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ABSTRACT23

Neutron imaging is a non-destructive inspection technique with a wide range of potential applications. One of the key technical

interests concerning neutron imaging is to achieve micrometer-scale spatial resolution. However, developing a neutron detector

with a high spatial resolution is a challenging task. Recent efforts are focused on achieving this milestone or even submicrometer

spatial resolution. Herein, we introduce our technique for neutron imaging using a fine-grained nuclear emulsion and evaluate

the spatial resolution. We used the fine-grained nuclear emulsion with a gadolinium-based Siemens star test pattern and a

grating with a periodic structure of 9 µm. The deduced value of the spatial resolution is less than 1 µm using the developed

technique. To the best of our knowledge, the submicrometer spatial resolution that we achieved using our method is the best

among all reported neutron imaging devices.

24

Introduction25

Neutron beams are unique tools for a wide range of applications1–5. Neutrons have no electrical charge and can interact directly26

with subatomic nuclei. The absorption and scattering cross-sections of neutrons depend on the nuclides. For example, hydrogen,27

lithium, and gadolinium exhibit high attenuations of the incident neutron beam; however, low attenuations are observed for28

aluminum, silicon, and lead. This dependence of the attenuation of neutrons is different from that of X-rays which is correlated29

to the atomic number6. Therefore, neutron imaging is an effective method for non-destructive and non-invasive observation30

to visualise the distribution of elements using the difference in their neutron attenuation coefficients1. The major challenges31

in developing neutron imaging techniques include improvements in spatial resolution7–13, detection efficiency7, and time32

resolution4, 14 of neutron detectors. In particular, recent developments have improved the spatial resolution of neutron imaging33

to a few micrometers7–13. The highest resolution currently reported is 2 µm, which has been achieved using gadolinium34

oxysulfide scintillators and dedicated optics15. However, achieving a spatial resolution of less than 1 µm remains a challenge.35

To achieve a submicrometer spatial resolution for neutron imaging, a nuclear emulsion is a potential candidate for a neutron36

detector. A nuclear emulsion is a photographic film that can detect the three-dimensional trajectories of charged particles.37

Nuclear emulsions were initially developed for particle and nuclear physics experiments to observe the tracks of charged38



particles. They were used to make the first observations of pion16, hypernuclei17, 18, charm particles19, and double strangeness39

hypernuclei20 until 1970s. The analysis speed of nuclear emulsions has increased remarkably with improvements in image40

processing techniques21, 22. These improvements enable the use of nuclear emulsion in modern experiments to study tau41

neutrino interactions23, direct observation of neutrino oscillations24, hypernuclei22, 25–28, and for several other applications42

including muon radiography29, 30.43

Since the last decade, it has become possible to produce dedicated nuclear emulsions for specific purposes by controlling44

the grain size of the silver halide crystals and chemical components to achieve optimal spatial resolution and sensitivity.45

Fine-grained nuclear emulsions with silver halide crystals having a diameter of less than 0.1 µm have been developed31–33 to46

detect the tracks of the nuclei recoiled by the so-called weakly interacting massive particles. The sensitivity of the nuclear47

emulsion was optimised to track the nuclei but was maintained sufficiently low for electrons and γ-rays34. This type of48

fine-grained nuclear emulsion can be used for neutron imaging by combining it with the 10B4C thin layer, which absorbs49

neutrons and emits charged particles heading in the opposite direction via the following process: 10B + n → 7Li + 4He. When50

a charged particle passes through an emulsion layer, latent image specks are created in some silver halide crystals along its51

trajectory. After chemical development, each crystal which contain latent image specks changes to an enlarged silver grain. A52

series of these grains indicates the tracks of the charged particles.53

Naganawa et al. reported that the spatial resolution of a neutron absorption point is less than 0.1 µm by using a fine-grained54

nuclear emulsion under the condition that the track density within ten tracks per (100 µm)2 in Refs.35. However, to apply this55

detector to neutron imaging, the accumulated track density must be several orders of magnitude higher than the track density.56

For example, while determining the neutron transmission rate of an area of (10 µm)2 at an accuracy of 1% compared to the57

surrounding area, the magnitude of the track density should be 106 per (100 µm)2 to reduce the statistical error. The recorded58

tracks get severely overlapped at such a high track density condition. Hence, it becomes difficult to use an analysis method59

for individual tracks. Hirota et al. attempted neutron imaging under a high track density condition using fine-grained nuclear60

emulsion36. They succeeded in visualizing the inner components of a crystal oscillator chip, for example, gold wires with a61

diameter of approximately 30 µm. However, the spatial resolution was not evaluated quantitatively. Therefore, it is important62

to conduct a quantitative analysis of the spatial resolution of this neutron imaging technique with an object having well-defined63

micrometer-scale structure.64

In this study, we developed a new technique for neutron imaging using a fine-grained nuclear emulsion. We attempted65

neutron imaging using the developed technique for the Siemens star test pattern and the gadolinium-based grating with a66

periodic structure of 9 µm. The spatial resolution of neutron imaging was quantitatively deduced using the gadolinium-based67

grating.68

Figure 1. Developed neutron detector with the nuclear emulsion. a Schematic layout of the neutron detector using a

fine-grained emulsion packed in a protective bag combined with a gadolinium-based grating. b Photograph of developed

neutron detector. The size of the detector was 25 mm × 15 mm.

Results69

Neutron detector system using a fine-grained nuclear emulsion70

The neutron detector used in this study has a layered structure, as shown in Figure 1a. The base of the detector is a 0.4 mm-thick71

silicon substrate. On this substrate, 10B4C, NiC, and C layers of thickness 0.23 µm, 46 nm, and 14 nm, respectively, were72
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Figure 2. Neutron imaging of the Siemens star test pattern. a Photograph of the Siemens star test pattern. It consists of a

thin layer of gadolinium on a quartz substrate and is housed in an aluminum frame. b Photograph of the developed detector

irradiated with the neutron beam through the pattern. The pattern is visible on the emulsion layer to the eyes. c Micrograph of

the recorded image pattern in the nuclear emulsion, showing the innermost edge of the pattern. The sizes of the vertical and

horizontal directions of the figure correspond to 360 and 300 µm, respectively, as shown in the figure.

formed by using an ion beam sputtering technique37. The 10B4C layer converts an incident neutron into two charged particles,73
4He and 7Li. The NiC layer is used to physically stabilise the 10B4C layer. The C layer was used for chemical protection from74

the NiC layer and for providing a strong adhesion to the emulsion. An emulsion layer of thickness of 10 µm was formed on the75

sputtered layers. It is composed of silver halide crystals of approximately 40 nm diameter dispersed in gelatin and including76

polyvinyl alcohol.77

During the beam exposure, the neutron detector, and the grating were placed close together to minimise the blurring78

effects induced by the spreading of the transmitted neutron beam, as shown in Figure 1a. A portion of the incident neutrons79

is absorbed in the imaging subject, and some of the remaining neutrons are absorbed in the 10B4C converter layer. When a80
10B nucleus absorbs a neutron, the reaction products, 4He and 7Li that are emitted head off in the opposite direction. One of81

them passes through the emulsion layer, creating a track of a few micrometers in length. Figure 1b shows a photograph of the82

developed detector. After the chemical development, grayscale images are obtained with submicrometer precision from the83

optical microscope, and silver grains become visible.84

Imaging of the PSI Siemens star test pattern85

Figure 2a shows a photograph of the Siemens star test pattern used in the experiments performed in this study. This pattern is86

designed by a group based at the Paul Scherrer Institute (PSI), Villigen, Switzerland. A prototype of the test pattern is described87

in Ref.38. The pattern consists of 128 spokes in a circular area of 20 mm diameter and is made of a thin layer (in the order of 588

µm) of gadolinium on a quartz wafer with a thickness of 0.7 mm. The space between the spokes becomes narrower towards the89

center of the circle. The innermost spoke has a period of 10 µm, which corresponds to 100 line pairs per millimeter. Then, the90

spatial resolution of an imaging device is assessed by how fine the intervals of the spokes can be resolved.91

Figure 2b shows a photograph of the developed detector irradiated with the neutron beam through the pattern. The pattern92

transferred on the emulsion layer is visible to the naked eyes even before being observed under optical microscope. The dark93

regions correspond to sites where silver grains have been produced by the emitted 4He or 7Li during the neutron absorption94

events. Other regions correspond to sites where the neutrons are absorbed by gadolinium on the pattern, and neutron absorption95

events in the 10B4C layer are suppressed. Figure 2c shows a micrograph of the nuclear emulsion, which recorded the thinnest96

spokes near the center of the pattern. Because the innermost spokes having a period of 10 µm are clearly resolved, this result97

shows the ability of the fine-grained nuclear emulsion to achieve the spatial resolution of micrometer-scale or better.98

Imaging of the gadolinium-based grating99

The spatial resolution of the neutron imaging with the detector developed in the present work was investigated by using a100

grating made of gadolinium with a periodic structure of 9 µm, that is, 111 line pairs per millimeter. Figure 3a shows an image101

of the gadolinium-based grating formed on the silicon substrate. The grating was initially made for a Talbot–Lau interferometer102

for neutron phase imaging39. Figure 3b shows a scanning electron microscopy (SEM) image of the grating produced by the103

same process as that used in the performed experiments. Figure 3c shows a SEM image of the cross-section of a gadolinium104

tooth and Figure 3d shows a schematic view of the gadolinium teeth. Gadolinium teeth with a width of approximately 5 µm105
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Figure 3. Neutron imaging of the gadolinium-based grating. a A picture of a gadolinium-based grating with dimensions

of 20 mm × 20 mm. It was formed on a 525 µm-thick silicon substrate and mounted at the centre of a 525 µm-thick five-inch

silicon wafer. b Image of the structure of the gadolinium teeth obtained by scanning electron microscopy (SEM). c SEM image

of the cross-section of a single gadolinium tooth. d Schematic view of the gadolinium teeth. The direction of the irradiated

neutrons was from left to right. A portion of the incident neutron is absorbed by the gadolinium, while the remnant neutrons

pass through the empty spaces. e Optical micrograph of the neutron detector that recorded the tracks during neutron capture

events through the grating. One side of this micrograph corresponds to 1024 pixels, which is equal to 56 µm.

and empty spaces of 4 µm were formed periodically. Each tooth was formed by depositing gadolinium from an oblique angle106

onto the ridge-like structures formed on the silicon substrate39.107

Figure 3e shows a micrograph of tracks recorded in the nuclear emulsion layer. The dimensions and number of pixels of108

this micrograph are 56 µm × 56 µm and 1024 pixels × 1024 pixels, respectively. The periodic structure with 9 µm is clearly109

visible.110

Evaluation of the spatial resolution111

We produced edge profiles from the obtained micrographs of the neutron detector and fitted the Gaussian error function to

evaluate the edge rise. The error function is described by the following equation:

Error f unction (x) =
A√
2πσ

∫ x

0
exp

(

−
(t −µ)2

2σ2

)

dt +B. (1)

where A is the amplitude, B is the base value, µ is the mean, and σ is the diffuseness of the edge.112

Before the fitting process, we converted the grayscale micrograph into a binarised image, as shown in Figure 4a, using the113

image processing described in the Methods section. The coordinates are also shown in the figure. In the binarised image, the114

white and black pixels correspond to the areas where the silver grains are present and absent, respectively. Using the image, the115

number of the white pixels in the direction parallel to the grating (Y-direction) was calculated at a certain X-value with a range116

of bin sizes, as shown in Figure 4b. The length of the error bar for each point corresponds to the square root of the number of117

white pixels in each line. Then, we divided this graph into individual edge sections by detecting the positions of the peaks and118

valleys of the periodic structure. The green lines in Figure 4b represent the defined boundaries of each edge section. The falling119

and rising edges are treated separately in the subsequent analyses to distinguish between the two sides of the gadolinium tooth,120

that is, one with a silicon back plate and one without it, as shown in Figure 3d. These two sides correspond to the falling and121

rising edges, respectively. To exclude the incomplete stripes in the peripheral part of the micrograph and equalise the number122

of rising and falling edges, we defined pairs of adjacent rising and falling edges and used the paired edges in the subsequent123
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Figure 4. Data processing of neutron imaging of the gadolinium-based grating. a A resised and binarised micrograph of

an optical micrograph of the neutron detector, as shown in Figure 3e. The dimensions of this micrograph were 56 µm × 56 µm.

It was scaled down to 188 pixels × 188 pixels, such that the size of one pixel is equivalent to 0.3 µm, which is the typical

apparent diameter of a silver grain. Each white pixel corresponds to an area in which silver grains were present. b Number of

white pixels along as a function of the X position. The length of each error bar corresponds to the square root of the number of

white pixels. The green lines are the positions of the peaks and valleys, and the defined boundaries of individual edge sections.

To equalise the number of rising and falling edges in the subsequent analysis, we only used the four pairs of rising and four

falling edges in the region (40 < X < 159) from this data.

analysis. We applied this data processing to the obtained micrographs of 168 field-of-views, which correspond to an area of124

0.65 mm2.125

Figure 5a,b shows the fitting for a rising edge and falling edge, respectively, using Eq. (1). The red dotted lines show126

the fitted error function curves. The fitting was conducted in the range between the maximum and minimum points in each127

cut section. A total of 709 rising and 709 falling edges were used in the analysis, and Figure 6 shows the distributions of the128

reduced χ2 of the fitting.129

Because the diffuseness distributions of the rising and falling edges are asymmetric with a tail to the right side, as shown in130

Figure 7, we employed a log-normal distribution described by the following equation:131

Log−normaldistribution (x) =
A√

2πσx
exp

(

−
(lnx−µ)2

2σ2

)

. (2)

where A is the amplitude factor, exp(µ) is the median value, and σ is a parameter that correlates with the width of this132

distribution. The χ2 divided by the number of degrees of freedom of the fitting for the rising and falling edges were 25.9 / 19133

and 23.73 / 16, respectively. The deduced median values of the diffuseness distributions of the rising and falling edges are 0.91134

± 0.01 and 0.88 ± 0.01 µm, and their mean values are 0.96 ± 0.01 and 0.93 ± 0.01 µm, respectively. These values are less135

than 1 µm, as shown in Figure 7.136

Discussion137

We evaluated the median values of the diffuseness for the rising and falling edges to be 0.91 ± 0.01 and 0.88 ± 0.01 µm,138

respectively. These values for the rising and falling edges are consistent within three standard deviations. Here, the shape of139

the gadolinium teeth is not a perfect rectangle because of the production process, as described in Ref.40, 41. Therefore, the140

analysis presented in this paper is an inclusive assessment that includes the effects of the resolution of the detector and the141

shape of the gadolinium tooth. However, because the median values of the diffuseness are less than 1 µm, we have achieved a142

submicrometer spatial resolution using a fine-grained nuclear emulsion for neutron imaging. To the best of our knowledge, the143

achieved spatial resolution is the best among the neutron imaging devices reported to date.144
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Figure 5. Examples of data points of the edges and their fitting with the Gaussian error function. Panels a and b show

the rising and falling edges, respectively. The red dotted lines represent the curves obtained by the fitting. The fitting range is

defined between the minimum and maximum points.

As demonstrated herein, precise neutron imaging using fine-grained nuclear emulsion will open a new avenue for non-145

destructive inspection to visualize the internal structure of advanced materials such as memory chips and fuel cells. For fuel146

cells, it is essential to visualize the water distribution during operation to improve its performance. Moreover, this technique147

can be used in the development of neutron optics elements such as gadolinium-based gratings. For instance, gadolinium-based148

gratings with micrometer-scale structures are used in neutron imaging with Talbot–Lau interferometry, and gratings with finer149

structures lead to a better wavelength resolution of Talbot–Lau imaging. The use of fine-grained nuclear emulsion detectors150

in the development of gratings can improve the resolution of interferometry techniques. Another potential application of151

precise neutron imaging is the inspection of test patterns for neutron imaging with a micrometer-scale structure. As the spatial152

resolution of neutron imaging approaches the micrometer scale, test patterns with micrometer-scale become important for153

evaluating imaging quality9. It is essential to observe such test patterns with neutron transmission, in addition to scanning154

electron microscopy and X-ray microscopy. Moreover, this technique could also be helpful in evaluating newly developed155

neutron imaging devices aiming to achieve a micrometer-scale spatial resolution. Neutron imaging may be conducted for a test156

pattern with a micrometer-scale structure using the nuclear emulsion and another developing neutron imaging device. The157

resolution of the developing device and the diffuseness caused by the beam divergence separately can be deduced by analysing158

and comparing the obtained images.159

The fine-grained nuclear emulsion detector is lightweight, thin, small (even adjustable to sample objects with an area of160

approximately 100 cm2), and can be set without an electrical power supply. Therefore, this detector can be added to existing161

imaging systems without major modifications and can be used as a complementary imaging device. Precise neutron imaging162

using fine-grained nuclear emulsion may provide new insights in a wide range of research fields and potential applications, for163

example, biology, geomechanics, and advanced materials such as semiconductor devices, batteries, and fuel cells.164

Methods165

Detector166

The 10B4C, NiC, and C layers were formed on a silicon substrate by an ion beam sputtering machine available at the Institute for167

Integrated Radiation and Nuclear Science of Kyoto University37. The thickness of the 10B4C layer was adjusted by controlling168

the sputtering time, using the value of 1.25 nm/min of film growth speed measured in a preliminary experiment. The detection169

efficiency of neutrons with this 10B4C layer was measured to be approximately 0.4 % for neutrons with a velocity of 2200 m/s.170

These three layers were formed on a 3-inch silicon substrate with a thickness of 0.4 mm. The emulsion layer was formed on a171

piece of substrate in a dark room by pouring and drying the fine-grained nuclear emulsion. Each detector was packed with a172

light- and moisture-proof laminated bag, which was composed of nylon, polyethylene, aluminum, polyethylene, and black173

polyethylene layers having thicknesses of 15 µm, 13 µm, 7 µm, 13 µm, and 35 µm, respectively.174
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Figure 6. Distribution of reduced χ2 values for the fitting with the error function. A total of 709 rising and 709 falling

edges were used.

Beam exposure175

We used the low-divergence beam branch42 of BL05 in the Materials and Life Science Experimental Facility (MLF) at the176

Japan Proton Accelerator Research Complex (J-PARC). This is one of the most suitable beam branches in the MLF for this177

experiment because it provides a reasonably intense neutron beam owing to a coupled neutron moderator.178

For neutron imaging of the PSI Siemens star, the divergences of the beam in the horizontal and vertical directions were set179

to 0.3 mrad and 1.0 mrad, respectively. The typical beam power and the neutron flux during the experiment were 0.7 MW and180

105 n/cm2/s, respectively. The irradiation time was 9 h to accumulate approximately 104 tracks per (100 µm)2. In contrast, for181

neutron imaging of the gadolinium-based grating, the beam divergence in the vertical direction was set to 10 mrad because the182

beam divergence parallel to the grating does not affect the blurring of the image. Then, the neutron flux was 2×106 n/cm2/s,183

and the neutron irradiation time was 2.8 h to accumulate approximately 2×104 tracks per (100 µm)2.184

Chemical development185

After neutron irradiation, the chemical development of the detectors was conducted in a dark room. The development process186

involves immersing the detectors in the developing, stopping, and fixing solutions. The main agent of the developer was187

ascorbic acid, and the temperature was fixed to 20 ◦C . The immersion times in the developing, stopping, and fixing solutions188

were 5 min, 5 min, and 12 min, respectively. The detectors were then rinsed in tap water for 10 min and dried for 1 h.189

Scanning of the neutron detector190

A dedicated optical microscope with an epi-illumination system was used to scan the emulsion layer on a non-transparent191

silicon substrate. The light source of this system was a 1 W LED with a peak wavelength of 455 nm. The objective lens is192

an oil-immersion type with a magnification of 100x with a numerical aperture (NA) of 1.45 (Nikon Plan Apo). The depth of193

field was derived as 2×λ / NA2 ≃ 0.43 µm. The micrographs were acquired as 8-bit grayscale images with a complementary194

metal–oxide–semiconductor (CMOS) image sensor with 2048 pixels × 2048 pixels (SENTECH CMB401PCL) at speeds195

of up to 160 frames per second. The length of one side of the field of view is approximately 112 µm, that is, a single pixel196

corresponds to 0.055 µm. We only use the central region of the micrograph (i.e., 1024 pixels × 1024 pixels), because optical197

aberration in the periphery of the field of view reduces the quality of the image. Three independent stepping motors control the198

stage of the microscope along the two horizontal axes and the vertical axis. This microscope system acquires sequential images199

along the vertical axis with a pitch of 0.3 µm from the upper boundary to the lower boundary of the emulsion layer. The system200

shifts the field of view in the horizontal direction at a 50 µm pitch and scans the specified area.201
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Figure 7. Distributions of the diffuseness and their fitting results. The blue and green marks represent the obtained

diffuseness distributions for the rising and falling edges, respectively. The dotted and dashed red lines are the log-normal fit

curves for the rising and falling edges, respectively.

Image processing202

The following image processing sequence was carried out before evaluating the spatial resolution of the neutron imaging:203

creation of division images, resising, and binarization. The images acquired by the optical microscope contain shades of dust204

on the image sensor and non-uniformity of brightness due to optical conditions. To remove them, the division images were205

created by the following process. We calculated the average brightness for each pixel and generated a mean image using a set of206

sequential tomographic images acquired at different depths of the focus plane. The image at the depth of the boundary between207

the sputtered C layer and the emulsion layer was selected. The brightness value of each image was divided by the brightness208

value of the corresponding pixel in the mean image. The division images were resised to 188 pixels × 188 pixels such that209

the size of one pixel was equal to 0.3 µm, corresponding to the typical apparent diameter of the silver grain. Furthermore,210

we applied Otsu’s binarization43 to convert the grayscale images to binarised images by employing a non-parametric and211

unsupervised method, as shown in Figure 4a. Here, white and black pixels correspond to areas where the silver grains are212

present and absent, respectively.213

Data availability214

The data that support the findings of this study are available from the corresponding author upon reasonable request.215

Code availability216

Computer codes that support the findings of this study are available from the corresponding author upon reasonable request.217
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