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1 Introduction 
Neutron irradiation affects the mechanical properties of the materials in a nuclear power plant 
(NPP) used for internal structures and for the Reactor Pressure Vessel (RPV). Accurate data on the 
neutron fluence combined with information from databases with material properties for the 
various structural materials will give information on the condition of the various components of a 
NPP, including the RPV, indicating for instance the need for annealing. This neutron information 
contributes also to the determination of the end-of-life of a NPP.  
 
The neutron dose induced in reactor structural materials obtained from transport calculations can 
only in limited cases be checked with measured data. Monitor sets are irradiated in surveillance 
capsules only and sometimes outside the reactor, in the cavity close to the reactor vessel. An extra 
obstacle is that monitor sets irradiated in surveillance capsules do not always give accurate 
information due to lack of precise information about the position of the set during irradiation. 
Retrospective Dosimetry could give a valuable solution for the lack of fluence monitor sets at 
critical positions.  
 
Retrospective dosimetry refers to the use of structural materials in reactors, not originally intended 
for dosimetric purposes. In principle the neutron fluence can be derived from the activity induced 
in small amounts of material that has been obtained by scraping, drilling or nibbling of a few 
milligrams of reactor material at the location of interest. Particularly material from the RPV as one 
of the most critical reactor components can be analysed in this way. Retrospective dosimetry can 
be applied to both, operating (“biopsy”) and shut-down facilities (“autopsy”). This has been 
demonstrated before [6→10], but none of the references gives detailed information about neither the 
technique that has been applied nor the accuracy that can be achieved. 
 
From the viewpoint of material damage the fast-neutron fluence is of main interest. Several 
elements with reactions sensitive to fast neutrons are present in structural materials, iron and the 
reaction 54Fe(n,p)54Mn being the most obvious. However, this reaction is not ideal for long-term 
irradiations because of the fairly short half-life (312 d) [11] and limited response region above 2.5 
MeV. The best reaction for retrospective dosimetry is 93Nb (n,n’)93Nbm with a half-life of 16.1 a 
[11] and a threshold energy of 100 keV being comparable with the threshold energy in the damage 
cross section of iron. As a by-product the easy measurable 94Nb activity induced by the reaction 
93Nb(n,γ) is also useful. 
 
The problem of counting structural materials is the overwhelming presence of the nuclide 60Co in 
the gamma-ray spectra of irradiated steels. This effect is even worse if the cooling time of the 
scraped structural material is longer. Chemical separation of niobium and possibly other activated 
materials of interest, for instance manganese, is needed to determine the induced 93Nbm and 54Mn 
activities. The challenge of combination of chemical and reactor dosimetry know-how was picked 
up in a joint project of NRG, Petten, The Netherlands, SCK•CEN, Belgium and VTT Processes, 
Espoo, Finland. The aim was to develop a procedure for retrospective dosimetry that can widely 
be applied in chemical laboratories of an average standard.  
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The method should depend neither on the type of steel nor on the length of the cooling time of the 
steel. The only condition should be the presence of sufficient niobium in the materials that serve 
as monitor. The project was organised within the Euratom 5th framework programme under 
contract number FIKS-CT-2000-91 and sponsored by the European Commission. 
 
The partners in the project investigated the chemical separation of niobium in parallel. The 
amount of collected material after separation had to be determined for each sample part separately, 
assuming incomplete (< 100 %) yield of niobium after the chemical separation. Different 
procedures for the determination of the amount of niobium in dissolution as Inductively Coupled 
Plasma - Mass Spectrometry (ICP-MS) and Instrumental Neutron Activation Analysis (INAA) 
have been applied. The accurate counting of the very weak X-rays of 93Nbm was tackled also. 
Various methods as counting of a few drops of a niobium solution deposited on filter paper, 
counting of niobium in solution and liquid scintillation counting (LSC) were tested and reviewed 
 
As mentioned before, the work was focussed on the reaction 93Nb(n,n’)93Nbm. The reaction 
54Fe(n,p) 54Mn was also considered  by one of the partners for control reasons. The results showed 
that combination of results of both reactions gives useful additional information about the neutron 
spectrum above 100 keV, being responsible for neutron damage. Therefore a procedure to separate 
manganese is presented also. 
 
Reference [1] gives an overview of the various steps needed to get a reliable results for the neutron 
fluence obtained with the reaction 93Nb(n,n')93Nbm. Detailed descriptions of the followed 
procedures and the results as obtained by NRG, SCK•CEN and VTT Processes are reported in 
[2→5]. These reports also present the control measurements being performed to check each 
individual step in the proposed procedures. These control measurements were performed with 
gamma-ray spectrometry and/or ICP-MS. 
 
The different procedures have been tested on 4 different irradiated materials, 3 typical VVER 440 
cladding steels of which the Nb content varied from about 0.8 % to 35 ppm and one base material 
(15Kh2MFA) containing about a factor 10 less than this 35 ppm. These materials were selected 
because of the variation in niobium content, the variation in time elapsed since the end of their 
irradiation and the presence of conventional neutron fluence monitor sets near the material 
samples. Results of these monitor sets could be used to check the results of retrospective 
dosimetry. The tested materials are typical reactor materials but this time they are not really 
reactor samples but they have been irradiated in surveillance capsules or in an experiment in a test 
reactor. The cladding materials come from a surveillance irradiation in the DUKOVANY NPP 
Unit 4 in the Czech Republic and different surveillance capsules in the LOVIISA NPP, units 1 and 
2 in Finland. The base material 15kH2MFA has been irradiated in the LYRA-02 experiment in the 
HFR Petten in The Netherlands.  
 
The project was organised in a way that comparisons could be made at many occasions. The 
selection of the materials was made in such a way that results of activation monitor sets, including 
niobium wire pieces and/or calculations were available to check the results for the locations of the 
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samples. Activities have been measured as much as possible in advance of the chemical separation 
and thereafter. Between the different steps of the chemical separation, gamma-ray spectrometry 
was performed to check whether elements were still present or not anymore. Tests were performed 
to check whether fluence rate gradients or in homogeneity may cause irregularities. Even a 
method to separate 54Mn was developed to get proper results for the reaction 54Fe(n,p)54Mn that 
could be compared  with the results of the reaction 93Nb (n,n’)93Nb m. 

2 The reaction 93Nb(n,n’)93Nbm 
This reaction is commonly used in long term reactor dosimetry. Due to the attractive long half-life 
of 16.13 years [11], the conversion from measured reaction rate to neutron fluence is less dependent 
on the reactor history. The cross section is shown in Figure 1 (from the Russian Reactor 
Dosimetry File RRDF-98 1). Guidelines for Niobium processing and counting are given in ASTM 
standard E 1297-96 [12], however, only for pure niobium material. 
 
The use of the reaction 93Nb(n,n’)93Nbm has some disadvantages also: 
• The X-ray radiation (Kα2, Kα1, Kβ1 and Kβ2 with energies of, 16.521, 16.615, 18.623 and 

18.952 keV respectively [11]) of 93Nbm can not be measured directly. This due to the presence 
of cobalt in most of the steels that leads to a major contribution in the gamma-ray spectrum of 
the nuclide 60Co. This is due to the relatively large cross-section for thermal neutrons of the 
reaction 59Co (n,γ) 60Co. 

• Niobium is only present in East-European reactor steels. The amount of niobium varies from a 
few ppm for base material up to 1 % for cladding material. In cladding material niobium is 
present as stabilising agent and binds carbon, which is harmful as concerns stress corrosion in 
stainless steels. If niobium is only present as impurity, the amount of niobium is not specified 
or only known with a large uncertainty. Structural materials in West European reactors do not 
contain niobium at all, except sometimes Inconel [13]. 

• Homogeneous distribution of the niobium is not self-evident especially if the material of 
interest is welded. For instance the cladding of the VVERs contains 2 layers of different 
materials with a total thickness of 8 mm [14]. Usually the surface layer of the cladding contains 
Nb but not the bottom layer. This is demonstrated in Table 1 for LOVIISA material. Both 
outer layers, indicated as “red” and “blue”, have been analysed for this project. 

  

                                                      
1 Will be included in IAEA’s IRDF 2002 file. 
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Figure 1 Cross section as a function of energy for the reaction 93Nb(n,n’)93Nbm  
(from RRDF-98) 

Table 1 Composition of cladding material (main constituents) in mass per cent. The error limits 
are standard deviations from two or three measurements [5] 

Surface Fe Cr Ni Nb Mo 

“Red” 69.14 ±  0.18 18.29 ± 0.21 9.39 ± 0.00 0.861 ± 0.002 0.0720 ± 0.001 

Mid-1 69.33 ± 0.13 17.89 ± 0.12 9.49 ± 0.02 0.841 ± 0.015 0.0745 ± 0.001 

Mid-2 69.10 ± 0.02 18.07 ± 0.06 9.56 ± 0.02 0.833 ± 0.018 0.078 ± 0.005 

“Blue” 70.57 ± 0.50 17.38 ± 0.41 9.62 ± 0.19 0.008 ± 0.004 0.227 ± 0.004 

3 Procedures for separating niobium and manganese 
The samples have been dissolved in a mixture of concentrated HCl, HNO3 and HF.  
 
Two different schemes are proposed for the separation of niobium from the remaining material: 

• The Karnani scheme[15]  applied at NRG and VTT Processes  shown in Figure 2, 
• The “Belgian 2 step system” applied at SCK•CEN. 

 
Both schemes are considered as reliable and successful after testing also other schemes [3][4]. At 
NRG, the Karnani scheme was extended with the separation of manganese.  
 
The outlines of the procedures are given below, the references [3→5] report more details. The 
management of the waste of large amounts of radioactive solutions of concentrated HCl and HF, 
which remain after the separation of niobium and iron, has been described in [3]. 
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3.1 Sample dissolution 

The sample material is dissolved in a mixture of concentrated HCl, HNO3 and HF.  
 
The composition of the mixture varied slightly between partners, the amounts of acid used are 
related to the amounts of steel to be dissolved. At VTT Processes the samples have been dissolved 
at room temperature, at NRG at a slight elevated temperature (60 ˚C). SCK•CEN dissolved the 
sample material, in a microwave oven. The oven was programmed and controlled to raise the 
temperature to 200 °C in 9 minutes, keeping it subsequently at this temperature for 11 minutes. 
 
The dissolution of the 15kH2MFA material gave problems at both room temperature and elevated 
temperatures. Only the microwave procedure at SCK•CEN was directly successful. An alternative 
method was demonstrated at NRG. A teflon-lined pressure vessel was used in which dissolution 
took place at elevated temperature and pressure. The closed vessel technique aims at an increased 
boiling point of the material acids. Temperatures up to 180°C are used at which the oxidising 
power of particularly HNO3 increases. The technique of ”wet ashing” is described in detail by 
Iyengar et al. [16]. 
 

3.2 Separation of niobium and manganese 

Column chromatographic anion exchange is suggested by all partners as superior technique to 
eliminate the overwhelming spectral inference of  60Co and to separate niobium.  
 
At VTT Processes the dissolved sample solution was transferred to the anion exchange column 
containing about 1g of Dowex 2-X8 100-200 mesh resin. The output of step 4 was collected in 5 
ml portions.  
 
At NRG, a different anion exchange resin was used, BioRad AG 1x8 in Cl¯ form, 200-400 mesh 
particle size. The output from step 4, the Nb fraction, was collected in a 50 ml polyethylene 
centrifuge tube and evaporated to dryness, capped, heat-sealed and subsequently placed in a 1 ml 
polyethylene container, which was also capped. This procedure guaranteed double containment. 
The niobium solution in the double contained geometry was identical to the NRG standard for X-
ray analysis of 93Nbm, the inner container has the suitable geometry for Instrumental Activation 
Analysis, see next chapter. The output from step 2 was collected and stored for Mn and Co 
separation  
 
At SCK•CEN an amount of raw solution, corresponding to approximately 50 mg of reactor vessel 
material, was run through 2 isotope separation steps. A rough separation in which most of the 60Co 
and 54Mn was removed was followed by a second step in which also nuclides with a short half-life 
were removed. 
 
First step: column I: 

• Conversion of the sample to 1M HF/0.05M HNO3 
• Application on a column filled with 1-2 g Dowex 1-X8 
• Washing of the column with 1M HF/0.05M HNO3 
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• Elution of Nb from the column with 1M HF/4M HNO3 
 
Second step: column II: 

• Conversion of (part of) the eluent of column I to 3M HCl/20% HF 
• Application on a column filled with 2g Dowex 1-X8 
• Washing of the column with 3M HCl/20% HF 
• Elution of Nb from the column with 3M HCl/0.05M HF. 

 
Part of the eluent of column II was converted to 1M HF. This solution was then used for the mass 
determination of 93Nb and activity measurements of 93Nbm. 
 

Detailed results, reported in [4], show that the removal of 60Co and 54Mn is already very high after 
the first step. Whereas in the untreated sample 94Nb represented for example 0.03 % of the total γ-
activity, this has already increased to 20 % in the eluent of column I. However, other previously 
masked γ-emitters now become visible in the spectrum, necessitating the second separation step. 
In general the second column separation is only necessary for reactor vessel samples that had a 
short cooling period less than 1 year. 
 

 

Figure 2 Separation scheme of niobium according Karnani [15] adapted by NRG and VTT 
processes. The scheme is extended with a separation of manganese (left) 
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3.3 Separation of 54Mn performed at NRG 

The fractions containing Fe, Ni, Cr, Mn, V, Co, Si from step 2 of the Karnani scheme (see Figure 
2), were collected in Teflon discs, were evaporated to near dryness. Concentrated HCl was added, 
which was also evaporated to near dryness. The residue was re-dissolved in concentrated HCl and 
this solution was the input solution for the column chromatographic anion exchange procedure for 
the separation of Mn and Co. The same anion exchange material was used as described for the 
niobium separation. Details are given in [3]. Manganese (including 54Mn) was eluted from the 
column with concentrated HCl. The effluent fraction is collected in a 20 ml polyethylene container 
with polyethylene screw cap. This geometry is used for the 54Mn activity determination in chapter 
5. 
 

3.4 Yield of the separation 

The yield of the separation has been studied in the development of the separation process. A 100% 
yield of the separation of niobium is not strictly required since the parameter of interest is 93Nbm/ 
Nb, which is independent of the yield of the chemical separation. The actual determination of the 
amount of niobium has been done on real samples.  

4 Determination of the amount of niobium 
Two different procedures have been applied: Inductively Coupled Plasma - Mass Spectrometry 
(ICP-MS) and Instrumental Neutron Activation Analysis (INAA), ICP-MS was applied at 
SCK•CEN and VTT Processes while NRG applied INAA.  
 

4.1 ICP-MS 

Measurement of the 93Nb content was performed at SCK•CEN, using a VG Plasmaquad PQ3N. 
Here the sample introduction part of the instrument was fitted within a glove box, permitting the 
measurement of radioactive samples. Calibration of the instrument was based on a Nb standard 
solution, a Spex multi-element standard was used as control standard, 103Rh was used as internal 
standard. ICP-MS measurements were done on the raw solutions, on the eluents of column II and 
on the 1M HF solutions used for the preparation of the point sources to be counted. Results are 
presented in [4]. 
 
VTT Processes also measured the stable Nb concentration in the purified solutions also with 
highly sensitive ICP-MS equipment. Here the samples were diluted 1/1000 first and spiked with 
the internal 115In standard. The ICP-MS system was calibrated for Nb concentrations in the range 
from 1 to 100 ng/g. The background was 0.004 ng Nb/g. Results are presented in [5]. 
 
The overall estimated uncertainty of the ICP-MS results reported by SCK•CEN [4] is 5 % (1σ) for 
samples with a niobium content of the order of 1 %. If the amount of niobium is less than 50 µg/g, 
an uncertainty of 10 % (1σ) is estimated. VTT Processes estimated a smaller uncertainty (2.5 %). 
Reference [5] gives also useful information about the reproducibility of the ICP measurements in 
time. 
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Based on the experience with ICP-MS, accepting 10 % accuracy, a minimum amount of niobium 
in reactor vessel material of 50 µg/g is sufficient.  
 

4.2 Neutron Activation Analysis of niobium 

This method was applied at NRG. A central position inside the Low Flux Reactor was used via a 
pneumatic shuttle system, which ends in the counting laboratory. The thermal neutron fluence rate 
in this position is 3.24 x 1015 m-2.s-1, the epithermal neutron fluence rate is 1.09 x 1014 m-2.s-1. 
Samples, 400 µl in a 0.8 ml polyethylene container with heat-sealed snap cap were placed in a 
polyethylene rabbit which was transferred hence and back to the irradiation position within 3 
seconds. Each sample was irradiated for 20 minutes. After a decay time of 2.5 minutes, so as to 
allow 19F activity to vanish, samples were counted in a fixed position 50 mm from the Low 
Energy Ge detector. The counting time was 20 minutes. Use was made of the reaction 93Nb (n,γ) 
94Nbm. The half-life of 94Nbm is 6.26 minutes [11], the principle gamma-ray is 871.097 keV. Also 
measured were the combined 16.521+16.615 keV X-rays. 
 
INAA at NRG is done in the relative mode, i.e. all elemental contents are determined by 
comparing the count-rate of an element in a sample to that in a traceable standard. The Nb 
standard is a dilution of NIST SRM 3137, with a certified Nb content of 10.04 ± 0.04 mg/ml.  
 
The signals at 871 and 16.5 keV, obtained during the 20 minutes counting period for the 94Nbm 
determination, are originating from both 94Nbm and 93Nbm (16.5 keV) as well as 94Nb (871 keV). 
The contribution of 93Nbm is established for each sample by counting the 400 µl Nb fraction for 20 
minutes prior to INAA on the Low energy Ge detector used in the INAA procedure. This blank 
spectrum is subtracted. It appears that the contribution of 94Nb at 871 keV is about 10 % of the 
combined signal, while this value is 1% for the X-rays. The influence of the “blank” on the 
analytical result can thus be qualified as of limited importance. 
 
The Total Uncertainty points to 4.3 % relative for a DUKOVANY sample with about 0.8 % 
niobium. Counting statistics attribute to more than 50% to this uncertainty.  
 
In general the uncertainty (1 σ) varies from 1.5 up to 5 % for the samples with 0.8 % niobium and 
up to 20 % for the samples with only 35 µg/g in a sample of 100 mg. Application of special 
techniques with the aim to increase the number of registered counts in the various photon peaks of 
94Nbm will reduce this uncertainty substantial. There are possibilities to do so. 

5  Activity measurements of 93Nbm 
Three different techniques have been applied.  
• Liquid scintillation counting (VTT Processes), 
• Counting of a container with a niobium solution at geometry with well known efficiency 

(NRG) 
• Counting of a niobium deposit (SCK•CEN). 
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Each technique is typical for the partner concerned and based on a long time experience. 
 

5.1 Liquid scintillation counting (LSC)  

The liquid scintillation counting (LSC) samples for 93Nbm activity measurements contained 1 ml 
samples from the 1/10 dilution of the purified base solutions and 10 ml HiSafe3 scintillation liquid 
together in 20 ml glass bottles. The measurements were performed with a Wallac 1415 Liquid 
Scintillation Counter, an advanced low background system 1400, with α/β separation possibilities 
and with a Digital Spectrum Analyser (DSA) employing the Digital Overlay Technique [17]. 
 
The calibration and fine-tuning of LSC 1415 is described in detail in [5]. The accuracy of the LSC 
based 93mNb activity measurements is estimated to ± 2.5 %, mainly arising from calibration 
uncertainties. The reproducibility of the measurements is extensively tested also; results are 
presented in [5].  
 
The following single items have been taken into account to determine the overall accuracy. This 
results in an overall accuracy of 5 %.  
 

Contribution 1σ uncertainty 
Counting statistics unknown samples 1 % 
Calibration LSC 2.5 % 
Determination niobium content niobium solutions 2.5 %  

 

5.2 Counting 93Nbm solution in a well known geometry 

The dissolving of niobium in a 1:1 mixture of concentrated HF and HNO3 is practised at NRG 
since 1988 [18], [19]. The relative low density of the dissolved material reduces the correction for the 
absorption of the Nb X-rays. Also the correction for the extra generation of characteristic Nb X-
rays due to photo fluorescence of gamma-rays emitted by other niobium nuclides (94Nb, 95Nb) and 
impurities like tantalum is reduced to a negligible contribution in comparison with corrections that 
has to be applied in case of counting of fractions of solid material like wires pieces or foils. 
Absolute activities have been obtained by comparison the number of counts in the region around 
the double photon peak of both Kα X-rays for the sample of interest and a 93Nbm secondary 
standard with the same geometry.  
 
This secondary standard has been calibrated from a primary standard distributed by CBNM (now 
IRMM) in Geel, Belgium, in April 1984. The calibration procedure is described in [18]. The 
calibration holds for X-radiation that leaves the source parallel to the axis. A source-detector 
distance of 10 cm was applied for the calibration.  
 
The gamma spectrometry for 93Nbm nuclides has been performed with a high purity germanium X-
ray detector coupled to a multi-channel analyser. The gamma-ray acquisition of 93Nbm spectra was 
performed with the Genie-2000 Basic Spectroscopy Software from Canberra-Eurysis, using the 
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Graphical Programming Tools. The following single items have been taken into account to 
determine the overall accuracy: 
 

Contribution 1σ uncertainty 
Activity of secondary standard 1.5 % 
Counting statistics in secondary standard 0.2 % 
Counting statistics unknown samples 0.2 to 1.4 % 
93mNb decay constant 0.1 % 
Ratio in counting rate between distance 4 and 1 cm 0.5 % 
Determination niobium content “1 %” niobium samples 1.6 to 3.3 %  
Determination niobium content 35 ppm  niobium samples 19 % 

 
This results in an accuracy varying from 2.3 to 3.9 % for the samples with about 0.8 % niobium 
and an accuracy of 19 % per cent for the samples with only 35 ppm Nb. 
 
In order to reduce counting time, measurements at short distance from the detector (4 and l cm) 
have been performed also. Countings at short distances from the Ge detector reduces the counting 
time but introduces an extra conversion factor and consequently an extra uncertainty. 
 

5.3 Counting of niobium deposit 
The experimental procedure applied for the niobium target preparation and the 93Nbm activity 
measurements is mainly based on techniques formerly developed at SCK•CEN (see e.g. [20-21] and 
references therein) and elsewhere (see e.g. [22]]). In this way, the efficiency calibration and the 
actual measurements can be performed in exactly the same detection geometry. Five 93mNb 
secondary standard samples are available at SCK•CEN. These are deposits containing a few drops 
from a solution that was standardised at IRMM (former CBNM) using liquid scintillation. The use 
of thin deposits for 93Nbm activity measurements has the advantage that X-ray self absorption and 
interfering effects like X-ray fluorescence are reduced to negligible effects. 
 
The target preparation procedure is similar to the technique applied for the calibration samples. 
For a detailed description is referred to [4, 20-21]. The solution containing the niobium is sucked up 
in a small polyethylene bottle through a very small entrance. A few drops of the solution (~ 20 to 
60 mg solution) are then brought on a filter paper tissue (13 mm diameter, ~ 8 mg.cm-2 thickness) 
supported on a thin aluminium disc. A differential weighing of the polyethylene bottle allows 
determining the amount of solution on the filter paper with an uncertainty of about 0.1 %. After a 
drying period of about two hours a thin plastic layer is sprayed on the deposit. 
 
The 93mNb X-rays were detected by means of a planar Low Energy Ge-detector coupled to a 
Canberra-Eurisys ADC. This Low Energy Ge-detector was calibrated using the above-mentioned 
set of 93mNb deposits with an uncertainty of about 2 %. In view of the low count rates, only the 
Kα X-rays were used for the analyses. An overview of the obtained results for all materials is 
presented in [4]. 
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For an estimation of the uncertainty on the specific activities is again referred to [4]. The 
uncertainties on the 93Nb mass and on the Kα X-ray peak area are combined quadratically, the 
result is added procentually to the systematic uncertainties (efficiency calibration, 93mNb decay 
constant). This results in an overall 1σ uncertainty on the specific activities of about 6 % for the 
“1 % samples” and 10 % for the “35 ppm samples” Below the different contributions to the 
uncertainty are summarised: 
 

Contribution 1σ uncertainty 
Efficiency calibration 2 %
93Nb mass determination in solution 5 % (10 %)
Mass determination on deposit 0.1 %
93mNb decay constant 0.1 %
Kα peak area 3 %

 

5.4 Counting of 54Mn  

The 54Mn solutions have been measured with a high purity germanium detector coupled to a 
gamma-ray spectrometer from Canberra-Eurisys. The spectrometer is calibrated for point sources 
using typical standards that cover a wide energy range. The use of the 20 ml PE container with 
manganese solution required an extra conversion. A milligram activated iron, of which the 54Mn 
activity has been determined according the NRG standard procedure for point sources, has been 
dissolved in HCl in the same concentration as the 54Mn samples with unknown activity. Here also 
an extra short sample – detector distance of 1 cm had to be introduced to reduce counting time. 
The gamma-ray acquisition of 54Mn spectra had been performed also with the Canberra-Eurisys 
Genie-2000 Basic Spectroscopy Software.  
 
The following single items have been taken into account to determine the overall accuracy. This 
results in an overall accuracy varying from 1.6 to 2.3 %.   
 

Contribution 1σ uncertainty 
Activity of secondary standards 1.3 % 
Counting statistics in secondary standard 0.4 % 
Counting statistics unknown samples 0.4 to 1.7 % 
Ratio in counting rate between distance 10 and 1 cm 0.8 % 
Nuclear data 0.2 % 

 

6 Conclusions and recommendations 

6.1 Conclusions 

The project has demonstrated that Retrospective dosimetry is a useful tool to determine the 
number of fast neutrons for locations inside a NPP, for instance the RPV.  Activation of nuclides 
present in structural materials will give information about the number of neutrons at the sample 
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position. The reaction 93Nb(n,n’)93Nbm will give information about the fluence of  neutrons with 
an energy above 100 keV. Information about the neutron spectrum above 100 keV can be obtained 
in combination with results obtained with the reaction 54Fe(n,p)54Mn. Procedures are available to 
remove the large amount of 60Co that facilitates direct counting of 93Nbm and possibly 54Mn (if the 
waiting times are short enough).  
 
In conclusion, it may be said that the success of retrospective dosimetry applied for the reaction 
93Nb (n,n')93Nbm  is directly related to the amount of niobium present in the material. Cladding 
materials of VVER type reactors contain sufficient niobium for a successful application of the 
technique for a laboratory of an average standard. The lower limit of the amount of niobium that 
can be handled depends of the presence of a reactor with easy access or ICP-MS equipment. 
 
For cladding materials, typical for VVERs, containing 0.8 % Nb (8 mg Nb/g), accuracy better than 
5 % can be achieved. At least 50 µg Nb/g in a sample of 100 mg is required to achieve an 
accuracy of 10 %. The detection limit of the INAA procedure under optimal conditions for Nb is 2 
µg.   
 
Retrospective dosimetry on base material with only a few ppm Nb as observed in 15 kH2MFA is 
near or even beyond the limit of application. A well-equipped radiochemical laboratory is needed, 
including a reactor for INAA and also a counting chain with high efficiency. But also if these 
conditions are all fulfilled an uncertainty of at least 25 % should be accepted. 
 
The comparison of results obtained by the differentabout distribution of the key reports produced 
for this projec partners [1] show good agreement, even better than may be expected from the 
reported uncertainties. 
 

6.2 Recommendations 

6.2.1 Separation of niobium (and iron) 

There is no preference for one of both separation procedures. The Belgian approach is rather 
simple and can be reduced to one step for older samples. An advantage of the Karnani scheme is 
that this scheme can be extended easily with a separation of manganese. A challenge is the 
dissolving of the pieces of structural reactor material. Steel cladding will give no problems, base 
material like 15kH2MFA, used in our project, requires extra equipment (microwave). But this will 
not be a large investment. 
 

6.2.2 Determination of the amount of niobium 

The determination of the amount of niobium in solution used for the actual counting of 93 Nbm is 
the restricted factor for the application of retrospective dosimetry. A reactor with easy access, 
resulting in the possibility of counting nuclides with short half-life or an ICP-MS system that 
facilitates the measurements with radio active samples is required. One of them should be 
available. 
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The minimum estimated uncertainty of the measurements with ICP-MS as applied for niobium 
will be 5 % (samples in the range 100 ppm to 1 %). The uncertainty for samples with less Nb will 
increase up to 10 %. Straight on application of Instrumental Activation Analysis gives 
uncertainties of the same order of magnitude.  But in principle, lower values can be realised. The 
accuracy is directly related to the number of counts that can be collected in a period of 3 half-lives 
of the nuclide 94Nbm. The uncertainty can be reduced if one is able to increase this number. This 
can be realised by adding the counts collected for the X-rays to the counts collected in the 871 
keV photon peak. An irradiation position with a higher thermal fluence rate will help also to drive 
back the lower limit. Also cyclic irradiation of the same sample could be an option. Accepting a 
higher uncertainty could be an option as well. 
 

6.2.3 Counting 93Nbm X-rays 

A review of the X-ray counting of 93Nbm shows preference for the counting of niobium as 
encapsulated solution or as drop deposition above Liquid Scintillation Counting.   

Counting of a niobium deposit as point source refers to the classic approach of counting point 
sources keeping correction factors for geometry and absorption simple and as low as possible. 
Disadvantage is the small amount of niobium present in the deposit. If than also the niobium 
solution itself contains little niobium, for instance less than 100 ppm, enormous counting times are 
needed for one sample. 

The advantage of LSC is the high efficiency. From the other hand LSC requires besides special 
equipment also technicians skilled in this technique. The disposal of slightly active scintillation 
liquids may also be an environmental problem. 

Counting of sufficient niobium in solution encapsulated in a container of well-known geometry 
comes close to the efficiency realised by LSC. In principle amounts of only a few µg 93Nbm can be 
counted also. Corrections for extra encapsulation and deviation from the point source geometry 
will increase the uncertainty slightly. 
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7 Application boundaries 
This report presents mainly specific activities for the various samples. But also reaction rates are 
available in which the irradiation (reactor) history of the sample was taken into account. As long 
as this information is available, this extra step is considered as routine. This can be concluded also 
from the scatter of the spectrum indices α(93Nbm)/α(54Mn) reported in [2] and from the agreement 
between reaction rates measured for the “red and the blue material”[1]. Calculations become more 
complex if local changes in fluence rate not direct related to the reactor power have to be taken 
into account. 
 
 The results presented in this report are based on samples from specimens from surveillance 
capsules. So sampling was an easy job. In practice taking samples from a reactor vessel will be 
more complex. Reference [13] describes equipment, consisting of a small drill and water pressure to 
suck the drill turnings on a filter.  
 
This project has been focussed in particular on the reaction 93Nb(n,n’)93Nbm being of great interest 
for the determination of the fluence of neutrons that impinging on reactor vessels. Unfortunately 
the reactor vessels built in the US and the European Union do not contain any niobium. In this 
case, reaction rates of traditional reactions as 54Fe(n,p)54Mn (already demonstrated within this 
exercise) and 59Co(n,γ)60 Co of which the target materials are present in all steels can be used to 
adjust neutron spectra  calculated for the location of interest. These adjusted spectra will give 
more reliable damage information. Also the reactions with reaction product with a relatively short 
half life as 50Cr(n,γ)51Cr, 58Fe(n,γ)59Fe and 58Ni(n,p) 58Co can be used for this adjustment.  
 
The experience collected in this project will be passed over to the Reactor Dosimetry community 
via the European Working Group on Reactor Dosimetry (EWGRD) and the Working Group on 
Reactor Dosimetry for VVER (WGRD-VVER). Also the other attendants of the Workshop on 
Retrospective Dosimetry organised during the 11th Conference on Reactor Dosimetry in Brussels 
in 2002 will be informed about the outcome of the project. 
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