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ABSTRACT 
 

Radiography is a commonly used NDT technique for in-service monitoring of nuclear facilities or 

equipment. For safety reasons, the French Institute for Radioprotection and Nuclear Safety (IRSN) 

needs to assess with a high degree of confidence the performance and limitations of such a technique 

in terms of flaw detection. CIVA RT simulation module is a useful tool for this purpose. That is why 

the IRSN initiated some years ago a research program in order to experimentally validate this tool on 

typical applications encountered on components important for the safety of the nuclear industry. 

Some of the CIVA RT models which are the object of validation in the frame of the IRSN 

program are presented in this article: radiographic films, high energy sources, etc. The main validation 

results are then exposed. All tests show a good agreement between experimental and simulated results.  
 

 

INTRODUCTION 
 

Non Destructive Testing (NDT) is commonly used for in-service monitoring of nuclear facilities or 

equipment (reactor pressure vessel, experimental and naval propulsion reactors, packaging for 

transport of radioactive materials, etc.). Several techniques of NDT are employed, such as ultrasound, 

eddy current or radiography. For safety reasons, the French Institute for Radioprotection and Nuclear 

Safety (IRSN) needs to assess with a high degree of confidence the performance and limitations of 

these techniques in terms of flaw detection. For this purpose, experimental acquisition can be carried 

out on mock-ups integrating calibrated flaws. However, only a limited number of cases can be tested 

in this way, which leads to insufficient assessment of NDT performances. Numerical simulation offers 

a means for enhancing knowledge of NDT performance and can be included in the qualification 

process to supplement experiments on mock-up. Some years ago, a research program funded by the 

IRSN was initiated to study the benefits of simulation tools related to different NDT methods for the 

assessment of these methods on nuclear applications [1]. Experimental validations had to be 

performed on typical applications encountered during in-service inspection of primary or secondary 

circuits of pressurized water reactors. In this frame, studies were carried out on the CIVA software 

platform developed by the List institute of CEA Tech and dedicated to the simulation of various NDT 

methods [2-3]. 

This platform integrates among other an X and gamma ray radiography module [4] developed in 

collaboration between EDF, CEA Leti and CEA List. This RT module enables the global simulation of 

radiographic inspections taking the most influential parameters into account (source, specimen, 

defects, and detector). The first section of this article is dedicated to the presentation of some of the 

CIVA RT models which are the object of validation in the frame of the IRSN program. Some of the 

main validation results are then given in the second section. 

 

 

CIVA MODELS 
 

Radiographic films 
 

In the CIVA simulation platform, radiographic film modelling is based on the European ISO 11699-1 

standard [8] as described in [9]. ISO 11699-1 substituted EN 584-1 with same procedure. For 
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conventional radiography, ISO 11699-1 film modelling is carried out in two successive steps. The first 

one deals with the calculation of incident dose to the detector and the second one consists in 

converting the incident dose into signal produced by the complete detection system. This 

transformation is performed via a transfer function. For ISO 11699-1  film detector model, this 

function is pre-computed for each film via a second order equation and allows the generation of 

optical density images without noise. 

The film granularity noise is then approximated with a Gaussian distribution, whose standard 

deviation ��
���� is based on the film granularity value �� available in manufacturers certificates 

modified to take into account the pixel size considered in the simulation process and the actual optical 

density D (the ISO 11699-1 standard defines film granularity �� in terms of diffuse optical density 

measurements on a zone with constant optical net density 2 using a microdensitometer with 100 µm 

circular aperture): 

 
A is the simulation pixel area in µm² and D is the mean optical density. 
 
 

Generic detector 
 

The generic detector is modelled from an experimental calibration curve giving grey level measured in 

the studied detector depending of the incident dose. This curve can for example be obtained using a 

step wedge and extracting the mean grey level into a region of interest at the different material 

thicknesses. The calibration curve is used as a transfer function by the model to convert simulated 

incident dose into grey level. Figure 1 shows an example of such a function in the case of Ir-192 

gamma source. The model also compute a Gaussian noise based on the standard deviation evaluated 

on the experimental regions of interest. 

 
Figure 1 – Example of transfer function for Ir-192 gamma source. 

 

 

High energy sources 
 

In addition to X-ray tube model, which can be used between 30 and 450 kV, and gamma source 

model, CIVA integrate high energy source model dedicated to linear accelerators or betatrons. A 

library of three linear accelerators of 4 MeV, 6 MeV and 9 MeV and four betatrons of 2 MeV, 6 MeV, 

7.5 MeV and 9 MeV is available. Most of the spectra available in CIVA were modelled thanks to the 

Penelope Monte-Carlo code [10]. Figure 2 illustrates the 6 and a 9 MeV linear accelerator (LINAC) 

implemented in CIVA. Whatever the source, CIVA takes into account its anisotropy during the 

computation of the direct and scattering phenomenon. This anisotropy is considered through a 

modification of the probability of emission of a given photon in function of the emitted angle. 

 



 
Figure 2 – 6 and 9 MeV LINAC spectra implemented in CIVA. 

 

 

Irradiating specimen 
 

CIVA integrates a functionality enabling to consider the presence of radioactive substances within 

solids frequently encountered in nuclear applications and that have an impact on the darkening of the 

radiographic films. This functionality considers the influence of radioactive contamination on a 

radiographic cassette in contact with an irradiating part. By activating the option “contact dose rate”, 

the user can enter a “parasite” dose rate in contact with the cassette. This additional dose will be taken 

into account in the computation and in the final conversion of the dose to optical density on the 

radiogram. 

 

 

Detectability criteria 
 

For the conventional radiographic technique, film interpretation is based on human eye perception. 

There is no criterion of universal detectability of flaws and IQIs for simulated radiography.  However, 

CIVA implements some detectability criteria in order to help the user to determine whether the 

simulated flaws would be seen or not on experimental films. The two criteria that have been tested in 

the frame of the IRSN validation program are presented below. 

 

 

Ellipse criterion 

 
The ellipse criterion has been developed specifically for argentic films. It defines the smallest surface 

interpretable by the eye which is generally accepted as being equal to 1.6 mm². An ellipse of 1.6 mm² 

is defined from which a square matrix named convolution kernel with an odd number of pixels along 

the edge is generated. The values in the matrix are equal to 1 in the ellipse and 0 outside. Then, a 

computation of the difference image equal to the absolute value of the difference between the images 

with flaw and without flaw is performed in order to extract the visibility coefficient for each pixel of 

the image and the maximum of visibility of the image. In the following equation, imagediff is the 

difference image and kernel is the convolution kernel: 

 
The resulting detectability criterion is defined as the maximum of the visibility coefficients 

extracted in a total of 8 orientations of the ellipse separated by an angular step of 22.5° in order to 

cover all the potential directions of the flaws. Comparisons with experimental radiographic shots tend 

to show that the detection threshold is equal to 0.011. 

 

 

Pseudo Rose criterion 

 



The Rose criterion is the current reference detectability measure [11]. The one which is implemented 

in CIVA is based on the contrast to noise ratio balanced by the surface of the defect (in pixels): 

 
The threshold value above which human operator is able to detect the signal with significant 

certainty is defined around 5. 

 

 

VALIDATION RESULTS 
 

Radiographic film 

 

Two of the experimental configurations implemented in order to validate the radiographic film model 

are detailed here. 

 
 

Validation on bimetallic weld 

 
A mock-up representative of a bimetallic weld integrating one part of 16MND5 ferritic steel alloy and 
another part of 316L stainless steel alloy separated by buttering and weld of 82 alloy is used [12]. A 
metallic wedge including six notches with a height of 6 mm and openings of 20, 40, 60, 80, 100 and 
150 µm is superimposed to the mock-up. Notches can be oriented axially or circumferentially and the 
wedge is vertically moved along the mock-up to successively position the notches behind the weld or 
buttering. Figure 3 shows both experimental and simulation setup. 

Figure 3 - On the left: experimental setup. On the right: CIVA simulation setup. 
 
Gamma sources of Co-60 (diameter of 3.7 mm and height of 3.7 mm) and Ir-192 (diameter 

of 3 mm and height of 3 mm) are successively used. The distance from the source to the mock-up is 
0.367 m. M100 Kodak X-ray films are placed in cassettes containing filters and reinforced screens in 
conformity with the French Design and Construction Rules for the Mechanical Components of PWR 
Nuclear Islands (RCC-M) and European standard [13-14]. Films are digitized with a Ge FS50B 
scanner with a pixel size of 50 µm × 50 µm. 

Optical density profiles are extracted perpendicularly to the notches on the experimental and 
simulated images as illustrated in the left part of Figure 4. Amplitude and full width at half maximum 
(FWHM) are then measured from the profiles as shown in the right part of Figure 4. 

Figure 4 – On the left: drawing of the profile of a notch. On the right: measurement of amplitude and FWHM on a 

notch profile. 



 
 

 
Comparison between CIVA and experimental data shows a good adequacy. Qualitatively, all the 

flaws detected on the radiographic films are also detected on the simulated films, and reciprocally. 
Quantitatively, the maximal errors in terms of optical density are observed when the notches are 
positioned behind the buttering, where the optical density gradient is the most important and the 
influence of scattered beam is maximal. The simulation tends to underestimate amplitude of the flaws 
and overestimate the width of the flaws. This is probably due to slight gaps between the modulation 
transfer function of the argentic films and its numerical estimation. The absolute errors in term of 
optical density are less important for the Co-60 source than for the Ir-192 source. 
 
 

Auxiliary piping of main primary circuit 

 
Validation of radiographic film model is also performed on a mock-up representative of an auxiliary 
piping of main primary circuit [15]. This mock-up is composed on one side of a straight part with a 
tube-tube weld and on the other side of an elbow part with tube-elbow weld (Figure 5). Pipe thickness 
is 8.56 mm, inside weld bead is 0.75 mm and outside weld bead is 2 mm. 
 
A metallic wedge containing four notches with a height of 2.5 mm and openings of 20, 40, 60 and 
80 µm is superimposed to the mock-up in several positions (over the tube-tube weld and over the tube-
elbow weld) and orientations of the notches (axial or circumferential). The distance from the source to 
the mock-up is 0.725 m. Experimental and CIVA setup are presented in Figure 5. 

Gamma sources of Ir-192 and Se-75 with both diameter and height of 3 mm and YXLON 225 kV X-
ray tube operating at 200 kV (spot size 1 mm diameter) are successively used. M100 Kodak X-ray 
films are operated in the same conditions as described in the previous section. 

As an example of results obtained, Figure 5 presents grey level profiles comparison between 

CIVA and experimental data in the case of circumferential notches on the straight part of the piping. 

Figure 5 – On the left: experimental setup for measurements in the straight part. On the right: corresponding CIVA 

simulation setup. 



 

 

Figure 6 – From left to right and from top to bottom: grey level profile comparison between CIVA and 

experimental profiles obtained with Ir-192 gamma source for circumferential notches with 20, 40, 60 

and 80 µm opening on the straight part of the piping. 

 
Comparison between CIVA and experimental data shows a good adequacy whatever radiation 

source is considered. Se-75 gamma source and X-ray tube provides a gain in sensitivity with respect to 

the Ir-92 gamma source. 

 

 

Computed radiography 
 

Experimental validation of computed radiography is done using the same setup as in the previous 

section (auxiliary piping of main primary circuit) [15]. Kodak HR image plates are associated with a 

HD CR35 DURR NDT scanner. Cassette composition is in conformity with the ISO17636 standard 

[16]. Image plates are scanned with 50 µm pixel size. After relevant experimental calibration 

measurements with Kodak HR image plates, the generic detector model of CIVA is used. 

Table 1 gives experimental and simulated values of amplitude in the case of circumferential 

notches on the straight part of the piping. 

 
Table 1 - Amplitude and FWHM comparison between CIVA and experimental data on the four notches for 

circumferential positions of the notches on the straight part of the piping (ENXX means "notch of XX µm opening", 

ND means "not detected"). 



 
 

 
Considering all the configuration tested, a good agreement is shown between CIVA and 

experimental results in terms of detectability. Comparison with results obtained for conventional 

radiography (see section above) shows a lower level of detectability with computed radiography 

(20 µm opening notch is never seen in this case). 

 

 

Linear accelerator 
 

For validation of CIVA in the case of linear accelerator, a cylindrical cast 304L stainless steel alloy 

mock-up representative of a typical nuclear component with an internal diameter of 787 mm and a 

thickness of 75 mm is used [17]. Wedges including six orientable notches with a height of 6 mm and 

an opening from 20 µm to 150 µm are superimposed to the mock-up. The linear accelerator is 

successively operating at 6 MeV and 9 MeV. Figure 7 shows both experimental and simulation setup. 

 

Figure 7 – On the left: experimental setup. On the right: CIVA simulation setup. 

Figure 8 shows a comparison of the horizontal optical density profiles between CIVA and 

experimental data extracted as explained in Figure 9 (black line). 



 

Figure 8 – Comparison on CIVA and experimental profiles along the wedge superimposed to the 

mock-up in the case of linear accelerator operating at 6 MeV and 9 MeV. 

 

 

Figure 9 – Extraction of the horizontal optical density profile along a notch (green line) and along the 

whole wedge superimposed to the mock-up (black line). 

There is a good adequacy between experimental and simulation profiles extracted along the whole 

wedge (black line on the Figure 9). Relative error ranges from 0 % to 10 % depending of the source 

position (centered or 50 cm shifted relatively to the mock up) and of the notches orientation. Gaps are 

explained by the numerical modeling of the linear accelerator in CIVA. In fact, the photon emission 

cone of the linear accelerator is strongly influenced by the thickness of the target to which the 

electrons are directed into the accelerator. As this thickness is never given by the manufacturer, it is 

likely there is a difference between the thickness of the experimental and simulated accelerator. 

Profiles extracted along the different notches (green line on the Figure 9) show that notches 

detected on experimental radiograms are systematically detected on simulated radiograms, and vice 

versa. Notches larger than 60 µm are detected whatever their orientation when the source is centered. 

When the source is shifted, the detection limit is 80 µm. On a quantitative point of view, amplitude 

variation are generally greater for longitudinal than for circumferential notches. It should however be 

noticed that the values are difficult to measure because they are quite close of the noise level (about 

0.03). Otherwise, gaps between the amplitude measured on experimental and simulated radiograms are 



overall more important when the accelerator is operating at 9 MeV than at 6 MeV. This is explained 

by the fact that, when energy increase, on one hand, contrast decrease, and on the other hand, scattered 

radiation increase.  

 

 

 

 

Irradiating specimen 
 
Only a numerical validation is performed at this stage of development of the irradiating specimen 

functionality. Validation tests are carried out on a ferritic steel pipe with internal diameter of 440 mm 

integrating a homogeneous weld along which are placed three notches with an opening of 0.2 mm and 

respective heights of 0.5, 0.8 and 1 mm. An Ir-192 gamma source (1.5 mm radius, 3 mm height) with 

an activity of 100 Ci is placed at the center of the pipe as illustrated in Figure 10. Detectors are 

Kodak M100 radiographic film included in cassettes containing filters and reinforced screens in 

conformity with the French Design and Construction Rules for the Mechanical Components of PWR 

Nuclear Islands (RCC-M) and European standard. 

 

 
Figure 10 – CIVA simulation setup. 

Six cases are tested with dose rate in the irradiating piece successively equal to 0 (0% of 

parasitic radiation) and to the incident dose rate divided by 10 (9.1% of parasitic radiation), 8 (11.1% 

of parasitic radiation), 4 (20% of parasitic radiation), 2 (33.3% of parasitic radiation) and 1 (50% of 

parasitic radiation). The exposure time for each configuration is adjusted in order to maintain the dose 

on the film constant (optical density of 2.73 at the center of the weld). Figure 11 shows the simulated 

radiographic images for the 6 tests cases and Figure 12 presents the variation of the amplitude of the 

signal and the signal to noise ratio for each notch depending on the configuration. 

 

  
0% of parasitic radiation 9.1% of parasitic radiation 

  
11.1% of parasitic radiation 20% of parasitic radiation 



  
33.3% of parasitic radiation 50% of parasitic radiation 

Figure 11 – Simulated radiograms for the 6 configurations tested. 

 
Figure 12 – On the left: amplitude depending on the percentage of parasitic radiation. On the right: 

signal to noise ratio depending on the percentage of parasitic radiation. 

It clearly appears in Figure 12 that when the percentage of parasitic radiation increase, the signal 

amplitude and signal to noise ratio decrease. It follows a decrease of the detectability of the flaws 

which is visible in Figure 11. 

 

 

Detectability criteria 
 
Tests of the ellipse and Rose detectability criteria are carried out with an Ir-192 gamma source and the 

simulation of the auxiliary piping of the principal primary circuit represented in Figure 5. A wedge 

with notches from 20 µm to 80 µm opening is superimposed to the piping. The simulated detector is a 

Kodak M100 radiographic film with 50 pixel size integrated in a cassette whose composition is in 

conformity with the ISO17636 standard. The visual detection of notches is compared with the criteria 

values. 

It appears that the results obtained with the ellipse criterion are not consistent with the visual 

detection. The ellipse criterion used with a threshold set to 0.011 tends to be highly pessimistic. The 

percentage of right interpretation is about 30 %. This is explained by the fact that the studied images 

offers high gradients due to the presence of welding bead and that the ellipse criterion is highly 

sensitive to such gradients. 

The results obtained with the Rose criterion are consistent with visual detection since the 

percentage of right interpretation is better than 85 %. However, visual examination reveals that 

circumferential defects are more difficult to detect than axial ones, while in almost all cases Rose 

criterion values are higher for circumferential defects than for axial ones. 

 

 

CONCLUSION AND PERSPECTIVES 

 

Experimental and numerical validations of some of the functionalities implemented in CIVA achieved 

in the frame of the IRSN validation program were presented in this article. The CIVA RT module is in 



continuous development and new features are being added in order to meet the needs of Radiographic 

Non Destructive Testing in nuclear environments that will be tested in the frame of future programs. 
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