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Abstract A new type of cold/ultracold neutron detector
that can realize a spatial resolution of less than 100 nm was
developed using nuclear emulsion. The detector consists of
a fine-grained nuclear emulsion coating and a 50-nm thick
10B4C layer for the neutron conversion. The detector was
exposed to cold and ultracold neutrons (UCNs) at the J-
PARC. Detection efficiencies were measured as (0.163 ±
0.015 (stat) ± 0.013 (sys))% and (10.3 ± 1.3 (stat) ± 1.1
(sys))% for cold and ultracold neutrons consistently with the
10B content in the converter. Positions of individual neutrons
can be determined by observing secondary particle tracks
recorded in the nuclear emulsion. The spatial resolution of
incident neutrons were found to be in the range of 11–99
nm in the angle region of tanθ ≤ 1.9, where θ is the angle
between a recorded track and the normal direction of the
converter layer. The achieved spatial resolution corresponds
to the improvement of one or two orders of magnitude com-
pared with conventional techniques and it is comparable with
the wavelength of UCNs.

1 Introduction

Nuclear emulsion is a type of photographic film used as
a tracking device in particle physics, which features high
spatial resolution. For a directional dark matter search, fine-
grained nuclear emulsions were produced with silver halide
crystals of 35-nm diameter [1–3]. We succeeded in devel-
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oping a neutron detector which realizes a spatial resolution
of less than 100 nm by using the emulsion and a thin layer
which includes 10B, as a neutron converter. The improved
resolution, which is better than that of conventional detectors
(1−2µm) [4,5] by one or two orders of magnitude, allows
for numerous possibilities and new applications. For exam-
ple, this detector is suitable for measurements of position
distributions of quantized states under the influence of the
earth’s gravitational field [6–8], or in searches of unknown
short range forces. The high spatial resolution is also quite
useful in searches for electric charges associated with neu-
trons [9,10]. This detector facilitates measurements of matter
waves of neutrons because their wavelength with regard to
ultracold neutrons (UCNs) is ∼ 60 nm.

2 High spatial resolution nuclear emulsion detector

The detector consists of a thin converter layer formed on a
0.4-mm-thick silicon substrate, which is coated with 10-µm-
thick fine-grained nuclear emulsion. The converter consists
of 10B4C (50 nm), NiC (60 nm), and C (30 nm) layers (Fig. 1).
The converter was fabricated using an ion beam sputtering
machine at KURRI [11] and the thicknesses of the layers
were estimated based on deposition rates. 10B4C converts
neutrons into two ions whereas the NiC layer stabilizes the
10B4C layer. The C layer is used for chemical protection
and a smooth adhesion for the emulsion. In order to deter-
mine the amount of 10B in the 10B4C layer, neutron transmis-
sions of two Si-10B4C-NiC-C plates, which were fabricated
together with the detector’s, were measured with cold neu-
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Fig. 1 A schematic view of the detector. When a neutron is absorbed in
the 10B4C layer, two ions, an α-particle and a 7Li nucleus, are emitted.
One of them is detected as a track which is several microns long in the
emulsion layer

trons at BL05 of J-PARC MLF [12,13]. From the average
of them, an absorption rate was evaluated at (0.136 ± 0.003
(stat) ± 0.038 (sys))% for 1000 m/s neutrons, which corre-
sponds to a 10B content of (1.61 ± 0.03 (stat) ± 0.45 (sys))
× 1017 nuclei/cm2. The contributions to those systematic
errors were from the standard deviation of cold neutron trans-
mission of the two plates (28%) and the uncertainty of angles
of plates against the cold neutron beam during the transmis-
sion measurement (1.9%) in relative errors. The latter was 1
mrad for the exposure angle of 52.4 mrad.

The fine-grained nuclear emulsion consists of AgBr·I
crystals with a diameter of 35 nm and gelatin. When a charged
particle penetrates the crystals, latent images are formed in
them. The development (photographic processing) of these
latent images as photographic films using chemical solutions,
results in the generation of silver grains with a diameter of ∼
100 nm. During the development, the thickness of the emul-
sion layer shrinks to 0.6 times of the original. The induced
tracks are detected using an optical microscope with an epi-
illuminat-ion system. This emulsion is optimized for heavily
ionizing particles due to neutron absorption, but insensitive
to electron and gamma-ray backgrounds. To detect slow neu-
trons, absorption by 10B was used:

n +10 B → α +7 Li + 2.79MeV(6%) (1)

n +10 B → α +7 Li∗ + γ (0.48MeV) + 2.31MeV(94%)

(2)

where 7Li∗ is the first excitation state of 7Li. α-particles and
7Li nuclei from those reactions are detected in the nuclear
emulsion. In the case of reaction (2), α-particles and 7Li
nuclei form tracks with ranges of (5.1 ± 0.4) µm and (2.6 ±

0.4) µm, respectively, in the fine-grained nuclear emulsion
based on calculation by SRIM-2008.04. Their errors show
stragglings of the ranges. After an absorption, an α-particle
and a 7Li nucleus are emitted in the opposite directions. One
of them enters the emulsion layer and is detected. By retrac-
ing the track to the converter layer, the position of the absorp-
tion point can be estimated using the distribution of grains
along the track as will be discussed later.

There are three kinds of background. First one is α-
particles from natural radiations from thorium and uranium
chains. Ranges of them are longer than 16µm in the emulsion
layer from calculations based on SRIM-2008.04. Second one
is protons recoiled by fast neutrons in the beamline. Third one
is protons from 14N(n,p) reactions caused by nitrogen orig-
inally contained in emulsion layer with its mass fraction of
(0.027 ± 0.003) g/g [3]. This value corresponds to 14N con-
tent of (4.0 ± 0.4) × 1018 nuclei/cm2 in 10-µm-thickness.
Protons from the reactions have the range of (7.0 ± 0.5)
µm based on calculation by SRIM-2008.04. The emulsion
layer of 10-µm-thick can sufficiently facilitate rejection of
background tracks. Firstly, tracks which are not attached to
the sputtered layer are all recognized as backgrounds. By
this, most of short background tracks of recoiled protons and
those from 14N(n,p) reaction are rejected. Secondly, tracks
attached to the sputtered layer which are longer than the
lengths of signal tracks, i.e. longer than α-tracks from (1)
or (2), are rejected. In such a manner, α-tracks from isotopes
outside of emulsion layer belonging to thorium or uranium
chain or tracks of recoiled protons which are longer than
signals attached to the sputtered layer are rejected. Thirdly,
tracks of recoiled protons which are shorter than signals and
attached to the sputtered layer by chance are rejected by rec-
ognizing their low density of silver grains due to whose ion-
ization loss being less than the half of signal tracks. Also
multiple coulomb scattering which is significantly larger than
signal tracks can be used for the rejection. Fourthly, α-tracks
whose sources are inside of the emulsion layer are rejected
by recognizing topologies of multiple tracks from the decay
chain starting from the positions of single sources.

For coating the converter layer with emulsion gel, it was
melted at 40◦C and was taken by a micropipette, deposited
on Si-10B4C-NiC-C plates of dimensions 2 cm × 2 cm,
and spread using the tip of the micropipette. Drying was
done under room conditions. Subsequently, the detector was
packed using two foils of 10-µm-thick aluminum overlaid, in
order to avoid exposure to light. Aluminum was selected for
its small absorption cross section to neutrons and low Fermi
potential.

3 Detection efficiency to cold/ultracold neutrons

The detector was demonstrated using cold neutrons with
a wavelength of 0.2–1.0 nm at the Low Divergence Beam
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Fig. 2 Left: a schematic view of the experimental setup. Right: the
wavelength distribution taken by the 3He detector

Branch of the BL05 [12,13]. The experimental setup and the
wavelength distribution of the neutrons which was acquired
from measurements are shown in Fig. 2. A beam monitor
detector (MNH10/4.2F, a 3He proportional counter [14]) was
set at the upstream to normalize the beam intensities. A 3-
mm-diameter pinhole in a cadmium plate was positioned
downstream. The machining accuracy of the pinhole was esti-
mated by measuring its radius. It was measured at 10 different
positions by using an image scanner with pixel size of 21µm.
The average radius was (2.968 ± 0.019) mm which showed
the machining accuracy of 0.64% to its radius. It affected the
estimation of exposure density of cold neutrons to the emul-
sion detector by 1.3% and contributed as a part of its sys-
tematic uncertainty. The emulsion detector of 2 cm × 2 cm
was set at 8.2 cm downstream of the pinhole. A 3He detector
(RS-P4-0812-223, a 25.4-mm-diameter 0.97-MPa-3He pro-
portional counter) was set at its downstream. The intensity
and the wavelength of the neutron beam was evaluated by
measurement without the emulsion detector. The number of
neutrons which passed through the pinhole was evaluated to
be (3.201 ± 0.004 (stat) ± 0.077 (sys)) × 106 for an exposure
time of 22 min, by normalizing the beam monitor counts. The
main source of the systematic error was the uncertainty of the
normalization which contributes by 2.4% in relative error.

After the exposure to neutrons, the emulsion detector was
developed (photoprocessed) at Nagoya University. Subse-
quently, tracks from the neutron absorption were observed
under an optical microscope with an epi-illumination sys-
tem, as shown in Fig. 3. Tracks were counted manually in
tomographic images taken by a CMOS camera installed in
the microscopy system. Only defined sample regions were
investigated to minimize the time for counting.

A total of 16 sample regions of 100-µm square each in
3-mm diameter corresponding to the pinhole position were
scanned for counting and evaluating the detection efficiency.
The entire 10-µm thickness of the emulsion layer was inves-
tigated. In order to reject small scratch marks on the sput-
tered layer which mimic the signal tracks, tracks with large
angles that were nearly parallel to the sputtered layer were
rejected. This reduced the detection efficiency to (82.5 ±
0.06)% for neutron absorption. This reduction rate was cal-

Fig. 3 Tracks from neutron absorption by 10B were clearly observed
under the epi-illumination optical microscope. Arrows are drawn next
to tracks. Beginning points of the arrows show starting points of tracks
at the surface of the converter layer

culated by taking into consideration the geometry and the
intervals of the tomographic images. The uncertainty 0.06%
comes from the depth of field of the microscope, 0.3µm. This
geometrical cut was the only inefficiency in this measure-
ment. Tracks which were not attached to the sputtered layer
or longer than expected ranges were also excluded. A total
of 118 absorption events were detected in the 16 regions. 17
tracks were randomly sampled from the detected tracks and
their lengths were measured manually in the tomographic
images. A length distribution of them is shown in Fig. 4.
Measurement errors of lengths were 0.2–0.8µm depending
on angles of tracks and existence of Rutherford scattering.
The distribution separated into two groups. Average lengths
of the tracks in the shorter group and the longer group were
(2.36 ± 0.19) µm and (4.13 ± 0.15) µm, respectively. These
lengths should have been shorter than the real ranges depend-
ing on the average gap lengths between pairs of adjacent sil-
ver grains. Those gap lengths of the shorter and the longer
group were measured to be 0.2µm and 0.4µm, respectively.
By considering those gaps and measurement errors of track
lengths, the average lengths of tracks of the two groups were
reasonable comparing to ranges of 7Li-tracks and α-tracks
calculated by SRIM-2008.04, (2.6 ± 0.4)µm and (5.1 ± 0.4)
µm. The number of neutrons exposed in this area was (7.25
± 0.01 (stat) ± 0.20 (sys)) × 104. The main contributions to
the systematic error was from uncertainties of the normaliza-
tion by the beam monitor detector (2.4%) and the slit aperture
(1.3%), in relative errors. The expected detection efficiency
was calculated to be (0.112 ± 0.001 (stat) ± 0.032 (sys))%
using the amount of 10B in the 10B4C layer, which was mea-
sured using the cold neutron transmission, the absorption
cross section considering the 1/v law, the wavelength dis-
tribution in Fig. 2, and the acceptance angle. The main con-
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Fig. 4 A length distribution of 17 tracks randomly sampled from
detected tracks. It is separated into two groups, the shorter one of 7Li-
tracks and the longer one of α-tracks. An error bar shows a statistical
error for each bin

tribution to the systematic error was from the uncertainty of
the absorption rate in the 10B4C layer as a relative error of
28%. The detection efficiency from this result was (0.163 ±
0.015 (stat) ± 0.013 (sys))% for the cold neutrons. The main
contributions to its systematic error was from uncertainties
of the geometrical cut (7.3%), normalization by beam mon-
itor detector (2.4%), and the slit aperture (1.3%), in relative
errors. In those 16 regions, we found 2 proton tracks which
were contained in the emulsion layer and not attached to its
surface and the sputtered layer. Their length were (6.0 ± 0.5)
µm and (7.1 ± 0.6) µm. Silver grains of those tracks had an
average gap of 0.7 µm. From their lengths and the average
grain gap, both of them could be interpreted as from 14N(n,p)

reactions or proton recoil. From the 14N content in the emul-
sion layer, an expected number of 14N(n,p) reactions to be
occurred in the 16 regions was 1.23 ± 0.22. It was consistent
with the interpretation. There was no value of expected num-
ber of recoiled protons since amount of fast neutrons had not
been measured in the beamline we used. Also two α-tracks
from natural radiations were found. One was penetrating the
emulsion layer. The other was entering from the surface of
the emulsion layer and stopped in the middle of it.

In order to measure the detection efficiency of the UCN,
the detector was exposed to neutrons with a wavelength of
25-100 nm from a Doppler shifter of the BL05 [15], which
produces UCNs converted from very cold neutrons (VCNs).
The experimental setup is shown in the left schematic of
Fig. 5. At the downstream of the UCN port, a square aper-
ture of 1 × 1 cm2 made on a cadmium plate was positioned.
The machining accuracy of the aperture was 1.4% and 1.2%
to each side of 1 cm. They affected the estimation of the
exposure density by 2.6% and contributed as a part of its

Fig. 5 Left: a schematic view of the experimental set up. Right: the
wavelength distribution taken by the UCN detector

systematic uncertainty. The emulsion detector was placed
downstream to the aperture using polyimide tape. A UCN
detector (DUNia10 [15]) was set at 3.3 cm downstream of
the emulsion detector. The entrance window of this detector
was made of 100µm-thick aluminum foil. Aluminum was
used for its small absorption cross section to neutrons and
low Fermi potential. The intensity and the wavelength of the
UCN beam was measured using the UCN detector without
the emulsion detector in place. The wavelength distribution
of the neutrons is shown in the right plot of Fig. 5. The beam
monitor used for the cold neutron experiment was set to mon-
itor the flux of the VCNs. This instrument was used to nor-
malize the acquired UCN intensities using the same approach
as for the measurement with cold neutrons. The number of
UCNs exposed to the emulsion detector was estimated as
(1.45 ± 0.01 (stat) ± 0.10 (sys)) × 105 for 20.4 h of expo-
sure. The main contributions to the systematic error was from
uncertainties of the difference of detection efficiency by the
depth inside the UCN detector (7%) and transmittance in air
(1.2%), in relative errors. Attenuation of the UCN flux in the
silicon, aluminum, and air were taken into account. That in
silicon was obtained from the transmission measurement of
cold neutrons. That in aluminum was calculated from cross
sections for absorption in Ref. [16] and inelastic scattering
in Ref. [17]. That in the air was calculated from the cross
section in Ref. [17]. After development of the emulsion, an
analysis was performed in the same manner as for the mea-
surement with cold neutrons. In order to reject the scratch
marks on the sputtered layer, the same geometrical cut as in
cold neutron measurement was applied.

For the calculation of the detection efficiency, the total
number of events in the 42 regions of 100-µm square each
in the 1-cm square at the down stream of the aperture was
used. The expected detection efficiency was calculated to be
(10.2 ± 0.1 (stat) ± 2.7 (sys))% using the amount of 10B
in the 10B4C layer measured by using the aforementioned
transmission of cold neutrons, the absorption cross section
considering the 1/v law, the wavelength distribution, and the
acceptance angle mentioned above. The main contribution to
its systematic error was from the uncertainty of the absorption
rate in the 10B4C layer as a relative error of 26%. A total of
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63 absorption events were detected in the 42 regions. The
total number of neutrons to which this area was exposed
was 609 ± 2 (stat) ± 49 (sys). The main contributions to
the systematic error was from uncertainties of the difference
of detection efficiency by the depth inside the UCN detector
(7%), slit aperture (2.6%), and transmittance in air (1.2%), in
relative errors. The detection efficiency from this result was
(10.3 ± 1.3 (stat) ± 1.1 (sys))% for the UCNs used in this
experiment. The main contribution to its systematic error was
from uncertainties of the geometrical cut (7.3%), difference
of detection efficiency by the depth inside the UCN detector
(7%), slit aperture (2.6%), transmittance in air (1.2%), in
relative errors. The result was consistent with the expected
value of (10.2 ± 0.1 (stat) ± 2.7 (sys))%.

In the measurement with cold neutrons, an effective veloc-
ity of detected neutrons was calculated as (995.0 ± 5.0) m/s
by considering 1/v law. The detection efficiency was con-
verted to that for 2200 m/s with 1/v law, which resulted in
(0.074 ± 0.009)%. The errors were combined ones of statisti-
cal and systematic. In the measurement with UCNs, the effec-
tive velocity was (9.1 ± 0.5) m/s. In the same manner as for
the measurement with cold neutrons, a detection efficiency
for 2,200 m/s was calculated to be (0.043 ± 0.007)%. By
taking an weighted average of those two results, we obtained
a detection efficiency of (0.055 ± 0.006)% for 2200 m/s neu-
trons. It was converted to (17.4 ± 1.9)% for 7 m/s of UCNs
with 1/v law.

4 Spatial resolution

The spatial resolution of the absorption points was estimated
by fitting the positions of each grain, which was determined
from the three-dimensional center of gravity of darkness, in
the microscopic image. An example of an α-track from an
absorption event is shown in Fig. 6. Since the surface of
the converter layer reflects light, mirror images of grains are
also detected when a focal plane is deeper than the surface.
The positions of grains for both real and mirror images were
fitted with a pair of lines which met at a point r0(x0, y0,
z0), which is the starting point of the track at the surface of
the substrate. Position errors at r0 were determined from the
fitting procedure. They depend on the slope of the tracks.
We introduced angles θ and φ as shown in Fig. 7. The x–y
plane shows the surface of the converter layer. To analyze
separately the angle-independent contribution and the angle-
dependent one, position errors at r0 are described by longitu-
dinal (δrL) and transverse (δrT) values. δrL is parallel to the
projection of the track to x-y plane. The transverse parameter
δ rT is perpendicular to it and on the plane. δ rL and δrT from
position data of 7 α-tracks is shown in Fig. 7. Well fit curves
in the figure are dependences of δrL and δrT to tanθ , which
are described in equations (3) and (4). In the equations, a is a

Fig. 6 An example of 3-dimensional position data of grains forming
an α-track and its mirror image

standard deviation of the residual errors between grain posi-
tions and a fitting line in the x and y directions. The variable
b in (3) is that of the z direction.

δrL = a
√

1 + (b/a)2 tan2 θ (3)

δrT = a (4)

δrL can be reduced by selecting tracks with smaller tanθ .
When tanθ is restricted, the number of tracks in the accep-
tance decreases as (5).

1 − 1√
1 + 0.36 tan2 θ

(5)

The factor 0.36 in (5) originates from the shrinkage rate of the
emulsion layer during the development. The spatial resolu-
tion of the absorption points in the 10B4C layer was estimated
by considering the extrapolation of tracks from the surface
of the converter layer to the middle of the 10B4C layer. That
of the transverse direction was 11 nm, independent of tanθ .
That of longitudinal direction was 11 nm − 1.0µm for all
slopes of tracks. A higher resolution can be realized with a
strict acceptance on tanθ . For example, when tanθ ≤ 1.9 was
set, which excluded all but 34% of the tracks, a resolution of
11–99 nm was obtained.

5 Conclusions

We developed a high spatial resolution neutron detector
which was fabricated by coating a converter layer with a
fine-grained nuclear emulsion. The converter layer consisted
of 10B4C, NiC, and C layers with nominal thickness values
of 50 nm, 60 nm, and 30 nm, respectively. The detection
efficiencies of cold neutrons and UCNs were measured at
J-PARC. The results were (0.163 ± 0.015 (stat) ± 0.013
(sys))% and (10.3 ± 1.3 (stat) ± 1.1 (sys))% for the cold
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Fig. 7 Left: definition of angles θ and φ of a track and directions of
longitudinal and transverse errors. The x–y plane shows the surface
of the converter layer. Right: position errors of detected α-tracks in
longitudinal and transverse directions in nm and their dependences on
track slopes (tanθ )

(∼ 1000 m/s) and the UCNs (∼ 10 m/s), respectively. These
values are consistent with the expected values of (0.112 ±
0.001 (stat) ± 0.032 (sys))% and (10.2 ± 0.1 (stat) ± 2.7
(sys))%, respectively. We estimated the spatial resolutions
of the absorption points in the 10B4C layer using the posi-
tion data of grains of tracks which resulted from absorptions.
The resolution for the transverse direction was 11 nm and the
value obtained for the longitudinal direction depended on the
track angle against the surface. Thus, there was a trade-off
between resolution and efficiency. When an acceptance angle
of tanθ ≤ 1.9 was set, the resolution was 11–99 nm with
34% of the statistics. This study is the first to successfully
apply nuclear emulsion to the detection of UCNs. The detec-
tion efficiency can be increased by optimizing the thickness
of the converter layer. An automatic reading out algorithm
for scanning larger areas is under development. This type of
extremely-high spatial resolution detector can facilitate the
pursuit of various experiments involving neutron quantum
effects such as the search for short distance forces and the
electric charge of neutrons.
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