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A B S T R A C T   

Engineering devices from High Temperature Superconductors (HTS) for practical applications such as in trans
port and medical imaging requires an understanding of their critical current density (JC) distribution and how the 
material properties affect this. JC describes the maximum gradient of flux that can be found in a superconductor 
sustained by vortex pinning which is the preferential positioning of vortex in defective regions of weaker su
perconductivity. Local correlation of imperfections with high pinning has required destructive methods such as 
slicing then scanning with local magnetic probes. We describe the first case of non-destructive spatial correlation 
of flux pinning and consequently JC with bulk imperfections at different temperatures in top-seeded melt grown 
(TSMG) YBa2Cu3O7− δ chosen for its high pinning in addition to a rich structure of pores, twins and grain 
boundaries. This is facilitated by a combination of polarized neutron tomography to image trapped magnetic 
fields in a range around the material critical temperature and conventional neutron tomography to characterize 
potential pinning objects. The results indicate that there is indeed preferential trapping in the porous regions 
independent of the resolvable pore size. Polarized optical microscopy data suggests that the observed phe
nomenon is attributable to twin boundaries and crack defects located at the pore interface.   

1. Introduction 

High Temperature Superconductors (HTS) have applications in 
multiple domains such as in medical imaging, transport and magnetic 
levitation [1–5]. These all require a capability to transport large currents 
in the superconducting state. Being type II superconductors, magnetic 
fields can exist in the bulk of HTS as lines of quantized flux, sustained by 
a vortex of super-current. Above an applied current that exceeds JC, 
these vortices are free to move, creating voltage and hence rendering the 
superconductor largely useless regarding known applications. A super
conductor cooled in an applied field which is subsequently dropped to 
zero has peak values of trapped field (clusters of vortices) in regions with 
a high concentration of pinning centres surrounded by the highest field 
gradients [6,7]. JC can also be thought of as being proportional to the 
maximum gradients of these trapped magnetic flux. Engineering im
perfections in superconductors to maximize pinning and hence JC 
without suppressing the critical temperature or compromising the upper 
critical field is not a simple task. Being able to spatially correlate po
tential pinning centres, such as pores, with areas of trapped flux gives 
highly desirable information for the manufacturers of superconductors 

based devices. 
Several techniques are currently used for the characterization of the 

pinning distribution and the JC of superconductors, each with unique 
limitations. Magnetometry and current-voltage measurements are sim
ple techniques to access the average critical current and the transition 
temperature (TC) of a superconductor, but they lack spatial resolution. 
Magneto-Optical Kerr Effect [8] and local Hall probes [9,10] instead can 
be used to map the trapped vortex lines after field trapping and establish 
a correlation with the surface morphology. However these techniques 
are surface sensitive and the correlation can be done only over the first 
nanometers below the surface. 

Cribier et al. [11] have demonstrated that neutron scattering ex
periments can be utilized to probe magnetic flux structures in super
conductors. Indeed, neutrons possess a magnetic moment while being 
charge neutral, and they thus allow non-destructive characterization of 
magnetic fields and flux structures in the bulk of materials [12]. More 
recently, the development of polarized neutron radiography and to
mography has shown the neutron’s potential to go beyond the limita
tions of the aforementioned characterization techniques. Flux trapping 
has been studied in pure Pb superconductors [13] and Tutueanu et al. 
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[14] visualized, in 2D, the dopant concentrations of the cuprate 
Lu2− xSrxCuO4 using polarized neutron radiography. Kardjilov et al. [15] 
showed the potential for 3D visualization through the qualitative 
tomographic reconstruction of the trapped field in a Pb superconductor. 
This technique has been further advanced in the work by Hilger et al. 
through the quantitative vectorial reconstruction of the trapped field in 
a Pb superconductor [16]. 

Here we show neutron tomography techniques can be used effec
tively in non-destructive 3D characterization of superconductors. We 
use a combination of conventional and polarized neutron tomography to 
explore correlations between the material porosity and field pinning/ 
trapping in a sample of Yttrium Barium Cuprate. This relationship can be 
used as a proxy to understand the relationship to JC in superconductors. 

2. Materials & methods 

2.1. Yttrium barium cuprate 

A pseudosingle crystal bulk ingot of YBa2Cu3O7− δ with dimensions of 
4 cm× 4 cm× 1 cm was fabricated commercially using standard top- 
seeded melt growth (TSMG) method. The sample used in the investi
gation was cut from this and has approximate dimensions of 0.75 cm ×
1 cm × 2.5 cm. The sample material shows an inhomogeneous porosity 
distribution resulting either from the powder compaction before melt 
processing or from the evolution of oxygen gas during melt processing. 

2.2. Magnetometry 

DC Magnetometry measurements were performed to determine the 
transition temperature of the sample via field cooling and increasing the 
temperature. This was done using an MPMS3 quantum interference 
device (SQUID) magnetometer. A cut of the sample was made at an 
arbitrary position from the bulk with dimensions 4 mm × 4 mm× 1 mm 
and was placed on a quartz rod using a non-static tape. The applied field 
was the remnant field of the SQUID system which was about 0.07 mT 
(H||c). The sample was field cooled to 88 K and temperature was swept 
up to 94 K at a rate of 1 K/min. Fig. 1 shows the normalized magneti
zation measured as a function of this temperature increase. TC was 
determined to be 91.3 K with a ΔT of less than 1 K, defined as difference 
in temperature between 10% and 90% of the total magnetization signal. 
YBCO typically has a superconducting transition temperature (TC) of 91 
± 1 K [17]. Practically, this value can be modified through doping, 
stresses and inhomogeneities in the sample bulk [18,19]. The sharpness 
of the transition can be an indication of the purity of the sample based on 
high quality single crystals of YBCO showing transition widths of less 
than 1 K [20]. 

2.3. Neutron attenuation tomography 

The internal morphology of the sample was studied using Neutron 
Attenuation Tomography performed on the CONRAD-2 imaging station 
at Helmholtz Zentrum Berlin (HZB). This was measured at room tem
perature and zero applied magnetic field. The station is situated at the 
end of a curved neutron guide facing the cold source of the 10 MW BER- 
II research reactor. The neutron beam is polychromatic with a wave
length range of 2 Å − 6 Å and a neutron flux of 3 × 109 n/s/cm2 at the 
pinhole. The beam size at the sample position, 5 m away from the 
pinhole, was approximately 10 cm × 10 cm. The detector system was 
based on a 16-bit CCD camera with 2048 × 2048 pixels with each pixel 
having a size of 28 µm. The images obtained from the 6LiF:ZnS 200 µm 
scintillator were projected via a mirror and a lens system onto the CCD 
chip. For this work, 500 projections were collected while the sample was 
rotated around a fixed axis. The rotation interval was 360◦ with a 
measuring time per projection of 20 s. A standard back-projection al
gorithm has been used for the 3D volume reconstruction. 

2.4. Polarized neutron tomography 

Internal distribution of the trapped field in the sample was investi
gated using Polarized Neutron Tomography at the imaging station V19, 
also located at HZB [21]. The instrument operates with spin-polarized 
neutrons of a wavelength 3.2 Å. The incident neutron beam is spin 
polarized via a solid state bender that works in transmission resulting in 
a polarization of 85%. The polarized beam is further collimated by a 
soller collimator. This polarized beam then interacts with the sample 
inside a closed-cycle cryostat that allows cooling down to a temperature 
of 4.0 K. With negligible scattering from the system, the neutron spin 
interacts with the magnetic field along the neutron’s path and the final 
beam is spin analyzed by a solid state bender that works in reflection 
before arriving at the detector. 

Field trapping in the sample is achieved by cooling to 90.5 K in a 
magnetic field of 0.5 mT produced by a Helmholtz coil then subse
quently switching off this applied field. The field, Ha, was applied in the 
X direction perpendicular to the neutron beam travel as illustrated in  
Fig. 2. The low value of 0.5 mT was chosen such that the beam polari
zation precessed no more than a π rotation. The temperature of the 
sample was then increased by 0.1 K up to 90.9 K. For each of the steps 
the full 3 × 3 sets of polarized neutron tomography data (polarization in 
X,Y,Z and analysis for each X, Y, Z Cartesian directions) are obtained. 51 
radiographic projections are involved for each tomography with 120 s 
exposure time per projection. A reconstruction of the magnetic field 
distribution in 3D was performed using the tensorial algebraic recon
struction technique (TMART) [16]. The chosen temperature and applied 
magnetic fields for the experiment are unlikely to be used for practical 
superconducting applications but it is assumed that correlations be
tween any observed spatial variance of the superconducting properties 
based on the material morphology are likely to be relevant over a wide 
range of temperatures and fields. More details related to the experi
mental technique and to the theory of TMART reconstruction algorithm 
can be found in the Supplementary Information. 

3. Results 

Using ImageJ, the reconstructed volume from the attenuation to
mography can be further analyzed to give the internal pore distribution. 
This volume is shown in Fig. 3 in addition to further analysis to deter
mine the distribution volume characteristics. Fig. 3a shows the internal 
pore distribution from the different perspectives. Fig. 3b focuses on the 
perspective of the x-z plane. The projection of the corresponding 
normalized attenuation along the x axis (averaged over the y & z axes) is 
used as a proxy to study the density of the material given the propor
tionality between the material density and attenuation. From this it can 
be inferred that the maximum porosity value in the sample along x is 

Fig. 1. Normalized magnetization measured as a function of increasing tem
perature with an applied field of 0.07 mT (H||c). The 4 mm × 4 mm× 1 mm 
sample of YBa2Cu3O7− δ stops being superconducting at T = 91.3 K. 
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7.6% assuming 100% density of material in the non-porous region. The 
pore radius distribution, depicted in Fig. 3c, ranges from approximately 
15 to 200 µm, with the most prevalent pores having a radius of 66 µm. 
With 86.5% of the resolvable pores having a radius of more than 50 µm, 

it can be concluded that they result from evolution of oxygen gas during 
the melt processing [22]. This does not however exclude the existence of 
pores in the bulk resulting from the powder compaction as they would 
likely have sizes unresolvable via the current conventional tomography 

Fig. 2. Schematic of the Polarized Neutron Tomography experiment comprising of the spin polarizers, the closed fridge cryostat, spin flippers and a Complementary 
metal-oxide-semiconductor (CMOS) detection system. 

Fig. 3. (a) Visualization of the spatial distribution of pores in the sample with the perspective in different Cartesian planes indicated by the arrows. The pores are 
coloured based on size and follow the same colour scheme through the entire figure. (b) Visualization of the pore spatial distribution with the perspective along the x- 
z plane. The projection of the mean neutron attenuation along the x axis (averaged over the y & z axes) is plotted below. This value is proportional to the material 
density and suggests a maximum sample porosity ~ 7.6%. (c) Pore radius distribution: the radii range between 15 µm and 200 µm with the most abundant pores 
having a radius of about 66 µm. (d) Normalized mean pore density along the x axis plotted by pore radius. No significant difference in the spatial distribution of pores 
of different size. 
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setup. From Fig. 3a, there, is no clear spatial dependence of the pore 
distribution by size. This is confirmed in Fig. 3d where we show the 
projection of the normalized pore density along the x axis for different 
pore size ranges. There is no significant difference in the forms of the 
graphs that is unaccountable for by the differences in relative frequency 
of the pores by size (Fig. 3c) 

Fig. 4 shows the reconstructed magnetic vector field in addition to 
the overlay of the field magnitudes to the pore distribution volume. 
Fig. 4a shows the magnetic vector field obtained from the reconstructed 
polarized neutron tomography data. The image is shown from the plan 
view perspective and depicts the evolution of the trapped magnetic 
vector field as the temperature is increased. Overlaying the attenuation 
and polarized tomography results offers further insights into the effects 
of the observed porosity on the sample superconductivity. This can be 
seen in Fig. 4b & c. The magnitude of the magnetic field is visualized for 
clarity. 

4. Discussion 

A first observation is that the maximum value of trapped field in the 
reconstruction is 0.74 mT, higher than the applied field value of 0.5 mT. 
The higher field magnitudes are predominantly in the most porous re
gions of sample (Fig. 4c). A possible hypothesis is that this is a result of 
the Meissner effect from field cooling as suggested by Pawel et al. [23]. 
Pores in the material, being regions of non-superconductivity, will have 
a higher magnetic field density due to expulsion of the field into these 
areas. A more plausible scenario however is that by cooling below TC, 
the magnetic field existing in the pores would be frozen in by circulating 
super-currents and at the same time the flux lines are attracted to defects 
at the interface of the pores which act as pinning centres [24,25]. This 

agrees with the work of Jou et al. [26] who visualized preferential flux 
pinning around pores in YBCO through cobalt decoration. With the pore 
size much larger than the typical vortex separation of 0.1–1 microns 
[27], multiple vortices would be drawn to and then pass through each 
pore. At the surfaces where the vortices enter and exit it is not difficult to 
imagine a higher field density than that applied. The mean trapped 
magnetic field value of 0.4 mT in the sample remained lower than the 
value of the applied magnetic field. In Fig. 4a, we can observe a sig
nificant deviation of the trapped field direction with respect to the 
applied one, which cannot be explained simply by the presence of pores. 
We hypothesize that this results from the orientation of the grains within 
the sample; this will be the subject of a future study. 

Fig. 5 illustrates the evolution of the trapped field magnitude with 
temperature and its dependence on the sample porosity. Fig. 5b shows 
the normalized pore density projected along the x axis (red curve) as 
seen in Fig. 5a. The projections of the trapped field magnitude on the x 
axis per temperature value (Fig. 5b) make apparent the dependence of 
trapped field retention on the bulk porosity. After field cooling to 90.5 K 
and switching off the field, the peak of the mean trapped field is found 
around the centre of the sample. On subsequent heating, the peak pro
gressively shifts towards the regions with a higher pore density. 
Furthermore, there appears to be a correlation between the profile of the 
trapped field on heating with that of the pore density. The preferential 
field retention in these regions is most likely due to the preferential flux 
pinning in the defective regions at the pore interfaces. It is known that 
the pinning potential at the interface of non-superconducting regions of 
the size in the order of the observed pores is much larger than the that of 
smaller pinning sites with sizes in the order of the coherence lengths 
which in YBCO is less than 1.6 nm at low temperatures and 10–30 nm at 
the relevant temperatures [28–31]. For example the potentials for small 

Fig. 4. (a) Plan view streamline visualization of the vector field reconstruction of the trapped field in the sample of YBa2Cu3O7− δ from Polarized Neutron To
mography after field cooling to 90.5 K and switching off the field. The sample temperature is increased in steps of 0.1 K to 90.9 K and the remaining trapped field is 
reconstructed using the same procedure (Dotted lines show the sample outline). (b) 3D Overlay of the pore distribution with the magnitude of the reconstructed 
vector field after field cooling and switching off the field at 90.5 K. (c) 3D Overlay of the pore distribution with the magnitude of the trapped field at 90.5 K masking 
out B < µ0Ha is shown from the x-z and (d) x-y perspectives. Regions of B > µ0Ha correspond with regions of high porosity. The volume of B in (b), (c) and (d) are 
transparent. 
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Fig. 5. (a) Overlay of the magnetic field magnitude with the pore distribution from the x-z perspective. (b) Mean field of the sample averaged over the y and z axes 
(projected along the x axis) at the different experiment temperatures overlayed with the normalized pore density averaged in the same manner. The mean field peaks 
in a central position at 90.5 K. The peak progressively moves towards the regions of high porosity on heating the sample. 

Fig. 6. (a) Microscopy images at sample height displaying notable porosity (left) and Differential Interference Contrast Image (right) illustrating the separation into 
large grain regions with high porosity and small grain regions with low porosity. Y211 particles are observed with consistent concentration across regions, while 
cracks (red arrows) are observed throughout. Higher concentration of twin boundaries (blue arrows))in large grain regions (b-c) compared to low grain regions (f-g), 
with a visible transition at the boundary (d-e). Twin boundaries are also observable at pore interfaces, including those in regions of low porosity. 
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and large pinning sites are of the form H
2
c

8π
4
3 πξ3 and H

2
C

8π πξ2d respectively 
[24,25] where ξ is the superconducting coherence length and d is the 
size of the site. This means that the interfacial pinning observed in the 
porous regions are less susceptible to thermal fluctuations and could 
explain the higher field retention observed. In addition to interfacial 
pinning, field is likely trapped inside the pores as multiple flux quanta 
due to the circulating super-currents flowing around the pores in the 
material bulk [32]. 

Polarized Optical Microscopy is used to investigate the material 
structure to elucidate the observed correlation of the field trapping with 
the pore distribution. The sample is cut and polished at a height with 
observable porosity. The results of this investigation are shown in Fig. 6. 
The surface appears to be separated into three regions of interest, the top 
region associated with the a higher porosity in the sample, the bottom 
region associated with lower porosity and the boundary region between 
these two. The top region is composed of significantly larger grains 
while the bottom regions is made up of smaller grains. 

For all the regions, Y211 particles can be observed with no signifi
cant difference in their distribution through the surface. The images 
indicate the sample is rich with defects. Cracks are observed to manifest 
through the samples. The Y211 particles with a typical size of more than 
0.24 µm are known to be at the origin of these cracks [33]. These cracks 
appear also in the vicinity of the pores which would enhance the flux 
pinning at these regions. Furthermore, twin boundaries are present 
through the sample with a higher concentration of them being in the 
regions of higher porosity. Notably, a prominent correlation emerges 
between the presence of twin boundaries and pores, with twin bound
aries manifesting at the interfaces of the pores, including those within 
regions of low porosity. The presence of these defects at the pore in
terfaces would explain the observation of a correlation between the field 
trapping in the material and the pore distribution from the polarized 
neutron tomography experiment. Their presence would serve to 
enhance flux pinning in the pore vicinity in addition to the effects of the 
Y211 particles. 

From Fig. 3d, the spatial distribution of pores does not differ 
significantly based on their radii. This indicates a more or less isotropic 
distribution of pores based on radius in the more porous regions and 
explains the apparent independence of the field retention in the porous 
regions on pore radius for the resolvable pores. Existence of pinning sites 
such as the Y211 particles, cracks and twin boundaries have been 
confirmed using Polarized Optical Microscopy and would play a role in 
flux trapping in the regions of negligible observable porosity. Pores in 
the length scale closer to the coherence length of YBCO can not be 
exempted from the sample too as they would only be too small to be 
resolved using the current neutron attenuation tomography setup. 

5. Conclusion 

Using Neutron Tomography as a primary characterization method, 
we have been able to visualize the effect of material morphology, spe
cifically the porosity on field trapping and retention in YBCO high TC 
superconductor. The non-destructive characterization highlights on the 
flux pinning on the interfaces of such defects and the effects on the 
thermal susceptibility of the trapped flux. The mechanism for the flux 
pinning has been elucidated using Polarized Optical Microscopy to show 
the presence of Y211 particles in the material and defects such as twin 
boundaries and cracks at the interface of the pores. The interfacial de
fects in combination with the particles will enhance the flux pinning in 
the porous regions. 

These results highlight the utility of neutron tomography as a pri
mary tool for the non-destructive investigation of superconducting 
materials for engineering applications. Beyond correlations with 
porosity, the method of polarized neutron tomography allows the 
investigation of superconducting properties with properties such as 
defect concentration, doping concentration and granularity in a bulk 

superconducting sample. Furthermore, the reconstructed vector field of 
the trapped field in the superconductor can facilitate the non-destructive 
determination of the critical current distribution in the bulk. That is 
beyond the scope of this paper and will be the subject of a future study. 
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