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ABSTRACT 

Ultrasonic tomography as instrument for dry storage casks quality assurance is discussed 
in this paper. High precision, sensitivity and 3-D results reconstruction are provided by state-
of-art ultrasonic technique – Digitally Focused Array. All these features have formed solid basis 
for implementation of synergetic approach by providing not only safety, but also nuclear 
safeguards of spent nuclear fuel casks. 

1 INTRODUCTION 

Safety of spent nuclear fuel (SNF) is one of the most vital points in the back-end of any 
nuclear fuel cycle. It is of special importance for states with closed fuel cycle concept, e.g. in 
Russia, due to high amount of accumulated SNF and intention to use it in the foreseen future. 
Two alternative technologies are available for storage of SNF: wet and dry. Wet is widely 
spread in Russia, but it has a number of features that limit its further development. For instance, 
high amount of contaminated water is produced during application of wet storage technologies. 
Dry SNF storage is current state-of-art technology. Such type of SNF management reduces 
risks caused by radioactive contamination. In contrast to wet storage, dry casks are not 
vulnerable to loss of coolant due to their passive cooling. However, dry SNF storage technology 
requires additional equipment and procedures of nondestructive testing in order to provide 
quality assurance of a cask and its structural integrity. 

The project within Federal program performed by Tomsk Polytechnic University was 
aimed at developing a robust automated system of nondestructive quality assurance and residual 
life assessment of spent nuclear fuel cask. The project was performed in close collaboration 
with Rosatom Mining and Chemical Enterprise (MCE) that is one of the leading Russian 
companies and deals exclusively with the dry storage of SNF. Within the project’s framework 
the multichannel ultrasonic tomograph was developed on basis of Digitally Focused Array 
Method (DFA). Implementation of DFA is required to obtain quantitative evaluation of 
discontinuities in real-time. To the contrary to traditional X-ray testing ultrasonic tomography 
is much more sensitive to different crack types, especially kissing-bond type. Moreover, 
ultrasonic testing is faster, cheaper in operation and presents no radiation hazard. Application 
of ultrasonic testing on manufacturing and operation stages is envisioned to enable significant 
improvement of the safety level of dry storage procedure. 
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2 DRY STORAGE OF SPENT NUCLEAR FUEL 

The most important region of control during quality assurance procedure is welded joints 
of a cask body. MCE has presented the storage cask for RBMK type SNF in 2013.  MCE is the 
sole designing and manufacturing company of this cask (Patent RU 2500045) [1]. The cask`s 
body consists of three main parts: cover, bottom and middle rings (Fig.1. a). The parts are 
welded to each other and represent the body of a sealed cask. There are two types of welds: 
girth welds and longitudinal welds. The length of the cask`s body is 1000 mm; the diameter is 
635 mm and the thickness of the wall is 4 mm, the cask`s body is made of austenitic steel: 
X10CrNiTi18-10. 

After manufacturing stage the cask is placed in a hot cell, where robotized operation of 
filling it with spent nuclear fuel is performed.  After this process, the cask body is sealed with 
a steel cover along with filling a cask’s body with helium. It is necessary for passive monitoring 
of casks integrity by means of helium leakage testing equipment. Then the cask is placed into 
a concrete cell for 50-years storage (Fig.1. b).   

 

  

    a)        b) 
 

Figure 1: The storage cask for RBMK type SNF: a) cask’s body during manufacturing 
process; b) a sealed cask placed into concrete storage cell 

 

The aforementioned approach to cask’s quality assurance by X-ray testing was 
traditionally used for weld joints testing. It could be justified by robust procedure, quantitative 
results and possibility for adjustment to different types of welds. However, X-ray testing has a 
number of disadvantages discussed above. Nowadays, the progress in ultrasonic testing 
methods allows inspectors to obtain not only quantified C-scans that are competitive to X-ray 
images. It needs to be mentioned that ultrasonic cutting-edge technologies have more capacities 
in real-time – volumetric visualisation or tomography. As real-time visualisation is rather 
challenging in respect to data transferring, reconstruction and analysis, state-of-art technologies 
are required to overcome these challenges. 

3 ULTRASONIC TOMOGRAPHY: DIGITALLY FOCUSED ARRAY 

The latest developments in ultrasonics are usually based on application of phased array 
sensors. This type of transducers includes a number of elements that can produce ultrasonic 
signals. The main idea behind this is to get interference of acoustic waves. It is possible to 
change delay laws for each element in order to form particular wave front with higher amplitude 
on a given distance from the surface. Thus, there is focal point within the highest amplitude that 
enables detection of smaller reflectors. However, for determination of another focal point an 
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operator has to generate new delay laws that is a time-consuming procedure. Also, it will take 
a lot of separate measurements to build an image of the whole volume of the component. 

In the framework of the project, we propose the methodology of application of the state-
of-the-art ultrasonic method – Digitally Focused Array (DFA) [2-3]. The main principle is to 
generate a separate impulse by each element of the array, one after another (Fig. 2). 

 

 

 
Figure 2: Conventional Phased Array (red) vs. Digitally Focused Array (blue) 

 

It is necessary to take into account that each single element has a broad beam. Generally, 
it means that generated waves are propagating in all directions. Then the discontinuities situated 
in the inspected volume will reflect acoustic waves and will become new sources of secondary 
waves. Secondary waves are received by all of the elements and form electrical signals. These 
signals contain the time of propagation and amplitudes of reflected waves. The received signals 
are amplified, digitized and filtered. All these procedures allow to get better signal-noise ratio. 

The described algorithm is implemented for each element of an array, which has a 
scanning path along the profile in both directions with a given step. The achieved results are 
used for creating 2D and 3D images of a controlled object. Sensitivity and resolution of testing 
procedure depend on the duration of the pulse, dimensions of the array and the velocity of 
ultrasound. 

The proposed DFA methodology has following advantages: 

1) Increasing resolution and sensitivity with decreasing inspection time; 

2) In real-time results; 

3) Reliable inspection results through determining the position of each single reflector; 

4) Results are reconstructed as 3D objects that can significantly simplify interpretation 
procedure; 

5) Implementation of DFA principles in robotized ultrasonic system allows to develop 
universal ultrasonic tomograph for complex-shape object.  
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4 EXPERIMENTS 

MCE has provided a number of experimental samples made from austenitic steel 
X10CrNiTi18-10 that corresponds to SNF dry storage casks’ material [4]. Special 
characteristics of this steel allow to use it in different industrial applications, e.g. nuclear 
industry. In order to model SNF cask weld joints samples were made from two plates jointed 
by a butt weld (Fig.3).  

The edges were prepared mechanically before welding. The edge and the adjacent surface 
are stripped from the scale, paint, oil and other contaminants on the surface width of 20 mm 
outer and 10 mm inner side. The surface is degreased with pure alcohol. The welded joint is 
performed by an automatic TIG welding consumable electrode. The following materials are 
used during welding: welding wire St 04H19N11M3 (Ø 1,2 mm), tungsten electrode EVL (Ø 
2,4 mm), argon as a protective gas. Additional heat treatment is not carried out [4]. 

 

 
 

Figure 3: An example of test sample provided by MCE 
 

The basis for the experimental set-up is the unit of ultrasonic electronics “OPTUS”, 
manufactured in collaboration between TPU and I-Deal Technologies GmbH (Fig.4). 
“OPTUS” has a transmitter\receiver 128 channels module that allows both single- and 
multichannel measurements. Thus, this unit can be used for a wide range of automated 
ultrasonic inspection tasks. The software has both options: standard phased array mode and 
DFA realization. During current research, the second option was in use that required application 
of phased array transducer. As a phased array was used linear probe 5L16-1.0·16-D89-P1 
produced by Doppler Electronic Technologies Co. Ltd. with 5 MHz frequency. The array 
contains 16 elements with 1 mm pitch. The transducer was placed on plastic wedge with 50° 
angle of incidence.  

The samples were scanned by means of the three-axis manipulator with immersion tank 
shown in Figure 4. An acoustic signals’ amplitude is written in pair with transducer position 
measurement data provided by measurement unit.  
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Figure 4: The experimental set-up with manipulator 
 

In order to increase sensitivity and resolution of results we need to obtain maximal 
achievable quantity of measurement positions for each reflector. For this reason the scanning 
path was changed from a standard linear scan to a meander path (Fig.5) that is defined by two 
main parameters: the scanning step (Ss) and the scanning pitch (Sp). After calculation and 
optimization of scanning path, Ss value is equal to 1 mm and Sp is 2 mm. The linear phased 
array is installed across the joint. The parameters are due to the requirements of DFA 
reconstruction methodology [2, 3] which is implemented in the software that controls “OPTUS” 
ultrasonic unit. In case when it is not possible to cut the reinforcing bead from testing welds it 
is necessary to select the scanning area so that the scan path length is at least twice the wall 
thickness of the sample and the path ends just before the reinforcing bead edge. 

 

 

 
Figure 5: The scanning path for DFA methodology 

 

The set of measured data is used for two-dimensional reconstruction of the sector scans 
in real-time. The reconstructed sector scans incrementally fill the three-dimensional matrix 
creating the three-dimensional model of the weld structure. 
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The experimental testing procedure was carried out 3 times for each side of the weld. An 
example of the results of test procedure is represented in Figure 6. Additional measurements 
were made in order to determine the procedure positioning errors: offset on axes X, Y, Z and 
rotation. 

 

  
 

Figure 6: An example of DFA reconstruction results 
 

The results are presented in three planar projections: B-,C-,D-scans and volumetric 
reconstruction. This variety of the presentation possibilities provides comprehensive 
understanding of material structure to an inspector. Moreover, the proposed approach to data 
analysis allows to detect and measure all discovered reflectors automatically. The experiments 
have shown that sensitivity and resolution of the proposed method equal to 0,4 mm that 
correspond to X-ray testing accuracy. Moreover the demonstrated speed of ultrasonic testing 
procedure is higher. By means of DFA approach, testing of weld joint gives rather precise 
information about its structure. This fact allows considering application of ultrasonic testing 
results not only for provision of safety of SNF casks during their storage, but for nuclear 
safeguards as well. [5] 

5 SAFETY AND SAFEGUARDS SYNERGY 

Nowadays, peaceful use of nuclear energy is standing on three pillars: safety, security and 
safeguards. All of them are provided by both a national nuclear operator and International 
Atomic Energy Agency (IAEA). The safeguards are provided by IAEA using data transferred 
by national nuclear operators. Typically, the focus is on ensuring the declared way of use for 
nuclear materials, equipment and technologies. However, safeguards cannot be implemented 
without additional tools. Usually, a wide range of monitoring equipment is in use. Along stand 
sealing technologies aimed to provide rightful access to nuclear material. It is worth to mention 
that SNF contains considerable amount of Pu including weapon-grade isotopes. Thus 
safeguarding of SNF casks is one of the vital issues. The main challenge in this procedure is 
vulnerability of modern sealing technologies caused by their artificial nature. The main 
development focus in this direction is the search for reliable intrinsic features of a safeguarded 
object or material that could be the basis for a reproducible fingerprint. 

The preliminary research has shown that weld structure could be applied as a unique 
fingerprint of material with ultrasonic examination. [6] Welded joint’s metal is characterized 
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by cellular-shaped dendritic crystallization. The grains of this type form good reflecting and 
scattering centers. Thus a set of such centers create unique intrinsic feature of the material that 
allows to generate the fingerprint. 

The study [6] was performed by means of single-channel instrument. However, the 
positioning was the weak point of this approach. The proposed DFA-based system could 
provide three-dimensional fingerprints that could be matched with proper correlation 
algorithms. Volumetric signatures are much less sensitive to a position error [7]. Generally, the 
process of fingerprints extraction includes three main stages that are shown in Figure 7. The 
first stage is reconstruction of controlled volume by DFA methodology. The second one is 
segmentation of the volume in order to separate the areas with strong reflectors that should filter 
out all weak signals in the segmented areas. The last step is thresholding of the filtered 
segments. All these steps allow to create the reproducible acoustic fingerprint of weld joint’s 
material. 

 

 
a)  b)  c)  

 
Figure 7: Step-by-step fingerprint extraction from DFA reconstruction: a) reconstructed 

volume; b) filtered segments; c) fingerprint 
 

The abovementioned fingerprints can serve as unique intrinsic feature of a cask with SNF 
that enable to identify the cask in unique manner during safeguard verification inspections. 
Moreover, it is not possible yet to reproduce the structure of weld using the state-of-the-art 
technologies. 

6 CONCLUSION 

SNF storage is the worldwide emerging technology. It is used especially in Russia due to 
its’ strategy to close nuclear fuel cycle. Dry storage technologies are on the rise thanks to the 
efforts of Rosatom company – MCE. However the developed by MCE SNF casks are still in 
need for efficient and effective nondestructive testing methods. Within the framework of 
Federal program Tomsk Polytechnic University has developed the breakthrough system of 
ultrasonic tomography which allows precise, robust, real-time three-dimensional reconstruction 
of cask’s weld joints’ materials. All these features are provided by the university’s know-how 
– DFA methodology. Moreover the results of such tomography can be applied not only for 
safety assurance but also to ensure IAEA’s safeguards by providing unique reproducible 
fingerprints of SNF casks. The ultrasonic tomograph fully fits to IAEA’s 3S synergy strategy 
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aimed to provide synergy among safety, security and safeguards by unification of applied 
equipment and technologies. 
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