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ABSTRACT

Samples were examined using a superconducting (Nb) neutron imaging system
employing a delay-line technique which in previous studies was shown to have high
spatial resolution. We found excellent correspondence between neutron transmission and
scanning electron microscope (SEM) images of Gd islands with sizes between 15 and
130 um which were thermally-sprayed onto a Si substrate. Neutron transmission images
could be used to identify tiny voids in a thermally-sprayed continuous Gd>O3 film on a Si
substrate which could not be seen in SEM images. We also found that neutron
transmission images revealed pattern formations, mosaic features and co-existing
dendritic phases in Wood’s metal samples with constituent elements Bi, Pb, Sn and Cd.
These results demonstrate the merits of the current-biased kinetic inductance detector
(CB-KID) system for practical studies in materials science. Moreover, we found that
operating the detector at a more optimal temperature (7.9 K) appreciably improved the
effective detection efficiency when compared to previous studies conducted at 4 K. This
is because the effective size of hot-spots in the superconducting meanderline planes

increases with temperature, which makes particle detections more likely.

Keywords: neutron imaging, superconducting sensor, thermal-sprayed Gd film, thermal-

sprayed Gd>O3 film, Wood’s metal, detection efficiency

1. Introduction

Neutron beams are sensitive not only to certain light elements, such as hydrogen,
lithium, boron, carbon and oxygen, but also to exceptionally heavy elements with high
neutron absorption cross-sections, such as gadolinium, samarium, europium and
cadmium. The characteristics of experiments conducted using neutron beams are thus
remarkably different from those using X-ray, electron or proton beams. Neutron imaging
has been used for taking transmission spectra [1,2], for neutron tomography [3], and as a
non-destructive technique for investigating pore structures in materials, for example, a
pore structure was observed in the attenuation and dark-field images of an electron beam-
melted Ti-6Al-4V cube. [4].

A spatial resolution for neutron imaging of 20 um was reported using a scintillator



camera detector, which decreased to 2 um when using a CMOS sensor for center-of-
gravity corrections [5]. A spatial resolution of 5.4 um was reported for color-center
formation in LiF crystals [6]. A °B-doped multichannel plate [7] was used for imaging
with pulsed neutron sources with a resolution of 55 pm (or 10 pm with center-of-gravity
corrections). Our group developed the current-biased kinetic inductance detector (CB-
KID) and demonstrated resolutions of 22 um [8] and 16 pm [9]. Thin-film-coated thermal
neutron detectors with high efficiency have also been created using microstructured
semiconductor neutron detector (MSND) technology [10].

In most cases these systems were characterized using a test sample with a
fabricated pattern such as a Gd based Siemens star [11] or an array of '°B dots [8,9].
In reality, however, test samples of interest in material sciences tend to have wide
size, thickness, shape and composition distributions. The purpose of this study was
to test the practicality of the CB-KID system for imaging samples with more realistic
features. The samples studied include Gd and Gd>Os films deposited on Si substrates,
and Wood’s metal samples containing irregular eutectic phases. Wood’s metals are of
interest to material scientists studying the mechanism of the formation of patterns during

irregular eutectic solidification [12,13].

2. Methods: Using CB-KID for neutron transmission imaging

The CB-KID system was proposed as a superconducting neutron detector. Its
operating principle is somewhat similar to a superconducting single photon detector
(SSPD) [14], but in contrast to SSPD, CB-KID works even under a small bias current.
A transient change in the density of electrons in the superconducting wire ng occurs
at a hot spot created by a passing charged particle. Although CB-KID was proposed
for neutron imaging, it may be used for detecting hot spots created by other stimuli.
London-Maxwell theory [15] predicts that a negative pulse propagates in the
downstream direction from the hot spot, while a positive pulse propagates upstream.
A superconductor-insulator-superconductor planar structure in CB-KID provides an
efficient waveguide to transmit electromagnetic pulse signals [15]. When used for
neutron imaging, a '°B conversion layer is needed to convert neutrons to charged

particles, which in turn create hot spots in the meanderlines.



In Fig. 1, we show a schematic diagram of the CB-KID measurement system.
The CB-KID used in this study was fabricated on Si as (1) a 300 nm thick Nb plane,
(2) a 350 nm SiO> layer, (3) a 50 nm thick ¥ meanderline, (4) a 150 nm SiO; layer,
(5) a 50 nm thick X meanderline, and (6) a 150 nm SiO, layer. A B neutron
conversion layer of 70 nm thickness was deposited on top of the CB-KID by electron-
beam evaporation in an ultra-high vacuum chamber. A thin '°B layer was used for this
study as we are still optimizing the process of depositing '°B to obtain a uniform layer.
In past experiments we have encountered issues with '°B peeling off during deposition,
however we expect process optimizations in future will enable us to deposit thicker '°B
conversion layers while ensuring that the detector does not heat up too much causing
damage. The 0.9 pm wide X and Y meanderlines had 10,000 repetitions of segments
(h = 15.1 mm) with a pitch p = 1.5 pum, giving a sensitive area of 15X15 mm. DC
bias currents (50 pA) were fed into the X and Y meanderlines. A 32 Ch time-to-
digital convertor with 1 ns sampling (Kalliope-DC readout circuit) received four
positive signals [8,16]. The CB-KID temperature was controlled at 7.9 K. The
coordinates (X,Y) of hot spots were estimated as X = (tchs — tcnz)Vxp/2h and
Y = (tchz — tch1)Vyp/2h, where tchi, tchz, tens, and teng are the signal arrival
times. We measured the signal propagation velocities along the meanderlines as v, =
6.052 X 10" m/s and v, = 4.581 X 10" m/s at 7.9 K by feeding a pulse signal
from one end of each meanderline to the other. Neutron images were rendered from the
hot spot distribution.

We prepared test samples of Gd islands and Gd>Os3 films by thermal spray coating
onto a 0.75 mm thick Si substrate (4xX4 mm). The Gd islands have a wide distribution of
thicknesses. Most islands were less than 2 um thick, while a few islands had thicknesses
as high as ~4 pm. The thickness of the continuous Gd,O3 film was approximately 19 pum.

During etching two 50 um stainless steel (type 304) masks with 100 um stripe
patterns (pitch 250 um) were superimposed onto the Si substrate with a small overlapping
angle (~7 degrees). The two overlapping masks created lamellar moiré patterns with a
repetition pitch of ~2 mm at the open parts.

Wood’s metal samples were prepared as buttons from liquid Bi (50%), Pb
(26.7%), Sn (13.3%) and Cd (10%). Wood’s metal is known to form various different



eutectic microstructures during the solidification process [17]. Six samples of Wood’s
metal were sliced from the buttons using a diamond saw. The sample thickness varied
between 0.2 and 0.8 mm in this work.

Each of the test samples was fixed on an Al plate using epoxy and placed at
0.8 mm distance from the CB-KID meanderlines. This was to minimize smearing of
the resulting images arising from the angular beam divergence of the pulsed neutron

beam.

3. Results and discussion
3.1. Observation of Gd islands

Fig. 2(a) shows a neutron transmission image of the Gd sample acquired over 138
hours with 0.1 to 1.13 nm wavelength pulsed neutrons at 520 kW and a collimation
ratio of L/D=140 (14 m collimator length and 0.1x0.1 m moderator) at BL10, J-
PARC [18]. Note that the beam collimator was fully open so that the whole moderator
could be seen from the detector position. Symbolic for many samples of practical
interest, there are many islands with varying sizes visible in the neutron transmission
image. A scanning electron microscope (SEM) image of the same sample (Fig. 2(b))
also shows many islands (white regions) with various sizes. We confirmed that these
white islands contained Gd using energy dispersive X-ray spectroscopy. We attribute
the stripe pattern visible in Fig. 2(b) to re-deposition of stainless steel (type 304) from the
masks which occurred in the milling chamber during preparation of the test sample. This
was confirmed by energy dispersive X-ray spectroscopy (EDX) analyses, which showed
appreciable amounts of Fe and Cr in the stripe locations. These stripes are not visible in
the neutron transmission image (Fig. 2(a)) due to the low neutron absorption cross
sections of Fe and Cr.

The dotted areas highlighted in Fig. 2(a) and Fig. 2(b) are enlarged in Fig. 3(a) and
Fig. 3(b), respectively, to show the correspondence between the neutron transmission and
SEM images. Fig. 3(c) and Fig. 3(e) show line profiles in the neutron transmission image
along the x and y directions of the marked Gd island, respectively. The line profiles were

fitted with

I(x)=1,+A [tanh (x;—:l) — tanh (%‘1/\:955)] (1)



where [, is the floor intensity, A is an amplitude of the peak (or trough), x; is the
position of the peak (or trough), x,, is the width of the island edge and x, is a measure
of the size of the island. This function is convenient for modelling the various shapes of
the line profiles across islands, as it can fit both narrow and wide peaks (troughs), and
peaks (troughs) with sharp or flat summits (minima). In the analyses below, the full size
of a Gd island was calculated as including the edge widths, i.e. D, = x; + 2x,,. In
Fig. 3(d) and Fig. 3(f), we show the line profiles in the SEM image of the Gd island along
the x direction and the y direction, respectively. There was good agreement between the
sizes from neutron and SEM images: DReUron =787+ 1.5um, DIEM =742+
1.3 um, Dpeuto™ =78.3 + 1.1 um and DyEM = 76.7 + 1.7 um. We noticed a visible
tail at the bottom of the marked island both in the transmission image of Fig. 3(a) as
well as in the SEM image of Fig.3(b). We evaluated the width of the tail as
ppeutron — 9934+ 80um and DJEM =21.94 0.7 um. Dotted ovals are shown
around two Gd islands in the transmission image of Fig. 3(a). These islands cannot
be discerned in the SEM image in Fig. 3(b) as they lie within one of the gray stripes.

Fig. 3(g) shows the correlation between D™eUtron and DSEM calculated along
the x and y directions for multiple islands on the sample. The data points are fitted
linearly by Dmeutron = g pSEM Wwe found a, = 1.11 + 0.02 for the x direction and
a, = 1.13 £ 0.03 for the y direction, for islands ranging in size from 15 to 130 pm. The
factthat a, and a, are different from unity is not because of aberrations in the neutron
transmission images, but due to the thicknesses of the Gd islands tapering to zero towards
the island edges. SEM is more sensitive to the thin Gd at the edges of the islands than
neutron transmission imaging which requires a certain thickness of Gd to give good
contrast. If aberrations were the cause, we would expect that the sensitive area of the CB-
KID, i.e. the area covered by the '°B conversion layer (15x15 mm), would be inaccurate
when calculated from the neutron transmission image. In fact measuring from the

neutron transmission image gives 15.002x15.054 mm, which is close to the true value.

3.2. Voids in Gd>0s film
Based on the above positive results, we took a neutron transmission image of

the Gd20; film prepared by thermal-spray coating. The detection of pores using



neutron imaging has been studied in the past for electron beam-melted Ti-6Al1-4V [3].
Fig. 4(a) shows a neutron transmission image of the Gd,0O3 sample taken with neutron
wavelengths (0.1 to 1.13 nm). Although the image is rather continuous, tiny orange
colored bright spots are visible. Fig. 4(b) shows a SEM image of the Gd,O3 sample, and
there is no indication of these bright spots. We therefore infer that the Gd>O3 film is
continuous rather than having isolated island-like structures like the Gd sample, and
the orange spots in Fig. 4(a) represent voids in the film.

To investigate the void sizes, the dotted area highlighted in Fig. 4(a) containing one
bright spot is enlarged in Fig. 4(c). There is clearly a void at the center identified by the
green region in Fig. 4(c). Fitting the line profiles along the x and y directions in the

transmission image of the void with Eq. (1) gives Dy = 54.8+9.3 um and D, =

31.0 £ 6.7 um (Fig. 4(d) and (e)). The fine morphology of the Gd,0s film ona 30 pm
scale is apparent over the 600 X 600 pm enlarged area in Fig. 4(c). This fine
morphology is not as clear in Fig. 4(a) because the scale for the intensity covers a wider
range. The observed morphology indicates the existence of subtle heterogeneities in the
thermally-sprayed Gd>Os3 film. Neutron transmission imaging is thus a practical technique
for checking the internal structures of films for defects that cannot be seen with optical

microscopes or SEM imaging.

3.3. Pattern formation in Wood’s metal

There are four different phases in Wood’s metal, one of which is a Cd-rich phase that
tends to have a needle-like structure [19,20]. This phase is accessible with neutron
transmission imaging due to the large neutron absorption cross section of Cd. The other
three constituent elements of Wood’s metal (Bi, Pb, Sn) are almost transparent to neutron
beams due to their small absorption cross sections. An earlier work used neutron imaging
to reveal needle-like precipitates of cadmium in the microstructure of a Wood’s metal
sample [21].

Figs. 5(a)-(f) show the CB-KID neutron transmission images (0.1 to 1.13 nm) of
Wood’s metal samples. The images reveal various interesting structures including
dendritic structures, seen at (x,y) =~ (0 um, 1.3 X 103 um) in Fig. 5(b) and at (x,y) =
(4 x 103 pum, 0.8 X 10® um) in Fig. 5(d). Based on differences in the transmission



intensities for different neutron wavelengths, we identified that the bright dendritic lines
are from Cd-rich phases, while the surrounding dark lines visible in the images are from
Cd-deficient phases [19,20]. Microstructures can also be seen in the images, for example,
the lamella pattern in Fig. 5(a) near (x,y) =~ (—1.7 X 103um, 4.3 x 103um). This
pattern has dark stripes of ~ 30 um width, and a repetition pitch of ~ 50 um.

The microstructures in the samples were not visible using a conventional optical
microscope. SEM can probe the surface of samples, but these samples were too thick (0.2
to 0.8 mm) for SEM to image these microstructures which are inside the samples. The
thick horizontal and vertical white lines in Fig. 5(a), (b) and (c) are not genuine but
artifacts from defects in the CB-KID. The sensitivity of the CB-KID deteriorates in the
segments near the defect of the meanderline, yielding the types of white lines that are
visible. One way to remove the effect of the defects is to normalize against an image that
is obtained without setting a sample. We demonstrated this in a preceding publication [9].
In the present study, we did not apply open beam normalization because our samples and
the detector were installed at a cryogenic temperature in a high vacuum (see Fig. 1).
Resetting the components to take an image without a sample for normalization would
have reduced the beam time available for other measurements for this study.

The thin periodic vertical stripes in Fig. 5 are also artifacts. The data processing
technique yields discrete rather than continues coordinates (X, Y) for hot spots due to
the repetitive structure of the meanderline, which has a period of p = 1.5 pm. This
means some pixels have a different effective size to others, giving rise to the periodic
anomalies visible in Fig. 5. Nonetheless, the present results demonstrate that neutron
transmission imaging can be used to study the pattern formations from irregular eutectic

solidification of Wood’s metal samples.

3.4. Detection efficiency of CB-KID

We previously reported the detection efficiency of the X meanderline in the CB-
KID at 4 K [22]. The delay-line method requires the detection of four signals arriving
over a short timescale from the X and Y meanderlines to identify the coordinate of
each hot-spot. For 0.025 eV thermal neutrons, the ratio of efficiencies for

simultaneous X and Y detections compared to detections on the Y meanderline was



just 12% when the detector temperature was 4 K [23]. In Fig. 6, experimental detection
efficiencies of single X or Y meanderline detections and simultaneous X and Y
meanderline detections are shown as a function of neutron wavelength (or time of flight
for travelling 14 m) when the detector temperature was controlled at 7.9 K. We found that
the ratio of efficiencies for 0.025 eV thermal neutrons for simultaneous X and Y
detections to Y detections increased to 82% for the detector at 7.9 K. Although the
absolute values of the efficiencies in Fig. 6 are low, we note that the thickness of the °B
neutron conversion layer can be increased from 70 nm to 1000 nm to improve the
efficiency of CB-KID.

The PHITS Monte Carlo particle transport code was previously applied for
estimating the detection efficiency of CB-KID with a 10 pm thick '°B conversion layer
[24].For comparison with the experimental data in Fig. 6, new PHITS simulations were
carried out with a 70 nm thick '°B conversion layer for the present work. The agreement
between the experiments and the simulations is fairly good. Some of the discrepancy
between the simulation and experimental efficiencies can be explained by the
experimental readout circuit (Kalliope-DC) setting a finite threshold for discriminating
signals from noise.

We used PHITS simulations to consider the effect of different '°B conversion layer
thicknesses on the detection efficiency. The simulated detection efficiency for 0.025 eV
thermal neutrons was 1.4% for a 1 um thick '°B conversion layer, increasing to 1.9% for
a 2 um thick '°B conversion layer. Note that the efficiency is not expected to increase
proportionally with the film thickness, as the short ranges of ’Li particles makes it
increasingly unlikely for them to reach the superconducting meanderlines.

We note that the ratio of efficiencies for simultaneous X and Y detections to YV
detections was 64% in the simulations for 0.025 eV thermal neutrons. The efficiency of
X and Y simultaneous detections in the PHITS simulations is mainly determined by the
spatial coverage of superconducting meanderlines within the detector. The large increase
in the ratio of efficiencies between operating the detector at 4 and 7.9 K, and the higher
fraction of X and Y simultaneous detections in the experiments (82%) than the PHITS
simulations (64%), may be explained by the hot-spot sizes being larger than the

repetition period of the meanderlines when the critical temperature is approached.



Not only increasing the thickness of the conversion layer but also optimizing the
operating temperature may be ways to increase the effective detection efficiency of
CB-KID. Since the operating temperature of the detector has not yet been optimized
to maximize the detection efficiency, it may be possible to achieve higher efficiencies

by studying the temperature-dependency of the efficiency systematically.

4. Conclusions

We carried out a systematic investigation of the distribution of Gd islands on a
thermally-sprayed sample of Gd on a Si substrate by means of neutron transmission
imaging and SEM observations. The sizes of the Gd islands determined from the
transmission image correlated strongly with those determined from the SEM image.
We demonstrated that the CB-KID could be used to identify (1) tiny voids in a thermally-
sprayed continuous Gd>Os3 film and (2) various patterns, mosaic morphologies and
different eutectic microstructures consisting of Cd-rich phases in Wood’s metal samples.
The fact that the CB-KID system could be used to probe samples with a wide
distribution of sizes and thicknesses is promising for applying the device for practical
transmission imaging for samples of interest to material scientists. Operating the CB-
KID at higher temperatures appreciably improved the efficiency for simultaneously
detecting the X and Y coordinates of hotspots. Finally we compared the detection
efficiency with the PHITS simulations. We now plan to improve the detection efficiency

by increasing the thickness of the '°B neutron conversion layer.
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Fig. 1. Schematic diagram of the superconducting neutron imaging system. Pulsed neutrons
were incident on the substrate side of the detector after passing through the test samples from
the 14 m long beam-line at BL10 of the MLF at J-PARC. The detector and samples were
cooled down to cryogenic temperatures using a Gifford-McMahon cryocooler. The neutron
detector consists of the X and Y-meanderlines, which are superimposed orthogonally to each
other, and a '°B neutron conversion layer. Neutron signals arising from both ends of the two
meanderlines were amplified by low noise amplifiers at each channel (Chl, Ch2, Ch3, or
Ch4) to feed into a Kalliope-DC readout circuit and an oscilloscope via four signal splitters.

The system was controlled by a data acquisition (DAG) program and LabVIEW software.
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Fig. 2. (a) Neutron transmission image of the Gd sample on the Si substrate taken using CB-

KID with neutron wavelengths 0.1 to 1.13 nm. (b) Corresponding SEM image. The Gd
sample was dry etched using Ar ion milling.
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Fig. 3. (a) and (b) Enlargements of the marked areas in Fig. 1(a) (neutron transmission
image) and Fig. 1(b) (SEM image) of the Gd sample, respectively. (¢) and (d) Line profiles
and fitting curves of the Gd island along the x direction for the neutron transmission and
SEM images, respectively. (e) and (f) As per above panels, but for line profiles along the y
direction across the Gd island. (g) Correlation of the sizes of the various Gd islands estimated

using the neutron transmission and SEM images. The red and green fitting lines overlap with

each other in the figure.
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Fig. 4. (a) Neutron transmission image of the Gd,O, sample on the Si substrate taken with
neutron wavelengths 0.1 to 1.13 nm. (b) SEM image of the Gd,O, sample. This sample was

also dry etched using Ar ion milling. (¢) Enlargement of a void apparent in the neutron

transmission image of the Gd, O, sample (see dotted area of (a)). (d) Line profile of the void

along the x direction. (e) Line profile of a void along the y direction.
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Fig. 5. Features in neutron transmission images taken with neutron wavelengths 0.1 to
1.13 nm of Wood’s metal samples. The sample thicknesses were (a) 0.24 mm, (b) 0.80 mm,
(c) 0.28 mm, (d) 0.39 mm, (e) 0.35 mm and (f) 0.71 mm. Various different patterns can be

seen. Dendritic white lines in the images are from Cd-rich phases, while dark lines are from

Cd-deficient phases.
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Fig. 6. Experimental detection efficiencies on the X and Y meanderlines separately, and
simultaneously on both X & Y meanderlines with 70-nm thick '°B conversion layer as a
function of neutron wavelength (or time of flight) when the detector temperature was
controlled at 7.9 K. Efficiencies calculated from PHITS simulations are also shown

(dashed lines).
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