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Development of nuclear emulsion for muography
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ABSTRACT

Muography (cosmic-ray muon radiography) is the non-destructive in-
spection by using muons produced by interactions between primary cos-
mic-rays and the Earth’s atmosphere. The principle of this technology is
the measurement of absorption of incoming cosmic-ray muons, just like
X-ray imaging technology. A nuclear emulsion is the high sensitive pho-
tographic film used for detection of three-dimensional trajectory of
charged particles such as muons with the position resolution of sub-mi-
cron. A nuclear emulsion has following properties: high spatial resolution
with thin detector structure, lightweight, flexibility of detector size and
no requirement of electric power supply. These properties of a nuclear
emulsion are suitable for a detector of muography. We are developing the
nuclear emulsion at Nagoya University. In this paper, the current per-
formances of the nuclear emulsion and the fully self-production tech-

niques developed at Nagoya University are described.

1. Introduction

Muography (cosmic-ray muon radiography) is a
visualization technique of interior density distribution
of large-scale structures such as volcanoes [Tanaka et
al. 2007a, 2007b, 2007c, 2009, 2010; Lesparre et al. 2012,
Carloganu et al. 2013, Carbone et al. 2014], the pyra-
mid [Alvarez et al. 1970], nuclear reactors [Morishima
et al. 2012, Fujii et al. 2013], and so on. Muons are pro-
duced from collisions of primary cosmic-rays, which
consist mainly of proton, with the Earth’s atmosphere
as shown in Figure 1. Generated muons in this way,
called cosmic-ray muons, come from all direction to the
face of the Earth consistently and have broad energy
distribution. High energetic muon has high penetration
power that is able to penetrate through several km of
rocks. The relation between muon energy and pene-
tration length of the standard rock thickness [Groom
et al. 2001] is shown in Figure 2. For example, a muon
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Figure 1. Production process of cosmic-ray muons. Electromag-
netic components, nuclear components and neutrinos are removed
in order to highlight the muon production process in this figure. In-
coming muon rate on the face of the Earth is approximately 1
muon/min/cm?.
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Figure 2. A relation between penetration thickness of standard rock
and energy of muon [Groom et al. 2001].

with an energy of 1 TeV is able to pass through 1km of
rocks. Thanks to the broad incoming muon energy dis-
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Figure 3. A schematic diagram of muography. A photography and a muography in the lower part of the figure are referenced from Tanaka

et al. [2007a].

tribution, only muons with enough energy are able to
penetrate material in the pathway and reach to the face
of the Earth. The principle of muography, similar to X-
ray imaging technique, is the measurement of penetra-
tion rate of cosmic-ray muons pass through a large-scale
structure and conversion to two-dimensional integrated
density distribution as shown in Figure 3. In addition, if
we know the three-dimensional shape of the structure,
we can convert to average density distribution.

In comparison with other various non-destructive
inspections, the muography has wide effective detec-
tion range and high spatial resolution thanks to prop-
erties of cosmic-ray muon. The request performance of
muon detector for muography is detection of incoming
angle. The required angular resolution to the detector
is calculated by dividing required position resolution by
the distance from observed object. Typically for enough
spatial resolution, an angular resolution of a few mrad
is needed. In addition, in order to take a high spatial res-
olution image, enough statistics of detected muons are
necessary. Thus, a large area detector is required to col-
lect a lot of muons because cosmic-ray muon rate on
the face of the Earth is constant. From these kinds of
reasons, requirements for muon detector are both high
resolution to achieve enough spatial resolution and
large area to achieve enough statistics.

2. Nuclear emulsion

A nuclear emulsion is a high sensitive photographic
film sensitized to minimum ionizing particles (MIPs)
such as cosmic-ray muons and is able to record three-di-
mensional particle trajectories with sub-micron spatial
resolution as tracks when particle passes through in its

sensitive emulsion layer as shown in Figure 4. These
recorded tracks are detected by using an optical micro-
scope. A nuclear emulsion is very old technology in-
vented in the 1940s [Powell et al. 1959]. Nowadays, an
automated high-speed nuclear emulsion read-out sys-
tem called track selector (T'S) based on an optical mi-
croscope with latest computing technologies were
developed by our group [Niwa et al. 1974, Aoki et al.
1990, Nakano 1997, Morishima and Nakano 2010] from
1970s. The read-out system takes sixteen divided to-
mographic images along the direction of optical axis in
the emulsion layer and searches a straight track. After
track recognition, track data (position, angle, pulse
height) is saved into the database. The read-out speed of
emulsion layer was reached to approximately 100 cm*/h
by super-ultra track selector (S-UTS) and will be reached
to approximately 1 m?/h in near future by hyper track
selector (HT'S) under development.

In addition, we put the emulsion gel production
machine into operation in 2010 at Nagoya University
and are able to produce an emulsion gel independently.
By using the production machine, we are able to im-
prove and tune performances (sensitivity, long-term sta-
bility and so on) of a nuclear emulsion gel for purposes.
In addition, we are developing the pouring technique
and the mass production method. In this way, we are
developing fully self-made emulsion technologies in
laboratory level.

A nuclear emulsion has the following advantages
for muography: High spatial resolution (position reso-
lution is sub-micron, angular resolution is a few mrad)
with very thin detector structure, lightweight, flexibil-
ity of detector size from 1 cm length to 1 m length and
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Figure 4. (a) A picture of the nuclear emulsion; (b) An Illustration of the structure of the nuclear emulsion; (c) An electron microscope image
of silver bromide crystals of the nuclear emulsion. The diameter of crystals is approximately 200 nm; (d) and (e) The principle of detection
of a charged particle in the nuclear emulsion. Black small dots on silver bromide crystals show latent images in (d).

no requirement of electric power supply. These prop-
erties are ideal for muography in various environments
due to portability, scalability and flexibility.

2.1. Structure of nuclear emulsion

The picture of Figure 4a is the nuclear emulsion
we produced and Figure 4b shows the structure of the
nuclear emulsion. An emulsion gel is poured on the
170 pm transparent polystyrene (PS) plastic base, which
acts as a supporting material. A huge amount of silver
bromide (AgBr) crystals, which diameter is 200 nm, are
dispersed in 60 um gelatin layer coated on both sides of
PS base. The picture of Figure 4c is an electron micro-
scope image of AgBr crystals. A charged particle passes
through the emulsion layer and some crystals in the
line of the trajectory have a latent image as shown in
Figure 4d. After chemical development process, these
latent images become sub-micron silver particles
(grains) as shown in Figure 4e. The grain size in an op-
tical microscope image is approximately 1 um and the
size is sufficiently smaller than the thickness of the
emulsion layer. Thanks to the structure, a trajectory of
a charged particle (track) can be recognized in three-di-
mensions with sub-micron accuracy. An angular range
of data taking of tracks is depends on the recognition
algorithm of the read-out system. The angular range

of the TS is 45 degrees in an ordinary condition.

2.2. Production of emulsion film

We established nuclear emulsion production tech-
niques as shown in Figure 5. We are able to produce an
emulsion gel for R&D and small amount mass produc-

tion by using 0.5 L scale machine. In addition, we in-
troduced 1.5 L scale machine for mass production in
2014 at Nagoya University. By using the new machine,
we are able to produce a nuclear emulsion gel at the
speed of approximately 3 L/day.

The pouring procedure constructed at Nagoya
University is shown in Figure 5. We pour an emulsion
gel inside a frame made of a vinyl tape and spread an
emulsion gel with keeping the uniformity of the emul-
sion layer thickness by using the special glass coating
tool. After an emulsion gel becomes solid state (set-
ting), we move emulsion plates to a drying shelf. We
process both side of an emulsion plate. The achieved
uniformity of the thickness by this method is approxi-
mately 10 um in the area of 10 cm X 10 cm. After that,
we perform cutting, humidity conditioning and pack-
ing with aluminum-laminated film. An aluminum-lam-
inated film acts as shielding from water, shielding from
light and holding water in the nuclear emulsion. By these
methods, we can produce nuclear emulsions at the speed
of 4 m?/week. The production speed is limited by emul-
sion setting time and spaces of the shelf. For muogra-
phy, 12.5 cm X 30 cm size nuclear emulsions, which is
shown in Figure 4a, are produced and used.

2.3. Performance

The track recognition efficiency of muons by the
read-out system strongly depends on the density of
grains per length along the line of a track. The number
of grains per 100 microns is called grain density (GD).
In order to increase GD, we tuned the volume occu-
pancy of AgBr crystals of 55% in the nuclear emulsion
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Figure 5. An overview of a process of self-made production of the nuclear emulsions.

layer. In addition, we tuned amount of a few additive
chemicals (surfactant, plasticizer and hardener) for
achievement of sufficient flexibility in order to prevent
an emulsion layer from cracking. The optical micro-
scope image of one of MIP track in the nuclear emul-
sion is shown in Figure 6. The GD of the nuclear
emulsion is 51%2 by counting an image taken by an
image sensor by eye. The nuclear emulsion evaluated
was developed with a developer for OPERA experiment
(PD-T) produced by Fuji Photo Film Co., Ltd. for 25
minutes at 20 degrees Celsius. The GD is higher than
that of OPERA film [Nakamura et al. 2006], which is
produced for the OPERA experiment and used for
muography in the past [Tanaka et al. 2007a, 2007b,
2007c; Morishima et al. 2012].

The pulse height (PH) distribution of cosmic-ray
tracks of its angle | tan® | <0.1 recorded in the emulsion
layer taken by the S-UTS [Morishima and Nakano 2010],
which is one of the TS, is shown in Figure 7a. The angle
0 is defined by an angle between a track angle and an op-
tical axis of the read-out system. The number of tomo-
graphic layers is 16 and the PH is the number of layers,
which includes grains of a track. This PH distribution
enables us to achieve a track recognition efficiency of
more than 97% in a normal radiation background.

The angular resolution of cosmic ray tracks of its
angle |tan® | <0.1 recorded in the emulsion layer taken

100um

Figure 6. A microscope image of a track of minimum ionizing par-
ticle in the nuclear emulsion. Black dots are silver gains. A chain of
silver grains is a trajectory of charged particle.
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Figure 7. (a) A histogram of angular resolution of tracks recorded
in the emulsion layer; (b) A histogram of the pulse height (PH) dis-
tribution of tracks recorded in the emulsion layer.
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by the S-UTS is shown in Figure 7b. This resolution is
equal to the position resolution of 0.45 um on the sur-
face of the PS base. This position resolution gives us to
achieve the angular resolution of a few mrad by using
the track positions on both surfaces of the PS base.

The long time stability of the nuclear emulsion
is important for muography. Especially, the tempera-
ture dependency of the latent image fading is very im-
portant because the latent image fading is accelerated
by high temperature. The fading property of the nu-
clear emulsion in the combination of temperature (25
and 35 degrees Celsius) and relative humidity (20%
and 50%) is shown in Figure 8. In this evaluation, a
time variation rate of fading effect, which is measured
GD at each sampling date divided by initial GD (rela-
tive sensitivity), is presented. The result shows that
high temperature and high relative humidity of the
nuclear emulsion accelerate decrease of GD. Thus, we
need to decide an observation period according to the
surrounding temperature with controlling relative hu-
midity of the nuclear emulsion in an aluminum lami-
nated film package in the observation place.

2.4. Observation

The structure of nuclear emulsion detector is op-
timized for various observation surroundings. The nu-
clear emulsion is attached on a flat plate, for example
an aluminum plate, as shown in Figure 9a. In this case,
the nuclear emulsion is fixed in the vertical direction
to the ground in order to measure incoming muons
in a low elevation angle, for example to measure vol-
canoes. In order to reflect sunlight and suppress a rise
in temperature, the nuclear emulsion is put in the
thermal insulation covered with light reflective mate-
rial on case-by-case basis as shown in Figure 9b. The
nuclear emulsion is fixed in the parallel direction to
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Figure 8. The fading property of the nuclear emulsion. A relative
humidity is written as RH in this figure. In the case of combination
between 35 degrees and RH 50%, measurement dates are 1, 3, 5, 14
days. In the other case, measurement dates are 7, 14, 31 days.

Figure 9. Pictures of nuclear emulsion detectors. (a) A picture of a
structure of the nuclear emulsion detector fixed in the vertical di-
rection to the ground; (b) A picture of the detector, which is same
type as (a), covered by the thermal insulation with light reflective
material; (c) A a picture of the nuclear emulsion detector fixed in
the parallel direction to the ground; (d) is a picture of the nuclear
emulsion detector of a picture (c) placed in a narrow space.

the ground in order to measure incoming muons from
zenith direction, for example to search for unknown
empty space in the upper direction as shown in Fig-
ure 9c. Nuclear emulsions are fixed inside the sup-
porting aluminum material with lead plates to shield
from gamma ray emitted from surrounding bedrock
and the thickness of the structure is kept in approxi-
mately 5 cm in order to install in a narrow space as
shown in Figure 9d. The main application of nuclear
emulsions produced at Nagoya University is the meas-
urement of Fukushima Daiichi Nuclear Power Plant,
which was conducted from 2014 to 2015, until now.
This is the first experiment using the high sensitive nu-
clear emulsion produced at Nagoya University. In ad-
dition, we start to apply nuclear emulsions in various
fields such as geoscience, archaeology, civil engineer-
ing and so on.

3. Conclusion

Nuclear emulsion has ideal properties for a de-
tector of muography. We developed the nuclear emul-
sion production technology and improved the muon
detection efficiency. The production speed is approx-
imately 4 m?/week by our hands. The sensitivity (GD)
of the nuclear emulsion is higher than that of OPERA
film and enables us to achieve the efficiency of more
than 97% by the S-UTS. The angular resolution of a
track is 15 mrad in the emulsion layer. The accuracy is
almost the same as that of the OPERA film. These
performances are sufficiently for a detector of muog-
raphy. The nuclear emulsion we developed is already
applied to muography of Fukushima Daiichi Nuclear
Power Plant and are beginning to be widely applied
to other fields such as geoscience, archaeology, civil
engineering and so on.
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