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Abstract: Neutrons interact with the magnetic moment of the atomic shell of an atom, as is common
for X-rays, but mainly they interact directly with the nucleus. Therefore, the atomic number and
the related number of electrons does not play a role in the strength of an interaction. Instead,
hydrogen that is nearly invisible for X-rays has a higher attenuation for neutrons than most of
the metals, e.g., zirconium, and thus would be visible through dark contrast in neutron images.
Consequently, neutron imaging is a precise, non-destructive method to quantify the amount of
hydrogen in materials with low attenuation. Because nuclear fuel cladding tubes of light water
reactors are made of zirconium (98%), the hydrogen amount and distribution in metallic claddings
can be investigated. Even hydrogen concentrations smaller than 10 wt.ppm can be determined locally
with a spatial resolution of less than 10 µm (with a high-resolution neutron microscope). All in all,
neutron imaging is a very fast and precise method for several applications. This article explains the
basics of neutron imaging and provides samples of investigation possibilities, e.g., for hydrogen in
zirconium alloy cladding tubes or in situ investigations of hydrogen diffusion in metals.

Keywords: neutrons; imaging; neutron imaging; hydrogen; claddings; zirconium; diffusion; in situ;
radiography; tomography; nuclear

1. Introduction

Neutron imaging is a powerful, non-destructive method to investigate hydrogen in
metals. Due to the high neutron cross section of hydrogen, it is easily detectable in materi-
als with lower neutron cross sections, e.g., zirconium or steel. Several groups worldwide
use neutron imaging for the investigation of hydrogen in nuclear fuel claddings made of
zirconium alloys [1–15]. Because hydrogen usually affects the mechanical properties and,
thus, the integrity of components used for many applications, e.g., nuclear fuel cladding
tubes or pressure tubes in nuclear reactors, it is of high interest to detect hydrogen concen-
trations in materials locally, especially because hydrogen, as the smallest atom, diffuses
very easily depending on gradients in concentration, temperature, chemical composition,
and strain. In addition to concentration gradients, hydrogen diffusion, which strongly
depends on hydrogen solubility, is initiated and/or accelerated with temperature gradients
and stress gradients. With a calibration of the dependence of the neutron attenuation on the
hydrogen concentration, neutron radiographs offer precise, quantitative determinations
with spatial resolutions down to 50 µm in the usual measurements and to a few microns in
neutron microscopy investigations. This depends on several factors, e.g., the pixel size of
the detector system, the distance between the sample and the detector, the collimation, and
the illumination time. With the high-resolution microscope of the Paul Scherrer Institute
(PSI), even a spatial resolution of about 3 µm can be obtained. Regarding the hydrogen
concentration, the detection limit of the hydrogen concentration is less than 10 wt.ppm [13].
It has to be mentioned that the resolution is multidimensional. The dimensions are the
spatial resolutions in the three space directions; the contrast resolution is important for
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the resolution of the concentration determination; and the time resolution (important for
in-situ measurements or for the number of samples that can be investigated in a given time)
and neutron wavelength resolution are also involved. As shown in [16], the resolution
dimension cannot be improved independently of the other ones. Improving one resolution
dimension requires a deterioration of at least one other dimension.

The terminology “neutron imaging” covers not only neutron radiography, but also
neutron tomography, where a quantitative 3D reconstruction of the hydrogen concentration
within the sample can be made. Nevertheless, a tomography takes much more time (two or
three orders of magnitude) than a single radiography, which has a standard illumination
time between a couple of seconds and some minutes for a single neutron radiography
frame. An advantages is the non-destructive character that allows for further investigations
and analytical descriptions of the same sample. Further, destructive methods can be
mutually used to verify the neutron imaging results. Not only ex situ, but also in situ
experiments can be performed in the framework of hydrogen investigations in materials
due to the high neutron transmission of several materials, for instance, those used for
furnaces. Thus, samples can be monitored during their hydrogenation process and the
following hydrogen diffusion and possible gradient-driven hydrogen movements within
the sample. In the case of hydrogen in cladding tubes, this allows for in situ determination
of the hydride reorientation process in cladding tubes due to stress-induced dissolution
and recrystallisation processes. To give more examples besides application possibilities
for engineering, biological investigations are feasible, because water or water-containing
components, e.g., roots, have a very high neutron cross section, similarly to hydrogen, and
thus can be investigated non-destructively and precisely by means of neutron imaging.
This means that plants with roots and leaves, porous or water-rich rocks like limestone,
fuel cells, engine oils, and more can be easily investigated. This paper will present more
details regarding the investigation of hydrogen in cladding tubes that are used in the
nuclear industry.

After explaining the basics of neutron imaging, this paper gives an overview about
high-performance neutron imaging facilities in Europe. Further, examples related to
investigations of the hydrogen behavior in zirconium alloys by means of neutron imaging
are given.

2. Theory

Neutrons are electrically neutral, but have a magnetic moment. Thus, they interact
with the magnetic moment of the electron shells of atoms, but mainly with the nucleus
itself. The probability of an interaction between a nucleus and a neutron is described
by the microscopic cross section σ. The interaction itself may be either an absorption of
the neutron by the nuclei, an incoherent scattering process on the nuclei, or a coherent
scattering process on the material’s structure. All interactions together can be referred to
as the total neutron cross section σtot, which can be summed up with the absorption cross
section σa, the incoherent cross section σi, and the coherent scattering cross section σc:

σtot = σa + σi + σc (1)

Examples of microscopic neutron cross sections relevant for the investigation of hy-
drogen in zirconium are presented in Table 1 for a neutron wavelength of 0.1798 nm.

Table 1. Microscopic neutron cross sections for hydrogen, oxygen, and zirconium [17].

Element σa (10−24 m2) σc (10−24 m2) σi (10−24 m2) σtotal (10−24 m2)

H 0.333 1.757 80.26 82.02
O 0.00019 4.232 0.0008 4.233
Zr 0.185 6.44 0.02 6.645
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The coherent scattering is caused by the average value of the scattering lengths of
the lattice points. It results in constructive scattering effects with characteristic scattering
patterns like small angle scattering, Bragg scattering, and Fresnel or Frauenhofer scattering.
In contrast to coherent scattering, incoherent scattering does not produce characteristic
patterns. The scattering intensity is equal for all directions and produces a constant back-
ground. This scattering is caused by point-to-point variations in the scattering lengths. In
the case of hydrogen, the point-to-point variation in the proton spin interacting with the
neutron spin results in a large variation in the scattering lengths and, thus, in a large, inco-
herent cross section. Another reason for incoherent scattering can be high concentrations of
different isotopes of an element with differing neutron scattering lengths. In mixed crystals
where one element substitutes the other, or in materials with high vacancy concentrations,
the scattering length varies from point to point as well. This type of incoherent scattering is
also known as monotonic Laue scattering [18].

The total macroscopic cross section, on the other hand, refers to the sum of the
individual products of the number density N of the isotope i and the corresponding total
microscopic neutron cross section σtotali :

Σtotal = ∑i Ni σtotali (2)

The neutron’s wavelength, its kinetic energy, and the material’s structure are decisive
factors for the probability of neutron absorption. Neglecting resonant absorption processes,
the probability of such a process is higher if the wavelength is also higher. The neutron
spectrum depends on the kind of source, for example, whether, e.g., thermal or cold
neutrons are produced. The wavelength maximum of thermalized neutrons is in the range
of 0.18 nm (25 meV), whereas the wavelength of cold neutrons thermalized in liquid-
hydrogen vessels is in the range from 0.3 to <1.2 nm (9 meV to <0.6 meV).

Contrarily to neutrons, the attenuation for X-rays depends on the atomic number of
an element, because it increases with an increasing number of electrons in the shell. Thus,
the attenuation coefficients for heavy metals are lower for neutrons than for X-rays, apart
from cadmium and gadolinium. Elements with a high attenuation for neutrons that are
appropriate for neutron imaging investigations are, e.g., hydrogen, lithium, and boron.
These and further attenuation coefficients can be found in Figures 1 and 2:
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In order to calculate the attenuation, the intensities of the neutron beam must be
measured before (I0) and after it passes through a sample. With additional information
about the neutron path length through the sample s and Σtotal, the attenuated intensity I is
defined as:

I = I0 exp(−Σtotal s) (3)

Additionally, a background noise IB must be considered for the determination of
the correct Σtotal. It should include all relevant disturbances during the measurements,
e.g., electronic noise and any activated components or gamma radiations by the neutron
source. All in all, the Σtotal can be calculated as followed:

Σsample
total =

− ln
(

I − IB
I0 − IB

)
s

(4)

IB is the background intensity caused, for instance, by electronic noise or γ rays from
activated components.

Figure 3 illustrates the importance of beam geometry and a pinhole camera for neutron
imaging applications. The aperture for a neutron beamline is much larger than for an X-ray
tube. In order to make a compromise between a good spatial resolution and a good time
resolution, and, thus, a sharp, good-quality neutron image in the end, it is important to
choose appropriate L and D values for the measurements. With a larger L and smaller D
and l1 values, the quality of the neutron image increases; thus, the aperture should be kept
as far away and as small as possible. On the other hand, this leads to an intensity loss,
which is why the sample should be placed right in front of or as close as possible to the
detector. As can be seen in Figure 3, the neutrons follow the distance L from the aperture
with the diameter D and then project a shadow of the sample on the detector. Thereby, their
flight paths are not parallel.
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3. Neutron Tomography

Instead of only investigating samples from a two-dimensional (2D) perspective, it is
possible to reconstruct a three-dimensional (3D) tomography from several sample projec-
tions at different angles. For this purpose, the sample has to be rotated [21]. According to
the sampling theorem for tomography investigations, the following number of projections
Nprojections is needed:

Nprojections =
π

2
Rsample

spixel
(5)

where Rsample is the radius of the circle including the whole sample and spixel is the pixel
size. For a precise reconstruction of tomography measurements with the usual pixel sizes,
an amount of at least 400 images is crucial. Generally, the needed number of images can be
calculated for each case using the maximum width (in pixels) of the sample projected on
the detector.

An example of a 3D reconstruction of hydrogen enrichments of fuel rod simulators
from the QUENCH-LOCA-03 experiment is given in Figure 4. There, the hydrogen enrich-
ments are visible through the dark contrast compared to the rod matrix.
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4. Facilities

There are several high-performance neutron imaging facilities in Europe (Table 2):

Table 2. Comparison of high-performance neutron imaging facilities in Europe.

Beamline Place Flux (n/cm2/s) L/D

NEXT Grenoble, FR 3 × 108 333
ANTARES Garching, DE 6.4 × 107 500
NEUTRA Villigen, CH 6 × 106 350
ICON Villigen, CH 1.5 × 107 343
BOA Villigen, CH 2.7 × 107 400
IMAT Oxfordshire, UK 1.4 × 107 500

4.1. NEXT at ILL (High Flux Reactor) in Grenoble

The neutron and X-ray imaging facility NEXT at the ILL in Grenoble (France) [22]
has been in operation since 2016. The facility uses cold neutrons and offers a spatial
resolution of up to 5 µm. The maximal field of view is 170 mm × 170 mm at a spatial
resolution of 83 µm. The high-flux ILL research reactor provides cold neutrons with a flux
of 3 × 108 n/cm2/s at a collimation of L/D = 333.

4.2. ANTARES at FRM-2 in Garching

The neutron imaging facility ANTARES at the FRM-2 reactor in Garching (Germany) [23]
will be restarted in the second half of 2024. The neutron source provides a cold neutron
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flux of 6.4 × 107 n/cm2/s at a collimation of L/D = 500. Roughly estimated, it has about
half of the flux of NEXT.

4.3. Neutron Imaging Instruments at SINQ, PSI in Villigen

At the Swiss spallation neutron source SINQ, several beamlines are used for neutron
imaging. Dedicated to neutron imaging are the NEUTRA and ICON facilities. The NEUTRA
facility [24] uses thermal neutrons with flux of about 6 × 106 n/cm2/s for L/D = 350 and
a usual proton current on the SINQ target, producing neutrons of 1.2 mA. The ICON
facility [25] has a cold spectrum neutron flux of 1.5 × 107 n/cm2/s for L/D = 343 and
a SINQ proton current of 1.2 mA. The difference in the hydrogen dependencies on the
total macroscopic neutron cross sections between the spectra of the two facilities is given
in Figure 5. It is visible that the total macroscopic neutron cross section for hydrogen-
free Zircaloy-4 is higher for thermal neutrons, but the effect of hydrogen is lower for the
thermal spectrum than for the cold one. In addition to the NEUTRA and ICON beamlines,
the beamlines BOA and POLDI are available, at least partially, for imaging experiments.
The POLDI facility is a neutron diffractometer dedicated to strain measurements [26].
Currently, it is partially used for neutron microscopy [27]. The thermal neutron spectrum
is comparable to that of the NEUTRA facility. The BOA beamline [28] was originally
dedicated to the testing of neutron optical components. The neutron spectrum is even
colder than that of ICON. The neutron flux of 2.7 × 107 n/cm2/s for L/D = 400 is given
for BOA.
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4.4. IMAT at ISIS in the STFC Rutherford Appleton Laboratory at the Harwell Campus Didcot

The time-of-flight neutron imaging facility IMAT [29] offers a high wavelength res-
olution. The flux depends on the wavelength. The integral flux is 1.4 × 107 n/cm2/s for
L/D = 500, which is comparable to the flux provided at BOA.

In addition to these high-performance facilities, possibilities for neutron imaging
exist in Swierg (Poland), Budapest (Hungary) and Dubna (Russia). Outside of Europe,
high-performance neutron imaging facilities include RADEN at J-Parc Tokai (Japan) [30]
and DINGO at ANSTO (Australia) [31]. In the USA, further facilities are available and in
operation: NIF at NIST [32], ERNI at LANSCE [33], and MARS [34] and VENUS [35] at
ORNL. New high-performance neutron imaging facilities are currently under construction
in China and Sweden.

5. Examples for Neutron Experiments
5.1. Hydrogen Diffusion Studies

As already mentioned, hydrogen uptake is a critical degradation/corrosion phe-
nomenon for metals in various applications. In the framework of nuclear reactors, hydro-
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gen can be taken up by the metallic cladding that surrounds nuclear fuel pellets or pressure
tubes in CANDU reactors. Because these tubes consist mainly of zirconium and are in
direct contact to the surrounding cooling water during operation, the following corrosion
reaction takes place:

Zr + 2H2O = ZrO2 + 4H (6)

Because of the solute state of the hydrogen during operation, the integrity of the
cladding tubes and, thus, the fuel rods remain intact. However, several phenomena come
along with absorbed hydrogen and are relevant for safety.

5.2. Analysis of the Hydrogen Distribution in Cladding Tubes after Simulated Basis Loss of
Coolant Accidents

The so-called secondary hydrogenation during the design basis loss of coolant accident
(LOCA) scenarios (see Figure 6) degrade the toughness of the cladding tubes. This occurs
after bursting of the tubes and an ingress of steam into the claddings. Then, highly
hydrogen-rich zones can form, which increase the risk of brittle fractures due to thermal
shock during the emergency cooling. Consequently, fuel pellets can be relocated, fission
products can be released, and the coolability of the reactor core cannot be ensured any
longer. Many studies focus on investigations of LOCA scenarios [36] with newly developed
cladding materials and/or coatings [37].
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Figure 6. Scheme of a LOCA scenario dependent on temperature and time [38].

Eight large-scale tests simulating LOCA were performed at KIT. The tests were per-
formed using a bundle of 21 fuel rod simulators, with cladding tubes made of zirconium
alloys used in Germany (Zircaloy-4 (Framatome, Germany), ZIRLO™ (Westinghouse,
Sweden), and M5® (Framatome, Germany)). The fuel rod simulator bundles had a proto-
typical geometry. The test protocol was developed according to the German nuclear rules
for design-basis, large-break LOCA: heating in steam up to about 1000 ◦C at a rate of 5 to
6 K/s; cooling down for three minutes to about 600 ◦C, and water quenching to terminate
the test. Neutron imaging was a very important part of the post-test examinations. Neutron
radiography was performed with all cladding tubes, whereas tomography measurements
were applied only at chosen ones, as they had had shown clear hydrogen enrichment in
the neutron radiographies. The facilities ICON and BOA at PSI, the ANTARES beamline
at TU Munich, and the CONRAD [39] facility at the Helmholtz Center Berlin (now out
of operation) were used for the neutron imaging investigations. Pixel sizes of about 30 to
40 µm were applied. More details are given by Stuckert et al. [36]. As an example, Figure 4
shows the results of the hydrogen distribution in nine claddings of the QUENCH-L3
test using ZIRLO™ tubes. The hydrogen-enriched positions are darker. Two types of
hydrogen-enriched locations can be divided: firstly, hydrogen-enriched rings (c.f. Figure 4),
which are non-perpendicularly oriented to the tube axis; and secondly, hydrogen-enriched
strips parallel to the tube axis. The tomography results were analyzed statistically by
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determining the maximum mean and minimum CT values for each axial position inside the
tube wall. Using the calibration, the hydrogen concentrations can be derived. Hydrogen
concentrations up to 1500 wt.ppm were detected.

5.3. Hydrogen Diffusion in Zirconium Alloys

A possible reorientation of zirconium hydrides in the cladding tubes after the vacuum-
drying process of spent nuclear fuel (SNF), where temperatures of up to 400 ◦C are reached,
can affect the integrity of cladding tubes. Such a reorientation is mainly caused by

- The fabrication history;
- The material’s texture;
- The stress state in the cladding tube connected to the higher hoop stress generated by

the fission products of the pellets.

This will lead to hydride precipitation in the radial direction of the cladding tube. This
precipitation in the radial direction may occur after a dissolution of already-precipitated
hydrides in the circumferential direction, triggered by a temperature-controlled access-
ing of the terminal solubility limit for dissolution (TSSd). This solubility limit is further
controlled by the hydrogen concentration within the sample and other parameters. In-
vestigations based on reorientation processes of zirconium hydrides in cladding tubes
are very sought after [40–42]. An illustration of hydrides oriented in the circumferential
and radial directions is given in Figure 7a,b, in addition to a micrograph of a Zircaloy-4
(Zry-4) cladding tube sample with mainly circumferentially and a few radially orientated
zirconium hydrides. The sample was hydrogenated at 900 ◦C in pure hydrogen gas in a
Sievert’s chamber until a concentration of 230 wt.ppm hydrogen had been taken up by the
cladding and homogeneously diffused (Figure 7c).
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Figure 7. Illustration of circumferentially (a) and radially (b) oriented zirconium hydrides (black)
in a cladding tube [40] with a light microscopic image of a Zry-4 cladding tube sample with mainly
circumferentially orientated zirconium hydrides (c).

The delayed hydride cracking (DHC) phenomena illustrated in Figure 8 can occur
during operation or during the dry storage of SNF. The cladding tube fails after hours
of constant mechanical load without any creeping. Hydrogen diffuses to a crack tip and
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precipitates there until a certain length of a hydride is reached. Then, breaking and further
crack propagation are caused, and the whole process is repeated until the tube fails. The
driving force of this process is the stress gradient created by the plastic deformed zone
ahead of the crack tip in the bulk material. Neutron imaging serves as a non-destructive
method by which to analyze the hydrogen behavior during the DHC process, and should be
used for future studies to experimentally investigate the phenomenon in situ. Nevertheless,
Soria et al. [15] have already been able to perform similar tests at 250 ◦C with two different
zirconium alloys. Some of the results are shown in Figure 8, where the pathway of the
crack propagation in one sample is shown during the in-situ experiment.
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Figure 8. Example of DHC development in a Zr-2.5%Nb sample before (a) and after (b,c) an applied
load at 250 ◦C [15].

Nevertheless, precise determinations of the hydrogen diffusion process, especially
in cladding tubes, are only available to a limited extent. The reasons are the lack of ex-
periments under real scenario conditions and the limited consideration of influencing
parameters like the stress state, the texture, or the grain size. Nevertheless, hydrogen in
cladding tubes/zirconium can be easily investigated using destructive methods such as
metallography or carrier hot gas extraction (CHGE). But non-destructive investigations,
and, thus, neutron imaging, offer more possibilities, even to observe samples in situ dur-
ing different processes, e.g., crack initiation, crack development, ruptures, or diffusion
(Figure 9) at high temperatures. Concerning diffusion experiments, the relevance of diffu-
sion coefficients and, thus, the diffusion velocity dependent on its direction in the material’s
structure are of importance. The method of determining diffusion coefficients from neutron
radiography data is described in Equation (7). If the diffusion coefficients are modeled [43]
instead of experimentally determined, most, but not all, relevant parameters are taken
into account; thus, the literature values obtained from pure zirconium with undefined
textures and grain sizes are not comparable to the cladding tube materials. Hydrogen
uptake starts when the very thin oxide layer which was formed at room temperature in
air is dissoluted. The time needed for this dissolution is unknown because it depends on
many parameters, like the humidity of the laboratory air, the time between polishing the
sample and exposing it in the furnace, the quality of the vacuum, and the inert atmosphere
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in the furnace. As a consequence, the starting time of the diffusion process is difficult to
specify. This is one intention of in situ neutron imaging and the experiment presented in
Figure 9. Here, the beginning of the hydrogen uptake is clearly visible by changing the
neutron transmission at the position of the hydrogen absorption. It is planned to determine
the hydrogen diffusion coefficients for all relevant macroscopical axis directions, because
they differ in their c- or a-axes. For the experiment, a Zry-4 cladding tube was peroxi-
dized in air at 450 ◦C for several hours to produce an oxide layer a few micrometers thick
that would prevent hydrogen uptake. A feasibility test was performed with a leak-tight
sample capsule at the BOA facility at PSI, while using a capsule filled with the sample
on ZrH2 powder in a helium atmosphere. Hydrogen was taken up by the sample at the
intended/grinded position. However, the large distance between the sample inside the
furnace and the detector strongly reduced the spatial resolution, because a very good
collimation of the beam of L/D > 1000 was not available with sufficient intensity at this
beamline. Additionally, the furnace which was used needed 3 h to reach the predefined
temperature. During the heating-up process, diffusion occurred. The diffusion coefficients
were not determined precisely enough. Subsequent investigations are still ongoing. The
results will be published elsewhere.
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Different materials/metals have different diffusion coefficients depending on the
crystallographic direction, e.g., hydrogen in zirconium depending on the diffusion direc-
tion in a hexagonal crystal lattice. Neutron radiography experiments, as performed by,
e.g., Beyer et al. [44,45], shall help to determine precise values for this process. In the case
of cladding tubes that consist mainly of zirconium, an additional difficulty is that the
material immediately forms a zirconium oxide layer when it is in contact with air. There-
fore, methods to investigate the hydrogen uptake process in situ after the dissolution
of the oxide layer are suitable. In this context, measurements with the so-called in situ
neutron radiography reaction (INNRO) furnace (Figure 10) at the ICON beamline at the
PSI were performed.

Because of the large distance of about 300 mm between the sample inside the furnace
and the detector, a collimation of L/D = 800 was applied, which decreased the neutron flux
at the sample. In order to obtain a good contrast resolution for a precise determination of
the local hydrogen concentration, each radiograph was illuminated for 120 s. The samples
were solid cylinders 20 mm in length and 12 mm in diameter, and were made of Zircaloy-4.
The samples were pre-oxidized at 1100 ◦C for 1 h to produce a 50 µm oxide layer on the
surface, preventing hydrogen uptake.

The sample was heated at a rate of 10 K/min to the test temperature in flowing argon
(flux: 50 L/h). After reaching the test temperature, hydrogen was injected with a flux of
4 L/h, in addition to the argon flux hydrogen. The isothermal tests were performed at
900, 1000, 1100, 1200, and 1300 ◦C. Figure 11 shows neutron radiographs taken at different
diffusion times at 900 ◦C. The images were compared to the image of the initial state.
Therefore, only changes in the neutron transmission became visible. The diffusion of the
hydrogen (dark) could be observed visually during the measurements, without processing
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the data. From each neutron radiograph, the hydrogen distribution can be determined via
the gray value distribution.
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Figure 11. In situ neutron radiography image sequences of the hydrogen diffusion in a Zry-4 cladding
tube at 900 ◦C, taken at the ICON beamline of the PSI [46].

The hydrogen concentration can be fitted using the analytical diffusion equation by
assuming a one-sided infinite sample—c is the hydrogen concentration; c0 is the hydrogen
concentration in equilibrium to the hydrogen partial pressure in the surrounding gas
atmosphere at the test temperature, according to Sieverts’ law; x is the distance to the base
plane through which hydrogen was absorbed; D is the diffusion coefficient; and t the time:

c(x, t) = c0

(
1 − erf

(
x

2
√

Dt

))
(7)

In order to determine the exact quantitative hydrogen content in the samples, it is
advantageous to measure several calibration samples with different and known hydro-
gen contents under the same conditions. These calibration samples were produced by
annealing the same material in hydrogen containing an inert gas until equilibrium between
the hydrogen concentration in the sample and the hydrogen partial pressure in the gas
atmosphere was reached. The hydrogen concentration in the sample was determined by
a measurement of the weight gain of the sample. Sieverts’ law describes the equilibrium
correlation between the ratio of the number densities of hydrogen NH and zirconium NZr
and the hydrogen partial pressure in the gas atmosphere pH2:

cmetal
H =

√
kS pH2 (8)

with kS as the Sieverts’ coefficient depending on the Arrhenius type.
Figure 12 compares neutron radiographs of the calibration samples with different

ratios of hydrogen and zirconium number densities.
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Figure 12. A calibration sample set of Zircaloy-4 (Zry-4) cladding tube samples with heights of
20 mm, where the neutron attenuation increases with an increasing amount of hydrogen in the metal.
The neutron radiographs were taken at the ICON beamline at the PSI.

With the intensity measurements of the calibration samples, a calibration curve of the
correlation between the total macroscopic neutron cross section and the number density
ratio, according to Equation (2), can be determined as shown in Figure 13. With its slope,
it becomes possible to calculate the previously unknown hydrogen concentrations of the
measured samples. It is essential to measure the calibration samples during each beam
time, even if the same beamline is used. Only then can the effects of setup changes or
neutron spectrum changes be excluded. These effects are well described by [30].
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It must be mentioned that the calibration curve determined for the tube-shaped
samples from 3D analyses of neutron tomography data differs from the ones measured
by means of neutron radiography (Figure 13). The differences increase with increasing
hydrogen concentrations. The calibration curves are no longer linear, but flattened at the
higher-concentration side of the diagram. The reason is that 3D reconstruction also uses
positions with longer neutron path lengths. This can be associated with hardening of
the neutron spectra and a stronger influence of multiple scattering. Therefore, if the CT
value is analyzed quantitatively, tomography measurements of the calibration samples
are mandatory.

6. Conclusions

Neutron imaging methods are sufficient for the investigations concerning hydrogen-
related processes in nuclear cladding and pressure tubes made of zirconium alloys. The
high total neutron cross section of hydrogen and the low one of zirconium allows for the
detection of even small amounts of hydrogen in zirconium-based alloys. It enables the
fast determination of hydrogen, with a spatial resolution of tens of microns with standard
radiography or tomography measurements, and even up to few microns with neutron
microscopy experiments.

The high neutron transmission of various materials offers the possibility of in situ
experiments in well-defined sample environments, such as, for instance, in furnaces.

The correlation between the total macroscopic neutron cross section and the hydrogen
concentration can be determined quantitatively using samples with well-known homoge-
neous hydrogen concentrations. A resolution of only a few wt.ppm is possible.
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New methodical developments on the field of neutron imaging will provide promising
possibilities for material investigations in the future. For instance, neutron microscopy
offers spatial resolutions of less than 5 µm. Imaging experiments with short, pulsed
beams allow the measurements of the lateral distribution of the Bragg edges to determine
local stresses, textures, or the separation of special objects with given structures from
complex micrographs.

However, a problem is the strong overbooking of the neutron imaging facilities, which
will be difficult to solve. Therefore, the use of more beamlines for imaging experiments
would be helpful.

Author Contributions: Methodology, S.W. and M.G.; Investigation, S.W. and M.G.; Writing—original
draft, S.W.; Writing—review & editing, M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gröschel, F.; Schleuniger, P.; Hermann, A.; Lehmann, E. Neutron radiography of irradiated fuel rod segments at the SINQ:

Loading, transfer and irradiation concept. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 1999,
424, 215–220. [CrossRef]

2. Yasuda, R.; Matsubayashi, M.; Nakata, M.; Harada, K. Application of neutron radiography for estimating concentration and
distribution of hydrogen in Zircaloy cladding tubes. J. Nucl. Mater. 2002, 302, 156–164. [CrossRef]

3. Lehmann, E.; Vontobel, P.; Hermann, A. Non-destructive analysis of nuclear fuel by means of thermal and cold neutrons. Nucl.
Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2003, 515, 745–759. [CrossRef]

4. Grosse, M.; Lehmann, E.; Vontobel, P.; Steinbrueck, M. Quantitative determination of absorbed hydrogen in oxidised zircaloy
by means of neutron radiography. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2006, 566,
739–745. [CrossRef]

5. Grosse, M.; van den Berg, M.; Goulet, C.; Lehmann, E.; Schillinger, B. In-situ neutron radiography investigations of hydrogen
diffusion and absorption in zirconium alloys. Nucl. Instrum. Meth. Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2011,
651, 253–257. [CrossRef]

6. Grünzweig, C.; Mannes, D.; Kaestner, A.; Schmid, F.; Vontobel, P.; Hovind, J.; Hartmann, S.; Peetermans, S.; Lehmann, E. Progress
in industrial applications using modern neutron imaging techniques. Phys. Proc. 2013, 43, 231–242. [CrossRef]

7. Wang, Z.; Garbe, U.; Li, H.; Harrison, R.P.; Kaestner, A.; Lehmann, E. Observations on the Zirconium Hydride Precipitation and
Distribution in Zircaloy-4. Metall. Mater. Trans. B 2014, 45, 532–539. [CrossRef]

8. Smith, T.; Bilheux, T.; Ray, H.; Bilheux, J.C.; Yan, Y. High Resolution Neutron Radiography and Tomography of Hydrided
Zircaloy-4 Cladding Materials. Phys. Proc. 2015, 69, 478–482. [CrossRef]

9. Tremsin, A.S.; Morgano, M.; Panzner, T.; Lehmann, E.; Filgers, U.; Vallerga, J.V.; McPhate, J.B.; Siegmund, O.H.W.; Feller, W.B.
High resolution neutron imaging capabilities at BOA beamline at Paul Scherrer Institut. Nucl. Instrum. Methods Phys. Res. Sect. A
Accel. Spectrometers Detect. Assoc. Equip. 2015, 784, 486–493. [CrossRef]

10. Duarte, L.I.; Fagnoli, F.; Zubler, R.; Gong, W.; Trtik, P. Bertsch, Effect of the inner liner on the hydrogen distribution of zircaloy-2
nuclear fuel claddings. J. Nucl. Mater. 2021, 557, 153284. [CrossRef]

11. Brachet, J.-C.; Hamon, D.; Le Saux, M.; Vandenberghe, V.; Toffolon-Masclet, C.; Rouesne, E.; Urvoy, S.; Béchade, J.-L.; Raepsaet, C.;
Lacour, J.-L.; et al. Study of secondary hydriding at high temperature in zirconium based nuclear fuel cladding tubes by coupling
information from neutron radiography/tomography, electron probe micro analysis, micro elastic recoil detection analysis and
laser induced breakdown spectroscopy microprobe. J. Nucl. Mater. 2017, 488, 267–286. [CrossRef]

12. Makowska, M.G.; Theil Kuhn, L.; Cleemann, N.; Lauridsen, E.M.; Bilheux, H.Z.; Molaison, J.J.; Santodonato, L.J.; Tremsin, A.S.;
Grosse, M.; Morgano, M.; et al. Flexible sample environment for high resolution neutron imaging at high temperatures in
controlled atmosphere. Rev. Sci. Instrum. 2015, 86, 125109. [CrossRef] [PubMed]

13. Buitrago, N.L.; Santisteban, J.R.; Tartaglione, A.; Marin, J.; Barrow, L.; Daymond, M.R.; Schulz, M.; Grosse, M.; Tremsin, A.;
Lehmann, E.; et al. Determination of very low concentrations of hydrogen in zirconium alloys by neutron imaging. J. Nucl. Mater.
2018, 503, 98–109. [CrossRef]

https://doi.org/10.1016/S0168-9002(98)01251-0
https://doi.org/10.1016/S0022-3115(02)00778-X
https://doi.org/10.1016/j.nima.2003.07.059
https://doi.org/10.1016/j.nima.2006.06.038
https://doi.org/10.1016/j.nima.2010.12.070
https://doi.org/10.1016/j.phpro.2013.03.027
https://doi.org/10.1007/s11663-013-9866-0
https://doi.org/10.1016/j.phpro.2015.07.067
https://doi.org/10.1016/j.nima.2014.09.026
https://doi.org/10.1016/j.jnucmat.2021.153284
https://doi.org/10.1016/j.jnucmat.2017.03.009
https://doi.org/10.1063/1.4937615
https://www.ncbi.nlm.nih.gov/pubmed/26724075
https://doi.org/10.1016/j.jnucmat.2018.02.048


Materials 2024, 17, 781 14 of 15

14. Colldeweih, A.W.; Fagnoni, F.; Trtik, P.; Zubler, R.; Pouchon, M.A.; Bertsch, J. Delayed hydride cracking in Zircaloy-2 with and
without liner at various temperatures investigated by high-resolution neutron radiography. J. Nucl. Mater. 2022, 561, 153549.
[CrossRef]

15. Soria, S.R.; Gomez, A.; Grosse, M.; Schulz, M.; Santisteban, J.R.; Vizcaino, P. Development of in-situ Delayed Hydride Cracking
tests using neutron imaging to study the H redistribution in Zr-2.5%Nb. J. Phys. Conf. Ser. 2023, 2605, 012036. [CrossRef]

16. Grosse, M.; Kardjilov, N. Which Resolution can be Achieved in Practice in Neutron Imaging Experiments?—A General View and
Application on the Zr—ZrH2 and ZrO2—ZrN Systems. Phys. Procedia 2017, 88, 266–274. [CrossRef]

17. Grosse, M.; Schillinger, B.; Trtik, P.; Kardjilov, N.; Steinbrueck, M. Investigation of the 3D hydrogen distribution in zirconium
alloys by means of neutron tomography: Paper presented at the Symposium “Tomographic and Radiographic Imaging with
Synchrotron X-rays and Neutrons” of the MSE 2018, 26–28 September 2018, Darmstadt, Germany. Int. J. Mater. Res. 2020, 111,
40–46.

18. Bacon, G.E. Neutron Diffraction—Monographs on the Physics and Chemistry of Materials; Clarendon Press: Oxford, UK, 1953.
19. Grünauer, F. Design, Optimization, and Implementation of the New Neutron Radiography Facility at FRM-II. Ph.D. Thesis,

Faculty of Physics, Technischen Universität München, Munich, Germany, 2005.
20. Schillinger, B. Design and Simulation of Neutron optical Devices Plus Flight Tube for Neutron Radiography. In Proceedings of

the 7th World Conference on Neutron Radiography, Roma, Italy, 15–20 September 2002.
21. Kak, A.C.; Slaney, M. Principles of Computerized Tomographic Imaging; IEEE Press: New York, NY, USA, 1988.
22. Tengattini, N.; Lenoir, E.; Andò, B.; Giroud, D.; Atkins, J.; Beaucour, G. Viggiani, NeXT-Grenoble, the Neutron and X-ray

tomograph in Grenoble. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2020, 968, 163939.
[CrossRef]

23. Schulz, M.; Schillinger, M. ANTARES: Cold neutron radiography and tomography facility. J. Large Scale Res. Facil. 2015, 1, A17.
[CrossRef]

24. Lehmann, E.; Vontobel, P.; Wiezel, L. Properties of the radiography facility NEUTRA at SINQ and its potential for us as European
reference facility. Nondestruct. Test. Eval. 2001, 16, 191–202. [CrossRef]

25. Kaestner, A.P.; Hartmann, S.; Kühne, G.; Frei, G.; Grünzweig, C.; Josic, L.; Schmid, F.; Lehmann, E.H. The ICON beamline—A
facility for cold neutron imaging at SINQ. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2011,
659, 387–393. [CrossRef]

26. Stuhr, U.; Grosse, M.; Wagner, W. The TOF-strain scanner POLDI with multiple frame overlap—Concept and performance. Mater.
Sci. Eng. A 2006, 437, 134–138. [CrossRef]

27. Trtik, P.; Lehmann, E.H. Progress in High-resolution Neutron Imaging at the Paul Scherrer Institut—The Neutron Microscope
Project. J. Phys. Conf. Ser. 2016, 746, 012004. [CrossRef]

28. Morgano, M.; Peetermans, S.; Lehmann, E.H.; Panzner, T.; Filges, U. Neutron imaging options at the BOA beamline at Paul
Scherrer Institut. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2014, 754, 46–56. [CrossRef]

29. Minniti, T.; Watanabe, K.; Burca, C.; Pooley, D.E.; Kockelmann, W. Characterization of the new neutron imaging and materials
science facility IMAT. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2018, 888, 184–195.
[CrossRef]

30. Shinohara, T.; Kai, T.; Oikawa, K.; Nakatani, T.; Segawa, M.; Hiroi, K.; Su, Y.; Ooi, M.; Harada, M.; Iikura, H.; et al. The
energy-resolved neutron imaging system. RADEN Rev. Sci. Instrum. 2020, 91, 043302. [CrossRef] [PubMed]

31. Garbe, U.; Randall, T.; Hughes, C. The new neutron radiography/tomography/imaging station DINGO at OPAL. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2011, 651, 42–46. [CrossRef]

32. Hussey, D.S.; Jacobson, D.L.; Arif, M.; Huffman, P.R.; Williams, R.E.; Cook, J.C. New neutron imaging facility at the NIST. Nucl.
Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2005, 542, 9–15. [CrossRef]

33. Tremsin, A.S.; Vogel, S.C.; Mocko, M.; Bourke, M.A.M.; Yuan, V.; Nelson, R.O.; Brown, D.W.; Feller, W.B. Energy resolved neutron
radiography at LANSCE pulsed neutron facility. Neutron News 2013, 24, 28–32. [CrossRef]

34. Santodonato, L.; Bilheux, H.; Bailey, B.; Bilheux, J.; Nguyen, P.; Tremsin, A.; Selby, D.; Walker, L. The CG-1D neutron imaging
beamline at the Oak Ridge National Laboratory High Flux Isotope Reactor. Phys. Proc. 2015, 69, 104–108. [CrossRef]

35. Bilheux, H.Z.; Bilheux, J.C.; Hanks, R.A.; Byrd, A.; Jones, A.; Skorpenske, H.; Donnelly, M.E.; Mangus, R.; Conner, D.;
Lessard, T.L.; et al. The VENUS imaging beamline at the Spallation Neutron Source: Layout, expected performance and status of
the construction project. J. Phys. Conf. Ser. 2023, 2605, 012004. [CrossRef]

36. Stuckert, J.; Große, M.; Rössger, C.; Klimenkov, M.; Steinbrück, M.; Walter, M. QUENCH-LOCA program at KIT on secondary
hydriding and results of the commissioning bundle test QUENCH-L0. Nucl. Eng. Des. 2013, 255, 185–201. [CrossRef]

37. Kashkarov, E.; Sidelev, D.; Pushilina, N.; Yang, J.; Tang, C.; Steinbrueck, M. Influence of coating parameters on oxidation behavior
of Cr-coated zirconium alloy for accident tolerant fuel claddings. Corros. Sci. 2022, 203, 11059. [CrossRef]

38. Grosse, M.; Roessger, C.; Stuckert, J.; Steinbrueck, M.; Kaestner, A.; Kardjilov, N.; Schillinger, B. Neutron Imaging Investiga-tions
of the Secondary Hydriding of Nuclear Fuel Cladding Alloys during Loss of Coolant Accidents. Phys. Procedia 2015, 2015, 436–444.
[CrossRef]

39. Kardjilov, N.; Manke, I.; Hilger, A.; Arlt, T.; Bradbury, R.; Markötter, H.; Woracek, R.; Strobl, M.; Treimer, W.; Banhart, J. The
Neutron Imaging Instrument CONRAD—Post-Operational Review. J. Imaging 2021, 7, 11. [CrossRef] [PubMed]

40. Chu, H.C.; Wu, S.K.; Kuo, R.C. Hydride reorientation in Zircaloy-4 cladding. J. Nucl. Mater. 2008, 373, 319–327. [CrossRef]

https://doi.org/10.1016/j.jnucmat.2022.153549
https://doi.org/10.1088/1742-6596/2605/1/012036
https://doi.org/10.1016/j.phpro.2017.06.037
https://doi.org/10.1016/j.nima.2020.163939
https://doi.org/10.17815/jlsrf-1-42
https://doi.org/10.1080/10589750108953075
https://doi.org/10.1016/j.nima.2011.08.022
https://doi.org/10.1016/j.msea.2006.04.069
https://doi.org/10.1088/1742-6596/746/1/012004
https://doi.org/10.1016/j.nima.2014.03.055
https://doi.org/10.1016/j.nima.2018.01.037
https://doi.org/10.1063/1.5136034
https://www.ncbi.nlm.nih.gov/pubmed/32357693
https://doi.org/10.1016/j.nima.2011.02.017
https://doi.org/10.1016/j.nima.2005.01.004
https://doi.org/10.1080/10448632.2013.831612
https://doi.org/10.1016/j.phpro.2015.07.015
https://doi.org/10.1088/1742-6596/2605/1/012004
https://doi.org/10.1016/j.nucengdes.2012.10.024
https://doi.org/10.1016/j.corsci.2022.110359
https://doi.org/10.1016/j.phpro.2015.07.061
https://doi.org/10.3390/jimaging7010011
https://www.ncbi.nlm.nih.gov/pubmed/34460582
https://doi.org/10.1016/j.jnucmat.2007.06.012


Materials 2024, 17, 781 15 of 15

41. Kim, J.-S.; Kim, Y.-J.; Kook, D.-H.; Kim, Y.-S. A study on hydride reorientation of Zircaloy-4 cladding tube under stress. J. Nucl.
Mater. 2015, 456, 246–252. [CrossRef]

42. Lee, Y.; Woo, D.; Jo, C.; Lee, C.; Low, W.C.; Son, D. Structural integrity of hydrided Zircaloy and its implications for safety
extended dry storage. In Proceedings of the QUENCH Workshop, Karlsruhe, Germany, 5–7 December 2023. [CrossRef]

43. Zhang, Y.; Jiang, C.; Bai, X. Anisotropic hydrogen diffusion in α-Zr and Zircaloy predicted by accelerated kinetic Monte Carlo
simulations. Nat. Sci. Rep. 2017, 7, 41033. [CrossRef] [PubMed]

44. Beyer, K.; Kannengiesser, T.; Griesche, A.; Schillinger, B. Neutron radiography study of hydrogen desorption in technical iron.
J. Mater. Sci. 2011, 46, 5171. [CrossRef]

45. Beyer, K.; Kannengiesser, T.; Griesche, A.; Schillinger, B. Study of hydrogen effusion in austenitic stainless steel by time-resolved
in-situ measurements using neutron radiography. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc.
Equip. 2011, 651, 211–215. [CrossRef]

46. Grosse, M.; Schillinger, B.; Kaestner, A. In Situ Neutron Radiography Investigations of Hydrogen Related Processes in Zirconium
Alloys. Appl. Sci. 2021, 11, 5775. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jnucmat.2014.09.032
https://doi.org/10.5445/IR/1000165938
https://doi.org/10.1038/srep41033
https://www.ncbi.nlm.nih.gov/pubmed/28106154
https://doi.org/10.1007/s10853-011-5450-7
https://doi.org/10.1016/j.nima.2011.02.010
https://doi.org/10.3390/app11135775

	Introduction 
	Theory 
	Neutron Tomography 
	Facilities 
	NEXT at ILL (High Flux Reactor) in Grenoble 
	ANTARES at FRM-2 in Garching 
	Neutron Imaging Instruments at SINQ, PSI in Villigen 
	IMAT at ISIS in the STFC Rutherford Appleton Laboratory at the Harwell Campus Didcot 

	Examples for Neutron Experiments 
	Hydrogen Diffusion Studies 
	Analysis of the Hydrogen Distribution in Cladding Tubes after Simulated Basis Loss of Coolant Accidents 
	Hydrogen Diffusion in Zirconium Alloys 

	Conclusions 
	References

