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Abstract

Nuclear emulsion is a film-type charged particle track detector that uses the
technology of silver halide photosensitive material. Because nuclear emulsion
is compact and does not require an electric power source, it is suitable as a
detector for cosmic-ray imaging (also called cosmic-ray muon radiography or
muography) that requires outdoor observation. However, problems with the
long-term stability and temperature tolerance of nuclear emulsion limit the
observation periods, seasons and locations where it might be used. To enable
long-term observation and outdoor use throughout the year, we investigated
factors that affect the long-term characteristics of nuclear emulsion. The
results of our experiments clearly showed that gelatin, additive chemicals,
and packing material affect the long-term stability. Based on these results,
we have developed a nuclear emulsion with excellent long-term stability. To
confirm the properties of this newly developed nuclear emulsion, we examined
the temperature dependence, and created an Arrhenius plot of the reaction
rate. The prediction based on Arrhenius law showed that the Grain Density
stayed at 25/100 µm or more for more than one year at 10℃ and 20℃,
and for 260 days at 30℃; and the Fog Density stayed at 5/1000 µm3 or
less for more than one year at 10℃ and 20℃, and for 270 days at 30℃.
This represents a new nuclear emulsion that is not limited by the observation
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period, season, and location. In fact, the developed stable nuclear emulsion
is being used for cosmic-ray imaging observations in the pyramid of Khufu
and is expected to be used for future cosmic-ray imaging observations and
other elementary particle research.
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Fog, Sensitivity degradation, Cosmic-ray imaging
2010 MSC: 00-01, 99-00

1. Introduction

Nuclear emulsion is a charged particle track detector based on the technol-
ogy of silver halide photographic material. The tracks of all charged particles
including minimum ionized particles (MIP) can be recorded with sub-micron
position accuracy. Nuclear emulsions have been used since the 1940s for5

elementary particle experiments and important discoveries have been made
including the discovery of the π meson [1], discovery of the charm quark [2],
discovery and precise measurements of double-Λ hypernuclei [3, 4], first detec-
tion of the tau neutrino [5], and verification of neutrino oscillation [6]. Recent
developments in automated nuclear emulsion read-out systems [7, 8, 9, 10]10

have made it possible to automatically read-out tracks recorded on the nu-
clear emulsion, solving the problem of time-consuming analysis. This break-
through further expanded the use of nuclear emulsion. In next-generation
neutrino experiments and cosmic γ-ray observations, it is necessary to ana-
lyze large statistical events using a detector with high positional resolution15

for precise observation. Such experiments using nuclear emulsion have al-
ready been planned and conducted [11, 12, 13]. Furthermore, brand new
applications using nuclear emulsion are being developed beyond elementary
particle research.

Cosmic-ray imaging is one of these applications where a nuclear emul-20

sion is used as a detector. This technology measures the density distribution
of a giant structure using the high penetration of cosmic ray muons. For
examples, cosmic-ray imaging has been conducted using nuclear emulsion at
Mount Asama volcano [14], the Stromboli volcano[15], the Fukushima Daiichi
nuclear power plant [16], and the pyramid of Khufu [17]. Future applications25

for social infrastructure inspection are also being considered. Because the
observation target is often outdoors, nuclear emulsion can expect to be ex-
posed to various environments. These outdoor environments are completely
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different to the stable environments normally found in experimental halls
when conducting experiments on elementary particles. Nuclear emulsion in30

its original form is compact, and made waterproof by packing it in an alu-
minum laminated bag. As it does not require electric power, it is intrinsically
suitable for outdoor observations, however, problems such as temperature in-
tolerance and long-term stability put limitations on the observation period,
season, and location.35

The purpose of this study is to develop a new nuclear emulsion that is not
limited by the observation period, season, and location. Conventional nuclear
emulsions have been unstable when used for long-term observations and when
used in high-temperature environments resulting in problems such as latent
image fading, fog increase, and sensitivity degradation. In particular, our40

goal was to be able to maintain a Grain Density (GD) of 25/100 µm or
more and a Fog Density (FD) of 5/1000 µm3 or less for half a year at 30
℃. The knowledge acquired in the development and use of silver halide
photosensitive materials can be applied to the development of a new nuclear
emulsion. However, nuclear emulsion differs in that it contains a lot less45

gelatin than a general silver halide photosensitive material, it requires a very
low fog level, and detects the signal of charged particles instead of light. In
this study, we identified the structure of a silver halide material that has
excellent long-term stability and is suitable for charged particle detection.
We also show the long-term characteristics of this newly developed long-term50

stable nuclear emulsion.

2. Principle of charged particle detection and long-term stability

Fig. 1 shows the configuration of the nuclear emulsion detector. The sil-
ver halide crystals in the emulsion layer are dispersed in a binder comprising
gelatin. When a charged particle penetrates the nuclear emulsion, it loses en-55

ergy by ionization and excites electrons. The excited electrons are stabilized
at a spot on the crystal surface, and then associated with silver ions. By
repeating this many times, a group comprising several (four or more) silver
atoms is formed (Agn). This is called a latent image. Traces through which
the charged particles have passed are held as latent images until the chemical60

development process. Crystals having latent images on the surface receive
electrons by a chemical development process and grow into developed silver
grains. The developed silver grains are almost the same size as the crystal
and can be observed using an optical microscope.
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There are three aspects to the long-term stability of a nuclear emulsion.65

The main points of latent image fading, fog increase, and sensitivity degra-
dation are as follows.

• Latent image fading : The latent images are oxidized and the track of
charged particles once recorded disappears.

• Fog increase : Increasing the developed silver grains produced by causes70

other than tracks.

• Sensitivity deterioration : Tracks are not recorded with the elapse of
time even when charged particles pass through

　
When a nuclear emulsion with tracks recorded as latent images is stored75

for a long period until chemical development, the latent images become
smaller due to various factors (Agn −−→ Agn-1+Ag++e– ). This phenomenon
is called latent image fading. As this phenomenon progresses, the tracks of
the charged particle disappear. Another phenomenon called fog increase oc-
curs when developed silver grains are produced by causes other than tracks.80

Fog is a noise when observing tracks. There is also a phenomenon that occurs
when the latent images are not formed even if charged particles pass through
(or the chemical development does not proceed even if the latent images are
formed) with the elapse of time. This is called sensitivity degradation. As
this phenomenon progresses, it becomes impossible to record the tracks of85

charged particles.

3. Experimental method

The procedure for an experiment for examining latent image fading, fog
increase, and sensitivity degradation is described below. Monodispersed oc-
tahedral silver iodobromide crystals with a diameter of about 220 nm (mea-90

sured with a coulter counter) were prepared by the double jet method[18].
The crystal has a core-shell structure with a volume ratio of 1:1, in which
iodine was contained in the core and iron was contained in the shell. The
amount of iodine: 1.7 × 10−2 mol/molAg and iron: 1.8 × 10−4 mol/molAg
was added in proportion to the total amount of silver. The emulsion gel95

was washed with water by flocculation method. After that, HAuCl4 · 4H2O:
2.4 × 10−5 mol/molAg and Na2S2O3 · 5H2O: 1.6 × 10−5 mol/molAg were
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Figure 1: (a) Nuclear emulsion before development (left) and nuclear emulsion after de-
velopment (right); (b) Nuclear emulsion vacuum-packed with packing material; (c) Cross
section of nuclear emulsion; (d) Silver-halide crystals micrograph (SEM); (e) Optical mi-
crograph of nuclear emulsion - in center of the figure a track of a minimum ionized particle
is visible, and the fog is surrounded by circles; (f) Enlarged image of the emulsion layer
and generation of ionized electrons by charged particle; (g) Formation of latent image as
traces of charged particle; (h) Chemical development process.

added for sulfur-plus-gold sensitization. As a binder, in addition to gelatin,
a plasticizer was added at a mass ratio of 14% with respect to gelatin. Sam-
ples were prepared by coating the emulsion gel on a plastic or glass base100

plate. The sample was conditioned in a constant temperature and humidity
chamber, then sealed with an aluminum laminated bag and vacuum-packed
to keep the moisture content constant and shield it from light.

For the latent image fading test, the samples were first exposed to several
tens MeV electron beam at the Ultra Violet Synchrotron Orbital Radiation105

(UVSOR) facility in the Institute for Molecular Science. Then, the samples
were stored in a constant-temperature bath. After that, they were chemi-
cally developed at 20℃ for 25 minutes with OPERA DEV mainly composed
of ascorbic acid (FUJI Film Co. Ltd.) [19]. For the fog increase test, the
samples were stored in a constant-temperature bath. After that, they were110

chemically developed in the same way. For the sensitivity degradation test,
the samples were first stored in a constant-temperature bath. After that,
the samples were exposed to several tens of MeV electron beam at UVSOR.
Then, they were chemically developed in the same way. After chemical de-
velopment, we measured the Grain Density (GD), which is defined as the115
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number of developed silver grains on the linear 100 µm track. GD is an
indicator of radiation sensitivity. We also measured the Fog Density (FD),
which is the number of fog grains in a volume of 1000 µm3. The following
experiments were conducted according to this procedure.

4. Performance of conventional nuclear emulsion120

Long-term characteristics (latent image fading, fog, and sensitivity degra-
dation) have been studied as important issues even in conventional nuclear
emulsions. It is known that latent image fading is exacerbated by water
and oxygen [20]. The OPERA film [21, 22], developed jointly by Fuji Film
and Nagoya University for the OPERA experiment [23], was given a refresh125

function that actively erases the accumulated tracks. It used the fact that
fading is accelerated by high temperature and humidity. The high-sensitivity
nuclear emulsion [24] developed at Nagoya University based on OPERA film
has high initial sensitivity and was used for the GRAINE 2015 experiment
[25] and cosmic ray imaging [26] at the Fukushima Daiichi nuclear power130

plant. However, there was a problem with long-term stability [27]. This high-
sensitivity nuclear emulsion is referred to as a conventional nuclear emulsion
below.

We examined the long-term properties of the conventional nuclear emul-
sion. Fig. 2 and Fig. 3 (Left) shows the latent image fading, fog character-135

istics, and sensitivity degradation characteristics of a conventional nuclear
emulsion at a temperature of 30℃ and humidity of 40% RH. Fig. 3 (Right)
shows humidity dependence of latent image fading and fog of a conventional
nuclear emulsion at a temperature of 35℃.

The GD decreased due to latent image fading and sensitivity degradation,140

and the FD increased due to fog increase. Acceptable levels for the GD and
the FD need to be determined. OPERA film has an emulsion layer thickness
of 42 µm, a GD of 36, and a detection efficiency of 95% or more [21]. The
thickness of an emulsion layer of the nuclear emulsion for cosmic-ray imaging
is 65µm±5µm. Assuming an emulsion layer thickness of 60 µm, the number145

of developed silver grains along the track is equivalent to OPERA film when
the GD is 25.2 (36 × 42 ÷ 60 = 25.2). In the following discussion, the
acceptable GD is 25 or more. In OPERA film, the acceptable FD is 8 or less
[21]. Assuming an emulsion layer thickness of 70 µm, the number of fog grains
projected per unit area is equivalent with an FD of 4.8 (8× 42÷ 70 = 4.8).150

In the following discussion, the acceptable FD is 5 or less.
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The period in which the GD is 25 or more and the FD is 5 or less is a
practical period. In our experimental results, it was 14 days due to latent
image fading, 30 to 60 days due to fog increase, and 90 days due to sensitivity
degradation at a temperature of 30℃ and humidity of 40% RH. It was155

therefore found that the conventional nuclear emulsion did not reach the
target performance (for half year, the GD maintained at 25 or more, the
FD maintained at 5 or less, at 30℃). It was also found that lowering the
humidity reduced the latent image fading, but the FD increased. In actual
handling, it was found that cracks occurred in the emulsion layer of nuclear160

emulsion at very low humidity. Therefore, it is preferable to use a humidity
of 20% RH or higher, and preferably 40% RH or higher.

Latent image fading (30 degree, 40 %RH)
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Figure 2: (Left) Latent image fading of conventional nuclear emulsion at 30 ℃ and 40%
RH. In the samples after day 30, there was no track that could be recognized due to the
low GD. (Right) Fog characteristics of conventional nuclear emulsion at 30℃ and 40%
RH. In the samples on day 180, it was impossible to evaluate the FD due to the large
amount of fog.

5. Factors affecting long-term stability

To improve the long-term characteristics of the nuclear emulsion, the
effects of the components of the nuclear emulsion on the long-term stabil-165

ity were investigated. Three components, gelatin, additive chemicals, and
packing materials, which have a particularly significant effect on long-term
stability, are discussed in this section. Table 1 shows the components of a
conventional nuclear emulsion.
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Sensitivity degradation (30 degree, 40 %RH)
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Figure 3: (Left) Sensitivity degradation characteristics of conventional nuclear emulsion
at 30℃, 40% RH. In the samples on day 180, it was impossible to evaluate the GD due to
the large amount of fog. (Right) Humidity dependence of latent image fading (Upper) and
fog (Lower) in conventional nuclear emulsion at 35℃. In the latent image fading samples
of 8% RH, on day 31, it was impossible to evaluate the GD due to the large amount of
fog. In the latent image fading samples of 50% RH, on day 31, there was no track that
could be recognized due to the low GD.

Gelatin
(Volume occupancy of crystals)

Additive chemicals (mol/molAg)
Packing material

BTS
Conventional nuclear emulsion 55% 1.0× 10−4 Meiwa C

Table 1: Components of conventional nuclear emulsion.

8



5.1. Gelatin170

Because the emulsion layer of the nuclear emulsion is a mixture of gelatin
and silver halide crystals, the volume occupancy of gelatin is decreased when
the volume occupancy of crystals is increased. The crystal volume occu-
pancy of the nuclear emulsion is higher than the crystal volume occupancy
(approximately 10%) of general silver halide photosensitive materials. This175

serves to make it easier to recognize the tracks of charged particles as lines.
The conventional nuclear emulsion achieved a high GD by increasing the
crystal volume occupancy to 55%. In contrast, there was a problem with its
long-term stability. To investigate the dependence of long-term properties on
the amount of gelatin, nuclear emulsions with volume occupancy of crystals180

55%, 45%, and 30% were prepared. Latent image fading, fog, and sensitivity
degradation were examined at a temperature of 35℃ and humidity of 50%
RH. The result is shown in Fig. 4.

The initial GD increased when gelatin was reduced; however, the decrease
in GD due to latent image fading was accelerated. In the sample with 55%185

volume occupancy of crystals, the GD decreased due to sensitivity degrada-
tion. The results showed that increasing the crystal volume occupancy is
effective for increasing the initial GD. However, it also tends to cause latent
image fading and sensitivity degradation. It has become clear that to deter-
mine the optimal amount of gelatin in the nuclear emulsion, there needs to190

be a trade-off between long-term stability and initial sensitivity. In addition,
the smaller the amount of gelatin, the more likely the emulsion layer of nu-
clear emulsion is to crack. Based on these observations, we decided to design
a detector with a crystal volume occupancy of between 35% and 40%.

5.2. Additive chemicals195

In general, additive chemicals are used in silver halide photosensitive
materials for the purpose of stabilizing the performance. We investigated
the effects of photographic additives on the nuclear emulsion. Four types
of chemicals that affect long-term stability were found; Benzenethiosulfonic
acid sodium salt (BTS), 3-allylbenzo[d]thiazol-3-ium bromide (Benzothia-200

zolium compound), 1-phenyl-5-mercaptotetrazol (PMT), and 2,4-dihydroxy-
benzaldehyde oxim (Oxim compound). Fig. 5 shows the molecular structure
of the additive chemicals. BTS is a chemical that has already been added
in conventional nuclear emulsion simultaneously with chemical sensitization.
In contrast, Benzothiazolium compound, PMT, and Oxim compound are205

chemicals that have not been added in conventional nuclear emulsion.
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Latent image fading, Fog (35 degree, 50 %RH)
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Sensitivity degradation (35 degree, 50 %RH)
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Figure 4: Gelatin amount dependence of long-term characteristics of nuclear emulsion at
35℃ and 50% RH. The larger the crystal volume occupancy, the smaller the amount of
gelatin. (Left) Latent image fading (Upper) and fog (Lower). (Right) Sensitivity degra-
dation.

BTS was expected to play a role in suppressing fog by sulfiding silver
clusters on the crystal surface [28]. The dependences of latent image fad-
ing and fog on the amount of BTS were investigated. Samples in which the
crystal volume occupancy of a conventional nuclear emulsion was changed210

to 40% were used for the test. Samples with different amounts of BTS were
prepared and stored at a temperature of 40 ℃ and humidity of 50% RH.
The results are shown in Fig. 6, which shows that BTS added to the con-
ventional nuclear emulsion accelerated the latent image fading. By removing
this additive chemical, the latent image fading can be improved, and the215

initial sensitivity is increased. There are two possible reasons for this result.
The first is stabilization of the latent images due to the conduction electrons
[29] produced by the remaining silver clusters on the crystal surface. The
second is direct sulfidation of latent images by BTS. Based on this result, we
decided to design the detector without adding BTS.220

Next, the dependence of latent image fading and fog on the amount of
Benzothiazolium compound, PMT, and Oxim compound were investigated.
Samples in which the crystal volume occupancy of a conventional nuclear
emulsion was changed to 35% and BTS was removed were used for the test.
Samples with different amounts of the additive chemicals were prepared and225

stored at a temperature of 40℃ and humidity of 30% RH. The results are
shown in Fig. 7, Fig. 8, and Fig. 9. Fig. 7 shows that the addition
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of Benzothiazolium compound stabilized the latent images but the initial
sensitivity was decreased. Further, the fog increase with time was suppressed
as the addition amount was increased. Fig. 8 shows that the addition of230

PMT decreased the initial sensitivity. Further, the fog increase with time
was suppressed as the addition amount was increased. Fig. 9 shows that
the addition of Oxim compound stabilized the latent images and suppressed
the fog increase with time. In contrast, it was also found that when the
amount added was 5.7 × 10−2 mol/molAg or more, the surface condition of235

the emulsion layer became sticky. From these results, it was decided to design
a detector by adding Benzothiazolium compound: 1.2 × 10−4 mol/molAg,
PMT: 1.2× 10−4 mol/molAg, and Oxim compound: 1.7× 10−2 mol/molAg.

PMT

BTS Benzothiazolium compound

Oxim compound

Benzenethiosulfonic acid sodium salt (BTS) 

3-allylbenzo[d]thiazol-3-ium bromide (Benzothiazolium compound) 

1-phenyl-5-mercaptotetrazol (PMT) 

2,4-dihydroxy-benzaldehyde oxim (Oxim compound)

Figure 5: Molecular structure of four types of photographic additive chemicals that af-
fect the long-term stability of nuclear emulsion. Benzenethiosulfonic acid sodium salt
(BTS), 3-allylbenzo[d]thiazol-3-ium bromide (Benzothiazolium compound), 1-phenyl-5-
mercaptotetrazol (PMT), and 2,4-dihydroxy-benzaldehyde oxim (Oxim compound).

5.3. Packing material

For shading and water content retention, the conventional nuclear emul-240

sion is put in an aluminum laminate bag and then vacuum-packed using a
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Figure 6: Dependence of BTS addition on the long-term characteristics of nuclear emul-
sion at 40℃ and 50% RH. The amount added in the conventional nuclear emulsion was
1.0× 10−4 mol/molAg. Crystal volume occupancy was 40%. (Left) Latent image fading.
(Right) Fog.
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PMT, Latent image fading (40 degree, 30 %RH)
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vacuum packaging machine. We investigated the difference in the fog increase
of the nuclear emulsion depending on the type of aluminum laminated bag.
Table 2 shows a list of aluminum laminated bags that were considered. The
vacuum packaging machine used in this test is a chamber type used for food245

packaging, which de-aerated the bag in 10 seconds and immediately heat
sealed it in the chamber. The pressure inside the chamber at the time of
heat sealing was 2 × 103 Pa. And the size of nuclear emulsion used for this
packing material tests was 25× 30 cm.

In test 1, Meiwa C, which is the packing material used in the conventional250

nuclear emulsion, was compared with three other packing materials. The
increase in fog of the nuclear emulsion was investigated at a temperature of
50℃ and a humidity of 30% RH. The results are shown in Fig. 10 (Left). Fog
increased most quickly when Meiwa C was used as packaging material. Fog
also increased when using Benkei. When using MZ-AL and ASO, fog did not255

increase. From this result, it became clear that increasing fog on the nuclear
emulsion depended on the type of packing material. It was expected that the
components contained in the packing material might have some effect on the
nuclear emulsion. In the packing material layer structure, we focused on the
inner side of the AL layer that can affect the nuclear emulsion. MZ-AL and260

ASO where fog did not increase differed from the other packing materials in
that additive-free LDPE was used for the innermost layer and dry laminate
was used as the adhesive.

In test 2, Meiwa C, Meiwa C without the inner layer adhesive (Anchor
coat), and ASO were compared. The increase in fog of the nuclear emulsion265

was investigated at a temperature of 50℃ and a humidity of 20% RH. The
results are shown in Fig. 10 (Right). ASO did not increase fog as was the
case in test 1. In contrast, fog increased for both Meiwa C and Meiwa C
(without adhesive). From this result, it was deduced that the Anchor coat
agent used as an adhesive was not the cause of the fog increase. The results270

of tests 1 and 2 suggested that the fog did not increase by using additive-free
LDPE for the innermost layer of packing materials. From these results, we
decided to design the detector using ASO packing material.

6. Performance of stable nuclear emulsion

Based on the experimental results, we designed a silver halide photosensi-275

tive material that has excellent long-term stability and is suitable for charged
particle detection. Table 3 shows the developmental version history and the
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Name Meiwa C Meiwa C (without adhesive) Benkei MZ-AL ASO
Maker Meiwa Pax Co., Ltd. Meiwa Pax Co., Ltd. HAGIOS Co., Ltd. MARUAI Inc. ASO Co., Ltd.

Layer structure
(Thickness)

OPP(40)
Anchor coat(<1)

PE(13)
AL(7)

Anchor coat(<1)
PE(13)

Black LLDPE(45)

OPP(40)
Anchor coat(<1)

PE(13)
AL(7)
PE(13)

Black LLDPE(45)

PET(12)
Anchor coat(<1)

PE(20)
AL(7)

Anchor coat(<1)
PE(20)

LLDPE(35)

PET(12)
Dry laminate(<1)

AL(7)
Dry laminate(<1)

ONY(15)
Additive free LDPE(60)

ONY(15)
Dry laminate(<1)

AL(9)
Dry laminate(<1)

Additive free LDPE(60)

Total thickness 118 μm 118 μm 94 μm 94 μm 84 μm

Table 2: Packing material list. In the layered structure, the bottom is the inside (nuclear
emulsion side).
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Figure 10: Effect of packing material on nuclear emulsion. (Left) Test 1: Fog character-
istics at 50℃ and 30% RH. In the samples on day 19, it was impossible to evaluate the
FD due to the large amount of fog. (Right) Test 2: Fog characteristics at 50℃, 20% RH.
In the Meiwa C and Meiwa C (without adhesive) samples on day 7, it was impossible to
evaluate the FD due to the large amount of fog.
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Version
Gelatin

(Volume occupancy of crystals)
Additive chemicals (mol/molAg)

Packing material
BTS Benzothiazolium compound PMT Oxim compound

1 55 % 1.0× 10−4 - - - Meiwa C
2 35 % 1.0× 10−4 - - - Meiwa C
3 35 % - - - - Meiwa C
4 35 % - 1.2× 10−4 1.2× 10−4 1.7× 10−2 Meiwa C
5 35 % - 1.2× 10−4 1.2× 10−4 1.7× 10−2 ASO

Table 3: Developmental version history and the components of each version of the nuclear
emulsion. Version 1 is a conventional nuclear emulsion. Versions 2 to 4 are the stages of
development, and Version 5 is the stable nuclear emulsion developed.

components of each version of the nuclear emulsion. Version 1 is a conven-
tional nuclear emulsion. Versions 2 to 4 are the stages of development, and
Version 5 is the stable nuclear emulsion we developed. In this section, we280

compare the latent image fading, fog, and sensitivity degradation character-
istics of each version. Furthermore, we clarify the performance of the newly
developed stable nuclear emulsion. We examine the temperature dependence
and predict long-term stability based on Arrhenius equation.

k = A exp (−∆E

RT
)

where the reaction rate k, the activation energy ∆E, the absolute tempera-285

ture T , the universal gas constant R, the pre-exponential factor A.

6.1. Latent image fading

The latent image fading characteristics of Versions 1 to 5 were investi-
gated. The test was conducted at a temperature of 30℃ and a humidity of
40% RH. Version 5 was also tested at a humidity of 20% RH. The results are290

shown in Fig. 11 (Left). Fig. 12 shows optical micrographs of tracks on days
0, 30, and 180. In the Version 1 samples after day 30 and the Version 2 sam-
ples after day 60, there was no track that could be recognized due to the low
GD. In addition, the Version 3 samples after day 90 and the Version 4 sam-
ples on day 180 were impossible to evaluate the GD due to the large amount295

of fog. In the update from Version 1 to Version 2, the amount of gelatin
increased. As a result, the initial sensitivity decreased; however, the latent
image fading was improved. In the update from Version 2 to Version 3, BTS
was removed. As a result, latent image fading was greatly improved, and the
initial sensitivity was increased. In the update from Version 3 to Version 4,300

Benzothiazolium compound, PMT, and Oxim compound were added. As a
result, initial sensitivity decreased but latent image fading improved. In the
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update from Version 4 to Version 5, the packing material was changed. As a
result, although the latent image fading characteristics did not change, eval-
uation on day 180 was possible because the increase of fog was suppressed.305

In Version 5, the humidity was lowered to 20% RH. As a result, the oxida-
tion of latent images due to moisture was suppressed, and the latent image
fading was improved. In contrast, the fog increase was accelerated as will be
described later.

Next, the temperature dependence was evaluated for Version 5. A latent310

image fading test was conducted at a temperature of 30℃, 40℃, and 50
℃ with a humidity of 40% RH. The test was conducted at 30℃, 40℃, and
50℃ until day 180, 60, and 30, respectively. The results are shown in Fig.
11 (Right). GD being maintained at 25 or more until day 180 at 30℃, day
30 at 40℃, and day 7 at 50℃. The latent image fading is assumed to be315

an oxidation reaction of the latent images by a single reaction. When the
reaction rate is k and the number of storage days is t, GD (t) is expressed
as GD (t) = GD (t = 0) exp (−kt) [30]. The GD in Fig. 11 (Right) was
fitted to the exponential function. The reaction rate k at each temperature
was determined from this fitting function. An Arrhenius plot was created320

with the horizontal axis representing the reciprocal of absolute temperature
T and the vertical axis representing ln k (left side of Fig. 13). The activation
energy ∆E was calculated to be 33.06 (kcal / mol) from this plot. The latent
image fading characteristic at 40% RH of Version 5 was calculated from ∆E
and is shown on the right side of Fig. 13. The value of GD = 35 was used325

as the initial sensitivity.
As a result, the latent image fading goal characteristic of GD being main-

tained at 25 or more for half a year at 30℃, was achieved. The prediction
based on Arrhenius law showed that the GD remained at 25 or more for more
than one year at 10℃ and 20℃ and for 260 days at 30℃.330

6.2. Fog

The fog characteristics of Versions 1 to 5 were investigated. The tests were
conducted at a temperature of 30℃ and a humidity of 40% RH. Version 5
was also tested at a humidity of 20% RH. The results are shown in Fig. 14
(Left). Fig. 15 shows optical micrographs on days 0 and 90. After day335

90 for Version 3 and day 180 for Versions 1, 2, and 4, it was impossible to
evaluate the FD due to the large amount of fog. In the update from Version
1 to Version 2, the amount of gelatin was increased. As a result, the initial
FD decreased; however, the characteristics of fog increase did not change.
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Figure 11: Latent image fading characteristics of each version of nuclear emulsion. (Left)
Latent image fading of Versions 1 to 5 at 30℃, 40% RH. Version 5 was also tested at a
humidity of 20% RH. In the Version 1 samples after day 30 and the Version 2 samples
after day 60, there was no track that could be recognized due to the low GD. The Version
3 samples after day 90 and Version 4 samples on day 180 were impossible to evaluate for
the GD due to the large amount of fog. (Right) Temperature dependence of latent image
fading in Version 5 at 40% RH. The test was conducted at 30℃, 40℃, and 50℃ until
day 180, 60, and 30, respectively.

In the update from Version 2 to Version 3, BTS was removed. As a result,340

the fog increase was accelerated. In the update from Version 3 to Version
4, Benzothiazolium compound, PMT, and Oxim compound were added. As
a result, the fog increase was significantly suppressed. In the update from
Version 4 to Version 5, the packing material was changed. As a result, the
fog increase improved dramatically. In Version 5, the humidity was lowered345

to 20% RH. As a result, the fog increase was accelerated.
Next, the temperature dependence was evaluated for Version 5. A fog

test was conducted at a temperature of 30℃, 40℃, 50℃ and a humidity
of 40% RH. The test was conducted at 30℃, 40℃, and 50℃ until day
180, 60, and 30, respectively. The results are shown in Fig. 14 (Right). FD350

being maintained at 5 or less until day 180 at 30℃, day 60 at 40℃, and
day 14 at 50℃. The fog increase is assumed to be due to an autocatalytic
reaction. When the reaction rate is k and the number of storage days t,
FD (t) is expressed as FD (t) = FD (t = 0) exp (kt). The FD in Fig. 14
(Right) was fitted with the exponential function. The reaction rate k at each355

temperature was determined from this fitting function. An Arrhenius plot
was created with the horizontal axis representing the reciprocal of absolute
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Figure 12: Optical micrographs of electron beam (several tens of MeV) tracks exposed to
Versions 1 to 5 nuclear emulsion on days 0, 30, and 180. Latent image fading at 30℃,
40% RH. Version 5 was also tested at a humidity of 20% RH. The length of the black
bar is 30 µm. The electron beam was exposed at UVSOR. In the Versions 1, 2, 3, and 4
samples on day 180, there was no track that could be recognized due to the low GD or
large amount of fog.
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Figure 13: (Left) Arrhenius plot of latent image fading, calculated from the temperature
dependence of Version 5 (Fig. 11 Right). The horizontal axis represents the reciprocal
of absolute temperature T and the vertical axis represents the ln of reaction rate k. The
activation energy ∆E was calculated to be 33.06 (kcal/mol). (Right) The latent image
fading characteristics at 40% RH of Version 5 was calculated from ∆E. The value of GD
= 35 was used as the initial sensitivity.
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temperature T and the vertical axis representing ln k (left side of Fig. 16).
The activation energy ∆E was calculated to be 24.47 (kcal/mol) from this
plot. The fog characteristic at 40% RH of Version 5 was calculated from ∆E360

and is shown on the right side of Fig. 16. The value of FD = 1.0 was used
as the initial amount of fog.

As a result, the fog characteristic goal of FD being maintained at 5 or less
for half a year at 30 ℃, was achieved. The prediction based on Arrhenius
law showed that the FD stayed at 5 or less for more than one year at 10℃,365

and 20℃ and for 270 days at 30℃.
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Figure 14: Fog characteristics of each version of nuclear emulsion. (Left) Fog characteris-
tics of Versions 1 to 5 at 30℃, 40% RH. Version 5 was also tested at a humidity of 20%
RH. In the Version 3 samples after day 90 and the Versions 1,2 and 4 samples on day
180, it was impossible to evaluate the FD due to the large amount of fog. (Right) The
temperature dependence of the fog characteristics in Version 5 at 40% RH. The test was
conducted at 30℃, 40℃, and 50℃ until day 180, 60, and 30, respectively.

6.3. Sensitivity degradation

The sensitivity degradation characteristics of Versions 1 to 5 were inves-
tigated. The tests were conducted at a temperature of 30℃ and a humidity
of 40% RH. Version 5 was also tested at a humidity of 20% RH. The results370

are shown in Fig. 17 (Left). It was impossible to evaluate the GD of the
Version 3 samples after day 90 and Versions 1, 2 and 4 samples on day 180
due to the large amount of fog. As a result, only Version 1 showed sensitivity
degradation. Because Version 1 had less gelatin, it seems that the function
of maintaining sensitivity did not work.375
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Figure 15: Optical micrographs of Versions 1 to 5 nuclear emulsion on days 0 and 90. The
fog increase characteristics at 30℃, 40% RH. Version 5 was also tested at a humidity of
20% RH. The length of the black bar is 30 µm.
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Figure 16: (Left) Arrhenius plot of the fog increase characteristics, calculated from the
temperature dependence of Version 5 (Fig. 14 Right). The horizontal axis represents the
reciprocal of absolute temperature T and the vertical axis represents the ln of the reaction
rate k. The activation energy ∆E was calculated to be 24.47 (kcal/mol). (Right) The fog
increase characteristics at 40% RH of Version 5 were calculated from ∆E. The value of
FD = 1.0 was used as the initial amount of fog.

Next, the temperature dependence was evaluated for Version 5. A sensi-
tivity degradation test was conducted at a temperature of 30℃, 40℃, and
50℃ and a humidity of 40% RH. The test was conducted at 30℃, 40℃, and
50℃ until day 180, 60, and 30, respectively. The results are shown in Fig.
17 (Right). The sensitivity degradation occurred only day 30 at 50 ℃, at 30380

℃ and 40℃ did not show sensitivity degradation. GD being maintained at
25 or more until day 180 at 30℃, day 60 at 40℃, and day 14 at 50℃.

As a result, the sensitivity degradation goal characteristic of GD being
maintained at 25 or more for half a year at 30℃ was achieved. The sensitivity
degradation characteristics of Version 5 were sufficiently stable compared to385

latent image fading and fog characteristics.

7. Conclusion

The use of nuclear emulsion is not limited to elementary particle ex-
periments but has now expanded to practical technology such as cosmic-ray
imaging. It was therefore necessary to develop a new nuclear emulsion that is390

not limited by the observation period, season, and location. We investigated
factors that affect the long-term characteristics of the nuclear emulsion, and
the results of our experiments clearly demonstrated that gelatin, additive
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Figure 17: Sensitivity degradation of each version of nuclear emulsion. (Left) Sensitivity
degradation of Versions 1 to 5 at 30℃, 40% RH. Version 5 was also tested at a humidity
of 20% RH. In the Version 3 samples after day 90 and the Versions 1, 2, and 4 samples
on day 180, it was impossible to evaluate the GD due to the large amount of fog. (Right)
The temperature dependence of sensitivity degradation in Version 5 at 40% RH. The test
was conducted at 30℃, 40℃, and 50℃ until day 180, 60, and 30, respectively.

chemicals and packing material affect long-term stability. Based on these
results, we have developed a long-term stable nuclear emulsion and analyzed395

its performance. The developed stable nuclear emulsion is being used for
cosmic-ray imaging observations in the pyramid of Khufu and is expected
to be used for future cosmic-ray imaging observations and other elementary
particle research.

Each new component is particularly discussed below.400

• Compared with the amount of gelatin of the silver halide photosensitive
material, the gelatin amount of nuclear emulsion is very small. We
showed that a further reduction of gelatin in the nuclear emulsion causes
the acceleration of latent image fading and sensitivity degradation. The
long-term characteristics of a nuclear emulsion with a crystal volume405

occupancy 30%, 45%, 55% were examined. As the gelatin amount
decreased (as the crystal volume occupancy increased), the latent image
fading was accelerated. And the sensitivity degradation occurred at a
crystal volume occupancy of 55%.

• We investigated the effects of photographic additive chemicals on the410

nuclear emulsion, and four types of chemicals that affect long-term
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stability were found; Benzenethiosulfonic acid sodium salt (BTS), 3-
allylbenzo[d]thiazol-3-ium bromide (Benzothiazolium compound), 1-
phenyl-5-mercaptotetrazol (PMT), and 2,4-dihydroxy-benzaldehyde oxim
(Oxim compound). BTS was an additive chemical that was already415

added to conventional nuclear emulsion; however, we concluded that
it accelerated the latent image fading. We also showed that the addi-
tion of Benzothiazolium compound and Oxim compound was effective
in suppressing latent image fading and fog increasing, and PMT was
effective in suppressing fog increasing.420

• Nuclear emulsion is usually used in a vacuum-packed state with an
aluminum laminated bag for light shielding and moisture retention.
We showed that the type of packing material affected the amount of
fog. Our experimental results suggested that the fog did not increase by
using additive-free LDPE for the innermost layer of packing materials.425

• Based on the experimental results, we designed a long-term stable nu-
clear emulsion and analyzed its long-term characteristics. The compo-
nents of the new stable nuclear emulsion are as follows; crystal volume
occupancy 35%, BTS removed, Benzothiazolium compound: 1.2×10−4

mol/molAg, PMT: 1.2×10−4 mol/molAg, Oxim compound: 1.7×10−2
430

mol/molAg, and packing material is ASO (an aluminum laminated bag
using additive-free LDPE). The new stable nuclear emulsion achieved
its goal of a GD that remained at 25 or more and an FD that remained
at 5 or less for half a year at 30℃. We also examined the temper-
ature dependence and created an Arrhenius plot of the reaction rate.435

The prediction based on Arrhenius law showed that the Grain Density
stayed at 25 or more for more than one year at 10℃, and 20℃ and
for 260 days at 30℃; and the Fog Density stayed at 5 or less for more
than one year at 10℃, and 20℃ and for 270 days at 30℃.

　440
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