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ABSTRACT 

With the higher safety requirements and the rising public concern of reactor safety, ageing management of 
nuclear power plants are facing new challenges in recent years. Multiscale modeling is the tool for ageing 
prediction during and beyond reactor design lifetime. It is important to update the latest predictions to existing 
licensed reactors continuously, however, experimental data at microscopic scale is lacking for the validation and 
calibration of modeling results. Atom probe tomography (APT) is a new and powerful analyzing tool with 
near-atomic resolution. It is good at studying issues like second-phase precipitation and grain boundary cracking, 
and its 3D atom map is highly suitable for the comparison with modeling. APT is promising for future reactor 
ageing management and maintainology, but only a small fraction of researchers can utilize the new technique 
currently. In this work, training for potential APT users is proposed and designed, so that more researchers 
could benefit from APT technique in the future. The advantages and the basic mechanisms of APT are 
introduced. The possible errors that are most important to APT users and modeling researchers are explained. A 
practice section is also designed, which enables the participants to experience the visualization of atom maps 
and the tuning of precipitate definition. The concept, structure and experience of this training could be a good 
starting point for the design and organization of better APT training in the future. 
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1.  Introduction 
 
The ageing management of nuclear power plants (NPPs) is the fundamental basis of reactor safe 

long-term operation. In effective ageing management, the degradation of structures, systems and 
components (SSCs) should be considered throughout the design, construction, commissioning, 
operation and decommissioning phases of NPPs. 

Although ageing management has been the focus of reactor safety for several decades, it is facing 
new challenges in recent years with the higher safety requirements and the rising public concern. The 
Fukushima Daiichi accident in 2011 also rang the alarm that our previous knowledge and practices on 
reactor ageing management may not be proper and sufficient. The ageing management challenges 
during and beyond reactor design lifetime are most important. First, for the safe operation during 
design lifetime, technical obsolescence is one big issue. Technical obsolescence means the SSCs in 
operating reactors and their related knowledge, standards and rules are becoming out of date in 
comparison with current knowledge and technology [1]. To mitigate obsolescence, a back-fitting 
system is necessary for the continuous research on ageing prediction and the continuous update of 
latest ageing knowledge to existing licensed reactors. Secondly, the prediction beyond reactor design 
lifetime is another challenge. By the statistics of IAEA PRIS program, more than 250 NPPs in the 
world have been operated for 30~47 years by now (Nov 18th, 2016) [2]. Therefore, they are facing the 
choice of life extension or decommissioning. The decision making of license renewal should be based 
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on the ageing prediction beyond design lifetime. However, the prediction curve beyond lifetime could 
not be simply extrapolated, and it requires a lot of research works and databases. 

As a conclusion, the effective ageing management during and beyond reactor design lifetime 
heavily relies on the accurate and up-to-date prediction of SSC behavior. The prediction uncertainty 
should be continuously reduced with latest scientific and technical knowledge. Currently, multiscale 
modeling is the major tool to make the prediction. Therefore, continuous efforts should be made to 
improve the models. 

However, the available experimental data for the validation of multiscale modeling is limited, 
especially at microscopic scales. Fig. 1 shows a schematic of multiscale modeling tools commonly 
applied in ageing prediction. At larger scales, the accumulated reactor operating data and mechanical 
property databases can be used as the references for finite elements and dislocation dynamics 
modeling. On the contrary, when the spatial scale or the time scale is small, it may be difficult to 
obtain enough experimental data to compare with modeling results. Especially, at the scale from 
several nanometers to several hundreds of nanometers, different types of electron microscopy (EM) 
are the major tools for the direct observation of irradiation-induced defects, while EM has limited 
sensitivity in distinguishing elements and second phases [3, 4]. Therefore, the experimental data about 
irradiation-induced segregation and depletion is lacking. Without such data, it would be difficult to 
model and predict second-phase precipitation and grain boundary cracking phenomena in reactor 
components. 

 

 
 

Fig. 1. A schematic of multiscale modeling for ageing prediction 
 

 
2.  Atom Probe Tomography in Ageing Management 
 

Atom probe tomography (APT) is a new technique developed in recent years. Unlike EM, APT is 
not sensitive to lattice defects, but it has high element sensitivity both for light and heavy elements. 
APT can give the quantitative data about atom type and atom position of each atom that it detects. 
After APT finishes the analysis of one specimen, it can reconstruct a 3D atom map of the specimen at 
near-atomic spatial resolution with all the atoms it detected. Obviously, such kind of 3D atom map is 
suitable for the direct comparison with molecular dynamics (MD) or Monte Carlo (MC) modeling 
results, for example in the study of precipitation [5, 6] and grain boundary depletion [7]. 

APT has been introduced into the field of reactor ageing management for only around 20 years, 
but it has already made its contributions to the improvement of reactor maintainology. One example is 
that APT has helped to clarify the irradiation hardening mechanism in low-Cu reactor pressure vessel 
(RPV) steels. Distinct irradiation hardening had been observed in low-Cu RPV steels at high fluences 
[8] and had confused the researchers. It was not until the 2000s that the formation of fine Mn-Ni-Si 
precipitates in low-Cu RPV steels were confirmed by APT [9, 10], which explained the source of 
hardening. Further APT study found that the Mn-Ni-Si precipitates are important to RPV 
embrittlement especially beyond 1019n/cm2 fluence. Therefore, APT has helped to find a new ageing 
mechanism for the long-term operation of pressurized water reactors (PWRs). Recently, some 
researchers have started trying the direct comparison of precipitate composition between APT and 
atomic kinetic MC modeling in order to calibrate modeling results [11].  

APT is such a powerful and promising tool in future ageing management practices, however, it is 
currently deployed in very limited number of research institutes. Only few researchers and engineers 
have the chances to benefit from this new technique. Besides, the 3D atom maps of APT contain a 
large amount of information, while the APT results published in journals and reports could only reveal 
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a small part of it. If more people can get familiar with the new technique, it is certain that APT will 
make more contributions to the improvement of reactor maintainology. Therefore, education and 
training for potential APT users, such as university students and young researchers, is proposed and 
designed in this work. The training is not designed to talk about everything about APT. The 
fundamental knowledge that is most important to potential APT users is discussed here, which 
outlines the basic requirements for a qualified APT user who can use APT technique and can utilize 
APT data published by other researchers. It is hoped that the concept, structure and experience of this 
training could be a good starting point for the design and organization of better APT training in the 
future. The first training has been successfully performed on Dec 15th, 2016 in Japan, and is planned 
to be held again late in this year with further improvement.  

 
3.  Training Design 

 
Since the training is not aiming at cultivating APT experts, the training time should be relatively 

short, ranging from several hours to several days, so that more potential trainees could be able to 
participate. Generally speaking, the training is designed to show what APT can do, how it does, and 
what errors it may have. It is divided into two main sections, lecture and practice. Lecture section is 
the traditional way of teaching in classrooms, delivering the basic knowledge of APT; while practice 
section is going to give the participants a chance to visualize and post-analyze the 3D atom map by 
themselves with the tools we provided. Fig. 2 lists the contents designed for the training, and they are 
discussed in detail below. 

 

 
 

Fig. 2. Design of APT training contents 
 

3.1 Advantages of APT 
 
The advantages of APT have been described above in section 2. The advantages will be 

introduced to the participants so that they could think of APT technique when they are in need of APT 
in the future. In order to leave a vivid impression to the participants, some examples of how APT has 
solved the problems in reactor maintainology will be given. 
 
3.2 Basic APT knowledge 

 
The detection mechanism of APT will be introduced in this section. The local electrode atom 

probe (LEAP) will be taken as an example for mechanism explanation, as it is the latest type of APT 
currently. The participants need to know how atom species is distinguished by atom charge-to-mass 
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ratio, and how charge-to-mass ratio is determined by time-of-flight of the atom. The detailed 3D map 
reconstruction process may be complicated for the beginners, but since it is the key step to define the 
x, y, z positions of each atom, some basic knowledge will also be introduced. Participants are not 
supposed to be able to perform APT experiments by themselves; however, with such knowledge in 
mind they should better understand the meaning of APT data. The knowledge introduced here would 
also make it easier for participants to understand the possible errors in APT in the next section. 

The methods to prepare APT needle specimens will also be mentioned, as the specimen 
preparation step is usually the bottleneck of APT experiments. The pros and cons of using focused ion 
beam (FIB) method and electro-chemical polishing method will be briefly discussed. 

 
3.3 Limitations of APT 

 
APT is a power tool, whereas it is also a new tool still under rapid development. The current APT 

technique has its limitations, which are important both for the people doing APT experiments and for 
the people using APT data for modeling. In this section, the possible errors of APT are discussed. 

Although the 3D atom map obtained by APT has near-atomic spatial resolution, the accuracy is 
not always as good as it may look like. The spatial accuracy can be influenced by the inevitable 
thermal vibration of the atoms, the sample tip shape which cannot be ideally spherical, the different 
evaporation rate between different phases, and so on. Secondly, the element definition could be 
another source of error. Elements are distinguished by charge-to-mass ratio, however, the peaks could 
overlap and the background noise could be quite large. Finally yet importantly, since APT is often 
applied in precipitation study, the definition of precipitates can greatly alter the output of precipitate 
density, radius and composition, etc [12]. Training participants can experience the effects of 
precipitate definition in the next section by analyzing the precipitates by themselves. 

 
3.4 Experience precipitate analysis 

 
Since APT is often utilized for precipitation study and the selection of precipitate definition could 

so much distinctively change the output, errors brought up by precipitate definition are the major 
concerns of potential APT users. In this training, participants have the chance to experience the effects 
of precipitate definition themselves. The following set of tools is prepared for this practice section. 
 A freeware for 3D visualization of the atom maps. The open-source, multi-platform software 

ParaView can be a good choice for atom map visualization. 
 A free code for precipitate searching in the atom maps. A code based on the maximum separation 

algorithm is developed by us for precipitate searching with tunable parameters, such as maximum 
separation distance dmax, minimum number of atoms in precipitate Nmin, etc. 

 A simulated atom map. The simulated atom map is used first instead of the actual atom map 
because the simulated atom map can offer a simple and straightforward situation for easy 
understanding. Only one or two precipitates are included in the simulated atom map for simplicity. 
Different simulated atom maps are created by us for the understanding of dmax, Nmin, and the 
meaning of Guinier radius. 

 An actual atom map created by APT. The participants can see what APT technique can really offer 
with an actual atom map. They can visualize it, and can tune the precipitate definitions to 
experience how they affect the outcomes. 
 
 

4.  Conclusion 
 
To face the new challenges in ageing management, continuous updates on the current practices of 

maintainology is necessary. Multiscale modeling is the tool for ageing prediction during and beyond 
reactor design lifetime, however, experimental data at microscopic scale is lacking for the continuous 
improvement of modeling.  

APT is a new and powerful analyzing tool with near-atomic resolution, and is sensitive in 
element distinguishing. It is suitable for the comparison with modeling, and thus is promising for 
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future reactor ageing management and maintainology. In this work, training for potential APT users is 
proposed and designed, so that more researchers could benefit from this novel technique in the future. 
The essential knowledge necessary for a qualified APT user has been outlined. The advantages and 
the basic mechanisms of APT were introduced. The possible errors that are most important to APT 
users and modeling researchers were explained. A practice section is also designed, which enables the 
participants to experience the visualization of atom maps and the tuning of precipitate definition. Our 
attempts in designing and organizing the training could provide references for future APT training, 
which is a necessary step to widely spread the novel APT technique. 
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