaller sample size resulted in a 
lower dose rate. Additionally, the need for additional sub-
sampling was eliminated as the samples were sub-sampled 
directly after sampling using the hydraulic cutter. Two con-
siderations were needed (1) the decontamination of the rust 
inside the tube would be needed prior to characterisation, 
and (2) the material was very hard. Therefore, the 5 mm 
samples were held with the pincers and then vertically cut 
twice resulting in four sub-subsamples out of which two 
sub-samples had exposed inner surfaces and two sub-sam-
ples were U-shaped without exposure to the inner surface 
(Fig. 2). Decontamination of the inner surface rust from the 
first two sub-samples was easy and characterisation studies 
were promptly initiated with minimal effort i.e., one day of 
work compared to several days of work.

Elemental analyses results

The sub-sampling requirements focused on the preparation 
of purpose-fit samples for ICP-MS, ICP-OES, ETM and 
DTM analyses. However, the requirements for GD-OES and 
gas analyser were not appropriately considered in the plan-
ning phase. GD-OES measurements required a flat sampling 

surface and therefore, polishing of the sample was carried 
out using silicon carbide sandpaper (500 grit) and a grind-
ing machine. The polishing also removed impurities and 
oxide layers from the surface. The initial sample length was 
too long for the adapter and approximately 5 mm was cut 
from one end of the sample using a mechanical cutter. Less 
work would have been needed if the height of the sample 
would have been initially optimal (maximum of 20 mm) and 
EDM could have been used to form a flat surface. Secondly, 
the nitrogen measurements required several approximately 
5 × 5 × 5 mm pieces, which were washed in acetone prior to 
analysis. In theory, the semi-destructive GD-OES analysis 
could have been carried out first followed by the nitrogen 
analysis after cutting the pipe into small pieces. However, 
in practice, the availabilities of the equipment demanded a 
second sampling campaign in order to accommodate both 
analyses.

Dissolution of inactive sub-sample was tested using aqua 
regia on a hot plate in preparation of ICP-OES samples. 
Small insoluble residue was removed with filtering as it did 
not dissolve completely in this media. The black residue was 
considered to contain carbon and consequently not affect the 
bulk elemental analysis. The ICP-OES analysed elements 
were main elements of austenitic steel (i.e., Si, P, S, Cr, Mn, 
Fe, Ni) and other interesting elements (i.e., Mn, Co, Mg, 
Cu). The low-activity samples for minor element analysis 
using ICP-MS were dissolved using a Milestone UltraWave 
microwave oven and conc.  HNO3 and HCl in order to obtain 
complete dissolution. The measured elements were Nb, Mo, 
Ag, W, Zn, Ga, and Se. The measured elements and their 
mass fractions are summarised in Table 1. The combined 
ICP-MS and ICP-OES results converted to mass-percentages 
show that the studied steel is most likely an austenitic stain-
less steel due to its Cr and Ni contents. Additionally, the 
Mo results show that the stainless steel is not acid resistant 
(i.e., mass% was 0.25). The mass percentages determined 
by two independent methods (i.e., destructive ICP-MS and 
ICP-OES versus semi-destructive GD-OES) correspond 
quite well for the most abundant elements in this stainless 
steel, which are Fe, Cr, Ni, and Mn. However, there are large 
differences between the mass percentage values obtained by 
DA and semi-DA analysis for lower abundance elements. 
Low mass fractions of those elements in the stainless steel 
increase the measurement uncertainties of both methods.

The results of the gamma spectrometric measurement 
for the low-activity sample B are presented in Table 3. As 
presented, it was possible to quantify the 60Co activity by 
using gamma spectrometry in this sample even though the 
handheld devices were not able to detect the dose rate above 
the background. The measurement of sample B in the hot 
cell (with Detector 1) was not successful because of a high 
background level due to the presence of a radioactive waste 
bin inside the hot cell. The result of the activity of the highly 
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active sample C measured inside the hot cell is an estimate 
as there are significant uncertainties in the efficiency cali-
bration parameters e.g., the distance and the angle from the 
detector are not exact. The comparison of the activity of 
sample C with the sub-samples C1, C2, and C3 shows that 
averaged sub-sample result (6.21 ×  105 Bq  g−1) is 1.6 times 
higher than the value for Sample C (3.91 ×  105 Bq  g−1). 
The correlation between the Detector 1 and 2 measure-
ment results can be estimated as relatively good consider-
ing that the Detector 1 measurement configuration has been 
designed for the measurement of larger sample sizes when 
the effect of the measurement parameters (i.e., distance and 
angle) is decreased. However, the relative standard devia-
tion (RSD) between the Sub-samples C1–3 is 10.6%, which 
is approximately 10 times higher than expected. For exam-
ple, the RSDs of the measured key radionuclide (i.e., 60Co, 
152Eu, 137Cs) activity concentrations in homogeneity stud-
ies of previous intercomparison exercises were 1–2% [2, 4, 
9–12]. Therefore, it was suggested that there are micro scale 
heterogeneities in small samples and also the neutron flux 
is heterogeneous, which both can cause variations in local 
specific activities. This phenomenon is further discussed in 
the intercomparison exercise results.

Each partner received approximately 0.1  g samples 
(named C1–C3), which consisted of several small chips (see 
Fig. 2 picture d) and they carried out the ETM and DTM 
analyses based on their internal procedures. The overall 
procedures of each partner are discussed separately as the 
developments of the analysis are described. The informa-
tion given to all partners prior to analysis was the chemical 
composition, the preliminary activation calculation results 
and the average activity concentration of 60Co for the three 
sub-samples, pointing out possible microscale heterogeneity 
as the RSD of the sent samples was relatively large (Fig. 4).

Sample C1 analyses were first carried out for individual 
pieces of the highly activated steel (sub-samples C1.1 and 
C1.2) according to Leskinen et al. [3]. Selection of the 
sample masses was influenced by the amounts of stable 
Fe and Ni in the studied material as (i) the Fe capacity 

of 10 g of AG anion exchange resin is 4 mg and (ii) the 
Ni capacity of 0.5 g of Ni-resin is 2 mg. As the main 
bulk of the studied material was Fe, it was considered to 
be the limiting factor in the sample masses. Additionally, 
the representativeness and possible heterogeneity of the 
sample masses were considered. Calculations taking into 
account all these factors were carried out to determine 
sample masses, which would not require significantly 
larger amounts of AG resin to carry out the analysis. Con-
sequently, the sub-sample masses were C1.1 (15.8 mg) and 
C1.2 (8 mg) (Table 4). Sub-sample C1.1 and C1.2 were 
acid digested prior to gamma analyses. The separation of 
Fe and Ni required several AG separations (using 10 g of 
resin) but only one purification step for the further puri-
fication of the Ni (using 0.5 g of Ni-resin). The Ni frac-
tions after the Ni-resin purification were studied for 60Co 
contamination using HPGe gamma spectrometry and no 
further purifications were performed as no activity above 
the limit of detection was measured. The yield determina-
tion was carried out using ICP-OES and the activity was 
measured on a Hidex SL300 liquid scintillation counter. 
The sub-samples C1.1 and C1.2 show approximately 20% 
difference in 55Fe and 63Ni results and approximately 10% 
difference in 60Co results (see Figs. 5, 6 and 7), which 
were attributed to possible heterogeneity of the material. 
Therefore, another series of analyses were carried out on 
sub-sample C1.3 with a sample size significantly larger 
compared to sub-samples C1.1 and 1.2 (i.e., 61.1 mg). 
The sub-sample C1.3 was acid digested and measured for 
60Co. Aliquots, which contained approximately 4 mg of Fe 
each, were taken for 55Fe and 63Ni analyses (sub-samples 
C1.3a, C1.3b and C1.3c). The measured activities for 55Fe 
and 63Ni for the sub samples C1.3 showed a lower RSDs 
value (1% and 2%, respectively) than the one obtained for 
sub-samples C1.1 and C1.2 (15% and 13%, respectively), 
confirming the micro-scale heterogeneity of sample C. The 
heterogeneity may originate from the heterogeneity of the 
metal or from variations in the induced activities due to 
gradients in the flux or energy distribution of the neutrons.

Table 3  Gamma spectrometric 
results of low activity Sample 
B, high activity Sample C 
and high activity sub-samples 
C1–C3. Uncertainty for the 
activity concentration of 60Co is 
reported as a combined standard 
uncertainty

Trilateral intercomparison exercise results

Sample Mass [g] Dimensions Detector 1 (hot cell) or 
2 (laboratory)

Activity concentration 
of 60Co [Bq  g−1]

B 16.3 Tube, inner Ø 14.3 mm, 
outer Ø 19.1 mm, 
length 23.4 mm.

1 No reliable result
2 9.9 ± 0.1

C Tube, inner Ø 14.3 mm, 
outer Ø 19.1 mm, 
length 33.9 mm.

1 3.91E + 05 ± 0.11E + 05

C1 0.1007 Fragments 2 6.21E + 05 ± 0.18E + 05
C2 0.1257 Fragments 2 5.44E + 05 ± 0.16E + 05
C3 0.0940 Fragments 2 6.72E + 05 ± 0.20E + 05
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Sample C2 analysis approach included two main features. 
The first one was the selection of the suitable mass for the 
subsample. The subsample should contain adequately both 
stable and radioactive Fe and Ni isotopes regarding suc-
cessful radiochemical separation, yield determination and 
radioactivity measurements, but still Fe and Ni content of 
the subsample should not exceed the binding capacity of 
chromatographic resin columns. Taking into account the 
binding capacities of the TRU and Ni resins for Fe and Ni, 
respectively, and the estimated mass fractions of Fe and Ni 
in the examined stainless steel, it was decided to use sub-
sample masses below 10 mg for sample C2. Secondly, since 
the information from preliminary gamma measurements of 
this stainless steel indicated some heterogeneity of the mate-
rial, it was considered necessary to combine and digest small 
subsamples for having a more homogeneous sample material 
prior to radiochemical separation of 55Fe and 63Ni.

Sub-samples C2.1, C2.2 and C2.3 were first measured 
by gamma spectrometry before these steel fragments were 
combined and digested in aqua regia. The solution was then 
divided into three parts, i.e., sub-samples C2.123a, C2.123b 
and C2.123c. Sample pooling prior to dissolution and later 
division into subsamples again was performed to obtain 
more homogenous samples to perform the radiochemical 
separations, compared to the option of digesting the indi-
vidual solid sub-samples C2.1, C2.2 and C2.3 separately. 
Sub-samples C2.5a and C2.5b were prepared similarly so 

that after the digestion of sub-sample C2.5 was split into two 
sub-samples. The separation method for 55Fe and 63Ni used 
on sample C2 was modified from [4, 27–29], starting from 
iron hydroxide precipitation of Fe and Ni and continuing 
with column separations. Due to the small sample size and 
the resulting low amount of stable Fe and Ni, it was possible 
to separate Fe and Ni from each other and other interfering 
radionuclides using a single TRU resin column with 0.7 g of 
resin. The Ni-fraction was further purified with 0.7 g of Ni 
resin to remove the Co. Ni resin column separation had to be 
repeated once or twice, depending on the residual activity of 
60Co in the purified Ni fraction. The activity concentration 
of 60Co in the purified Fe and Ni fractions was monitored 
with gamma spectrometric measurements. It was found out, 
that the 60Co activity in the Ni fractions was first decreased 
by approximately 90% after the second purification round, 
while the 60Co activity was decreased by approximately 70% 
after the third purification round. The activity of 60Co was 
determined with HPGe detector and of 55Fe and 60Ni by 
TriCarb 2910 TR LSC. Yield determination for sample C2 
sub-samples was performed by ICP-MS by a subcontractor.

As the calculated activity concentration of the material 
was in the order of several thousand becquerels per gram, it 
was decided to handle only 10 mg of sample C3 per batch 
of analysis. The chemical composition of the steel (given 
as initial data) confirmed that 10 mg was in agreement 
with the maximum amount (0.1 g of sample) that could be 

Table 4  Steel sample masses and yields with uncertainties k = 1 and k = 2 in 60Co, 55Fe and 63Ni analysis 

Sample 60Co steel sample mass ± uncer-
tainty k = 1 [g]

55Fe and 63Ni steel sample 
mass ± uncertainty k = 1 [g]

55Fe yield ± expanded uncer-
tainty k = 2 [%]

63Ni yield ± expanded 
uncertainty k = 2 [%]

C1.1 0.0158 ± 0.0010 0.0158 ± 0.0010 108 ± 21 54 ± 12
C1.2 0.008 ± 0.0010 0.008 ± 0.0010 120 ± 23 88 ± 20
C1.3 0.0611 ± 0.0010
C1.3a 0.0067 104 ± 6 102 ± 12
C1.3b 0.0067 103 ± 6 97 ± 11
C1.3c 0.0067 103 ± 6 97 ± 12
C2.1 0.0217 ± 0.0001
C2.2 0.0192 ± 0.0001
C2.3 0.0182 ± 0.0001
C2.4 0.0304 ± 0.0001
C2.4.1 0.0205 ± 0.0001
C2.4.2 0.0102 ± 0.0001
C2.123a 0.00658 ± 0.0002 62 ± 18 35 ± 12
C2.123b 0.00653 ± 0.0002 62 ± 18 80 ± 28
C2.123c 0.00658 ± 0.0002 64 ± 18 37 ± 13
C2.5a 0.00655 ± 0.0002 92 ± 26 48 ± 17
C2.5b 0.00652 ± 0.0002 88 ± 25 81 ± 29
C3.1 0.0101 ± 0.0002 0.0101 ± 0.0002 62 ± 5 49 ± 5
C3.2 0.0100 ± 0.0002 0.0100 ± 0.0002 76 ± 5 53 ± 5
C3.3 0.0112 ± 0.0002 0.0112 ± 0.0002 94 ± 5 50 ± 5
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analyzed with the in-house method adapted from [30]. The 
sub-samples C3.1, C3.2 and C3.3 were dissolved overnight 
using aqua regia prior to gamma measurement using HPGe 
detector. An aliquot of sub-sample C3.1 was taken before 
further analysis, while the entire sub-samples C3.2 and 
C3.3 were treated. The method for the separation of 55Fe 
and 63Ni started with the addition of a carrier before an iron 
oxide precipitation. AG1 × 4 anion exchange resin was used 
to isolate the Fe fraction while the Ni fraction was further 
purified using Ni-resin. The 60Co, 55Fe and 60Ni activities 
were measured on a Quantulus liquid scintillation counter. 
The yield determination for sample C3 sub-samples was 
performed by ICP-OES. The 55Fe, 63Ni and 60Co results for 
sub-samples C3.1, C3.2 and C3.3 show similar variance to 
sample 1 which seems to confirm the hypothesis that the 
sample is heterogenous in micro-scale.

For samples C1-3, yields of 55Fe and 63Ni were deter-
mined by adding stable Fe and Ni carriers (if needed) at the 
beginning of the analysis and by measuring the mass frac-
tions of the stable Fe and Ni from the acid digested solutions 
(i.e., verification of original Fe and Ni contents) and the 
final purified fractions by ICP-OES or ICP-MS. The high 
uncertainties in the Fe and Ni yields of sample C2 are due 
to high relative uncertainties of Fe and Ni mass fractions 
announced by the subcontracting ICP-MS laboratory, being 
20% for Fe and 25% for Ni, respectively. For samples C2 and 
C3, the 55Fe yields are higher than the 63Ni, one which can 
be explained by the fact that a second purification process 
was used for all the methods.

The standard and robust statistics in Table 5 were cal-
culated with selected sub-sample results (maximum of 3 
results/radionuclide/sample series) as the same weight 

Table 5  Standard and Robust statistics of trilateral intercomparison exercise results

Radionuclide Selected sub-sample results 
in calculations

Standard statistics Robust statistics

Median Average ± standard devia-
tion
[Bq  g−1]

Number 
of itera-
tions

Assigned value ± robust 
standard deviation 
[Bq  g−1]

Robust stand-
ard deviation 
[%]

55 Fe C1.1, C1.2, C1.3a, C2.5a, 
C2.5b, C3.1, C3.2, C3.3

7.26E + 05 (7.03 ± 0.77) E + 05 2 (7.03 ± 0.87) E + 05 12

63 Ni C1.1, C1.2, C1.3a, C2.123a, 
C2.123b, C2.123c, C3.1, 
C3.2, C3.3

7.98E + 05 (8.14 ± 0.88) E + 05 6 (8.14 ± 1.00) E + 05 12

60 Co C1.1, C1.2, C1.3, C2.4.1, 
C2.4.2, C3.1, C3.2, C3.3

5.98E + 05 (5.93 ± 0.33) E + 05 2 (5.91 ± 0.41) E + 05 7
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Fig. 4  Final 55Fe specific activities and the assigned value with 
expanded uncertainties (k = 2) in the trilateral intercomparison exer-
cise. Red triangles indicate analyses in which individual pieces of 

sample were analysed and blue dots indicate analyses in which ali-
quots were analysed. Blue crosses were initial results calculated with 
uncorrect efficiency curve
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by each participant was desired. The selected 55Fe results 
were the first three for the sample C1 sub-sample and all 
sample C3 sub-sample results. As discussed later, re-cal-
culations were carried out for the sample C2 sub-sample 
results and only two results were well aligned with the 
other results (Fig. 5). The first three 63Ni results were 
selected from the sample C1, C2 and C3 sub-samples as 

no clear outliers were seen (Fig. 6). The selected 60Co 
results were only those which had been carried out for 
acid digested samples as differences between measure-
ments carried out as point sources and in acid digested 
samples were observed and the gamma analysis results 
from acid digested samples were considered more reliable 
(discussed later).
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The 55Fe results with the assigned value with k = 2 uncer-
tainties are shown in Fig. 5. Sample C1 and C3 sub-samples 
are well aligned whereas the initial sample C2 sub-samples 
(blue cross) are consistently above the general trend. The 
most likely reason for the deviation was concluded to arise 
from the efficiency calibration of the TriCarb liquid scin-
tillation counter, which had been carried out using an old 
55Fe standard solution, and also from using a measurement 
protocol designed for 3H, as that was the closest option to 
55Fe, among the existing protocol options. Even though 3H 
and 55Fe are low energy emitters, 55Fe decays with electron 
capture and thus it is extremely easily influenced by even 
small changes in quenching [31]. Therefore, the sample C2 
sub-samples were re-measured using Hidex 300 SL LSC 
using TDCR and CoreF function. The re-calculated sample 
C2 sub-samples results (blue dot) in Fig. 5 show that the first 
three 55Fe results remain above the general trend whereas 
the final two results are well aligned with the general trend. 
First two analyses of both samples C1 and C3 sub-samples 
were carried out for individual pieces of steel (black dot) 
whereas the rest of the analyses were carried out for aliquots 
(blue dot). No clear bias between the aforementioned ways 
of analyses can be concluded even though the relative stand-
ard deviation (RSD) of aliquot samples C1.3a, C1.3b, and 
C1.3c is only 1.1% whereas the RSD of all sample C1 sub-
sample analyses is 7.8%. The assessment of the 2k uncer-
tainties concluded that the sample C3 sub-samples results 
were most likely underestimated due to an underestimation 
of the yield uncertainty and uncertainties for 55Fe specific 
activity of sample C2 sub-samples were large due to fore 
mentioned high uncertainty in yield.

The final 63Ni results and the assigned value with k = 2 
uncertainties in Fig. 6 show that all the results are well 
aligned. However, similarly to the 55Fe results, the uncer-
tainties of sample C3 sub-samples are most likely under-
estimated and the uncertainties of sample C2 sub-samples 
are significantly large. Additionally, no clear dependence 
between the analysis of individual pieces of steel and ali-
quots is seen.

The 60Co results with the assigned value with k = 2 
uncertainties in Fig. 7 show that all sample C1 and C3 sub-
samples have been measured after acid digestion whereas 
initially submitted sub-samples C2.1, C2.2, C2.3, and C2.5 
results were measured as individual pieces (point source). 
These results were discussed, and it was concluded that the 
measurements in acid-digested samples with efficiency cali-
bration for fixed volume seemed to produce more compara-
ble results compared to the results obtained by solid sample 
measurement and point source type efficiency calibration. 
The hypothesis was studied by measurement of sub-samples 
C2.4.1 and C2.4.2 both as point sources and after acid diges-
tion. The results show a clear trend that the point source cali-
brations give approximately 10% higher activity values than 

the volume calibrations. However, comparisons of Table 2; 
Fig.  6  60Co results show that all the initially measured 
gamma activities of complete sub-samples C1–C3, which 
were measured using point source geometry calibrations, 
correlate with the assigned value and expanded uncertainty 
(2k). A reason for the good correlation is most likely attrib-
uted to the averaging phenomenon of several fragments of 
samples C1–C3 with larger masses in contrast to individual 
fragments with smaller masses and the effect of measuring 
at relatively large distance from the detector.

Even though the assigned values were calculated using 
selected results (see Table 5), the z scores were calculated 
for all the submitted results (Table 6). The 55Fe z score 
results show that all sample C1 and C3 sub-sample results 
are within the acceptable range (|z| ≤ 2.0). Three out of five 
sample C2 sub-sample results are in unacceptable range 
(|z| ≥ 3.0) whereas the remaining 2 results are in acceptable 
range. The 63Ni z score results show that all sample C1, C2 
and C3 sub-sample results are in acceptable range. Sam-
ple C1 and C3 sub-sample 60Co z scores are all in accept-
able range whereas one out of eight sample C2 sub-sample 

Table 6  Performance assessment of 55Fe, 63Ni and 60Co results using 
|z|-score

Gamma measurements carried out in solid form (point source effi-
ciency calibration) are marked with an asterix (*). Other gamma 
measurements carried out in liquid form (volume-type efficiency cali-
bration)

Sample 55Fe |z|-score 63Ni |z|-score 60Co |z|-score

C1.1 1.2 0.2 1.1
C1.2 0.5 1.4 0.9
C1.3 0.3
C1.3a 0.1 0.1
C1.3b 0.1 0.3
C1.3c 0.1 0.0
C2.1* 3.2
C2.2* 2.5
C2.3* 2.3
C2.4* 1.3
C2.4.1* 1.5
C2.4.1 0.5
C2.4.2* 1.2
C2.4.2 0.8
C2.123a 5.7 1.3
C2.123b 5.8 0.2
C2.123c 5.4 1.0
C2.5a 1.2 0.2
C2.5b 0.8 1.1
C3.1 1.0 1.2 0.2
C3.2 0.5 0.1 1.2
C3.3 0.8 0.3 0.2
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analysis result is in unacceptable range and two is given a 
warning signal (2.0 < |z| < 3.0).

The 55Fe/60Co and 63Ni/60Co scaling factors are shown 
in Table 7. The sample specific averaged 55Fe/60Co scaling 
factors for sub-samples C1, C2 and C3 are 1.2, 1,7 and 1.1, 
respectively whereas the corresponding 63Ni/60Co scaling 
factors are 1.4, 1.2 and 1.3. The averaged 55Fe/60Co scaling 
factor for all results is 1.3 with 21% RSD. The corresponding 

63Ni/60Co averaged scaling factor is 1.3 with 9% RSD. Sub-
sample C2 55Fe/60Co scaling factors are higher than the cor-
responding values of sub-samples C1 and C3 causing the 
relatively large RSD (i.e., 21%) As previously discussed, 
the activity concentration of 60Co in these samples obtained 
by point source efficiency calibration was about 10% higher 
than the general activity concentration level of other sam-
ples, determined by volume-type efficiency calibration. 
However, a similar phenomenon is not seen for the aver-
aged 63Ni/60Co scaling factor (i.e., 9% RSD). The averaged 
55Fe/60Co and 63Ni/60Co scaling factors calculated using only 
sub-sample C1 and C3 results are 1.1 (5% RDS) and 1.4 (8% 
RSD), respectively.

Activation calculation results and comparison 
with measurement results

The specific activities in the activated steel pipe between 
0 and 12 cm with 1 cm increments calculated with MCNP 
and ORIGEN-S are shown in Figs. 7, 8 and 9 together with 
measured assigned values. Uncertainties were calculated 
using the law of error propagation in multiplication. The 
uncertainties arise from the uncertainties in the exact origi-
nal material composition, neutron dose, reaction cross sec-
tions and decay time. ORIGEN-S uses ENDF/B-VI cross 
Sections. 10% uncertainty was estimated for cross sec-
tions. Element-wise uncertainties in material compositions 
were estimated from measurement uncertainties listed in 
Table 1. ICP-OES and ICP-MS results were utilised in all 
cases except for N and C. 10% uncertainty was also assumed 

Table 7  55Fe, 63Ni and 60Co scaling factors

Measurements carried out in solid form (point source efficiency cali-
bration) are marked with an asterix(*). Other gamma measurements 
carried out in liquid form (volume-type efficiency calibration)

Sample 55Fe/60Co 63Ni/60Co

C1.1 1.1 1.5
C1.2 1.2 1.5
C1.3a 1.2 1.4
C1.3b 1.2 1.4
C1.3c 1.1 1.3
C2.123a* 1.7 1.3
C2.123b* 1.7 1.1
C2.123c* 1.7 1.0
C3.1 1.0 1.2
C3.2 1.2 1.3
C3.3 1.1 1.3
Average 1.3 1.3
STDEV 0.3 0.1
RSD 21 9

Fig. 7  Calculated and measured 
(assigned value) 55Fe activ-
ity concentration results with 
expanded uncertainties (k = 2). 
The cross-section of the calcu-
lated and measured activities 
are shown as an excerpt
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for total operating hours. Therefore, the calculated overall 
uncertainty for 60Co was 18.9%, for 63Ni 16.6% and for 55Fe 
16.4%.

Neutron flux contains much higher uncertainties since it 
is impossible to calculate the flux for a very small volume 
representing the sampling point. Moreover, the flux above 
the core grid does not decrease smoothly as a function of 

distance since the surrounding materials can be considered 
as a disk source (not as a point source) and epithermal and 
fast neutron thermalise in the surrounding water. In years 
1987–2015 there have also been several fuel loading pattern 
changes, which affect the fluxes slightly. Therefore, activity 
concentrations were calculated for distances 0–10 cm from 
the surface of the core.

Fig. 8  Calculated and measured 
(assigned value) 63Ni activ-
ity concentration results with 
expanded uncertainties (k = 2). 
The cross-section of the calcu-
lated and measured activities 
are shown as an excerpt

Fig. 9  Calculated and measured 
(assigned value) 60Co activ-
ity concentration results with 
expanded uncertainties (k = 2). 
The cross-section of the calcu-
lated and measured activities 
are shown as an excerpt
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Comparison of the calculated and measured (i.e., 
assigned values) specific acitivties of 55Fe, 63Ni and 60Co 
in Figs. 7, 8 and 9 show that in all cases the calculated and 
measured results align between 6.5 and 8 cm distance. As 
discussed before, approximately first 5 cm of the instru-
mental pipe was removed with the fuel element in 2020 
campaign and the sub-sampling was carried out without 
knowing which end of the sample C was attached to the 
removed fuel element (i.e., highest activity). However, 
the sub-sampling distance should be approximately either 
5–6 cm (i.e., highest activity end of sample C) or 8–9 cm 
(i.e., lowest activity end of sample C). Therefore, it can be 
concluded that the sub-sampling was carried out from the 
lowest activity end of sample C. Additionally, the results 
show excellent correlation between the activation calcula-
tion and experimental results.

Conclusions

Careful planning of the complete sampling campaign was 
essential with such a high activity sample material as the 
stainless steel of this study. Both radiation safety and 
radioanalytical requirements need to be considered and 
compromises must be often made while fulfilling these 
partly conflicting requirements. The most important ques-
tions before the sampling were the quality of the samples, 
e.g., activity level, adequate mass for analyses regarding 
instrumental detection limits and absorption capacities of 
ion exchange and chromatographic resins, estimated spe-
cific activities of both radionuclides and stable elements 
of interest, and homogeneity of the samples. It was found 
that the best strategy to avoid unnecessary intermediate 
steps in sample dissolution and overcome the microscale 
heterogeneity, which is problematic with small sample 
sizes, was to first dissolve a larger sample mass and then 
to divide it into aliquots for the analyses. The micro-scale 
heterogeneity was already seen in the homogeneity studies 
using gamma spectrometry when the RSDs were higher 
than expected.

The intercomparison exercise results were overall well 
aligned. It can be concluded that in this study, there was 
a clear benefit in measurement of the gamma activities 
with volume-type efficiency calibration in contrast to point 
source efficiency calibration. Additionally, the experimen-
tally determined assigned values and activation calculation 
results exhibited excellent correlation.
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