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Abstract.  
Purpose- To present an overview of the research and development carried out in a 
European funded framework 7 (FP7) project called SafeHPower, for the 
implementation of neutron radiography to inspect fatigue cracks in vehicle and 
storage hydrogen fuel tanks.  
    Project background– Hydrogen (H2) is the most promising replacement fuel for 
road transport due to its abundance, efficiency, low carbon footprint and the absence 
of harmful emissions. For the mass market of hydrogen to take off, the safety issue 
surrounding the vehicle and storage hydrogen tanks needs to be addressed. The 
problem is the residual and additional stresses experienced by the tanks during the 
continuous cyclic loading between ambient and storage pressure which can result in 
the development of fatigue cracks. Steel tanks used as storage containers at service 
stations and depots and/or the composite tanks lined with steel are known to suffer 
from hydrogen embrittlement (HE). Another issue is the explosive nature of 
hydrogen (when it is present in the 18-59% range) where it is mixed with oxygen, 
which can lead to catastrophic consequences including loss of life. Monitoring 
systems that currently exist in the market impose visual examination tests, pressure 
tests and hydrostatic tests after the tank installation [1], [2]. Three inspection 
systems have been developed under this project to provide continuous monitoring 
solutions.  
    Approach and scope- One of the inspection systems based on the neutron 
radiography (NR) technology that was developed in different phases with the 
application of varied strategies has been presented here. Monte Carlo (MCNP) 
simulation results to design and develop a bespoke collimator have been presented. 
A limitation of using an inertial electrostatic Deuterium-Tritium (D-T) pulsed 
neutron generator for fast neutron radiography has been discussed. Radiographs 
from the hydrogen tank samples obtained using thermal neutrons from a spallation 
neutron source at ISIS, Rutherford laboratory, UK have been presented. 
Furthermore, radiograph obtained using thermal neutrons from a portable D-T 
neutron generator has been presented. In conclusion, a proof in principle has been 
made to show that the defects in the hydrogen fuel tank can be detected using 
thermal neutron radiography.  
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1 Introduction  

The environmental damage caused by carbon dioxide emissions and a growing public 
awareness for environmental protection are motivations for the worldwide initiatives in the 
exploitation of renewable energy source such as hydrogen (H2). In spite of hydrogen 
powered vehicles such as vans, buses and scooters being prototyped and trialled by various 
companies and government agencies, the interest in hydrogen powered vehicles hasn’t 
picked up. The problem is the safety issue surrounding pressurized hydrogen during storage 
and transportation.  
   Commonly, Type I tanks made from steel are used for storing H2 at central depots, at 
service stations and by the manufacturers during transportation. Type III or Type IV tanks 
made of a composite outer layer and an inner layer made of metal or polyethylene 
respectively are used in vehicles due to its light weight.  
   Tank failures are usually a result of ready hydrogen diffusion through the composite 
structural material or a structural degradation of metal by hydrogen embrittlement. The 
residual and additional stresses experienced by the tanks during continuous cyclic loading 
between ambient and storage pressure can result in the development of fatigue cracks. To 
address the safety issue surrounding the use of hydrogen; the SafeHPower consortium has 
developed three inspection systems based on two technologies namely; acoustic emission 
(AE) and neutron radiography (NR). The AE prototypes have been developed such that 
they would identify the defect location. A purpose of a neutron radiography system is to 
conduct volumetric inspection of the tank and specifically the AE identified defect.  
    The objective of this paper is to present the strategies that were adopted to develop a 
tangential neutron radiography system using a 14MeV Deuterium-Tritium (D-T) generator. 

2 Background and Scope 

Neutron radiography technique was chosen over the X-ray technique. This is because the 
wall thickness of the storage steel tank samples would range from 40-100mm which would 
make it difficult to image using the double wall imaging technique with X-rays. Tangential 
neutron radiography was specifically proposed to detect flaws in Type I (Large storage 
tanks) and Type IV (In-vehicles) hydrogen storage tank because hydrogen in the tank has a 
high neutron scattering coefficient which would make it difficult to detect it within a defect 
if a tank full of hydrogen is imaged. The back ground scatter of neutrons will contribute to 
high noise and fog the image. By focussing the neutron beam tangentially on the hydrogen 
tank wall interface the scatter from bulk hydrogen is reduced and a well collimated beam of 
neutrons can be made to traverse a long path in tank material thereby reducing the ratio of 
scattered to direct radiation and effectively detect the defect.  
   This paper is broadly separated into sections that present various phases that were needed 
to develop a NR system fit for purpose. 
1. First phase was the development of components that make up a fast neutron 

radiography system. To this purpose, Monte Carlo n-particle (MCNP) simulations were 
conducted by the consortium partner, Centre for Research and Technology Hellas 
(CERTH). A fast NR setup was developed based on the simulation findings using a 
pulsed D-T generator housed at the neutron facility in Sheffield, UK.  

2. Second phase was thermal neutron radiography experiments conducted using a 
spallation source neutron source with high flux at the Rutherford laboratory in the UK 
to image the steel tank samples.  
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3. Last phase was thermal neutron radiography setups using a continuous D-T generator 
housed at NSD Gradel and the National Centre for Nuclear Research, Poland.  Two 
different imaging techniques were used during these experiments. 

  Results and/or conclusions have been presented under each of these sections.  

3 Overview 

It is important to mention that a D-T generator was not procured but hired for use within 
each facility during this project. Figure 1 shows the main components that make-up the NR 
imaging system. The four main parts that comprise the setup are a D-T neutron generator, a 
collimator, a real time digital detection media (scintillator, optical parts and a CCD camera) 
and a supporting jig to hold the components.  The radiography experiments were conducted 
in a shielded neutron facility at all times. A labyrinth leading from the neutron bunker to 
the control room was used to carry the signal cables to allow interfacing with all the main 
components such as the neutron generator and the detection media present in the neutron 
room. The sample holding jig/manipulator is manually set as required before the bunker 
door is interlocked and the neutron generator is switched ‘ON’.  

 
 

4 Sample information 

Flaws were created manually in the tanks as determined by the British standards for 
periodic inspection and testing of seamless steel gas cylinders (BS EN ISO 11623:2002), 
and periodic inspection and testing of composite gas cylinders (BS EN 1968:2002). 
Notches that comply with the specifications from the standards were artificially induced in 
the samples by means of electrical erosion or sawing such that they are 5% and 10% of the 
tank wall thickness. A summary of sample description and flaws is presented in Table 1.  
 
 
 
 
 
 
 

Figure 1 Schematic of a tangential neutron radiography (NR) setup (Top view) 
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Table 1 Sample summary 

 
5 Fast neutron radiography using a pulsed D-T source 
 
A study conducted for fast neutron radiographies, based on a compact Deuterium-Tritium 
(D-T) neutron generator, shows that the collimator ratio L/D directly determines the 
relationship between sample thickness and image sharpness, and links the neutron flux at 
the aperture with that at the image plane through an inverse square relationship 
(approximately).The equation to determine the neutron flux at the image plane can be given 
by equation 1.  

 �� =  ��16岾��峇2         [1]  

 
where L = collimator length, D = aperture diameter, t = sample thickness, �� = neutron flux 
at the image plane and �� = neutron flux at aperture 
    The geometric unsharpness ug, caused by the finite size of neutron source, can be 
calculated by equation 2. 

 

ug= DLf
Lα-Lf

          [2] 

 
     where Lf is the image surface to object distance and Lα is the distance from the aperture 
to the image plane.  

Sampl
e ID 

Type of 
sample 
and 
descriptio
n 

Samples with flaws Flaw description 

1 Composite 
Type IV 
150L 
 
 

 

Flaw length = 
25mm 
Notch size=1mm 
and 2mm deep on 
the inside of the 
composite layer 
(carbon wound 
filament) after 
removing the 
inner 
polypropylene 
lining. 

2 Steel Type 
I 50L 

    

Three sections 
cut from one of 
the 50litre tanks 
 
Flaw inside the 
tank section; 
Length=50mm 
and  0.5mm deep 

3 50x50x7m
m

3
 steel 

sample cut 
from 
sampple 
Type I from 
the 50L 
tank 

 

Grooves of 
diameter 0.5mm, 
1.0mm, 1.5mm 
and 2.0mm have 
been etched to 
represent flaws. 

Flaw size = 
1mm 

Flaw size =  
2mm 
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   This indicates that the beam quality profile will be determined by the number of un-
collided neutrons that reach the detector position and thus, characterise the image quality of 
a fast NR setup. This necessitates a collimator material design such that it allows few 
collisions from its interior walls with an insignificant loss of neutron energy [3].  

5.1 Collimator simulation 

Monte Carlo n-particle (MCNP) simulation was conducted using the following inputs:  An isotropic D-T source with energy 14MeV was considered (the same as the one 
housed at the University of Sheffield) as a point neutron source.   The collimator geometry was chosen to be conical because conical collimators are 
known to reduce the neutron scattering. 30cm borated polyethylene slabs were a given at 
UoS to provide coarse collimation and have been used in the input.  The aperture of the collimator has been chosen to be 1cm diameter because a smaller 
diameter produces a sharper image but it also generates a reduced throughput. 

  The D-T neutron generator that was chosen at the start of the project had extremely low 
output (~105 neutrons per pulse) for fast neutron radiography purposes. So, the simulations 
were conducted to aim for maximising the neutron flux at the detector.  Figure 2 shows the 
NR setup as was possible to develop within the bunker constraints at the UoS.  
    Three conical collimator scenarios were simulated using different layers and thicknesses 
as detailed in Table 2. The collimator materials were chosen based on their interaction 
properties with neutrons however, concrete was chosen in scenario C because it would be 
easy to build and was already in use as blocks to provide coarse collimation at the UoS. 

 
    Simulations were conducted bearing in mind that when a lot of neutron collisions are 
envisaged the material should provide reduced loss in its kinetic energy during collision 
and, should provide protection against the scattering neutrons and gammas from entering 
the collimated path of the neutron beam. 

 
Table 2 Collimator scenarios 

 Collimator A 
(Material and 

thickness) 

Collimator B 
(Material and 

thickness) 

Collimator C 
(Material and 

thickness) 

Layer-1 (Inner) Iron - 8cm Fe – 8cm Borax – 1.5cm 

Layer-2  Cadmium - 0.5cm Boral – 0.1cm Concrete – 13.5cm 

Layer-3 Polyethylene(with 
5%Boron) - 2cm 

Polyethylene(with 5% 
Boron) – 4.9cm 

 

Layer-4 Lead – 1.5 cm Lead – 1.5cm  

   Neutron flux per starting neutron was calculated at six different spots as shown in Figure 
2. The neutron flux as calculated for collimator scenarios A, B and C is presented in Table 
3. 
 

Figure 2 NR setup: Design and characteristic positions 
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Table 3 Normalized neutron flux values for the three collimator scenarios 
Collimator 
scenarios 

Length L 
(cm) 

Diameter D 
(cm) 

L/D 
ratio 

Ffast 
(n/cm2/s) 

Ftotal (n/cm2/s) 

A 25 1 25 1.34E-07 1.67E-07 
B 25 1 25 1.08E-07 

 
1.41E-07 
 

C 25 1 25 1.15E-07 1.44E-07 

    For collimator scenario B, a 2D distribution of the neutron flux per starting neutron as 
incident on the sample is shown in Figure 3a and the 2D distribution at position 3 is shown 
in Figure 3b. Collimator scenario B provided a higher  neutron flux, reduced unwanted 
gamma rays and,  generated a uniform neutron spectrum at the detector ‘position 3’ in 
comparison to scenarios A and C. For details about the simulation please contact CERTH 
(author 3). 

 
Figure 3 Fast and total neutron flux distributions a. At position 2 and b. At position 3 

 
5.2 Setup, result and conclusion 
 
Fast neutron radiography [4], [5] was pursued as a starting point for experiments with a 
setup shown in Figure 4a. The setup comprised of a collimator developed with scenario B 
specifications from the simulations. An L-shape detection system was developed to include 
a plastic scintillator (BC-400, dimensions= 250x260x25mm3) [6] which converts neutrons 
to visible light (Wavelength=423nm) to be imaged by an electron multiplying charge 
coupled device (EMCCD) camera with an active area of 8.19 mm (H) × 8.19 mm (V) and a 
pixel resolution of 16um [7].  Cadmium which has a large neutron absorption cross section 
[8] was used a reference material in most of the experiments. The detection of cadmium on 
the radiograph (Figure 4b) demonstrated that the imaging setup is working.  
     Various experiments were conducted with varying exposure times up to 32 mins, by 
introducing neutron absorbing materials such as Gadolinium & wax for contrast inside 
sample 2, replacing BC-400 with a bespoke ZnS scintillator etc. but, the experiments were 
unsuccessful in imaging the tank flaws. This was mainly attributed to the lack of sufficient 
neutron flux at the scintillator as displayed by photon intensity values on the radiographic 
image (<3500 histogram grey values). 
 
  

a 

b 
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6 Thermal neutron radiography using a synchrotron source (Rutherford Laboratory) 
 

In order to prove that the lack of neutron flux was the main problem, thermal neutrons from 
a beamline from a spallation source at the Rutherford Appleton Laboratory (RAL) [9] was 
used to conduct imaging on Sample 3. There is no photograph available of the full setup, 
and any other images/data used in this section has been provided by RAL.  
     The ROTAX beamline generates a thermal neutron flux of 2x1e6 n/cm2/s and collimates 
the beam to a size of 35x35mm2. Two types of detection setups were used; an energy 
dependent transmission with micro channel plate detector (MCP) & an Energy dependent 
transmission with a CCD camera.  
 
6.1 Results-Energy dependent transmission imaging technique 

 
The energy dependent transmission imaging technique used the time of flight to obtain the 
transmission curve for different energies/wavelength. Details about the study of the MCP 
detector can be found at [10]. The MCP made up of 3000 slices were used to select a 
particular energy/wavelength needed to conduct neutron imaging. The transmission curves 
were generated using an open beam (without the sample), steel sample without wax and 
with wax in the grooves (to mimic hydrogen gas in the steel samples). Figure 5a shows the 
transmission curve for the open beam. It shows that the maximum neutron flux is obtained 
at an energy of around 1eV.  Figures 5b and 5c show the transmission curves obtained for 
sample 3 and pure wax. It shows that wax becomes transparent at shorter wavelengths (0.25 
– 1.0Ao). 

Figure 4 a. Fast NR setup at UoS b. Radiograph for the setup in a with a Cd strip as reference 
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Figure 5 a. Neutron transmission curves  to show the flux distribution at different wavelengths 

(Energy) b. Normalised transmission curves for sample 3 c. Normalized transmission curve for wax. 
 
6.2 Results-Energy dependent transmission using a CCD imaging technique 

 
The experiment using MCP provided information on the optimum transmission 
wavelength. The energy range of 80meV-1.3eV was used as a guide to conduct neutron 
imaging using a detection setup that uses a CCD camera. The CCD imaging setup in the 
detection box at RAL consists of a 6LiF-ZnS (Light emission in the green wavelength 
regiong) scintillator of size 50x50mm2, an optical mirror at an angle of 45 degrees, and an 
intensified CCD camera. Radiographs for sample 3 as imaged without wax and after 
introducing wax within the grooves of the samples is shown in Figure 6. 
 

 
     
 
     It is evident 1.5mm and 2mm grooves are visible in both radiographs with and without 
wax. The white beam (3.5meV – 1.3 eV) just about resolves the 0.5mm groove filled with 
wax.  
 
6.3 Analysis and conclusion 

 
Results from experiments conducted using a neutron intensity of 1e6n/s (pulsed D-T 
generator at the UoS) and the neutron intensity of 1e9n/s (Spallation neutron source) 
indicated that it is not possible to image  the hydrogen contrast in iron by using 14MeV 
neutrons but is possible by using thermal neutron energies (<1eV). The transmitted neutron 
intensity is dependent on the neutron cross sections [11]. Therefore a quick comparison of 
the neutron cross section values at 14MeV and 0.025eV (Table 4) shows why it wasn’t 
possible to see the hydrogen contrast using fast neutron radiography.  
 

Table 4 Neutron cross section values at fast and thermal energies [12], [13] 
Element Neutron cross sections at 14MeV 

(barns) 
Neutron cross sections at 0.025eV 

 Total cross 
section (�) 

Elastic scattering 
cross section 

Scattering cross 
section (�史��嗣) Absorption cross 

section (��) 

1H 0.6 0.6 81 0.332 

*Fe 2.5 1.2 10.9 2.5 

    At 14MeV, there is no inelastic scattering on hydrogen and the elastic scattering cross 
section of hydrogen is less than that of iron. Hydrogen filled voids in iron will appear as 

Figure 6  Radiograph of sample 3  a. without wax  b. Sample 3 with wax in the grooves 
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volumes where there is less scattering. This may be why it has not been possible to image 
hydrogen in the steel tank at 14MeV.  Therefore, moderation is necessary to convert the 
14MeV neutrons from a D-T generator that generates high intensity neutrons (>1e8 n/s) to 
thermal energies. 
 
7 Thermal neutron radiography using a continuous D-T source 

 
A thermal neutron radiography setup using a polyethylene moderator (Figure 7) was 
developed for a continuous D-T generator with a neutron intensity of 1e8-1e9 n/s, housed at 
the National Centre for Nuclear research (NCBJ). The moderator was built of polyethylene 
blocks of different sizes to build a cave like enclosure. Sample was placed between the 
coarsely collimated neutron beam and the digital detector. Two different imaging 
techniques were used to image the tank samples with exposure times ranging from 30mins 
to 2 hours.  
 

 
Figure 7 Polyethylene moderated neutron radiography setup as seen on the display screen in the 

control room 
 

7.1 CCD imaging technique 
 
The CCD detection system using a 6LiF-ZnS (light emission in the blue wavelength region) 
was unsuccessful in imaging the defects and hence, the results are not shown here. 

 
7.2 Imaging technique using a metal convertor screen/film combination 

 
Gadolinium as the screen convertor (50mmx50mm) and an X-ray film (9cmx12cm) was 
used as an alternative imaging method. The imaging schematic setup for sample 1 is shown 
in Figure 8a. The imaging setup was placed inside the tank section so that it could be placed 
as close as possible to the collimator neutron beam. The carbon fibre weave of sample 1 
along with the 1mm and 2mm flaws are clearly visible on the radiographs exposed for 2 
hours (Figure 8b& 8c). Gadolinium-157 has an enormous resonance at thermal neutron 
energies, which results in a high spectrum of high energy gamma rays [14] that generate 
conversion electrons which contribute in producing a photographic image on the film.  
Additionally, the flaws were filled with borated grease and so, boron having dominant cross 
absorption cross section will interact with neutrons to produce gamma rays leading to film 
exposure.  
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Figure 8 a. Schematic –Side view of the setup showing the Gd/X-ray film imaging setup b & c. 

Radiographs of the 1mm and 2mm flaws in sample 1, respectively 
 
8 Overall conclusions 

 
The investigation of neutron radiography under the SafeHPower project has led to the 
following conclusions:  Fast neutron radiography experiments conducted using a pulsed D-T generator (~1e6 

n/s) with a bespoke collimator designed as per the MCNP simulations were 
unsuccessful in imaging flaws created in hydrogen storage tanks. This was mainly 
attributed to the lack of sufficient neutron flux from the generator housed at UoS 
(~1e6n/s).   Thermal neutron radiography conducted using a spallation source at the Rutherford 
Laboratory (neutron intensity: 1e9n/s) demonstrated that thermal energies in the range 
1meV-1eV can image the flaws in sample 3 with a resolution of 0.5mm. This proved 
that high neutron intensity and most importantly thermal energies were required to 
image the hydrogen contrast in steel. This provided the basis for the thermal neutron 
radiography setup using a continuous D-T generator.  Thermal neutron radiography using a continuous D-T generator (1e8-1e9n/s) using 
polyethylene as a moderator was developed and was partially successful. Partially, 
because the CCD imaging setup was unsuccessful in imaging flaws however, the 1mm 
and 2mm flaws in sample 1 were successfully imaged by using the Gadolinium/X-ray 
film combination. Further experimentation is needed to check for reproducibility. 

     Given that in general NR TRL in Europe is low is reflected in the system developed 
within this project however, it has allowed a greater understanding of the issues for NR 
inspection and provides a basis for further work.  
 
9 Acknowledgements 
 
The work presented here has received funding from the European Union’s Seventh 
Framework Programme under grant agreement 605095 (FP7-SME 2013) for a collaborative 
project called “SafeHPower”. The SafeHPower project is collaboration between the 
following organizations: Floteks, Brunel Innovation Centre, TWI Ltd., Accent Pro 2000 
s.r.l, InnoTecUK, CERTH and Pure Energy Centre. More information about the project can 
be found at www.safehpower.eu 
     The consortium would like to thank Dr Winfried Kockelmann (ISIS, Rutherford Lab), 
Dr John McMillan (University of Sheffield), Mr John Sved (NSD Gradel) and Dr Michal 
Gierlik (National Centre for Nuclear Research, Poland) for granting access to their neutron 
facility and the help rendered during the conduction of experiments.  

 
 

http://www.safehpower.eu/


11 

References 
 
[1]  https://www2.iccsafe.org/states/Virginia/FuelGas/PDFs/Chapter%207_Gaseous%20Hydrogen%20Syste

ms.pdf. 

[2]  http://h2bestpractices.org/docs/Docs15_06GaseousHydrogenStations.pdf. 

[3]  J. G. F. e. al, “Fast and thermal neutron radiographies based on a compact neutron generator,” Journal of 
Theoretical and Applied Physics, 2012.  

[4]  V. M. e. al, “Fast neutron imaging with CCD detectors and imaging plates,” Proc. Sci., PoS 
(FNDA2006)007, 2006.  

[5]  G. F. e. a. E. Lehmann, “‘Neutron radiography with 14MeV neutrons from a neutron generator Neutron 
Radiography-Proceedings of the Seventh world conference, Rome, Italy, 2002. Edited by P. Chirco, R. 
Rosa and published by ENEA Italian,” in Neutron Radiography-Proceedings of the Seventh world 
conference, Rome, Italy, 2002.  

[6]  http://www.crystals.saint-
gobain.com/uploadedFiles/SGCrystals/Documents/SGC%20Organics%20Brochure.pdf. 

[7]  https://www.hamamatsu.com/resources/pdf/sys/SCAS0092E_IMAGEMX2s.pdf. 

[8]  http://cdn.intechopen.com/pdfs-wm/30282.pdf. 

[9]  http://www.isis.stfc.ac.uk/instruments/rotax/rotax-6463.html. 

[10] e. a. Tremsin A, “High resolution photon counting with MCP-Timepix quad parallel readoutoperating at 
>1kHz frame rates,” Nuclear Science, vol. 60, no. 2, pp. 578-585, 2013.  

[11] R. L. M. a. H. Z. B. I S Anderson, Neutron Imaging and Applications, Springer, 2009.  

[12] D. G. R. Kinsey, “Neutron cross-sections, Volume II, curves. Technical Report BNL-325, 3rd, Vol.II,” 
Brookhaven National Laboratory, NY, USA, 1976. 

[13] http://www.isis.stfc.ac.uk/learning/neutron-training-course/downloads/general/sears---neutron-cross-
section-table10655.pdf. 

[14
]  

http://arxiv.org/ftp/physics/papers/0611/0611225.pdf. 

 
 

 
 
 

 
  


