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A B S T R A C T   

In this study, we report the first case of non-destructive characterization of the dependence of the flux trapping 
mechanism on the grain properties of a bulk type II superconductor using a combination of polarized neutron 
tomography and diffraction contrast tomography. The high temperature superconductor, YBa2Cu3O7− δ, has been 
used in this study due to its viable commercial growth processes typically resulting in the production of poly
crystalline specimens. The diffraction tomography revealed the pseudo-single crystal nature of the sample i.e. a 
polycrystalline sample with 47 composite grains having a maximum grain misorientation angle of 1.86◦. 
Polarized neutron tomography was used for characterization of the flux trapped in the material after field cooling 
to 90.5 K in a field of 0.5 mT and switching off the field. A combination of the results from these two non- 
destructive characterization techniques indicate a correlation between the anisotropy of the trapped flux with 
the orientation of the grains in the material in addition to a preference for the flux trapping in the grain 
boundaries.   

1. Introduction 

The discovery of High Temperature Superconductors (HTS) in the 
1980s came with many predictions for potential applications. Given 
their relatively high transition temperatures (TC) with some having TC 
above the boiling point of Nitrogen, the cuprate superconductors 
showed the most promise in this respect. YBa2Cu3O7− δ (YBCO) is a 
particularly prime candidate for use in applications due to its production 
cost advantage over other high temperatrure superconductors such as 
Bi2Sr2Ca2Cu3Ox [1]. 

A complication arising with the use of cuprates such as YBCO in a 
majority of the applications is the requirement that the superconducting 
material should be able to sustain a significant amount of current during 
operation. While this is not a significant drawback for YBCO single 
crystals, which can be grown up to 7 cm with critical current density (JC) 
values of up to 800 kA/cm2 [2–4], YBCO grown via commercially viable 
processes such as hot-pressing typically have a polycrystalline nature. 

This polycrystalline nature could hinder the maximum attainable JC in 
the material [5]. This limitation results mostly from the existence of 
grain boundaries which have been shown to be the significant detri
mental factor to having maximum JC in these materials. The IBM study 
of the effects of grain boundaries showed that, generally, their 
misalignment angle (θg) was a principle factor in determining the value 
of JC with values of θ >2–3◦ leading to significant reductions of JC [5]. 
Subsequent studies of the grain/grain boundary effects on JC have 
shown that the value of JC is not exclusively a function of θg. High values 
of JC have been observed even in YBCO with high angle grain boundaries 
[6,7]. This has led to the discovery of the thermodynamic condition that 
affects the value of JC which is the relation between the grain boundary 
energy and the surface energy [8]. The interplay between the grain 
boundary energy and the surface energy influences the grain boundary 
wetting ultimately determining the grain boundary’s effect on the JC 
value. Effectively, this means that JC is not just a function of θg but also 
that of the ‘cleanliness’ of the grain boundaries. 
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Converse to the applications of HTS requiring a high JC, their use in 
the production of superconducting quantum interference devices 
(SQUID) rely on these effects from the presence of grain boundaries that 
are considered detrimental to HTS in applications. The presence of the 
grain boundaries in the HTS facilitate the fabrication of Josephson 
Junctions [9,10] which are critical components of the SQUID sensor. 

YBCO is known to have anisotropic properties resulting from both 
intrinsic and extrinsic features of the material such as the crystal 
structure and grain boundaries. The layered structure of the copper- 
oxide planes separated by insulating layers can result in an enhanced 
JC due to its the intrinsic pinning when an external field, H//ab, is 
applied [11–13]. More pertinent to the work described in this paper, low 
angle grain boundaries create effective pinning centers for magnetic 
vortices via periodic dislocations arrays, leading to anisotropic flux 
pinning behavior [14–16] and ultimately contributing to the anisotropy 
of JC in YBCO. It becomes clear that, regardless of the intended appli
cation for the HTS, an understanding of the flux pinning mechanism 
within grains and grain boundaries is imperative due to the dependence 
of JC value on flux pinning in superconductors. In this paper, we present 
results from the study of grain/grain boundary effects on flux pinning in 
a bulk YBCO superconductor using neutrons. Specifically, neutron 
diffraction contrast tomography (DCT) has been used for reconstruction 
of the grains while polarized neutron tomography has been used to 
reconstruct the trapped field after field cooling in 0.5 mT and switching 
off the field. Neutrons are optimal for the non-destructive character
ization of superconducting properties in bulk materials due to their 
combined superior penetration ability from their charge neutrality and 
their spin property. The results from the study suggest that, generally, 

the flux pinning has a directional dependence on the orientation of the 
grain/grain boundary. In addition, there is evidence suggesting a cor
relation between the magnitude of the pinned flux with the grain 
boundaries. These findings support, through visualization, the afore
mentioned flux trapping mechanism. 

2. Experiment 

2.1. Yttrium barium cuprate 

A bulk ingot of YBa2Cu3O7− δ is fabricated using standard top-seeded 
melt growth (TSMG) method. The sample is cut from this and has di
mensions of 0.75 cm × 1 cm × 2.5 cm. YBCO typically has a super
conducting transition temperature (Tc) of 91 K ± 1 [17]. Fig. 1 shows the 
sample temperature vs magnetization curve in 0.07 mT. From this, we 
can see that the sample stops being superconducting at 91.3 K as the 
temperature is increased. The transition is fairly sharp with ΔT <1 K. 
The sharpness of the transition can be an indication of the purity of the 
sample. High quality single crystals of YBCO have been shown to have 
transition widths of <1 K [18]. 

2.2. Neutron diffraction constrast tomography 

2.2.1. Data acquisition 
The DCT experiment was performed at the E11 beam-port of the BER 

II reactor of the Helmholtz-Zentrum Berlin, Germany and the basic setup 
is illustrated in Fig. 2. The Fast Acquisition Laue Camera for Neutrons 
(FALCON)21 [19] comprising of a forward and back-diffraction detector 
was used. Both detectors are made from 6LiF- ZnS scintillator plates each 
with a total surface area of 412 × 412 mm2 and a thickness of 210 μm. 
They are both coupled with four iCCD cameras of 2000 × 2000 total 
pixel area (206 μm pixel size). The sample-to-detector distances (Lsd) 
was 162 ± 2 mm for both detectors with a field-of-view of 412 × 412 
mm2 each giving an angular coverage of the diffracted neutrons using 
both detectors of more than 78% of 4π. The spatial resolution of the 
detectors was 600 μm. For the measurements, a continuous thermal 
neutron beam is used, utilizing the full available wavelength range of 
about 0.9 Å < λ < 3.2 Å. The sample has not been fully illuminated but 
done in heights of 3.3 mm for the 1 cm z dimension while the other 
dimensions have been fully illuminated being within the beam diameter 
of 5 mm. With an approximate 0.3◦ beam divergence, the diffraction 
data of all the grains constituting the sample height in the beam can be 
collected simultaneously. Diffraction data was acquired for multiple 
orientations of the sample with respect to rotation around a vertical axis, 
i.e. for a tomographic angle scan. Diffraction data has been collected 
over a rotation range of 320◦ with an angular step of 4◦. This results in 
81 projections with an exposure time of 60 s per projection. 

Fig. 1. Magnetization measured as a function of increasing temperature with 
an applied field of 0.07 mT. The 4 mm × 4 mm × 1 mm sample of YBa2Cu3O7− δ 

stops being superconducting at T = 91.3 K. 

Fig. 2. Schematic of the Neutron Diffraction Computed Tomography experiment. The first detector is for backscattered neutrons while the second detector is for 
transmitted neutrons. 
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2.2.2. Grain reconstruction 
The reconstruction of the grain orientations and shapes, i.e. grain 

mapping, was performed using a forward projection based method 
developed by Fang and coworkers [20]. The core principle of this 
method is to index a sample voxel by maximizing its completeness, i.e. 
number of intersected spots between the forward calculation and 
experiment observation divided by the number of theoretically expected 
spots on the detector, and grow a region around the indexed voxel. The 
original reconstruction code is publicly available at [21]. Whilst this 
method was primarily developed for grain mapping by lab-based X-ray 
diffraction contrast tomography, it was flexible to be extended and 
adapted to the white neutron beam here. 

To reconstruct grain maps, a tomographic volume reconstructed 
from a neutron absorption contrast tomography was segmented from 
pores/cracks to provide a volume mask for determining where to 
reconstruct the grains. For each DCT scan, the acquired 81 transmitted 
diffraction projections covering 320◦ rotation were segmented to 
generate binarized images that contain only diffraction spots. This spot 
segmentation was done by first a background correction by rolling 
median subtraction, then a Laplacian of Gaussian based segmentation. 
More details can be found elsewhere [22]. 

A minimum completeness of 0.45 was set and 11 hkl families, i.e. 
{224}, {213}, {123}, {203}, {202}, {022}, {201}, {021}, {113}, {111} 
and {103}, were used for the grain reconstruction. A first grain recon
struction was performed using the raw geometry information, i.e. Lsd =

162 mm and zero detector offsets and tilts. Then, geometry fitting was 
carried out by comparing the forward projected spots from the first grain 
map and experimental spots to refine the geometric parameters of Lsd, 
detector offsets and tilts, using a forward projection model [23]. 

Using the fitted geometry, three final grain maps by merging indexed 
regions with mis-orientations <0.25◦ were reconstructed for the three 
independent DCT scans. Notably, between each DCT scan, there was a 
small but non-negligible sample position change. Ultimately, these grain 
maps were stacked together to show a full grain map for the whole 
sample volume. 

2.2.3. Polarized neutron tomography 
The study of the internal distribution of the trapped field in the 

sample has been achieved via Polarized Neutron Tomography (PNT) on 
the imaging station, PONTO, of the Helmholtz Zentrum Berlin. The 
device operates with neutrons of a wavelength 3.2 Å. The incident 
neutron beam is spin polarized via a solid state bender that works in 
transmission. The polarized beam is collimated and further filtered for 
neutrons of undesired spin orientation by a collimating device. The 
collimated beam then interacts with the sample inside a closed-fridge 
cryostat coolable to T = 4.0 K. With negligible scattering from the sys
tem, the neutron spin interacts with the magnetic field along the neu
tron’s trajectory and the final beam is analyzed by a solid state bender 
that works in reflection before getting to the detector. 

To facilitate 3D vectorial reconstruction of the internal magnetic 
field distribution of the sample 4 half-pi flippers are integrated to the 

standard polarized neutron imaging setup, 2 directly before the sample 
position and 2 directly after the sample position. The flippers before the 
sample allow orientation of the incident neutron polarization in one of 
the 3 Cartesian directions for the neutrons incident on the sample. On 
the other hand, the flipper set after the sample allow for analysis of the 
resulting polarization for one of its 3 Cartesian components. These result 
in obtaining 3 × 3 sets of radiographies. Each set consists of 51 radi
ographies and the images are obtained for every 7.2◦ step in a 360◦

rotation of the sample. There is a 120 s exposure for each radiograph. 
Correction for dark currents on the detector and the neutron beam in
homogeneities are done using dark-field and flat field images each ob
tained with the same exposure time. 

YBCO is a type II superconductor meaning that under certain cir
cumstances an applied magnetic field is not completely expelled from 
the bulk of YBCO from the Meissner effect [24]. Under these conditions, 
in an applied magnetic field, magnetic flux exists in the material in the 
form of single flux quanta which interact repulsively. 

On removing the externally applied field while the material remains 
superconducting, these flux quantum can be pinned in the material in 
regions where there will be a resultant gain in condensation energy. 
Field trapping in the superconducting sample is achieved via field 
cooling in a magnetic field of 0.5 mT produced by a Helmholtz coil. The 
field is applied in the direction perpendicular both to the neutron beam 
travel and the long axis of the sample as shown in Fig. 2 (x direction) 
before being switched to 0 mT. The value of 0.5 mT is chosen due to the 
phase wrapping problem [25], a particular limitation of the polarized 
neutron tomography technique. The system is cooled to T = 90.5 K 
below the sample transition temperature and the applied magnetic field 
turned off leaving only field trapped in the sample. The magnetic field 
trapped in the sample bulk is then reconstructed using Tensorial Alge
braic Reconstruction Technique (TMART) algorithm. Details on the 
theory of spin precession and the TMART algorithm are explained 
elsewhere [26]. 

3. Results 

3.1. Neutron diffraction contrast tomography 

The grain reconstruction from the DCT data reveals that there are 47 
grains in the sample. From each stacks along the z axis as divided by the 
experiment, we investigate a slice from the grain reconstruction. This is 
shown in Fig. 3 with coloured dashed lines to highlight the positions of 
the slices. The colour coding will be maintained through the rest of the 
work. The focus on the grain slices in the x-y plane is done as this plane is 
parallel to the direction of the applied magnetic field for the PNT 
experiment (x axis direction). From the blue coded slice, we can see that 
there are big grains in the centre with smaller grains in the periphery. 
The big grains in the centre of the plane seem to be quite isotropic in 
orientation. Looking at the red coded slice, there are also big grains in 
the centre of the plane. In contrast to the previous slice, the central 
grains seem to have a preferred orientation. There are still smaller grains 

Fig. 3. (a) 3D tomographic volume of the YBCO sample with coloured dashed lines to indicate the investigated slices for each height stack in the experiment. (b) 
Selected x-y plane slices of the 3D reconstructed grains. The coloured boxes correspond to the position on the 3D volume with the same colour dotted lines. 
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in the periphery with the orientations that seem to correspond to the 
boundaries at the edges. This could be a result of the hot-processing 
growth process. Finally, looking at the purple coded slice, there are a 
lot of smaller grains and there seems to be a significant directionality in 
the grain orientation. 

Fig. 4 shows the grain boundaries and the corresponding mis
orientations (θg) for the grains from the highlighted slices. The grain 
boundary images are obtained via digitization of the grain reconstruc
tion slices in order to isolate them. In the sample, the largest value of (θg) 
is 1.86◦ allowing the grain boundaries to be classified as low angle. In 
the blue coded case, there are higher values of (θg) at the periphery of the 
sample while in the red and purple coded cases, there is a relatively 
higher degree of misalignment of the grain boundaries with the former 
having a higher number of grain boundaries with higher (θg) values. The 
overall low value of (θg) in the material however indicates that the 
presence of the boundaries should not aversely affect the flow of current 
between the grains hence not having a significant effect on the 

Fig. 4. Corresponding images of the grain boundaries and the grain boundary orientations for the selected slices with the same colourcoding. The sample is pseudo- 
single crystal with low angle grain boundaries with the highest value of θg being 1.86◦. 

Fig. 5. Plan view of streamline visualization of the 3D reconstructed trapped 
vector field in YBa2Cu3O7− δ from Polarized Neutron Tomography after field 
cooling to 90.5 K and switching off the field. The dashed lines indicate the 
sample position. 

Fig. 6. Grain boundaries from the selected colour-coded slices of the grain 
volume reconstruction including corresponding slices of the reconstructed 
magnetic field with the colourmap representing the field magnitude and the red 
arrows representing the direction of the field. The field direction is about 45◦

away from applied field direction during field cooling i.e. x axis. This 
discrepancy is likely a result of the grain orientation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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intergrain JC [27]. 

3.2. Polarized neutron tomography 

In Fig. 5, the vector field streamlines obtained from the reconstructed 
polarized neutron tomography data are shown. The perspective of the 
result is from the plan view of the material. It is observable that the mean 
direction of the trapped flux is different from the direction of the applied 
field. Investigating how the grain/grain boundary orientation correlates 
to the trapped field vector could be insightful to elucidating the origins 
of this discrepancy. 

Adhering to the previously established method, the colour-coded 
sample slice positions are used to explore potential correlations be
tween grain properties and the trapped field. Fig. 6 shows corresponding 
slice for the field reconstruction where the colourmap corresponds to the 
magnitude of the field while the arrows indicate the direction of the 
field. In addition, the arrow sizes are scaled with the magnitude of the 
field in those regions. For the three cases, there appears to be a mean 
direction of trapped field that is different from the direction of the 
applied field. Comparing the image of the grain boundary orientation 
with that of the magnetic field direction, there is an apparent correlation 
between the trapped field direction and the orientation of the grains/ 
grain boundaries. The challenge remains to distinguish whether this 
correlation comes primarily from field in the grains or grain boundaries. 
This highlights the main drawback of the technique, which is the reso
lution of the reconstructed trapped field. 

Regardless, further analysis can be done on the data to obtain more 
information on the relationship between flux pinning and the orienta
tion of grains/grain boundaries. This involves the application of the fast 
fourier transform (FFT) and subsequent calculation of the power spectral 
density (PSD) from this. The FFT analysis is done on the grain boundary 
image and also performed directly on the field magnitude slices using 
the ImageJ software. The PSD is essentially obtaining the azimuthal sum 
of the squared FFT image. Fig. 7 shows the result from the analysis 
through the comparison of the PSD of both the grain boundary image 
and the image of the trapped field magnitude. The grains and field 
magnitude PSD are plotted over each other showing that the peaks in 
both spectra exist in the same angular locations. This is a clear indication 
of a correlation between the field and the grain boundaries. It is 
important to clarify that the correlation is only with the field magnitude. 
This suggests a preference for the flux trapping in the grain boundaries. 
Combining this with the aforementioned apparent directional correla
tion, an inference can be made that in the case of the study, upon field 
cooling, field is preferentially trapped along the grain boundaries in 
addition to the grain boundaries determining the anisotropy of the 
trapped flux. 

4. Conclusion 

Facilitated by tomography techniques, we have taken advantage of 
the neutron’s properties to investigate the the effects of grain/grain 
boundary orientation on the trapping of flux in pseudo-single crystal 

YBCO. We have found that there is a directional dependence of the flux 
pinning mechanism on the grain orientation. Limited by the resolution 
of the polarized neutron tomography technique, it is a challenge to 
distinguish whether this dependence is a result of the grains or the grain 
boundaries. However, based on further analysis, an inference can be 
made that there is preferential flux pinning along the grain boundaries 
of the material from the particular conditions of this experiment. 
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