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A. Background 

 

The use of neutron imaging at research reactors (RRs) or spallation neutron sources for industrial 

applications such as non-destructive examination and testing has already been proven in industrialized 

countries. This technique allows for studies of a material’s characterization, strength, integrity, and 

durability without inflicting permanent damage to the material itself. The advantage of neutrons, 

compared to X-rays, is that they are sensitive to many light elements, have deeper penetration length, 

and are also sensitive to magnetic structures. Furthermore, as neutron imaging technology has 

advanced, its techniques have become more precise, efficient and much faster, specifically in the 

incorporation of digital radiography (2D), computed tomography (3D), energy-selective neutron 

imaging or dynamic (real-time) neutron imaging. These new techniques, in addition to advanced 

capabilities, also eliminate the need for consumables like films and other potentially hazardous 

chemical compounds used in film-based radiography. The last 10 years have seen phenomenal growth 

in direct digital methods, which provide excellent image quality and increase the manageability of 

computational analytical power and the ability to better archive data. Today the major fields of 

neutron imaging application include the mining, oil and petroleum industries, car and aviation 

industries, archaeology, cultural heritage, environment and building materials, biology, medicine, 

physics, including energy sector that ranges from nuclear power industry to new technologies such as 

hydrogen cells and lithium batteries. 

The IAEA RR Database (RRDB, http://nucleus.iaea.org/RRDB/) indicates that more than 50 RRs (out 

of ~240 facilities operational) seem to operate film-based or digital neutron radiography station. In 

addition, there are a number additional neutron imaging facilities installed or planned at neutron 

spallation sources world-wide (e.g. Japan, Switzerland, United Kingdom, USA,…). However, the 

actual growth in use of these neutron imaging facilities is still well below its potential, particularly in 

developing countries, for a number of reasons: the needed modernization of instrumentation and 

software; familiarity and qualification of involved personnel in these advanced subjects; an inclination 

to adapt the technology to specific user needs; and the establishment of new protocols and 

standardization procedures, including the development of marketing strategies. 

In 2011 through a comprehensive questionnaire, jointly prepared and coordinated by the IAEA and 

International Society of Neutron Radiology (ISNR), a creation of a specific data base of neutron 

imaging facilities have been launched. In addition, dedicated Round Robin exercises have been taking 

place throughout 2012 with the main purpose to evaluate the performance and capabilities of 

operational neutron imaging facilities, and prepare concrete actions how their performance/utilization 

could be improved/enhanced.  

During this meeting, status of the above initiatives will be critically evaluated and discussed. This 

meeting also aims to spread the technology, knowledge, and experience of neutron imaging 

applications and benefits to industry. Finally, it will serve to strengthen contacts and cooperation 

between methodology experts, facility managers and end-users, including industrial partners.  

http://nucleus.iaea.org/RRDB/
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B. Objectives of the Meeting 

 

The technical meeting aimed to provide a forum to exchange good practices, lessons learned as well 

as practical experiences in the use of neutron imaging facilities and associated instrumentation – both 

accelerator and research reactor-based – in the field of basic research and numerous other industrial 

applications.  Present status and future developments of neutron imaging facilities world-wide were 

discussed. The meeting concentrated on the following major topics: 

 On-going modernization or new projects of neutron imaging facilities   

 Advances in modern neutron imaging, e.g. energy-selective imaging, real-time imaging, 

computed tomography, relation to neutron scattering techniques, etc. 

 Role of neutron imaging in materials research and various industrial applications  

 Results of the IAEA Round Robin exercises using standardization samples 

 Share of good practices and strategies from international collaborations and networking in the 

field of neutron imaging; potential creation of users’ network on neutron imaging. 

 

This meeting report, including individual participant contributed papers as well as database of neutron 

imaging facilities world-wide, was intended to serve as an initial working material for the future 

publication on “Advances of Neutron Imaging for Industrial Applications”.   

 
 
 
C. Work done 

 
After the official welcome words by senior representatives from the hosting organization BATAN, 

Indonesia, some introductory remarks were given by Mr D. Ridikas, IAEA Scientific Secretary, on 

issues and challenges in the area of RR utilization and applications related to neutron imaging. He 

also presented the main objectives and expected outcomes of the meeting. Later participants 

introduced themselves, approved the agenda and designated Mr N. Kardjilov (HZB, Germany) and 

Mr A. P. Kaestner (PSI, Switzerland) as co-chairs for the meeting. The meeting continued according 

to the meeting agenda (see Annex I, Meeting Agenda). The meeting was attended by 20 participants 

from 16 Member States and one international organization (see Annex II, List of Participants).   

More than 2 days were exclusively dedicated to the individual presentations by the participants. 

Enough time was also allocated for questions-answers and discussions following each presented 

paper. Brief summaries of all individual presentations are given in Annex VI, Book of Abstracts.  

At the end of the 2
nd

 day a dedicated presentation has been made by Mr A. P. Kaestner (PSI, 

Switzerland) on “Experiences from the neutron CT quality Round Robin experiments”. This part is 

detailed in Annex III of this report. The day finished with short presentations/discussions by the 

participants of the Round Robin exercise. 
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As part of the 3
rd

 day agenda, a technical tour to the BATAN research reactor and its experimental 

facilities have been kindly organized by the host organization. During the remaining time a number of 

round table discussions took place on  

 Standards and calibration procedures in neutron imaging 

 Review and updates of the data base on neutron imaging facilities 

 Needs/possibilities for assistance and international cooperation/networking 

 Draft table of contents of a promotional publication on industrial applications of neutron 

imaging (see Annex IV) 

 Define actions, work-plan and responsibilities for the future cooperation 

 Draft the summary report and recommendations. 

 

At the very end of the event, all presentations and other meeting materials were distributed to the 

meeting participants and are available on request from the Scientific Secretary.  

 
 

D. Main findings 

 

General remarks 

The meeting provided a great opportunity to participants from a big number of developing countries 

from all over the world to present their progress in neutron imaging. After analysis of the individual 

presentations it can be concluded that: 

 The beam ports for neutron imaging were improved by implementation of collimators and 

appropriate filters which reflects in better quality of the obtained images. In this way 

temporary imaging positions have gained the status of imaging facilities at some of the 

research institutions 

 Almost all participating groups from developing countries implemented digital imaging in 

their labs (e.g. Algeria, Argentina, Bangladesh, Egypt, Indonesia, Malaysia, and Romania) 

and the rest of the groups are on the way to install digital detectors (e.g. Algeria-NUR 

Reactor, Morocco, Vietnam). 

 The labs with digital detectors have proven to be able to perform and analyze neutron 

tomography experiments.  

 The know-how of collecting, processing and storage of digital information is transferred to 

the groups and they can handle digital data with the available computation resources. 

Round Robin Exercise 

The discussions following the presentations on Round Robin exercise have clearly confirmed that this 

activity was a great success in terms of motivating the people at several facilities to improve their 

beam lines to be able to perform the measurement. It also showed that at some places important 

improvements can be done sometimes even with basic actions like focusing the camera on the 

scintillator.  However, it also showed that there is a need for training in using the available software to 

perform the required data processing. Many have just started using CT as an imaging option and are 

not aware of the pitfalls on the road to making a good CT. This was also the reason why the data was 

missing in some cases.  

For a future round robin experiment a redesign of the samples is important to avoid unnecessary 

artefacts. It is also suggested to involve more high-end facilities in the evaluation to gain acceptance 

for the measurement procedures among the leading facilities in the world. A recommendation for the 
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future is also to split the evaluation in two parts, one for development of samples and measurement 

procedure and the other for evaluating the finalized design. The first part should only involve few 

destinations to shorten the evaluation time.   The second part of the round robin experiment should 

involve as many facilities as possible. 

Procedures for general characterization of the beam line and detector 

The initiative to design samples to quantify the beam line characterizing in a standardized manner is 

good both for the neutron imaging community and for the individual facilities who want to provide 

their method to external users with demands on information about the provided precision of an 

experiment. However, CT must be seen as an advance discipline of imaging which depends on so 

many factors that can be better measured individually and mostly in the less time consuming 

radiography mode. Hence, it was recommended to identify relevant metrics to quantify the imaging 

system from beam line to detector system as detailed below. In that respect, many facilities still need 

further improvement of the imaging beam lines. In addition, the implementation of digital detectors 

implies the need for procedures which allow for better characterization of the facilities. These 

procedures should provide major parameters of the beam line which can be used for comparison, 

classification and evaluation activities. The following major beam line parameters can be defined: 

 Beam intensity (neutron flux) at the sample position measured by foil activation  in n/cm2/s 

 Beam spectral properties at the sample position measured by a test sample or Time-of-Flight 

method providing the average neutron energy or energy distribution in form of diagram 

 Beam size at the sample position defined as Full-Width-at-Half-Maximum for the intensity 

distribution measured by 2D position sensitive detector. 

 Cd ratio of the neutron beam measured by activation of foils covered by Cd in order to 

estimate the epithermal neutron fraction in the beam. 

 Neutron-to-Gamma ratio at the sample position defined as neutron flux divided by the gamma 

dose. 

 Spatial resolution measured for certain detector system by MTF analysis of edge spread 

function. 

 L/D collimation ratio for different instrument arrangements measured by geometrical blurring 

of edge spread function at defined distance between the edge and the detector (e.g. 10 cm) 

 Temporal detector resolution (the measuring method to be specified) 

 Provided information about the available sample environment/manipulator in terms of 

position accuracy and position repeatability for translation and rotation of the sample. 

For each of these parameters an experimental procedure and test samples should be clearly described. 

Some preliminary ideas are given below: 

 

Beam 

 Beam intensity. Neutron flux should be estimated using foil activation. This is a standard 

procedure at most sources. The foils shall be placed in the FWHM beam area. 5 foils shall be 

placed in a cross, centered at the beam maximum. When there is a pinhole exchanger the 

intensity should be measured for some apertures. 

 Beam spectrum. The ideal method to measure the spectrum is by time-of-flight method. 

However equipment for this kind of experiment is not available on all sites. Instead, it was 

suggested to use foil activation using foils of several materials. In this way it is possible just 

to estimate the beam spectrum due to the discrete number of points related to different foils. 

There is an ASTM standard (ASTM E262-08, ASTM E261-10) for the foil activation 

procedure. The standards for this procedure are defined and it should be identified which 

standards are relevant. Additionally the transmission response of the beam to different 
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materials can be used for estimation of its spectral properties. Step wedges of different 

materials should be used. It was proposed to use at least Pb and Ti, but it can also be extended 

to the materials used in the CT contrast phantom. 

 Beam size. The beam profile on the detector defines the largest practically usable field of 

view. Here, the full width at half maximum was proposed as metric to define the profile 

width. This value is naturally overruled by the size of the detector.  

 The Cd ratio should also be measured using 1.0 mm of Cd. This can be measured 

simultaneously with a Cd covered and an open foil close to each other. 

 Gamma/Neutron ratio in the beam. The most common way to measure the /n is to use 

thermo luminescent dosimeters (TLD). This information is important since it helps to choose 

the ideal scintillator material. It also helps to design shielding of the detector electronics since 

strong gamma radiation can interfere or damage the electronics.  Additionally a test sample 

can be used based on the Beam Quality Indicator (BQI) described in the existing standard 

ASTM E545-05, rev 2010.  

 

Collimation 

The collimation ratio (L/D) determines the geometric sharpness and is an important part of the 

resolution of the system. Often this value is estimated from the beam line geometry. There is also a 

method to measure the L/D by using the Kobayashi-device, it has however turned out that this method 

is inaccurate for large L/D (>300). This calls for the development of a new method that is capable of 

reliably measuring the collimation ratio also for high L/D. It was proposed to use the geometrical 

blurring d of edge spread function for a sharped edge placed at a distance (e.g. 10 cm) in front of the 

detector. By knowing the distance between the detector and the edge l it is possible to estimate the 

L/D ratio by using the known proportion l/d. 

 

Detector 

 The spatial resolution is of central importance for an imaging system. A frequently used 

method to estimate the resolution of neutron beams is by using a sharp edge, mostly made of 

Gd. It is important that the edge is polished or extracted with very high precision. One 

proposal is to use a silicon disc sputtered with Gd and etch the test pattern similar to the 

process of making a Siemens star. An alternative method is to use a slit to determine the 

modulation transfer function of the detector system. This approach has the advantage that it is 

less sensitive to noise since there is no need to compute the first derivative of the edge. The 

disadvantage is that the slit must be very well aligned with the beam. Other methods to 

measure the resolution are to use a Siemens star or a line pair mask. These methods are good 

to obtain a fast indication of the current resolution. Resolution sample to determine the MTF 

is required. For pixel sizes above 50um a Gd foil is sufficient. The design should have a rigid 

frame and the edge should be polished or cut with high precision. The foil shall have the 

thickness of at least 100um in order to be stable. The frame should be able to be mounted flat 

on the scintillator and at a distance of 100mm from the scintillator to measure the actual 

resolution at the sample position. Construction as a sandwich of Al-Gd foil-Al is proposed. 5-

10 should be produced depending on available budget.  

  The temporal resolution of the system includes many factors like afterglow (scintillator decay 

time), the neutron statistics and conversion ratio and the detector readout delay. Very fast 

cameras might capture afterglow but this solution is not feasible when no neutrons are 

captured during the acquisition. Therefore, developing a method to measure the temporal 

resolution is a complex task. The criteria to accept an image must be determined, maybe SNR 

for a certain acquisition-rate. Further parameters to consider are pixel size, max gray 

dynamics. In all it is more complex to specify the temporal resolution since it depends on 

many factors. 

 Gray level dynamics. Here the SNR of the system should be defined for an image close to 

saturation to provide the best SNR. SNR could also be measured as a function of the distance 

from the intensity maximum.  This will reflect the SNR as a function of the beam profile. 
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Sample environment 

The accuracy and repeatability of the sample positioning system must be determined. There are 

experiments that acquire interleaved images of the sample and open beam. Under such conditions it is 

of high importance that the sample returns to same position with much smaller deviation than the 

pixel size. There will be displacement artifacts in the referenced images if this criterion is not 

fulfilled.  

 

Revision of Round Robin samples 

A revision of the neutron computed tomography (nCT) test samples is required. The current contrast 

sample contains an inset of polyethylene (PE), which is so strong a neutron absorber that it causes 

starvation artifacts in the reconstructed images. The artifacts make the measurement less reliable since 

the wrong attenuation coefficient is reconstructed. It was decided that the proposed contrast sample 

with a Ti inset replacing the PE inset should be used in the future sample boxes (see Annex V). This 

was a good choice for thermal beams but less good for cold beams. The fact that the sample is less 

ideal for cold neutrons is acceptable since the amount of cold neutron imaging facilities is much less 

than beam-lines with thermal neutrons. While this modified sample continues the round robin 

experiment, the sample design working group will work on finding a material combination that is 

suited for both types beam, i.e. the contrast order between the inset materials should not change, or at 

there should be a clear contrast between the insets.  

There is still a need for two resolution samples, one with positive contrast and one with negative 

contrast. The foil response is different for the positive than the negative contrast case. The samples 

should however have complementary configurations using the same material combination, e.g. Al-Cu 

and Cu-Al instead of the current combination Al-Cu and Fe-Al. It should also be considered to change 

the sample geometry making it possible to use the samples with smaller field of view. 

 

 

2D Radiography 

Focus should be on looking into the 2D radiography before too much effort is expanded in the CT, 

which is the master discipline and is based on the 2D case. Computed tomography is the final product 

of a complex combination of many basic features that can be characterized using 2D radiography. In 

this regard, a list of relevant features was compiled and discussed starting with defining methods to 

characterize the beam at the sample position (see above). 

 A resolution sample is required to determine the MTF.  For pixel sizes above 50μm a Gd foil 

is sufficient. The design should have a rigid frame and the edge polished or cut with high 

precision. The shell has the thickness 100μm to be stable. The frame should be able to be 

mounted flat on the scintillator and at a distance of 100mm from the scintillator to measure 

the actual resolution at the sample position. Construction as a sandwich of Al-Gd foil-Al 

might be good solution, and production of 5-10 pieces will be considered, depending on the 

cost.  

 In order to determine beam material response, step wedges of different materials should be 

used.  It was proposed that at the minimum, Pb and Ti should be used, but the investigation 

can also be extended to the materials used in the CT contrast phantom. 

 

 

Continuation of Round Robin 

The round robin contrast sample should be revised and continued with newcomers invited. The labs 

that already did experiments need not redo the experiment. There will be a follow-up meeting in 

during the year 2014. The new development for improved samples will start as soon as possible (some 

details are provided in Annex V). The samples are to be produced during first months of 2013, and be 

ready in March 2013. The 1
st
 first qualification tests can be planned in June. The sample set should 

contain Gd-edge and step wedges. The BQI devices used in Japan were purchased in Riso. J.H. Marin 

shall provide contacts to company in Canada. Once these samples are mature more will be ordered 

and a new round robin will be started. M. Radebe (NECSA, South Africa) will contribute with 
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manpower at different beam-lines within his international PhD project. A PSI test pattern shall be 

included in the test box to verify the correctness of the MTF, however, the costs might be an issue. 

 

Format and contents of the future IAEA publication 
There were a number of documents presented describing NI, including an additional publication on 

various applications of research reactors. It was found that the NI should be revised for the upcoming 

update in 2013. There was an inquiry as to if there could be a document that described applications in 

NI for potential users or rather to serve as a promotional document for a broader stakeholders’ 

community. It was agreed that one should aim in preparing a promotional brochure (see Annex IV for 

details), and a template for the structure of each topic will be provided. N. Kardjilov, F.C. de Beer 

with M. Rawi and A. Kaestner agreed to write the first contributions in the topics Fuel Cells, Cultural 

Heritage, and automotive applications respectively. After quick review, this will give an initial format 

for the document. Deadline for this 1
st
 step was suggested to be the end of January 2013. Given the 

format, all participants will be called to contribute in the 2
nd

 step. 

 

Imaging school in Berlin 

This school is scheduled for the last week of August 2013 at HZB, Germany. Different flavors of 

imaging and imaging modalities would be covered. The work will be done in groups of 4-5 persons 

with hands-on sessions; a maximum of 30 students will be admitted. Two days of lectures and three 

days exercises are planned. Jointly the IAEA will announce a training workshop with about ten grants. 

The school has no fee but travel costs and housing must be financed. The call is mainly for people 

having a neutron source where neutron imaging can be applied. For the IAEA grants, there will be an 

official application/nomination process. The modalities and applications for grants will be announced 

early in February. Some lecturers will be invited from European neutron imaging facilities.   

 

Dedicated web portal 

The meeting participants also were asked if a suggested IAEA web portal was desired, because a 

forum could be a good platform for keep the network active and serve for information exchange. 

However, this portal has to be cross-linked to the web page of ISNR, available at 

https://www.isnr.de/.  Such IAEA located portal will require the additional logistics of login access.  

No clear decision was made as the ISNR web-page manager needs to be contacted for potential 

extension of their web page into a dynamic user portal/forum. The IAEA has confirmed that during 

the 1st quarter of 2013 has a possibility and resources to initiate such a portal as Point Share tool.   

 
  

E. Conclusions and Recommendations 

E1. Conclusions 

 The meeting has brought representatives of neutron imaging facilities (20 participants 

representing 16 Member States and one international organization) and covered broad range 

of facilities, from leading world installations to the very beginners in the field 

 The meeting programme allowed presenting the actual status of neutron imaging facilities 

world-wide, on-going development of new methods and new trends in digital neutron 

imaging, including broad range of research topics and applications. 

 Thanks to the joint ISNR and IAEA survey and additional contributions from this meeting, it 

can be concluded that the number of digital neutron imaging facilities has considerably 

increased (>35), with the most significant developments in the developing countries. 

Nowadays, neutron imaging has been confirmed to be dynamic and quickly evolving field of 

research using neutron beams.  

 The meeting presented and discussed preliminary analysis of the IAEA Round Robin tests, 

dedicated to computed neutron tomography.  This initiative was confirmed to be timely and 

useful by the participating laboratories. The results have shown some positive feedback from 

https://www.isnr.de/
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the participating facilities, and suggested further improvements for better sample designs and 

improvement in measurement protocol. 

 The IAEA Round Robin exercise stimulated further improvement of the beam lines in terms 

of collimators, appropriate filters and sample environment. Therefore, in some cases 

temporary imaging positions were able to gain more attention and could qualify now as real 

imaging facilities. 

 The need for the standardization procedures and protocols in modern neutron imaging has 

been clearly identified, and importance of the IAEA in this regard has been recognized. 

 The need for an overview of non-commercial and freely available software for neutron image 

reconstruction has been highlighted. 

 The meeting offered a good possibility to exchange of information, share of good practices in 

neutron imaging research and applications, and also the direct possibility to discuss the Round 

Robin results by the participating institutions. It resulted in concrete cooperative efforts to be 

pursued both on bilateral (e.g. Germany-Algeria, Switzerland-South Africa, Germany-China, 

Korea-South Africa, etc.) and multi-lateral basis (e.g. continuation and development of the 

Round Robin, new dedicated web-portal, future international neutron imaging school, 

contribution to the new publication, etc.). 

 Role of the IAEA in promotion and support of the neutron imaging related activities was 

appreciated and therefore is encouraged to continue. 

 The meeting participants acknowledged the outstanding support and efforts by BATAN and 

the organizing team for all efforts before and during this meeting and their kind hospitality. 

 

 

E2. Recommendations to the IAEA 

 Support a dedicated web-portal for the neutron imaging community  in order to share of 

information, maintain exchange of discussions through communication forum, publish of data 

base on neutron imaging facilities and ensure its constant update. 

 Continue support and coordination related to the Round Robin experiments; support 

development and fabrication of new samples and measurement protocols, and ensure their 

distribution to the interested neutron imaging facilities 

 Coordinate preparation and publication of the IAEA document on “Services and products 

provided by neutron imaging” 

 Organize and support the Training Workshop on Advances in Neutron Imaging in 2013, 

jointly with the Berlin Neutron school on neutron imaging; the event should include both 

lectures and hands-on experiments 

 Provide support to neutron imaging related international events like Int. Conference on 

Cultural Heritage (2013), World Conference on Neutron Radiology (2014) 

 Organize a follow up technical meeting in spring 2014 on RRUNs: advances in neutron 

imaging, preferably in the laboratory with newly established digital neutron imaging facility  

 

E2. Recommendations to the national institutions 

 Recognize and support development of national neutron imaging facilities as important means 

of enhancing research and applications of using neutron beams 

 Promote use of neutron imaging in research and industrial applications; facilitate the 

development of the enlarged user and customer community 

 Encourage and facilitate regional and international cooperation in the field of neutron imaging 

through joint research projects, exchange of scientists and students. 
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I. Agenda 

 
 

Monday, 26 November 2012 

08:30-09:00 Arrival of participants; registration; upload of presentation files 

Session I 

09:00-09:30 Welcome & Opening Address by the representatives of IAEA and host organization, 

followed by Election of Chairperson(s) and Rapporteur(s) 

09:30-10:00 IAEA Activities Related to Neutron Imaging 

Mr D. Ridikas, IAEA 

10:00-10:30 Neutron imaging at the Swiss spallation neutron source 

Mr A.P. Kaestner, PSI, Switzerland 

10:30-11:00 New methods in neutron imaging 

Mr Nikolay Kardjilov, HZB, Germany 

11:00-11:30 Coffee break 

Session II 

11:30-12:00 Neutron radiography at NUR research reactor 

Mr A. Nedjar, CRND, Algeria 

12:00-12:30 New neutron radiography facility at Bariloche’s RA-6 research reactor 

Mr J. Marin, CNEA, Argentina 

12:30-13:00 Neutron Radiography Facility at TRIGA Mark II Research Reactor of Bangladesh 

Mr S. M. Yunus, INST, Bangladesh 

13:00-14:00 Lunch break 

Session III 

14:00-14:30 The thermal and cold neutron imaging facilities at CARR 

Ms M. Wu, CIAE, China 

14:30-15:00 Pre-commission of the neutron radiography / tomography facility in Egyptian research 

reactor 

Mr Waleed Abd el Bar, EAEA, Egypt 

15:00-15:30 Development of Three Dimensional Neutron Tomography at BATAN’s RSG-GAS 

Reactor  

Mr S. Sutiarso, BATAN, Indonesia 

15:30-16:00 Coffee break 

Session IV 

16:00-16:30 A new beam line for imaging at J-PARC neutron source in Japan 

Mr Yoshiaki Kiyanagi, Hokkaido University, Japan 

16:30-17:00 Current status of neutron radiography in JRR-3 

Mr R. Yasuda, JAEA, Japan 

17:00-17:30 Study for Fuel Cell and Li-ion Battery at Neutron Radiography Facility, HANARO 

Mr TaeJoo Kim, KAERI, Korea 

17:30-18:00 Current Status of Neutron Radiography at the Algerian Es-Salam RR 

Mr L. Boukerdja, CRNB, Algeria 

18:30- Hospitality Event by the IAEA  
All 
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Tuesday, 27 November 2012 

08:30-09:00 Arrival of participants; upload of presentation files 

Session V 

09:00-09:30 Neutron tomography image contrast and resolution measurement at 1 MW TRIGA 

MARK II PUSPATI REACTOR: Constraints and Issues 

Mr Muhammad Rawi Mohamed Zin, Nuclear Malaysia, Malaysia 

09:30-10:00 Status of the Moroccan neutron imaging facility 

Ms A. Ouardi, CNESTEN, Morocco 

10:00-10:30 Neutron Imaging in Romania 

Mr Marin Dinca, INR, Romania 

10:30-11:00 Neutron Imaging – A South African Perspective on the Past and Exciting Future 

Prospects for South Africa  

Mr A. Frikkie C. de Beer, NECSA, South Africa 

11:00-11:30 Coffee break 

Session VI 

11:30-12:00 Development and Implementation of Neutron Imaging Capabilities at the PULSTAR 

Reactor 

Mr Ayman I. Hawari, NCSU, USA 

12:00-12:30 The proposal for a new neutron imaging facility at Dalat Research Reactor 

Mr Nguyen Canh Hai, NRI, Vietnam 

12:30-13:00 The latest progress of neutron scattering instruments at CARR 

Mr Yuntao Liu, CIAE, China 

13:00-14:00 Lunch break 

Session VII 

14:00-14:45 Experiences from the neutron CT quality Round Robin experiments 

Mr A.P. Kaestner, PSI, Switzerland 

14:45-15:30 Short presentations/discussions, participants of Round Robin experiments,  

~15min each; Algeria, Argentina, Germany 

15:30-16:00 Coffee break 

16:00-17:00 Short presentations/discussions, participants of Round Robin experiments  
~15min each; Indonesia, Malaysia, South Africa, Switzerland 

17:00-18:00 Drafting of conclusions and recommendations related to Round Robin 

All 

 
 

 

Wednesday, 28 November 2012 

07:45 Departure from Hotel to BATAN by bus 

Session VIII 

09:00-09:30 Introductory lecture to the Technical Tour: RR facilities in BATAN  

Mr. Edy Giri, BATAN, Indonesia 

09:30-12:00 Technical Tour to BATAN RR facilities 

Mr. Edy Giri, BATAN, Indonesia 

13:00-14:00 Lunch break 

Session IX 

14:00-14:45 Standards and calibration procedures in neutron imaging 

Mr Nikolay Kardjilov, HZB, Germany 

14:45-15:30 Discussion: standards and calibration procedures in neutron imaging 

All   

15:30-16:00 Coffee break 

16:00-17:30 Drafting of conclusions and recommendations related to standards and calibration 

procedures in neutron imaging 

  

18.30- Dinner hosted by BATAN 

All   
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Thursday, 29 November 2012 

08:30-09:00 Arrival of participants 

Session X 

09:00-10:00 Discussion: review and updates of the data base on neutron imaging facilities 

All 

10:00-11:00 Discussion: needs/possibilities for assistance and international cooperation/networking 

All 

11:00-11:30 Coffee break 

Session XI 

11:30-12:30 Discussion: format and table of contents of the future publication on “Advances of 

Neutron Imaging for Industrial Applications” 

All 

12:30-13:00 Drafting of conclusions and recommendations related to the meeting 

All 

13:00-14:00 Lunch break 

Session XII 

14:00-15:00 Finalization of conclusions and recommendations 

15:30-16:00 Coffee break 

16:00 End of the meeting 
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Tel: +54 294 444 5975  
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Bangladesh Mr SHAIKH, Md. Yunus 

Institute of Nuclear Science and Technology (INST) 

Atomic Energy Research Establishment (AERE) 

Bangladesh Atomic Energy Commission (BAEC) 
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Tel: 00880 2 7789250 

E-mail: yunussm11@yahoo.com  

China Mr WU, Meimei 

China National Nuclear Corp. (CNNC);  

China Institute of Atomic Energy (CIAE) 
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China Institute of Atomic Energy (CIAE) 

Beijing P.O. Box 275(30) 

102413 Beijing, China 

Tel : +86-10-69357727 

E-mail : ytliu@ciae.ac.cn  
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Tel: 00202 44694748 

E-mail : engwaleed84@yahoo.com  

Germany Mr KARDJILOV, Nikolay Dimitrov 

The Helmholtz Centre Berlin for Materials and Energy, F-I1 
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D-14109 Berlin, Germany 
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E-mail : kardjilov@helmholtz-berlin.de  

Indonesia Mr SUTIARSO, Sutiarso  

National Nuclear Energy Agency (BATAN) 

R & D Centre for Materials and Science and Technology 

Jl. K. H. Abdul Rochim 

Mampang Prapatan 

JAKARTA SELATAN 12710, INDONESIA 

Tel.: + 62 21 7566727 

sasok@batan.go.id  

Indonesia Mr PUTRA, Edy Giri Rachman 

National Nuclear Energy Agency (BATAN) 

Neutron Scattering Laboratory 

Gedung 40 kawasan 

Puspiptek Serpong 

Tangerang 15313, Indonesia 

Tel: 0062 21 7566727 

E-mail: giri@batan.go.id  

Japan Mr KIYANAGI, Yoshiaki 

Faculty of Engineering 

Hokkaido University 

Kita 13, Nishi 8, Kita-Ku 

Sapporo 060-8628,  

Japan 

Tel: 0081 11 706 6650 

E-mail: kiyanagi@qe.eng.hokudai.ac.jp  

Japan Mr YASUDA, Ryo 

Japan Atomic Energy Agency 

Quantum Beam Science Directorate 

Research Group for Neutron Imaging  

and Activation Analysis 

2-4 Shirakata Shirane, Tokai,  

Naka-gun, Ibaraki,  

Japan 

TEL: +81-29-282-6961 

yasuda.ryo@jaea.go.jp  

Korea, 
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Mr Kim, Tae Joo 

Neutron Science Division, Basic Science and Technology Department, 
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TEL : +82-42-868-8521 
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Tel: 00212 537 81 97 50 

E-mail: ouardi@cnesten.org.ma  

Romania Mr DINCA, Marin 

National Agency and Radioactive Waste (AN&DR) 
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Tel: 00402 48 291200 

E-mail: marin.dinca@nuclear.ro  
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Nuclear Energy Corp. of South Africa (NECSA) 

Church Street West Extension, Pelindaba 

P.O. Box 582, 0001 PRETORIA, SOUTH AFRICA 

Tel: +27 12305 5258/5007/5985 

frikkie.debeer@necsa.co.za  

Switzerland Mr KAESTNER, Anders Per 

Neutron Imaging and Activation Group 

Paul Scherrer Institut 

5232 Villigen PSI, Switzerland 

Tel: 41 56 310 42 86 

E-mail: anders.kaestner@psi.ch  

USA Mr Hawari, Ayman I. 

Department of Nuclear Engineering 
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Nuclear Research Institute (NRI) 

Vietnam Atomic Energy Institute (VINATOM) 
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III. Full paper by A. Kaestner, PSI 

Testing neutron imaging performance using test objects – experiences from the round robin 

exercise 

A. Kaestner
1
 

1) Neutron Imaging and Activation Group, Paul Scherrer Institut, CH5232 Villigen – PSI, 

Switzerland 

Corresponding author: anders.kaestner@psi.ch 

Abstract. An initiative to produce a set of test bodies to evaluate the performance of neutron 

computed tomography has been started. The aim of the samples is to quantify the contrast for 

different materials and to make a basic resolution measurement for a given contrast. Four boxes 

with samples were produced from which three were distributed to different neutron imaging 

laboratories worldwide; the last box was kept as a reference at PSI. In all, ten laboratories were 

included in the first round. We report the first experiences from this experiment. We will present 

some initial statistics extracted from the available data. The completeness of the returned data has 

been of varying quality, ranging from absence of data and experiment protocol up to a complete set 

of information as required by the experiment protocol including suggestions on improvements for 

the experiment protocol. From the returned data and in-house experiments we have observed that 

the configuration with polyethylene (PE) in the contrast sample cause strong starvation artefacts. 

These artefacts make the contrast to noise evaluation difficult since the measured contrast near the 

insets contains interference effect form the starvation. For some facilities the sample dimension was 

larger than the possible field-of-view, which would suggest that multiple sets are designed to make a 

larger range of instruments possible.  

 

 

1. Introduction 

Neutron tomography (nCT) on routine basis is a relatively young method compared to X-ray 

tomography. Until now, there has been little done in terms of comparing the performance of 

different instruments and instrument configurations. For X-ray tomography, driven by medical 

imaging, there are quality assessment methods developed and available to certify the quality of the 

delivered images.  

The approach reported here is a first step into the direction of creating a quality assessment (QA) 

routine for nCT. Once the routine is stable and all involved partners in the project agree on the 

procedure this could be defined as a standard for evaluating performance of neutron tomography 

configurations. The currently described methods aim at quantifying the ability to detect materials 

with different contrasts and to give a measure on the resolution of an nCT configuration. These are 

basic quantities for determining whether an investigation is feasible or not. When the relevant 

features are embedded in a substrate with a similar attenuation coefficient it will be hard or 

impossible to distinguish feature from background. Likewise, if the features are smaller than the 

spatial resolution of the imaging system it cannot be resolved and hence not be detected. 

mailto:anders.kaestner@psi.ch
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Additionally, the measurements are never noise free; this makes the feature detection even more 

difficult since small, low contrast features may be hidden in the noise. 

Currently, there are five boxes with three QA phantoms each. The samples are prepared by the 

Neutron Imaging and Activation group (NIAG) at Paul Scherrer Institut (PSI), Switzerland, in the name 

of IAEA. The sample boxes have been sent to different neutron imaging sites in the world. The 

sample distribution and data collection of the results was managed by NIAG. It was decided to use a 

test routine where the sample boxes always are returned to PSI to assure that the condition of the 

boxes always is as intended, before they are sent to the next user. 

In this report we describe the samples and the evaluation procedure for the data.  

The described procedures are objective and do not provide any criteria for the judgment of the 

results. Such criteria will be discussed and defined by the IAEA working group and the neutron 

imaging instrumentation community in the future. 

 

2. Samples and evaluation procedure 

2.1 Contrast sample 
The purpose of the contrast sample is to show the variation in reconstructed neutron 

attenuation coefficients for different materials. The original sample design contains the 

following materials: Sample body, Al, and insets rods of Pb, PE, Fe, Ni, Al, and Cu. From 

these insets the PE is difficult to handle since the transmission is so low that starvation 

artifacts are introduced in the reconstructed images. The Al inset on the other hand has the 

same attenuation as the sample body. The purpose of this inset was to investigate if edge 

effects will appear at the interface between two well-fitted objects. The sample dimensions 

are 30mm diameter of the sample body and the insets have a diameter of 6mm and are placed 

equidistantly on a 18mm ring. The sample outline is illustrated in figure 0 below. 

 

 

Figure 1: The arrangement of the insets in the contrast phantom. 

The sample is intended for computed tomography therefore a CT scan and reconstruction is a 

required first step.  

 

2.2 Resolution sample 
The purpose of the resolution sample is to determine the thinnest feature that can be detected 

with the resolution provided by the current imaging configuration. In the currently used 

sample a single foil or a compressed stack of foils is used to create the contrast feature. With 

this configuration the feature may be detected even though the foil is thinner that the spatial 

resolution of the imaging system. In the case of sub-resolution foils a partial volume effect 

will be observed this means that the feature will appear to be thicker than it actually is and the 

value of the attenuation coefficient will be a mix of the feature and the sample body.  
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The resolution sample consists of two blocks that are assembled with two screws. The gap 

between the two blocks is used to insert a thin contrast feature. There are two different 

configurations of the resolution sample included in the round robin experiment performed 

during 2012. One with positive feature contrast, i.e. the foil has a higher attenuation 

coefficient that the sample body. In this sample the body was made of Al and the foils of Cu. 

The second sample has a complementary configuration providing a negative feature contrast 

with a sample body of Fe and the foils of Al.  

 

 
Figure 2: An assembled resolution sample. 

 

 

 

 

3. Results from the round robin exercise 
Five sets of QA samples were manufactured to evaluate the proposed sample designs. One 

sample is kept at Paul Scherrer Institut as reference sample. The remaining four samples set 

were sent to different institutes who enrolled to participating in the evaluation procedure. The 

samples were always returned to PSI for data upload and refreshing the contents of the boxes.   

This report summarizes the results from the round robin evaluation made during 2012. 
 

3.1. Participating laboratories 

The round robin sample evaluation experiment included experiments at 13 facilities worldwide. The 

involved institutes are marked on the map in figure 3 below. The time for a laboratory to complete an 

experiment and return the samples was between two and four months. This long time was in many 

cases caused by problems with the customs that did not accept the samples as non-commercial value 

and is intended for research purposes only. Additionally, the arrival of the samples may not always 

have fitted in the beam time agenda which delayed the experiment further. The current status of the 

experiment is presented in figure 4.     
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Country Institute 

Algeria Centre de Recherche Nucleaire de Birine 

Argentina Centro Atomico Bariloche 

Brazil Centro do Reator de Pesquisas – CRPq 

Germany Helmholtz-Zentrum Berlin 

Hungary Nuclear Analysis and Radiography Laboratory 

Indonesia National Nuclear Energy Agency (BATAN) 

Israel Soreq Nuclear Research Center 

Malaysia Agensi Nuklear Malaysia 

Poland National Centre for Nuclear Research 

Portugal Instituto Tecnologico e Nuclear 

Slovenia Jozef Stefan Institute 

South Africa Nuclear Energy Corp. of South Africa 

Switzerland Paul Scherrer Institut 

Figure 3: Institutes participating in round robin evaluation of the QA samples. The red pin marks Switzerland that who was 

coordinating the round robin evaluation. 
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Figure 4: Status of the round robin experiment by the end of November 2012.  

 

3.2. Results from the returned data 

The slice images from the contrast samples first needed to be adjusted since most of the returned data 

was scaled in the wrong way. Fortunately, the intensity scaling is provided in the image files. The 

slices and their histograms in figure 4 show that most sources have a similar spectrum. ICON at Paul 

Scherrer Institut and the Hungarian images deviate, which is to be expected since these were the 

images from a cold source. In some cases the intensity was too hard-clipped, which resulted in wrong 

intensity readings, especially the PE inset was suffering from this clipping. The purpose was most 

likely to improve the visual contrast of the remaining insets. The returned data also showed that there 

are large variations in field of view among the contribution laboratories. This has a direct impact on 

the pixel sizes which can be seen in table 1. The size of the sample turned out to be good for most 

facilities, but in some cases the FOV was either so large that there were on few pixels for each inset or 

the FOV was so small that the sample could not fit in the image. The latter is not good since then the 

reconstructed data will suffer from truncation artifacts on the truncated boundaries. 

The most important finding was that the PE is attenuating the beam so much that the remaining 

intensity is insufficient for a correct reconstruction of the projection data. These so-called starvation 

artifacts occurred mainly in combinations of PE and Fe, Cu, and Ni. The artifacts results in wrong 

intensity values for the involved insets. In general, a lower intensity is to expect in the presence of 

starvation artifacts. Later, a solution to this problem will be proposed. 

The resolution samples further showed the effect of the large variation in pixel sizes. The number of 

inserted foils was directly connected to the pixel sizes. This is an expected outcome and the property 

that was intended to investigate. In most cases the estimated thickness deviated by 2-3% from the 

expected film thickness. This must be considered a good result. The only images that deviated 

severely from the expected value were from South Africa. Later, this was explained by a 

malfunctioning sample manipulator.  

The sample profile in all cases but one are clearly cupped. This is an expected result since it is caused 

by the scattered neutrons. In the case of Hungary, the profile is very flat which could be explained by 

the fact that the beam comes from a guide with cold neutrons. The cupped profile makes the 
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evaluation more difficult. The question is which base line to use when the intensity difference is 

computed. Using the wrong base line will introduce an error in the thickness estimate. 

 

Figure 5: Contrast images returned from five different facilities. The slice from ICON, Switzerland was measured using a 

revised sample with Ti replacing PE. 

 

 Brazil Hungary Portugal South Africa Switzerland 

Pixel size 273 47.6 97.7 81.0 43.7 
Table 1: Pixel sizes used at different facilities to perform the imaging experiments. 

 

 

Figure 6: Slice images of the resolution sample returned from five different facilities. The profile plots are averaged in the 

red box marked in each slice. 

 

 Brazil Hungary Portugal South Africa Switzerland 

Foils 4 3 4 3 2 

Width [mm] 0.82 0.62 0.81 0.68 0.41 

Deviation 2.5% 3.33% 1.25% 13% 2.5% 

Table 2: Slit widths estimated from the reconstructed slice images. 
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3.3. Experiences from the round robin exercise 

The round robin has shown that there are great variations in beam configurations, even though the 

number of beam lines in the world is very limited. It is clear that each neutron-imaging instrument has 

an individual configuration, which is given by the local conditions at their respective neutron sources 

and also by available resources to implement versatile instruments. As a consequence of this wide 

variety, the current set of samples is often sub-optimal. Characteristics that vary as well as have an 

impact on the usefulness of the samples are, for example, beam spectrum and field of view. The field 

of view may in some cases be far too wide, leaving very few pixels for the sample on one hand, while 

on the other hand the sample is too large to fit entirely in the field of view resulting in truncated data 

sets. Regarding the neutron spectrum, it will mainly have an impact on the evaluation on the contrast 

sample. First, based on experience of the contrast sample,the high contrast inset is too strongly 

attenuating the intensity, which causes starvation artifacts in the reconstructed slices. An alternative 

sample with Ti replacing the PE inset was manufactured to avoid this effect. The starvation streak 

vanished but it appeared that Cu, Fe, and Ti (well separated with thermal neutrons) have more or less 

the same attenuation coefficient when a cold neutron beam like at ICON (PSI) [3] is used. 

The measurement procedure and the experiment protocol seem to be too complex to follow since 

often the information in the returned experiment forms was incomplete. Often the pen-drive included 

in the sample box was empty. This made the over all evaluation of the round robin experiment more 

difficult. In some cases the missing information was completed by the local contacts upon request. 

During the technical meeting in Jakarta it became clear that the data was often missing since the 

people performing the experiments had very little experience with the use of reconstruction software 

and did not manage to do the data processing. To improve this, there was a tutorial at the technical 

meeting where most frequently used reconstruction software (Octopus) was demonstrated.  

There was a time constraint on the round robin experiment, which pushed the shipping of the samples 

to an early date. Due to this constraint it was not possible to work out a more detailed evaluation or to 

make some sample design iterations before the samples had to be shipped. One example is the PE 

inset in the contrast sample, which actually destroys the results since it interferes with the contrast 

readings of the other insets.  

 

4. Scientific output 

Two contributions related to the analysis of the image data were presented during the International 

Topical Meeting on Neutron Radiography 7 in Kingston, Canada. The contributions are also accepted 

for publication in the conference proceedings. The proceeding will be published by Physics Proceedia 

(Elsevier). The paper by Radebe et al. [1] presents the samples and provides a histogram-based 

evaluation of the contrast sample to show the impact of the choice of reconstruction filter. The 

appendix of this paper provides a practical guideline for performing a good CT experiment. The paper 

by Kaestner et al. [2] describes the image processing required to automate the image evaluation. The 

automated evaluation routine is required to avoid the impact of human interaction during the 

evaluation. Currently the evaluation procedure is implemented in Matlab, but the intention is to 

provide an ImageJ plug-in as an open source module.  
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5. Suggestions for improvements 

 

5.1 Samples 

The current set of samples is intended quantify the performance of neutron computed-tomography. 

This is an advanced discipline in imaging and not every neutron-imaging instrument provides this 

option. A CT also requires several steps to complete, e.g. acquisition of the projection data and 

reconstruction of the volume image. Since the basic information for any further imaging technique is 

a single neutron radiogram, it is relevant to provide a set of samples that quantifies basic quality 

features of the radiogram. Relevant features to investigate are step wedges of different materials to 

investigate the contrast, line pair masks, knife-edges, and a Siemens star to investigate the resolution. 

The signal to noise ratio is also a piece of relevant information that has an impact on the overall image 

quality. Noise propagates through every step of processing and can best be removed by increasing the 

neutron statistics of the image. With this set of samples comes a suite of evaluation methods that 

quantifies the measured images.  

 

5.2 Evaluation procedure 

Robust automated image evaluation routines are required to assure that the measured images are 

evaluated in a repeatable manner and that the impact of human interaction is minimized. The method 

proposed for the contrast sample in [2] can be considered robust. It is important that the evaluation 

methods are provided with a user interface that makes the evaluation intuitive. The resolution sample 

currently does not have a comparable evaluation procedure. This must be developed. Ideally, a tool 

that directly delivers an evaluation report would be developed. The exact outline and content of an 

evaluation report still needs to be determined. This report would then replace the current excel sheet.  

 

5.3 Round robin evaluation 

For future experiments it is recommended that the round robin experiment be divided into two parts. 

The first part would be for sample development and refinement of evaluation procedures and a 

second, wider part would be to evaluate the proposed procedure. In the first part only a few 

laboratories are included to keep the loop short and also to reduce the shipment costs. The second part 

should be open to any laboratory interesting in participating in the evaluation of the procedure. For 

this part a general invitation should the sent to all neutron-imaging groups. It is important to involve 

the high-end facilities to assure that the proposed QA procedure is suited for all available cases. 

 

6. Conclusions 

The round robin experiment was a success in terms of motivating the people at several facilities to 

improve their beamlines to be able to perform the measurement. It also showed that at some places 

improvements can be done sometimes even with basic actions like focussing the camera on the 

scintillator.  It also showed that there is a need for training in using the available software to perform 
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the required data processing. Many have just started using CT as an imaging option and are not 

aware of the pitfalls on the road to making a good CT. This was also the reason why the data was 

missing in three cases.   

For a future round robin experiment a redesign of the samples is important to avoid unnecessary 

artefacts. It is also suggested to involve more high-end facilities in the evaluation to gain acceptance 

for the measurement procedures among the leading facilities in the world. A recommendation for 

the future is also to split the evaluation in two parts, one for development of samples and 

measurement procedure and the other for evaluating the finalized design. The first part should only 

involve few destinations to shorten the evaluation time.   The second part of the round robin 

experiment should involve as many facilities as possible to improve the statistics. 

The initiative to design samples to quantify the beamline characterising in a standardized manner is 

good both for the neutron imaging community and for the individual facilities who want to provide 

their method to external users with demands on information about the provided precision of an 

experiment. However, computed tomography must be seen as an advance discipline of imaging 

which depends on so many factors that can be better measured individually and mostly in the less 

time consuming radiography mode. Hence, it is recommended to identify relevant metrics to 

quantify the imaging system from beamline to detector system. A first draft was already proposed 

during the TM in Indonesia. 
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Appendix A 

Improved samples for evaluating the quality of neutron computed tomography 

The contrast sample in the original sample box sent to several laboratories had one inset made of 

polyethylene (PE). This inset in combination with the other insets attenuated the beam to such 

extent that it caused starvation artefacts in the reconstructed slices. Starvation artefacts appear as 

streaks originating from the region causing the artefact. To avoid these artefacts it is suggested to 

use Ti instead of PE, which was used in the first round robin. The sample dimensions of the revised 

sample shall remain unchanged. For thermal neutrons Ti has an attenuation coefficient of 0.6 cm-1, 

which would place it well in the gap between Pb (0.38 cm-1) and Cu (1.0 cm-1). 

 

 

 

Figure A.1: The original contrast sample (left) and the proposed new design (right). 

The recommended evaluation procedure of the sample remains unchanged. The basic idea is to first 

compute the attenuation coefficient of each inset followed by an estimate of the contrast to noise 

ratio (CNR) relative to the sample body. The CNR is important information for deciding whether an 

experiment is feasible.  

In the current round robin exercise it was left to the user to select the regions to evaluate and enter 

the result in a spreadsheet. For the future it is recommended to reduce the impact of subjective 

evaluations by using an automated tool. This tool can be implemented as a plugin for ImageJ. This 

platform has the advantage that it is open and available to everybody.  

The resolution samples also require modification. The current design does not have complementary 

configurations (Al blocks with Cu foil vs. Fe block with Al foil). An improvement of these samples 

would be to use only Cu and Al in complementary configurations. From an activation point of view 

Cu is also preferred over Fe. Both sample types should also have the same dimensions. Preferably, 

the dimensions of the new samples should match the Fe sample in the current sample box. The 

largest improvement for these samples is however on evaluation procedure. With these samples it 

would be possible to estimate the MTF. In the frequently used edge method the first derivative must 

be computed. This is a noise sensitive operation that adds uncertainty to the following 

measurement. Using the response from the slit, the derivative step is not required anymore. The 

drawback is that the sample has to be very precisely aligned with the beam to provide the best 

response. The evaluation procedure must also involve the effect of scattering in the Cu sample since 

this produces a cupped profile across the sample. 
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IV. Draft Table of Contents 

 
Proposed Table of Contents for publication “Advances of Neutron Imaging for Industrial 

Applications” (also referred to as “Products and Services Provided by Neutron Imaging”. Final title 

to be confirmed) 

 

Introduction 

... 

References to web page of ISNR, RRDB, etc. 

 

Areas of Applications (Main body) 

1. Energy 
a. Fission Energy 

b. Fusion Energy ? 

c. Fossile Energy 

d. Hydrogen storage 

e. Fuel cells (proposed structure for all subsections) 

i. Problem description (water management, temperature, ageing, ...) 

ii. Example of solving a problem (illustration, image, table, results) 

iii. Outlook and future trends 

iv. References/Literature 

f. Solar cells ? 

g. Batteries 

h. Others, synergy  

2. Industries  

a. Building/Construction 

b. Automobile 

c. Aviation & spacecraft 

d. Mining/Oil/Gas/Coal 

e. Nutrition/food 
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f. Agriculture 

g. Others, synergy (e.g. heat exchanger) 

3. Chemistry (alkaline batteries, cross linkage) 

4. Biology  

5. Cultural Heritage/ Archaeology 

6. Paleonthology 

7. Environment (Geology)  

a. Pollution 

b. Soil/Rocks  

8. Instrumentation/Electronics (connections) 

9. Medicine 

10. Security (fast neutron imaging) 

11. Material Research & Development  
a. Hard-matter 
b. Soft-matter  
c. Objects 
d. … 

 

Standardization of neutron imaging 

General Outlook/ New trends in applied neutron imaging 

Annex on Neutron Imaging Techniques (1 page per technique) 

1. 2D 

2. 3D (tomography/laminography) 

3. Energy selective 

4. Phase contrast 

5. Grating interferometry 

6. Coded source 

7. With polarised neutrons 

8. Combined with other techniques (e.g. PGNAA, SANS, diffraction) 

9. Other  
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V. Improvement of Round Robin samples 

 

The contrast sample in the original sample box sent to several laboratories had one inset made of 

polyethylene (PE). This inset in combination with the other insets attenuated the beam to such 

extent that it caused starvation artifacts in the reconstructed slices. Starvation artifacts appear as 

streaks originating from the region causing the artifact. To avoid these artifacts it is suggested to use 

Ti instead of PE, which was used in the first round robin. The sample dimensions of the revised 

sample shall remain unchanged. For thermal neutrons Ti has an attenuation coefficient of 0.6 cm-1, 

which would place it well in the gap between Pb (0.38 cm-1) and Cu (1.0 cm-1). 

 

 

 

Figure V.1: The original contrast sample (left) and the proposed new design (right). 

The recommended evaluation procedure of the sample remains unchanged. The basic idea is to first 

compute the attenuation coefficient of each inset followed by an estimate of the contrast to noise 

ratio (CNR) relative to the sample body. The CNR is important information for deciding whether an 

experiment is feasible.  

In the current round robin exercise it was left to the user to select the regions to evaluate and enter 

the result in a spreadsheet. For the future it is recommended to reduce the impact of subjective 

evaluations by using an automated tool. This tool can be implemented as a plugin for ImageJ. This 

platform has the advantage that it is open and available to everybody.  

The resolution samples also require modification. The current design does not have complementary 

configurations (Al blocks with Cu foil vs. Fe block with Al foil). An improvement of these samples 

would be to use only Cu1 and Al in complementary configurations. The samples should also have the 

same dimensions, preferably matching the dimensions of the Fe blocks. The largest improvement for 

these samples is however on evaluation procedure. With these samples it would be possible to 

estimate the MTF. In the frequently used edge method the first derivative must be computed. This is 

a noise sensitive operation that adds uncertainty to the following measurement. Using the response 

from the slit, the derivative step is not required anymore. The drawback is that the sample has to be 

very precisely aligned with the beam to provide the best response. The evaluation procedure must 

also involve the effect of scattering in the Cu sample since this produces a cupped profile across the 

sample. 

                                                           
1
 Check activation of Cu vs Fe with radiation protection. 
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Summary: 

 Contrast sample will replace PE with Ti 

 Resolution samples should have complementary combinations of Cu and Al. Both samples 
should have the same geometry.  

 The evaluation procedure should be automated and in the case of the resolution sample, the 
evaluation method must be improved. 
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VI. Book of Abstracts2 

 

IAEA, Ridikas 

IAEA Activities Related to Neutron Imaging 
 

Danas Ridikas
 

Department of Nuclear Sciences and Applications 

International Atomic Energy Agency,  

Vienna International Centre, PO Box 100, A-1400 Vienna, Austria 

D.Ridikas@iaea.org  

 

The use of neutron imaging at research reactors (RRs) or spallation neutron sources for 

industrial applications such as non-destructive examination and testing has already been 

proven in industrialized countries. This technique allows for studies of a material’s 

characterization, strength, integrity, and durability without inflicting permanent damage to 

the material itself. The advantage of neutrons, compared to X-rays, is that they are sensitive 

to many light elements, have deeper penetration length, and are also sensitive to magnetic 

structures. Furthermore, as neutron imaging technology has advanced, its techniques have 

become more precise, efficient and much faster, specifically in the incorporation of digital 

radiography (2D), computed tomography (3D), energy-selective neutron imaging or dynamic 

(real-time) neutron imaging. These new techniques, in addition to advanced capabilities, also 

eliminate the need for consumables like films and other potentially hazardous chemical 

compounds used in film-based radiography. Today the major fields of neutron imaging 

application include the mining, oil and petroleum industries, car and aviation industries, 

archaeology, cultural heritage, environment, biology, medicine, physics, including energy 

sector that ranges from nuclear power industry to new technologies such as hydrogen cells 

and lithium batteries. 

The IAEA RR Database (RRDB, http://nucleus.iaea.org/RRDB/ indicates that more than 50 

RRs (out of ~240 facilities operational) seem to operate film-based or digital neutron 

radiography station. In this paper we will present the strategy and concrete actions how the 

IAEA is assisting its Member States in neutron imaging related activities that certainly has a 

great potential to contribute to the enhanced and more sustainable RR utilization. Our efforts 

include but are not limited to organization of Technical Meetings, Workshops and Schools, 

coordination of Coordinated Research Projects, support of Facility and Users’ Networks, 

collection of facility specifications, facilitation of Round Robin exercises, publication of 

Technical Documents and promotional brochures. Last but not the least, through technical 

cooperation assistance, the IAEA provides technical and financial support for modernization 

of existing or construction of new neutron imaging facilities in the developing countries. 

Very recently some joint activities are under discussion with the international Society of 

Neutron Radiology (ISNR). 

  

                                                           
2
 According to the order of oral presentations (see Meeting Agenda). 

mailto:D.Ridikas@iaea.org
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Switzerland, Kaestner 

Neutron imaging at the Swiss spallation neutron source 

A.P. Kaestner and E.H. Lehmann 

Neutron Imaging and Activation Group, Paul Scherrer Institut, CH5232 Villigen, Switzerland 

E-mail: anders.kaestner@psi.ch 

Neutron imaging is a well-established method at Paul Scherrer Institut. The two beam-lines NEUTRA 

and ICON are well equipped with infrastructure for digital neutron radiography and tomography. The 

more advanced options including advanced imaging modes like energy selective imaging, neutron 

grating interferometry allow us to deeper investigate the different facets of neutron imaging. The 

NEUTRA beamline is also equipped with an X-ray tube in the same beamline configuration, allowing 

pixel wise comparisons between images from the two modalities. A great part of the available beam 

time is dedicated to user experiments, supporting an international user community. The applications 

of the user experiments are found in a wide range from palaeontology, basic research with fluid 

exchange in porous media with applications to soil physics and plant physiology, and more technical 

application within electro-chemistry. The in-house research activities are aimed at method 

development as well as applications in material science. To be able to satisfy the needs of this wide 

field of applications a continuous development is needed. In addition to the permanent beamlines our 

group also has access to the development beamline BOA that provides a cold polarized neutron beam.  

This instrument will make imaging studies of magnetic structures possible in the future. The spectrum 

is colder than at ICON and provides a stronger beam, which makes this instrument ideal also for 

energy selective imaging.   
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Germany, Kardjilov 

New methods in neutron imaging 

Nikolay Kardjilov, André Hilger, Ingo Manke, John Banhart 

Helmholtz Centre Berlin for Materials and Energy, 14109 Berlin, Germany 

kardjilov@helmholtz-berlin.de  

 

The conventional neutron imaging technique is based on the mapping of the attenuation 

function for a neutron beam transmitting a sample. The obtained intensity map can be 

represented as an image with two main parameters – spatial resolution and contrast. The 

spatial resolution is influenced by the beam definition (collimation) and the detector system. 

For the obtained contrast responsible is the interaction of the neutrons with matter. In the 

conventional neutron radiography the contrast is given by the beam attenuation through 

absorption and scattering in the sample. Using monochromatic neutrons for imaging one can 

get complimentary contrast due to the coherent scattering in polycrystalline materials. This 

allows one to perform Bragg-edge radiography which provides information about structural 

changes or composition inhomogeneities. The use of grating interferometric technique helps 

to map phase and dark-field contrast in heterogeneous samples revealing micro porosity and 

domain walls in magnetic materials. The neutron possesses a magnetic moment which makes 

it sensitive to magnetic fields. This kind of interaction can be used for two- and three-

dimensional visualization of magnetic field distributions in free space and in bulk materials.  

The new contrast techniques require cold neutrons and low background of high-energetic 

gammas and neutrons due to the used low intensity monochromatic beam. These conditions 

are fulfilled at the upgraded neutron imaging beam line CONRAD2 at HZB. The instrument 

is placed at curved neutron guide that filters out the fraction of undesired gammas and fast 

neutrons providing a cold spectrum between 1 Å and 10 Å with a maximum at 2.5 Å. These 

special features of the instrument were used to test different contrast techniques and detector 

improvements which are in the moment a trend in the neutron imaging. 
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Algeria, Nedjar 
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Argentina, Marin 

New Neutron Radiography Facility at Bariloche’s RA-6 Research Reactor 

J. Marín
1
, F. A. Sánchez

1
, R. Cardenas

2
, A. Baruj

1,2,3
, G. O. Meyer

1,2,3
, H. Blaumann

1
 

1) Centro Atómico Bariloche, CNEA. Av. Ezequiel Bustillo 9500, Bariloche, Argentina. 

2) Instituto Balseiro, Universidad Nacional de Cuyo, Argentina. 

3) Consejo Nacional de Investigaciones Científicas y Técnicas, Argentina. 

jhmarin@cab.cnea.gov.ar 

 

A new neutron radiography facility has been set up at RA-6 research reactor in Centro Atómico 

Bariloche, Argentina. RA-6 is an open pool reactor mainly used for educational purposes. Its core has 

been recently changed and its power rised up to 1 MW. The neutron beam for this facility uses a 

radial extraction tube and has a double cone collimator with L/D=100. The fast neutrons component 

of the beam is reduced by sapphire filters placed inside the collimator. The beam is shaped by a 

delimitating collimator made of lead and borated polyethylene so as, at the sample position, its size is 

20 cm x 20 cm. The sample is placed in a shielded space of 40 cm x 40 cm x 40 cm. The back wall of 

this space is an aluminium sheet that supports a 20 cm x 20 cm LiF6 scintillator screen. The resulting 

image is reflected by two front-surface mirrors placed at 45 degrees into the axis of a Peltier-

refrigerated CCD camera. The camera records images with 2776 pixel x 2074 pixel resolution and 

65536 grey levels. The mirrors and camera are all located inside a light-tight box. Finally, a heavy 

concrete beam-catcher stops the remaining neutrons. 

First steps towards characterization of the facility include measurements of neutron fluxes and dose 

levels, these results will be discussed here. Also, in order to make a preliminary test of the facility, we 

have taken several images of different objects and on-purpose made samples. These examples will be 

introduced in the paper. 
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Bangladesh, Yunus  

 

Neutron Radiography Facility at TRIGA Mark II Research Reactor of 

Bangladesh 

 

S. M. Yunus,   M. N. Islam,  M. K. Alam 

Institute of Nuclear Science and Technology, Atomic Energy Research Establishment,      P.O. Box 

3787, Dhaka, Bangladesh     

E-mail: yunussm11@yahoo.com 

Neutron Radiography Facility was established at the tangential beam port of the 3 MW TRIGA Mark 

II Research Reactor in Bangladesh in 1990 for nondestructive testing (NDT) of materials with an 

objective to utilize the reactor more potentially.  The film neutron imaging method is being used from 

the beginning of the facility.  In the film imaging technique optical densities were measured at 

different positions of the film background and at the neutron radiographic images of the samples by 

using digital optical densitometer. Recently, digital neutron radiography set-up has been added to the 

facility along with a change in biological shielding arrangement. Introduction of digital neutron set-up 

has significantly reduced the experimental time and digitized images of the objects are obtained very 

fast and processed by software to improve the quality. However, film technique is still used in parallel 

for some specific purposes. Since installation of the facility many neutron radiography experiments 

have been done on samples relating to many areas of applications. Rubber and leather products, wood 

and jute plastic composites, radiation shielding materials and a variety of industrial materials/products 

have been studied for detection of internal defect, strength and integrity. Water absorption behavior in 

ceramic tiles and other building materials have also been investigated. The various findings on the 

properties of the materials investigated are discussed in the paper.   
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China, Wu  

The thermal and cold neutron imaging facilities at CARR 

Meimei Wu, Songbai Han, Lijie Hao, Hongli Wang, Yuntao Liu, Dongfeng Chen 

China Institute of Atomic Energy, P. O. Box 275(30), Beijing, 102413, China 

E-mail: mmwu@ciae.ac.cn 

The 60MW China Advanced Research Reactor (CARR) at China Institute of Atomic Energy (CIAE) 

has reached the first criticality in May, 2010. A thermal and a cold neutron imaging facilities will be 

built at CARR. The thermal neutron imaging will be built at one of the double beam tubes in the 

northwest corner of the experiment hall, and the cold neutron imaging will be placed at the end of 

CNGC neutron guide with supermirror coating. At present, the conceptional and physical designs 

have been finished. The key designed parameters of the two facilities are given in Table 1. The 

thermal and cold neutron imaging instruments will provide an efficient and versatile tool for basic 

scientific and industrial non-destructive applications. 

Table 1 The key parameters of the thermal and cold neutron imaging facilities 

 Thermal Cold 

Aperture-object distance (L, cm) 1050 800 and 1600 

Aperture D (cm) 4,2,1,0.5 5, 4, 2,1 

L/D 260~2100 160~1600 

Thermal neutron flux at sample (max. 

n•cm
-2

s
-1

) 
1×10

9 7.9×10
7 

Beam size at sample position(cm
2
) 25×25 30×30 

Detector system IP and CCD 

Design resolution (mm) ＜0.15 ＜0.12 
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Egypt, Waleed 

Pre-commission of the neutron radiography / tomography facility in 

Egyptian research reactor 

Waleed Abd el Bar 
a,
* , Tarek Mongy

a
 , Nikolay Kardjilov

b
 

a 
Atomic Energy Authority (AEA), ETRR-2 .

 
P. O. Box 13975,Abu Zabal, Egypt.

 

b
 Helmholtz Zentrum Berlin, Glienickerstr. 100, 14109 Berlin, Germany 

E-mail:Engwaleed84@yahoo.com  

 

The Neutron Radiography and Tomography (NR and NT) are very useful tools for non-

destructive material investigations of inner structural defects. NR is based on the detection of 

the inner structure or the defects of the materials by observation of differences in intensity 

(attenuation of the neutron beam by the matter) after passing through the matter. The  neutron 

beam is attenuated along its path through the material and then converted in to visible light by 

scintillating screen. The obtained transmission image at the screen is detected by a position 

sensitive detector. Stepwise rotation of the sample at 360 degree and collecting of set of 

projections (transmission images at each rotation angle) helps for a 3D reconstruction of the 

inner structure of the material – the so-called tomography. Therefore, these methods are 

favored mostly by the industry for testing and improvements of products. NR was established 

at ETRR-2 in 1999 by utilizing a film/converter system. 

This technique became more common in recent time, due to the availability of digital neutron 

area detectors and increased power of computers. Modern neutron imaging detectors provide 

at the same time high sensitivity and sufficient spatial resolution. 

A new upgrade of the neutron radiography facility in ETRR-2 from static based film 

(Nitrocellulose film  and  Agfa Structurix D7 photographic film) system neutron radiography 

into dynamic system neutron radiography / tomography  by using  Scintillation screens  (ZnS 

(Ag)-6LiF)  and a CCD-camera was started. 

Several tests have been carried out to characterize the quality of the tomographic system, 

such as L/D-ratio and spatial resolution. The instrument upgrade is planned to be completed 

by the end of 2012.  
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Indonesia, Sutiarso 

Development of Three Dimensional Neutron Tomography at BATAN’s RSG-GAS 

Reactor  

S. Sutiarso,  B. Bharoto,  and A. Fahrurrozi 

Center of Technology for Nuclear Industrial Materials,  

National Nuclear Energy Agency of Indonesia (BATAN)  

Gd.40 Kawasan Puspiptek , Serpong, Tangerang -Banten, Indonesia, 15314 

E-mail: sasok@batan.go.id  

Neutron tomography system has been set up at the tangential beam tube S2 of the BATAN’s   RSG-GAS 

reactor. The reactor is operated at 15MW  and the neutron flux at sample position  is 1×106 n/cm2/s with 

a L/D ratio of 83 and neutron beam size of 30 cm diameter.  The system is equipped with a CCD camera,  

L6ZnS scintillator screen and high reflectivity TiO2 coated mirror .  A rotating table is placed and fixed on a 

translation (x,y) table.  The data for tomography is taken  by rotating the object over 180 degree and at 

discret step of 1 degree. The thermal neutron flux and the efficiency of the detector results in 4 seconds 

exposure time for single projection image for normal sample. Therefore a typical neutron tomography 

scan can be carried out in about 30 minutes.    A 3D tomographic image can be obtained by reconstruction 

of 2D neutron tomographic images using a commercially available reconstruction software based on a 

filer back projection algorithm.  This paper describes the neutron tomography system developed at the 

BATAN’s RSG-GAS reactor and the 3D tomographic result of various samples is presented. 

Keywords: Neutron tomography, 3D recostruction, RSG-GAS reactor 
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Japan, Kiyanagi 

 

A new beam line for imaging at J-PARC neutron source in Japan 

Yoshiaki Kiyanagi 

Faculty of Engineering, Hokkaido University, Sapporo, Hokkaido, 060-8628, Japan 

E-mail: kiyanagi@qe.eng.hokudai.ac.jp 

J-PARC, Japan Proton Accelerator Research Complex is multi-purpose research center consisting of 
MLF (Material and Life Science Experimental Facility), Hadron Experimental Facility, and Neutrino 
Experimental Facility. Major science performed at the MLF is based on the neutrons produced by a 1 
MW proton accelerator, although now the operation power is about 0.2MW. There are 23 beam 
lines at the MLF. We have cold and thermal neutron sources (Hokkaido University Neutron source, 
HUNS) at Hokkaido University electron linac facility, and have been developing pulsed neutron 
imaging using the pulsed nature. We can easily analyze the neutron energy by using the time-of-
flight method, and this enables us to obtain wavelength dependent transmission spectrum at each 
pixel of a 2-dimensional position-dependent neutron detector. The wavelength dependent neutron 
transmission includes various information of the object since the transmission is reflection of the 
neutron cross section. For example, the neutron cross section at long wavelength region usually 
include the crystal structural and textural information and at short wavelength region, resonance 
energy region, element information identified by the resonance energies. We also performed this 
type of imaging using MLF to get much precise data.  

We got budget for the construction from FY 2012 to 2014.  For the design of this type of imaging 
beam line we have to consider conditions required not only for the traditional imaging but also for 
the special condition of the pulsed neutron imaging. The beam line we chose is BL22 viewing the 
decoupled hydrogen moderator. We chose this moderator among three moderators at J-PARC 
neutron source, namely, coupled, decoupled and poisoned moderators, since it gives adequate 
wavelength resolution less than about 0.2% and also the relatively high intensity at this resolution. 
We will put two major sample positions at 18m and 23 m from the moderator. The L/D values we 
are expecting are from 180 to 7500, and between them we can choose several L/D’s. We prepared 
various sample environments since this beam line is used for material evaluation, industrial 
applications, botanical applications and so on. The total neutron intensity is about 1x108n/sec/cm2 at 
18 m and 0.6x108/n/sec/cm2 at 23m.  The beam line is the first imaging beam line installed at a high 
power spallation neutron sources in the world, which is fully optimized to the pulsed neutron 
imaging. 
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Japan, Yasuda 

Current status of neutron radiography in JRR-3 

R. Yasuda
1
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1
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1
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, M. Matsubayashi 

1) Quantum beam science directorate, Japan Atomic Energy Agency 

E-mail:yasuda.ryo@jaea.go.jp  

 Thermal neutron radiography facility (TNRF) installed in reactor hall in JRR-3 is the biggest beam-

line for neutron radiography in Japan at present. Since neutron beam flux of TNRF is nominally 

1.5×10
8
 n/cm

2
/s [1], it is available to high speed imaging for dynamic phenomena. In addition, field of 

view, which corresponds to 305 mmV×255 mmH, is enough to visualize relatively large objects. 

From those specifications, TNRF has been used for basic and applied researches in various fields by 

many researchers and engineers in university, national institutes, and private companies in Japan. 

Especially, the number of industrial use has increased since start of “the JAEA common use Facility 

program” in 2005.  

In recent years, some new imaging devices were installed in TNRF. The boron type neutron image 

intensifier, which is a novel neutron imaging detector with high spatial resolution and high brightness, 

were installed [2]. Furthermore, a pin-hole collimator was equipped for improving the L/D on 

upstream side of sample position [3]. In addition, fuel cell operation system for TNRF was prepared 

for in-situ visualizing the water behaviour in fuel cells. 

In our presentation, we will introduce the detailed information about those new devices and some 

examples of experimental results in TNRF and other beam lines. Besides, damage of the radiography 

facility by big earthquake in March 11, 2011 and its restoration will be reported briefly.  

 

[1] M. Matsubayashi, H. Kobayashi, T. Hibiki, K. Mishima, Nuclear Technology, vol.132, pp.309-

324, (2000) 

[2] R. Yasuda, K. Nittoh, C. Konagai ,M. Shiozawa, N. Takenaka, H. Asano, H.Murakawa, 

K.Sugimoto, T. Nojima, H. Hayashida, H. Iikura, T. Sakai, M. Matsubayashi,  Nucl. Instr. and Meth. 

A651, pp.268-272, (2011) 

[3] R. Yasuda, T. Nojima, H. Iikura, T. Sakai, M. Matsubayashi, J. Nucl. Sci and Tech., Vol.48, No.7, 

pp.1094-1101, (2011) 
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Korea  

2)Hyundai Motor Company & Kia Motors Corporate, 104, Mabuk-Ri, Guseong-Eup, Yongin-Si, 

Gyeonggi-Do, 449-912, Korea 

E-mail: tj@kaeri.re.kr   

As the number of power generations using fossil fuel energy increases in all applications, the 

necessity for alternatives to the internal-combustion engine have become even more obvious. With 

regards to auto-makers and industrial developers for stationary and transportation applications, Fuel 

cell and Li-ion battery are now widely seen as a possibility. Understanding liquid water or lithium 

content and its distribution within an fuel cell or Li-ion battery is critical to designing high-

performance systems and making a proper scheme for them. But the visualization is difficult due to 

non-optical materials. Recently, neutron images have joined the canon of diagnostic methods for Fuel 

cell and Li-Ion battery researches.  

Co-working with Hyundai Motor Company and domestic company, the neutron radiography facility 

(NRF) at HANARO, KAERI is one of the key instruments for next alternative power source 

researches.  The NRF has the 350(H) × 450(V) mm
2
 of beam size, 2×107 n/cm2s of neutron flux and 

200 of L/D ratio, respectively. Because the size of Fuel cell and Li-ion battery for actual auto-mobile 

is more than 250 mm, it is requied large beam size and high L/D ratio. The NRF can give a whole 

information with high spatial resolution due to large beam size and high L/D ratio. According to the 

test specimen(Fuel cell or Li-ion Battery), the exposure time is same as 7 seconds, but the spatial 

resolution is different from 200 to 290 m to visualize the whole active area at a time. We have 

investigated the optimal operating condition for Fuel cell and lithium ion distribution for Li-ion 

battery by using NRF.  

  

Water distribution and content at Fuel cell.  
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Neutron tomography image contrast and resolution measurement at 1 MW 

TRIGA MARK II PUSPATI REACTOR: Constraints and Issues 
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2
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1
, Azraf Azman

1
 and Abd. 
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1) Malaysian Nuclear Agency, 43000 KAJANG, Selangor, Malaysia 

2) University Tenaga National (UNITEN), Jalan IKRAM-UNITEN, 43000 KAJANG, Selangor, 

Malaysia 

 

E-mail: muhammad_rawi@nuclearmalaysia.gov.my 

 

PSI-IAEA Round-robin samples for determination of neutron tomography image contrast and 

resolution have been scanned using neutron beam channel #4 at TRIGA MARK II PUSPATI Reactor 

at operating power 750 kW. Samples scanning by means of manually controlled rotating table and 

image acquisitions were successfully conducted to obtain 181 projections with 1° step angle. As much 

as 181 projections for each sample were recorded using neutron CCD camera which is equipped with 

LiF:/ZnS:Ag converter screen. The tomography image for the samples obtained by reconstruction of 

the projections using commercial software OCTOPUS 8.3 with necessary steps as suggested in the 

guideline of round robin testing document. The reconstructions of the projections also have been 

performed using freeware OSCAR. The tomograms obtained have the asymmetrical patterns which 

indicate the issue of centring and tilting. In this case, the determination of centre and tilting for the set 

up scanning system were found to be a major difficulty to obtain a good projection. Neutron beam 

from collimator was not well collimated also an issue which is need to be addressed in the future. This 

article reports experienced and result from the testing and discusses these constraints and issues. 
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Morocco, Ouardi  

 

Status of the Moroccan neutron imaging facility 

A. Ouardi
1
, R. Alami

1
, A. Bensitel

1 

1) Centre National de l'Energie des Sciences et Techniques Nucléaires (CNESTEN). 

E-mail: ouardi@cnesten.org.ma   

A new neutron imaging facility is currently being developed on the 2 MW TRIGA MARK-II reactor 

at Maâmora Nuclear research centre (CENM). Neutron imaging combined with X-ray or gamma 

radiography offers the opportunity to extend Non-Destructive Testing (NDT) activities in Morocco to 

new fields of applications such as the space and aircraft industry, mining, wood industry and 

archeology. The facility is planned to be completed by the end of 2013.  

In order to have a reduced gamma-ray content in the neutron beam, the reactor tangential channel was 

selected. At a power of 2 MW, the corresponding thermal neutron flux at the inlet of the tangential 

channel is around 1.01 x 1013 ncm2/s. The facility will be based on a conical neutron collimator with 

a flight tube of 8 m and will offer three circular diaphragms with diameters of 1 cm, 2 cm and 4 cm, 

corresponding to L/D-ratios varying between 200 and 600. The holes will be housed in the primary 

shutter. These diaphragm sizes allow neutron radiography to be performed with high resolution (L/D 

= 600) and high speed (L/D= 200) . 

Monte Carlo calculations by a fully 3D numerical code GEANT4 are used to optimize the whole 

neutron beam line and the shielding used to reduce the dose rate to less than 0.5 mSv/h (0.05 mrem/h) 

at the vicinity of the future neutron imaging facility. Energy spectra of neutrons penetrating through 

iron and concrete shields were calculated with Monte Carlo codes (GEANT4 & FLUKA) in order to 

investigate the capability of the program to be applied to the design of the biological shield of a 

neutron imaging facility.  
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Romania, Dinca 

Neutron Imaging in Romania 

Marin Dinca 

Institute for Nuclear Research (INR), 

Campului Str, No. 1, POB 78, 115400 Mioveni, Arges County, Romania   

E-mail: marin.dinca@nuclear.ro 

An old underwater neutron radiography (UNR) facility and a new dry neutron radiography (DNR) 

facility use thermal neutrons supplied by Annular Core Pulsing Reactor (ACPR) in operation at INR. 

ACPR was used primary in steady state at 100 kW. DNR facility enlarges the applications of neutron 

radiography, diversifies the applied methods and makes the neutron radiography easier, compared 

with older underwater facility.   

The transfer exposure method based on indium/dysprosium and the track-etch method produce images 

with very good geometrical resolutions on films further digitalized with a professional scanner for 

qualitative and quantitative analysis. Experimental CANDU type fuel elements irradiated in the SSR 

reactor (14 MW), TRIGA-HEU, TRIGA-LEU (un-irradiated and irradiated) have been tested with 

UNR facility.   

DNR facility placed at the tangential channel of the ACPR can use the methods from UNR facility but 

a major step in the improvement of the neutron radiography activity was the implementation of the 

neutron imaging system for static, real-time and tomography investigations based on CCD cameras. A 

detector system has been developed based on two interchangeable scintillators, one for neutrons 

(6LiF-ZnS) and the other one for gamma radiation (Gd2O2S) and two interchangeable CCD cameras. 

The experiments with the first CCD camera (SXV-H9 from STARLIGHT XPRESS with a XD-4 type 

image intensifier) and with the second CCD camera (EM-CCD Hamamatsu C9100-02) have shown 

the potential to obtain high dynamic range and high geometrical resolution at static image acquisition. 

EM-CCD Hamamatsu C9100-02 camera is proper for real time imaging also.   

The status of UNR and DNR facilities is described, main parameters are presented, tests and 

experiments of static, real time and tomography reconstruction imaging and possible applications are 

shown. 

The development of the detector with CCD cameras for DNR facility was the object of the Research 

Contract No. 12699 between IAEA and INR (on a 2003-2006 CRP) and the neutron and gamma 

imaging applications is the object of the new CRP (2012-2015) according to Research Contract No. 

17216 between IAEA and INR. 

mailto:A.PresentingAuthor@institute.country


IAEA TM on Regional RR Users’ Networks (RRUNs): advances in neutron imaging, 26-29 Nov. 2012, Serpong, Jakarta, Indonesia 
Working document 

 

 48  

 

  

South Africa, De Beer 

Neutron Imaging – A South African Perspective on the Past and Exciting 
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E-mail: Frikkie.debeer@necsa.co.za 

Since the early 1970’s, film neutron imaging (NRAD) (direct- and transfer methods) were being 

practiced in South Africa at beam port-2 of the 20MW SAFARI-1 materials testing nuclear research 

reactor. Experiments were conducted on an ad-hoc scale of activities with a peak of activities in the 

late 1980’s when a film based neutron radiography facility for the NDT investigation of PWR fuel was 

commissioned. The success of the NRAD facility in terms of wide spread application as NDT 

technique was enhanced when the facility became digital in 1995, while the first 3D-applications 

were demonstrated when the tomography facility, in collaboration with NEUTRA, PSI, Switzerland, 

was installed and to be functional until today as the only reported neutron tomography facility 

available for research in Africa and the Southern hemisphere.  

An upgrade of the existing facility at SAFARI-1 is currently underway to be functional for the full life 

time of the 46year old SAFARI-1 research reactor that will end within the next 15 years. However, 

the prospect of a new state-of-the-art NRAD facility at the next SAFARI-2 research reactor early 

2020’s is planned as part of beam line facilities to be accommodated at the new research reactor.  

The successes and failures, opportunities, the vast variation of applications and collaborations during 

the past 20 years of operation of the SANRAD facility at the SAFARI-1 research reactor in South 

Africa will be highlighted. The needs for collaboration by participating experts in the field of NRAD at 

the upgraded SAFARI-1 facility as well as at the proposed SAFARI-2 reactor will also be discussed. 
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Development and Implementation of Neutron Imaging Capabilities at the 

PULSTAR Reactor 

Ayman I. Hawari 

Nuclear Reactor Program, Department of Nuclear Engineering, 

North Carolina State University, Raleigh, NC 27695, USA 

E-mail: ayman.hawari@ncsu.edu 

Neutron imaging capabilities have been developed at the PULSTAR nuclear research reactor of North 

Carolina State University (NCSU).  The PULSTAR is an open tank-in-pool reactor that currently 

operates at a maximum power of 1-MWth.  Its core consists of 25 fuel assemblies that are arranged in 

a rectangular array.  Each assembly is composed of 25 zircaloy-2 clad fuel pins.  It is fuelled with 

uranium dioxide (UO2) that is enriched to 4% in U-235.  The PULSTAR pool is constructed with six 

beamports that may be used for neutron beam applications.  Four of these beamports have a direct 

view of the core.  To implement neutron imaging a facility has been established on beamport #5.  This 

beamport is cylindrical with an internal diameter of 20 cm and a direct view of the PULSTAR core.  

To shape (spatially and spectrally) an imaging neutron beam, a convergent/divergent collimator was 

installed in the beamport including a bismuth gamma-ray filter and a sapphire (single crystal) neutron 

filter.  This design resulted in a facility with a beam quality of I
A
 as designated by the standards of 

ASTM International.  The thermal neutron flux at the imaging plane varies in the range of 10
6
 to 10

7
 

n/cm
2
·s depending on the configuration of the imaging system.  As a result, neutron imaging activities 

have been enabled at the PULSTAR reactor.  This includes industrial applications of neutron 

radiography in support of materials quality assurance and scientific applications supporting the 

development of novel imaging modalities such as phase contrast techniques and neutron microscopy. 
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The proposal for a new neutron imaging facility at Dalat Research Reactor 
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E-mail: nchai@hcm.vnn.vn 

At Dalat research reactor, the neutron radiography facility was designed and constructed at the 

channel No.3 in 1984. After studying on this facility for short duration, we couldn’t find the 

customers, who were applying for our service, then we couldn’t continue to study on this field. Now, 

with the increasing use of the neutron imaging for industrial applications such as non-destructive 

examination and testing, we opened a project on design and construction of a new neutron imaging 

facility. The facility consists of the neutron beam, collimation system, sample area, and  laboratory 

facilities. The neutron beam has changed from the horizontal channel No. 3 to the horizontal channel 

No. 4 of the reactor, whose cross section is a 45×45 mm at 1.5 m distance from outlet of the channel. 

The neutron flux at this point is 1.3×10
10

n.cm
-2

.s
-1

 at 500 kW reactor  power. The collimation system 

consists of an aluminium pipe assembly and a set of diverging collimators which are made from 

cylindrical polyethylene and lead and are lined with cadmium slabs of 1 mm thickness. The aperture 

of the collimation system is 30 mm and the beam diameter on sample is 320 mm.  This provides an 

L/D ratio of 120 and thermal neutron flux of 5×10
6
n.cm

-2
.s

-1
 at sample position. A single crystal of 

bismuth filter of 50 mm length is installed at the inlet of collimator system to reduce gamma-rays and 

fast neutron. The wall of the sample area is constructed from high density concrete block and the 

beam stopper is constructed of lead and borated paraffin to effectively reduces the radiation to the 

background level outside the sample area. The laboratory facility which includes a dark room for 

image processing and a room for sample preparation is constructed near reactor hall.     
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The latest progress of neutron scattering instruments at CARR 
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E-mail: ytliu@ciae.ac.cn 

The 60MW China Advanced Research Reactor (CARR) at China Institute of Atomic Energy (CIAE) 

has achieved the full power in March, 2012. It is a tank-in-pool type reactor using a D2O reflector for 

inverse neutron trap, and the designed optimal undisturbed thermal neutron flux is 8×10
14

 n/cm
2
•s. 

The reactor experiment hall houses a set of instruments connecting to 7 horizontal thermal neutron 

beam tubes, four of which are dual beam ports. Additionally, cold neutrons produced by a liquid 

deuterium cold source are transported by 4 guide systems to the 30 × 60 m
2
 guide hall.  

Ten neutron scattering instruments will be installed in the first phase. At present, seven neutron 

instruments have been installed and aligned, including a high resolution powder diffractometer 

(HRPD), a residual stress diffractometer (RSD), a thermal triple-axis spectrometers (TAS), a four-

circle diffractometer (FCD), a texture diffractometer (TD), a small-angle scattering instrument 

(SANS) and a horizontal sample-geometry neutron reflectometer (NR). It is to our excited that five 

instruments have got the diffraction patterns during the first neutron experiment in August this year. 

The other three instruments, a thermal and a cold neutron imaging station and a thermal triple-axis 

spectrometers (TAS) cooperated with Institute of Physics, CAS, are under constructed.  

In this presentation, we will report the detailed progress of the neutron scattering instruments at 

CARR. 
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Experiences from the neutron CT quality round robin experiments 
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E-mail: anders.kaestner@psi.ch 

 

An initiative to produce a set of test bodies to evaluate the performance of neutron computed 

tomography has been started. The aim of the samples is to quantify the contrast for different materials 

and to make a basic resolution measurement for a given contrast. Four boxes with samples were 

produced from which three were distributed to different neutron imaging laboratories worldwide; the 

last box was kept as a reference at PSI. In all, ten laboratories were included in the first round.  

We report the first experiences from this experiment. We will present some initial statistics extracted 

from the available data. The completeness of the returned data has been of varying quality, ranging 

from absence of data and experiment protocol up to a complete set of information as required by the 

experiment protocol including suggestions on improvements for the experiment protocol. From the 

returned data and in-house experiments we have observed that the configuration with PE in the 

contrast sample cause strong starvation artefacts. These artefacts make the contrast to noise evaluation 

difficult since the measured contrast near the insets contains interference effect form the starvation. 

For some facilities the sample dimension was larger than the possible field-of-view, which would 

suggest that multiple sets are designed to make a larger range of instruments possible. 
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Standards and calibration procedures in neutron imaging 
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kardjilov@helmholtz-berlin.de  

The problem of standardization in neutron imaging has two aspects – standardization of 

components and facilities and standardization of experimental methods. The first procedure is 

used for a comparison of facility parameters such as beam quality, spatial and temporal 

resolution. The standardization of experimental methods (absorption radiography and 

tomography, phase-contrast and energy-selective imaging) is needed when the methods are 

provided to external users (e.g. industrial customers) where problems like safety reliability 

and insurance, life time guarantee and safety inspection are addressed.  

Nowadays the existing standardization in neutron imaging is related to film-based methods 

where standards for measuring of beam quality and spatial resolution were developed and 

optimized for film based detectors. The development of digital detectors with better signal-to-

noise characteristics and faster read-out electronics and the increase of the performance of 

computation systems in the last 10 years leaded to almost fully replacement of the analog 

(film based) detectors by digital (mostly CCD camera based) systems. This development 

influenced not only the quality of the experiments but changed the concept of neutron 

imaging. The digital imaging allows for short exposure times, data quantification, 

tomography applications, developing of new methods like phase contrast grating 

interferometry and time-of-flight imaging. As a consequence the neutron imaging beam lines 

were involved stronger in the user operation of the large scale facilities (research reactors and 

spallation sources) and gained importance in the neutron research community.  

The lack of new standardization procedures for the digital based neutron imaging made real 

troubles in the estimation of the facility performances and in the comparison of results 

obtained at different beam lines. Sometime industrial customers and external users were 

confused by obtaining different results for experiments performed under the “same” 

conditions.  This shows that the discussion about the standardization should be started in the 

neutron imaging community and new standard tools and procedures should be developed. 
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