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Neutron imaging (NI) is a widely used non-destructive inspection technique that can spatially resolve the inner 
structures of materials. Neutrons are neutral particles that can interact directly with atomic nuclei. Unlike 
X-rays, the absorption and scattering cross sections of neutrons do not correlate with the atomic number1. 
Higher attenuation was observed for some light nuclei, such as hydrogen, carbon, boron, and lithium, and for 
heavy nuclei, such as cadmium and gadolinium. Smaller attenuation was observed for some heavy nuclei, such 
as aluminum, silicon, titanium, and lead. �erefore, NI is a potent nondestructive and noninvasive technique 
for visualizing the distribution of a wide range of elements based on distinctions in their neutron attenuation 
coefficients2. However, NI complements X-ray imaging in several ways. NI is particularly useful for examining 
objects with dense outer shells and inner structures composed of lighter materials. NI, which emerged as a viable 
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industrial inspection technique in the 1950s, has continued to be relevant in recent years. �e NI technique 
has been used for various applications, as demonstrated in Refs.2–8. In recent decades, advanced NI techniques 
have been developed to explore the micro-structural properties of materials over large areas. For example, the 
Bragg-edge neutron transmission method has become a powerful analytical tool, enabled by the advent of pulsed 
neutron sources such as SNS, ISIS, and J-PARC9–12. �e development of compact accelerator-driven neutron 
sources has enabled the acquisition of data of sufficient quality in the wavelength range useful for Bragg-edge 
NI13–16.

Although NI is a powerful imaging technique, developing a neutron detector with high spatial resolution, at 
the micrometer scale level or even better17–23, with better detection efficiency17 and time resolution5,24 remains 
a challenge. �e spatial resolution of NI has improved to a few micrometers17–23. �e most commonly used 
NI method involves the conversion of the shading field of neutron radiation into a visible light image using 
scintillators containing converters such as 6Li or 157Gd23,25–27 �e luminescence of a neutron capture event 
can be observed using a charge-coupled device (CCD) or complementary metal-oxide semiconductor (CMOS) 
via an optical system. A resolution of 2 µm was achieved26. Recently, an NI technique based on a fine-grained 
nuclear emulsion (FGNE), which is essentially a charge-particle tracking detector combined with a neutron 
converter layer formed using 10B4C, was introduced28,29. �e NI device based on the FGNE exhibits a spatial 
resolution of 0.945 ± 0.004 µm. �e spatial resolution is defined in terms of the 1σ diffuseness of the edges of 
the grayscale optical images of the grating slit with a periodic structure of 9 µm29. High spatial resolution, along 
with the world’s best precision, was achieved with the FGNE. �is is promising for the use of tracking detectors 
in imaging applications. Although FGNEs exhibit a high spatial resolution, NI devices on FGNEs have some 
drawbacks29. FGNE-based NI devices are not reusable, and post-irradiation chemical processing is required 
a�er each neutron exposure.

Developing an NI detector that has submicrometer scale spatial resolution and complements the FGNE is 
challenging. To overcome this challenge, fluorescent nuclear track detectors (FNTDs) are reasonable candidates 
for use as NI devices, FNTD-based NI devices have been envisioned in Ref.30. FNTDs are luminescent solid-
state detectors based on Al2O3:C,Mg crystals31,32. To utilize these FNTD-based NI devices for applications 
with reasonably high track density, approximately 1 × 10

4 tracks in an area of 100 × 100 µm
2 are required. 

As discussed in Ref.30, the reusability of FNTDs for NI applications was assessed through seven irradiation-
bleaching cycles. �erefore, a novel approach was developed to perform optical bleaching using ultraviolet laser 
light with a wavelength of 355 nm under the required track density conditions for imaging applications. FNTDs 
can be reused at least seven times for NI applications.

As the key feature of FNTDs, it is essential to examine their reusability before employing them in imaging 
applications. A�er assessing the reusability of FNTDs for imaging applications30, neutron irradiation experiments 
were performed using the FNTD at the low-divergence beam branch33 of BL05 at the Materials and Life Science 
Experimental Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC)34. FNTDs can record 
the three-dimensional trajectories of charged particles as they travel through detectors, similar to FGNEs. FNTD 
was employed for cold/ultracold neutron detection. �e new FNTD was combined with a neutron converter 
layer formed using enriched 10B4C, as shown in Fig. 1a. A 10B nucleus present in the neutron-converter layer 
absorbs neutrons and emits two charged particles heading in opposite directions via the following process: 10

B + n → 7Li + 4He. When one of the emitted ions passes isotropically through the FNTD, the trajectory of 
the charged particle is recorded in the FNTD as the track of the incident charged particle. �ese tracks can be 
imaged using high-resolution nondestructive readout systems based on confocal laser scanning microscopy 

Fig. 1. Developed neutron detector with fluorescent nuclear track detector (FNTD). (a) Schematic layout of 
the neutron detector using an FNTD packed in a protective bag and a gadolinium-based grating. (b) FNTDs 
placed in a protective bag together with the enriched 10B4C-based neutron converter. (c) FNTD-based neutron 
detector packed with light- and airtight laminated protective bag. (d) Schematic view of the two gadolinium 
teeth indicated as grating in (a).
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(CLSM)35,36. �e NI of a gadolinium-based grating with a periodic structure of 9 µm was performed with the 
FNTDs using an approach similar to that in Refs.28,29.

�e irradiated FNTDs were examined using CLSM. �e FNTDs captured using a microscope (FV3000RS, 
Olympus) are shown in Fig. 3a. In this figure, the areas where the neutrons reach and emit tracks from the 
converter appear bright, whereas the regions where the neutrons are blocked appear dark. �e periodic structure 
of the grating is successfully resolved. �is is a benchmark result, as the NI of a micrometer-scale object was 
performed for the first time using FNTDs. A total of 52 images were acquired to evaluate the spatial resolution. 
�e original image size is 1024 × 1024 pixels, as shown in Fig. 3a with dimensions of 106.07 × 106.07 µm

2. �e 
images are resized to a resolution of 128 × 128 pixels as shown in Fig. 3b, to prevent correlation between the 
brightness of adjacent pixels as tracks span multiple pixels. �e details of image processing are described in the 
“Methods” section, Resizing the images.

�e sum of the brightness values of all pixels in the direction parallel to the grating edges (along the X-axis) is 
calculated as a function of pixel position along the Y-axis. �e X- and Y-axes are shown in Fig. 3b. �e red dotted 
lines in Fig. 3c display the peaks and valleys of the brightness sum graph, and these peaks and valleys are used 
as boundaries of each edge section. Using this process, 543 edges with peaks and valleys were deduced from the 
acquired 52 FNTD images. Examples of the deduced edges are shown in Fig. 4a,b.

Hirota et al.28 concluded that developing algorithms and techniques for analyzing images under the 
accumulation of high track densities is essential for effectively utilizing FGNEs in imaging applications. A 
method for evaluating the spatial resolution using the brightness sum graph of a grating slit with a periodic 
structure utilizing an FGNE-based NI device was developed29 under high track density conditions. Modulation 
transfer functions (MTF) and Gaussian error functions are commonly used to evaluate the imaging device 
resolution. However, in the present work and Ref.29, the MTF was not suitable because the grating slit did not 
have a perfectly rectangular shape. �e Gaussian error function was not suitable for evaluating the edge rise of the 
resolved grating edges in the acquired optical images. �e flat plateau regions were not enough for applying the 
error function. �erefore, a trapezoidal fitting function was employed to evaluate the L(10–90%) edge response, 
as shown in Fig. 4a,b, to obtain the diffuseness distribution in a manner similar to the approach used in Ref.29. 
Figure 4a,b show two examples of the trapezoid fitting of the extracted data points. Statistical error bars for each 
data point were calculated using the acquired FNTD images. �e process of estimating the length of the statistical 
error bar is described in the “Methods” section, Estimation of the statistical error for trapezoidal fittings. A 
trapezoidal fitting function was employed to evaluate the edge response. �e edge response, represented by the 
notation L (10–90%), is defined as the distance between 10 and 90% of the edges of the trapezoidal fitting curve. 
�e dotted red lines in Fig. 4a,b represent the trapezoid fitting curves, and the blue dotted lines represent the 
point where the slope of the fitting curve changes. �e legends of Fig. 4a,b indicate the distance of the slope of 
the fitting curve and reduced χ2 value, which is an indicator of the goodness of employing a trapezoid fitting 
function. Figure 5a,b show the distribution of the L(10–90%) edge response and reduced χ2 of the fitting for 
the 543 edges, respectively. �e dotted red line in Fig. 5a show a Gaussian fitting curve. �e mean value of the 
distribution of the 10–90% edge response (diffuseness) is 2.27 ± 0.02 µm when employing a Gaussian fitting 
function. �e deduced 1σ 10–90% edge response (imaging resolution) is 0.887 ± 0.009 µm.

Discussion
In this paper, we present a novel NI device based on FNTDs combined with a neutron converter layer formed 
using 10B4C. Experiments were performed to analyze the NI of a gadolinium-based grating of a known shape. 
For the first time, a micrometer-structured grating slit with a periodic structure of 9 µm was successfully resolved 
using the proposed NI technique. �e NI with the FNTDs exhibited an unprecedented resolution of 0.887 ± 
0.009 µm. We conclude that a submicrometer-scale spatial resolution can be achieved using the proposed NI 
technique-based FNTDs. �e spatial resolution was deduced using a comparable method, that is, the NI of a 
similar grating was performed using the FGNE, which exhibited a resolution of 0.945 ± 0.004 µm29. For a fair 
comparison between the two NI imaging devices based on FNTD and FGNE, trapezoidal fitting was used in 
this study and in Ref.29. Hence, it can be concluded that NI with FNTD is similar to or slightly better than that 
with FGNE. �e deduced resolution is an inclusive assessment that comprises the effects of the resolution of 
the detector and shape of the gadolinium tooth, because the grating slit is not perfectly rectangular (Fig. 1d). 
�e deduced resolution was determined to be the upper limit of the actual resolution. �erefore, FNTDs also 
demonstrate submicrometer spatial resolution for NI, which is comparable to that of FGNEs.

We investigated two NI detectors using FGNE29 and FNTD (current study), both of which were combined 
with a neutron converter layer formed using 10B4C. �ese detectors achieved submicrometer-scale spatial 
resolution. �e FGNE-based NI devices require chemical processing for photographic development and cannot 
be reused. A dedicated optical microscope with an epi-illumination system was used to scan the emulsion 
layer, which could perform readings at speeds of up to 160 fps. However, FNTDs do not require developmental 
processing and can be reused at least seven times for NI applications30. However, CLSM was used to scan the 
FNTD, and it required approximately 1.5 min to capture a single microscopic image. �erefore, the development 
of high-speed confocal microscope-based scanners is required to employ FNTDs for imaging applications.

FNTDs are promising NI devices with numerous prospects for real-world applications. Because these 
detectors are reusable, optical bleaching can be performed when a high track density accumulates30. However, 
the development of a compact automated optical bleaching system is crucial for further enhancing the user-
friendliness of FNTDs.
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Methods

A schematic of the FNTD-based neutron detector developed in this study is presented in Fig. 1a. A 0.4 mm-
thick silicon substrate was used as the base of the detector. 10B4C, NiC, and C layers with thicknesses of 230, 
46, and 14 nm, respectively, were formed on a silicon substrate using an ion beam sputtering machine at the 
Institute for Integrated Radiation and Nuclear Science of Kyoto University37. �e thickness of the 10B4C layer, 
determined by X-ray reflectometry, was 230 nm, with a sputtering time of approximately 3 h. �e thickness 
of the 10B4C layer was determined based on its effect on neutron detection efficiency, physical stability, and 
imaging resolution. An NiC layer was formed on the 10B4C layer to retain its physical stability. A C layer was 
used to provide chemical protection for the NiC layer. A�er the neutron converter was developed, the FNTD, 
a single crystal of aluminum oxide doped with carbon and magnesium, was combined with it, as shown in Fig. 
1b. �is study used a new FNTD measuring 8.0 × 4.0 × 0.5 mm

3 in size, consisting of a single crystal produced 
by Landauer Inc. (Landauer Crystal Growth Division, Stillwater, OK, USA). �e FNTD has a large polished 
surface that closely adheres to the neutron converter on the silicon substrate. �e neutron detector was packed in 
moisture-proof, light-, and airtight-laminated bags composed of nylon, polyethylene, aluminum, polyethylene, 
and black polyethylene layers with thicknesses of 15, 13, 7, 13, and 35 µm, respectively. �e neutron detector 
a�er the airtight packing is shown in Fig. 1c.

A gadolinium-based grating with a periodic structure of 9 µm, which was originally fabricated for a Talbot–Lau 
interferometer configured for neutron phase imaging38, was used for the NI experiments with FNTDs. �e 
grating structure is discussed in Ref.29. �e photograph of the gadolinium-based grating with dimensions of 
20 × 20 mm

2 is shown in Fig. 2a. �e scanning electron microscopy (SEM) images of the gadolinium-based 
grating structure are shown in Fig. 2b,c. �ese images are also presented in Ref.29. �e grating features a periodic 
structure with gadolinium present and absent every 9 µm and is fabricated on a silicon substrate. A schematic 
of a single gadolinium tooth is presented in Fig. 1d. Periodic gadolinium teeth ≈ 5 µm wide with empty spaces 
of ≈ 4 µm, were fabricated on a 525-µm thick silicon substrate. As shown in Fig. 1d, the gadolinium teeth are 
not perfectly rectangular owing to the production process39,40. However, this structure was selected because it 
was the finest one available among the test objects that could be obtained. �is grating can facilitate an inclusive 
assessment of diffuseness, accounting for both the resolution of the detector and the imperfect rectangular shape 
of the gadolinium teeth. �is grating was also utilized for the spatial resolution evaluation of NI with FGNE, as 
detailed in Ref.29.

During the NI experiments, the detector and grating were placed close to each other (Fig. 1a) to minimize the 
blurring effects induced by the spreading of the transmitted neutron beam. �e neutron beam irradiated from 
le� to right, as shown in Fig. 1a. Some incident neutrons were absorbed by the teeth, whereas the remaining 
neutrons passed through the empty spaces of 4 µm and were absorbed in the 10B4C layer. Fig. 3a shows the 

Fig. 2. Photographs of the gadolinium-based grating and layout of the neutron detector, showing a FNTD 
packed in a protective bag and combined with a gadolinium-based grating. (a) Photograph of the gadolinium-
based grating with dimensions of 20 × 20 mm

2. (b) Scanning electron microscopy (SEM) image showing the 
structure of the gadolinium teeth. (c) SEM image showing the cross-section of a single gadolinium tooth. (d) 
A photograph of the packed FNTD, combined with a boron-based neutron converter (Fig. 1a,b), placed in the 
low-divergence beam branch of BL05 at the MLF in J-PARC for neutron irradiation. �e red arrows indicate 
the orientation of the gadolinium-based grating, as shown in (a).
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microscopic image of the FNTD that recorded the tracks through the grating during neutron capture events. 
�e dimensions and number of pixels in this image were 106.07 × 106.07 µm

2 and 1024 × 1024, respectively. 
�e structure of the gadolinium grating, with a periodicity of 9 µm, was successfully resolved for the first time. 
It was clearly visible in Fig. 3a.

�e NI of the grating was performed at the low-divergence beam branch33 of BL05 in the MLF at J-PARC34. 
�is beam branch is one of the most suitable branches in the MLF for this experiment because it can provide a 
reasonably intense neutron beam owing to its coupled neutron moderator. For the NI experiment, the aperture 
of the slit was set to 44 and 6 mm in the horizontal and vertical directions, respectively. �e beam divergence 
in the horizontal and vertical directions was set to 0.3 and 10 mrad, respectively. Note that beam divergence in 
the direction parallel to the grating does not affect the image blurring. �e direction of the gadolinium-based 
grating slit is indicated by the red arrows in Fig. 2a,d. �e neutron flux was 2 × 10

6 n/cm2/s, and the neutron 
irradiation time was set to 2.8 h to accumulate approximately 2 × 10

4 tracks per (100 µm)2. �e distance 
between the grating and 10B4C layer was 1.5 mm, which was equal to the combined thickness of the substrate 
and protective bag. �e detector and grating were mechanically fixed using metal clips, mounted on a holder for 
the optical elements, and placed on an optical table, as shown in Fig. 2d. Beam irradiation was performed at a 
stable environmental temperature of 23.9 ± 0.1 ◦C.

FNTD readout was conducted using CLSM. �e microscope (FV3000RS, Olympus) employed a fiber-optic 
laser with a wavelength of 640 nm, and the light was focused at a specific point within the FNTD using an 
objective lens. �e excitation light at a wavelength of 750 nm was focused through an objective lens and detected 
using a photomultiplier tube. An oil objective lens with a high numerical aperture (NA) (Olympus UPlanFL 
N 40x/1.30NA) was used for the observation. �e field depth was derived as 2 × λ / NA

2
≃ 0.89 µm. A 

galvanometer scanner was used to scan the focal point within the FNTD in a two dimensions. �e dimension of 
a single field of view, pixel number, and exposure time per pixel were set to 106.07 × 106.07 µm

2, 1024 pixels 
× 1024 pixels, and 80 µs, respectively. �ese settings are among the preset values in the microscope scanning 
program. �e laser intensity was approximately 0.2 mW.

For each field of view, at the beginning of the readout process, we defined the surface position of the FNTD 
by adjusting the focal plane and checking the excitation light emitting from the FNTD. �e images were 
acquired by altering the depth in increments of 0.5 µm from the surface position. Among the obtained images, 
a superimposed image composed of four layers from the surface was used.

�e FNTD was scanned on two different days. During the first and second read-outs, 16 and 36 images 
were acquired, respectively. To prevent an overlap in the field of view, the imaging position was shi�ed by 200 
µm, and 52 images were acquired for analysis. Given that the grating period is 9 µm, approximately 12 cycles 
of the pattern were visible in each image. A�er obtaining the image dataset, we estimated the misalignment 
in angular deviations of the resolved grating edges in the FNTD images as 5.3 and 7.5 mrad for the 16 and 36 
images, respectively. �e misalignment distance in the images were 1700 and 1200 µm for the 16 and 36 images, 
respectively. �is effect was negligible for the subsequent analyses, and was not considered to avoid artificial 
broadening.

Fig. 3. (a) Microscopic image of the FNTD showing the recorded tracks during neutron capture events 
through the gratings. (b) Resized image of (a). (c) Brightness sum along the direction parallel to the grating 
(X-direction) as a function of the Y position in the resized FNTD image. �e red dotted lines indicate the 
positions of the peaks and valleys and defined boundaries of individual edge sections.

 

 |         (2025) 15:2103 

www.nature.com/scientificreports/



In the subsequent analyses, the FNTD images were scaled down from the original 1024 × 1024 pixels to 128 × 128 
pixels using the nearest neighbor method41. Resizing of the FNTD images is crucial because of the occurrence of 
single tracks spanning multiple pixels, which causes a correlation between the brightness of neighboring pixels 
in the original images. FNTDs are based on Al2O3:C,Mg crystals31,32, and the trajectory of charged particles in 
the FNTD appears as bright fluorescence (also known as a “fluorescent track”), whereas in the case of FGNE, 
the trajectory of the charged particle can be recognized as a series of silver grains. In a previous analysis of the 
FGNE29, optical images of 1024 × 1024 pixels (dimensions: 56 × 56 µm

2) were scaled down to 188 pixels × 188 
pixels using the nearest neighbor method41 such that the size of one pixel was equivalent to 0.3 µm, which is the 
typical diameter of a developed silver grain. However, resizing FNTD images is not as straightforward as resizing 
FGNE images, because the resizing factor cannot be calculated from the characteristics of the FNTD.

�e following procedure was used to estimate the correlation between the brightness of neighboring pixels: 
Fig. 6a,b show the FNTD image and its brightness sum along the X direction (as indicated in Fig. 6a), respectively. 
Figure 7a shows the average of the differences between the brightness sum values of pixels separated by ∆x 
columns as a function of ∆x. �e error bars represent the corresponding standard deviation of the brightness 
sum values between pixels, and are shown in Fig. 7b. As indicated by the black arrow in the figure, pixels located 
closer than eight pixels, corresponding to 0.83 µm, exhibit correlation and should therefore be merged into a 
single pixel to eliminate brightness correlations.

As discussed in the Results section, a trapezoidal fitting function was employed (Fig. 4a,b) to obtain the 10–90% 
edge response and assess the diffuseness. Figure 5a shows the distribution of the 10–90% edge response and 
diffuseness calculated by employing a Gaussian fitting function. However, as shown in Fig. 4a,b each data point 
of the brightness sum has a corresponding error bar. �e procedure used to estimate the statistical error for each 
data point in this study differed from that discussed in Ref.29. As discussed in Ref.29, the statistical error bars were 
estimated using datasets of simulated images under various track density conditions. �e mean and standard 
deviation were calculated from the brightness sum distribution of the resized simulated images. �e deduced 
standard deviations were used as the error bar lengths for the corresponding brightness values. However, in the 
case of FNTDs, generating simulated images with background fluorescence is challenging because the track 
length of the charged particles and the structural appearance of the fluorescence tracks are unknown. �erefore, 
we employed a technique that uses FNTD images to estimate the corresponding error bars for each data point 
of the brightness sum, as shown in Fig. 4a,b. �e following procedure was used to estimate the error bar for each 
data point of the brightness sum.

First, FNTD images were scaled down from their original size of 1024 × 1024 pixels to 128 × 128 pixels. �e 
projection of the sum of brightness values of the resized FNTD images is shown in Fig. 8a. We extracted pixel 
rows at 9 µm intervals from the actual striation patterns. In Fig. 8a, the red lines indicate a total of 10 pixel rows, 
numbered from 1 to 10. For each pixel row, the mean values of the sum of brightness were extracted for the 
regions indicated by the circles in Fig. 8a. �e deduced mean values are indicated by the corresponding values 
(Fig. 8a) and circles as shown in Fig. 8b. �e mean and standard deviation values were calculated from the ten 
data points obtained, as shown in Fig. 8b. �is process was repeated for the next 10 consecutive pixel rows to scan 
all brightness sum values for the peaks and valleys. �e other 10 figures correspond to the next 10 consecutive 
portions of the FNTD image, as shown in Fig. 8 in Supplementary Material (Supplementary Figs. S1–S10). 
Figure 9a displays the summary of the mean values of the brightness sum for 11 regions in a single FNTD image. 
�e error bars for the corresponding standard deviations are shown in Fig. 9b. �is process was iterated for all 52 
FNTD images acquired, and all standard deviation values were accumulated, as shown in Fig. 10. �e resulting 

Fig. 4. (a,b) Two examples of data points of the brightness sum for two pair of rising and falling edges, from 
Fig. 3c and trapezoid fitting. �e red dotted lines represent the trapezoid fitting curve.
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data points for the standard deviation were fitted using a linear function. From the fitting, the linear function Y 
= 0.0234X - 19.5959 (Fig. 10) was obtained and used to estimate the error bar for the trapezoidal fitting.

Fig. 6. (a) FNTD image of the neutron detector a�er the neutron imaging (NI) experiment, identical to that in 
Fig. 2. (b) Brightness sum along the Y direction in the FNTD image, as indicated in (a).

 

Fig. 5. Distribution of the (a) L(10–90%) edge response for 543 striations from 52 FNTD images. (b) Reduced 
χ

2 values for the fitting with the trapezoid fitting function.
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Fig. 8. (a) Brightness sum projection of an FNTD image. �e red lines show the region of first pixel rows at 9 
mm intervals from the actual striation patterns. �e mean and standard deviation were calculated in the given 
portion, indicated by the red lines. (b) Data points representing the calculated mean and standard deviation 
values in each region. �e mean and standard deviation values of the 10 data points are 9498.1 and 151.6, 
respectively.

 

Fig. 7. (a) Brightness difference between two rows at a specified interval of the brightness sum projection, 
as shown in Fig. 6b, under defined intervals ranging from 1 to 50. (b) Standard deviation of the brightness 
difference under the given interval range. As indicated by a black arrow, pixels located closer than eight pixels, 
corresponding to 0.83 µm, exhibit correlation.
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�e data supporting the findings of this study are available from the corresponding author upon request.

Computer codes supporting the findings of this study are available from the corresponding author upon 
request.

Fig. 10. Correlation between the total brightness values and their standard deviation. �e data points obtained 
for all 52 FNTD images were accumulated. �e blue data points with error bars represent the calculated 
average and standard deviation of the data points within each of the divided regions. A red line indicates the 
linear function fitting line.

 

Fig. 9. (a) Summary of the mean values of the brightness sum for 11 regions. Each FNTD image was divided 
into 11 portions. (b) Summary of the standard deviation for a single FNTD image.
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