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Development of Methods to Measure Trace
Amounts of a-Emitting Radionuclides and its
Application to Environmental and Geochemical
Researches

Masayoshi Yamamoto
Professor Emeritus, Kanazawa University

Abstract

For more than 40 years, I have investigated in
the broad direction of scientific researches related
to the development of low-level radioactivity
measurement, the environmental radioactivity and
radiation effect to human, and their applications
as tracers to earth and environmental sciences,
including chronology.

In this article, I present some topics of my
works as follows: 1) development of methods to
measure trace amounts of o-emitting radionuclides
which need radiochemical separation and
purification, especially environmental transuranic
nuclides, 2) studies on the worldwide radioactive
contamination fields such as Hiroshima and
Nagasaki atomic bombs, Lucky Dragon incident in
Bikini Atoll, Semipalatinsk nuclear test site, Irish
Sea (UK) contaminated by radioactive wastewater
from the Sellafield nuclear fuel reprocessing
plant, JCO criticality accident, Fukushima Dai-
ichi Nuclear Power Plant accident and so on,
and 3) studies on their applications to earth and
environmental sciences for better understanding
various processes occurring in the environment.
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1. Introduction

As a student of the Department of Chemistry
in the Faculty of Science at Kanazawa University
(1972/1973), I majored in radiochemistry, which
was taught by Professor Masanobu Sakanoue.
After that, I conducted monitoring and researches
on environmental radioactivity around nuclear
power plants (formerly the Fukui Prefectural
Institute of Public Health, now Fukui Prefectural
Institute of Public Health and Environmental
Science). Then, I researched radiopharmaceuticals
and environmental radioactivity in the Department
of Radiopharmacy under the Faculty of
Pharmaceutical Sciences at Hokuriku University.
In July 1986, immediately after the Chernobyl
nuclear disaster, I was transferred to the Low Level
Radioactivity Laboratory in the Faculty of Science
of Kanazawa University.

When I looked back, more than 40 years
had passed, but it felt like a blink of the eye.
Luckily, throughout my career I have always
been with radioactivity and radiation researches,
and seen the progress. In addition to naturally
occurring radioactive a-emitting elements such
as uranium (U), thorium (Th), radium (Ra),
radon (Rn), and polonium (Po), (1) I engaged
in establishing methods to analyze and measure
artificially produced a-emitting radioactive
elements, especially plutonium (Pu) and other
radionuclides of transuranium elements. (2) I
conducted researches on the state of radioactive
contamination and the behaviors of contaminants
in Hiroshima and Nagasaki (1945), the Lucky
Dragon Incident in Bikini Atoll (1954), and the
Irish Sea, which was heavily contaminated by
highly concentrated radioactive wastewater
from the Sellafield Nuclear Fuel Reprocessing
Plant in the UK. Furthermore, I investigated
environmental radioactivity and the impact of
radiation on the residents near the Semipalatinsk
Nuclear Test Site in the former Soviet Union
and its environs in Kazakhstan, Central Asia,
the JCO Criticality accident (1999) in Japan, and
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the Fukushima Dai-ichi nuclear disaster (2011).
(3) I have been also involved in environmental
chemistry and geochemistry researches using
naturally occurring and artificially produced
radionuclides as ideal tracer (marker) in
understanding dynamics in the environment,
including radiometric-dating methods [1].

In this article, I highlight some of my
most significant achievements involving the
development of low-level measurements of
trace amounts of a-emitting radionuclides,
environmental radioactivity and radiation dose
researches, and applied researches in the fields of
geochemistry and environmental chemistry.

2. Development of Low-level Measurements of
Trace Amounts of Radionuclides, Especially
o-Emitting Radionuclides
It used to be difficult to measure trace amounts

of a-emitting nuclides in environmental and
biological samples. However, after developing a
highly precise quantification method by selecting
the appropriate tracers and applying chemical
separation techniques as well as o-particle
spectrometry (or inductively coupled plasma mass
spectrometry [ICP-MS]), I conducted researches
on the concentration distribution of these nuclides,
elucidated their behaviors, and estimated their
radiation doses.

Additionally, analysis of refractory plutonium
oxides used to be quite troublesome, but my
introduction of a new fusion method with
ammonium hydrogen sulfate enabled a fast
analysis of such oxides [2]. I also established an
extraction and separation method of plutonium and
americium (Am) under strongly acidic conditions
using new solvent extractants, DBDECP and/or
DBDECMP [3]. By measuring the ratio of Lx/«
particle, I together with Associate Professor
Kazuhisa Komura determined the isotopic ratio
of 2°Pu/?°Pu [4]. Prior to our efforts, this ratio
was determined with thermal ionization mass
spectrometry (TIMS).
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Neptunium-237 was present in a minute amount
in the environment, it was, however, difficult
to detect. I successfully developed a method to
radiochemically separate and refine neptunium
from a large amount of samples (50-100 g of soil)
using ?Np (a descendant nuclide of *Am) as a
tracer for yield correction and precisely quantified
Z"Np with a-particle spectrometry and at a later
date ICP-MS [5-7]. Moreover, I established a
method to simultaneously quantify **Np and
Z"Np using #°Np as a tracer (by measuring low-
energy y rays by silicon semiconductor detectors)
[8]. These methods were the first to successfully
elucidate the concentration distribution of the
global fallout of *’Np and the radioactivity ratio of
ZTNp/?9?4Py in the environment [10-12]. Prior to
my method, the only environmental data on **'Np
was that from the contaminated zone around the
Sellafield Nuclear Fuel Reprocessing Plant.

Moreover, I pioneered a method for sequential
analysis of trace amounts of neptunium, plutonium,
and americium (curium) in the same sample
[13,14]. Upon considering the radiochemical purity
and a-particle energy, I chose the appropriate
tracers and combined neptunium analysis with a
method for plutonium and americium (curium)
analysis.

Because the high background noise with
yray spectrometry makes it very challenging to
measure the isotopes of radium in an extremely
low concentration, I employed «a-particle
spectrometry to develop a method to measure
radium isotopes in an extremely low concentration
in environmental and biological samples [15]. I
adopted a revolutionary approach where ?*Ra (8
decay, a daughter nuclide of ?*Th) was used as
a tracer for yield correction. After radiochemical
separation and purification with CyDTA, «-
particles emitted by descendant nuclides (*'’At,
etc.) derived from electrodeposited ?*’Ra over a
platinum plate were used to determine the yield.
This method allowed isotopes of radium (**Ra,
221Ra, *°Ra and ?*Ra — ?**Th) in an extremely low
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concentration to be quantified. The method has
been used to collect basic data relevant to reducing
the concentration of aqueous radium in the water
tank of the neutrino detection with Cherenkov
detector in KAMIOKANDE-II [16] and has been
applied to a few grams of human bone [17,18] and
tooth samples [19], contributing to radiation dose
estimation research.

3. Environmental Radioactivity and Radiation
Effect Researches

3.1. Radioactivity Issues of Black Rain from the
Hiroshima Atomic Bombing

As a university student, I investigated a method
to analyze and quantify *’Ac (Ty,,_21.7y, B &
o, 1.2 %) in the actinium series. After graduating
in March 1973, I researched the activity level,
distribution, and migratory behaviors of Pu and
2IAm isotopes in soil and seafloor sediment
samples [20-23]. I first encountered close-in fallout
samples from the Hiroshima and Nagasaki atomic
bombings in around 1980. I had an opportunity
to chemically separate Pu and measured them
with o-particle spectrometry. For the Hiroshima
samples, I measured the Pu concentration and
the isotopic ratios of Pu (**Pu, #Pu, *'Pu,
and ?'Pu) in soils [24-26]. The isotopic ratios
showed no substantial difference from those
of global fallout. However, I detected highly
concentrated #%?Py in the sample from the
Nishiyama district of Nagasaki (2,500-5,000 Bq/kg
in three samples taken from 10-cm deep soil).
Furthermore, I confirmed that the radioactivity
ratio of #8Pu/?%?*Py was low (around 0.055).
With a novel method simultaneously using the
above-mentioned Lx/o particle measurement, I
found that the isotopic ratio of *°Pu/*Pu in the
Nagasaki atomic bomb was around 0.042 [26].
The result indicated that the material in the atomic
bomb contained about 95 % *°Pu.

About another 20 years transpired before I had
an opportunity to be involved in researches related
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to radioactivity in Hiroshima or Nagasaki again.
Although it has long been considered a problem,
since about 10 years ago, social concern has
been directed toward the exposure to radioactive
substances contained in black rain, which had
fallen immediately after the atomic bombings in
Hiroshima and Nagasaki. Consequently, black rain
became an imminent research target. Research
on black rainfall needed to provide the following
information: total precipitation over time, the
area affected, amount of radioactive fallout, and
associated radiation dose. Although 71 years have
passed since the atomic bombings, questions
about the essential nature of close-in fallout of the
Hiroshima atomic bomb have yet to be answered.
Furthermore, the estimated radiation dose caused
by black rain has not been established. Radiation
doses due to neutrons and gamma rays emitted
directly in the atomic explosion are estimated
today by a radiation dose assessment system
called Dose System 2002 (DS02). The system,
however, does not take into account black rain
because it considered that the contribution of the
fallout associated with black rain was negligible.

In 1976 and 1978, the Ministry of Health and
Welfare led research in Hiroshima to determine
the residual radioactivity from soil samples,
which were carefully collected in locations
along 16 different directions within 30 km from
the hypocenter of the atomic explosion. The
measurements primarily targeted *’Cs, a nuclide
of nuclear fission products with a long half-life
(T2 = 30.17 y). Initially, the great amount of global
fallout caused by atmospheric nuclear weapons
tests conducted by the United States and Soviet
Union from the 1950 to the early 1960s made it
extremely difficult to determine the trace of close-
in fallout from *’Cs derived from the Hiroshima
atomic bombing. Therefore, emphasis was placed
on samples that preserved close-in fallout in those
days without being affected by global fallout.

Through cooperation of citizens, houses that
were built immediately after the atomic bombing
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(one to four years afterwards) and were scheduled
to be scrapped shortly were identified. Such
houses were primarily north and northwest from
the hypocenter of the explosion. We considered
soils under the floor of these houses most suitable
for our analysis. The measurement of *’Cs was
conducted in collaboration with a group led by
Professor Hoshi of Hiroshima University. We
measured the concentration and accumulation
of ¥"Cs and #%*'Pu (also the isotopic ratio of
240py /2Py for four sites) using 100 g soil samples
collected under the floor of houses at 20 sites. For
each house, about 3-5 sites were selected, and a
30-cm deep soil core sample was collected [27-30].

The production of plutonium may be ignored if
we take into account the fact that the atomic bomb
of Hiroshima was made from #U. Thus, detection
of any amount of plutonium in the soil under the
floor suggests a great possibility of contamination
by global fallout. Hence, plutonium was used as an
indicator of contamination due to global fallout.

Because detecting *’Cs with non-destructive
measurement techniques was difficult, the
sample (~100 g) was separated chemically and
a low-background germanium detector at the
Ogoya Underground Laboratory was used for
the measurement. For all measurement sites,
their *"Cs were detected in the range of a few to
a few hundred Bq/m? (mostly 10 to 50 Bq/m?),
while 2%?*Pu were detected in the range of 0.1 to
24 Bq/m? (mostly no more than 1 Bq/m?. The
isotopic ratio of 2°Pu/?*Pu in the samples taken
from four sites was between 0.13 and 0.19. The
ratio in the global fallout is 0.18 [30]. The detected
239.240py and the isotopic ratio of 2*°Pu/?*°Pu in the
measurement strongly suggested that the under-
floor soils were more or less contaminated by
global fallout over the years.

Under some assumptions, we estimated
the amount of ¥Cs close-in fallout, restricting
measurements to the area where the samples were
collected. The calculated *"Cs close-in fallout was
around 50 to 100 Bq/m? Future studies must take
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into account the information concerning how the
under-floor soils of sampling sites were prepared
or leveled before or upon the construction
of houses as well as possible soil erosion by
typhoons immediately after the atomic bombings
(Makurazaki typhoon in September 1945) and
large-scale floods. In the meantime, the Koi and
Takasu districts, where the amount of fallout was
believed to be large, must also be surveyed and
studied.

During this research, we began to suspect
that U (Ty,, = 2.34 x 107 y, o) was a product
of a nuclear reaction of U (n, y) because the
Hiroshima atomic bomb was a #°U bomb. Hence,
in collaboration with Professor Masaharu Hoshi
and Assistant Professor Sakaguchi of Hiroshima
University, we tried to measure this nuclide
using a tandem accelerator mass spectrometer
(AMS) at the University of Vienna (the Vienna
Environmental Research Accelerator [VERA])
[20]. Uranium-236 was detected in a minute
amount, but the ratio of 2*%U/?*%24Py and
267 /1%7Cs were, respectively, within the global
fallout ranges [31]. The results did not provide any
additional information on the situation of close-
in fallout. Despite the inconclusive results, this
research renewed my excitement for chemical
separation of plutonium from a great amount of
samples and extremely low-level radioactivity
measurements. My passion for measuring *°U by
the AMS was rekindled. It should be noted that
nuclide U is attracting attention today as an
oceanic circulation tracer.

3.2. Lucky Dragon Incident in Bikini Atoll -
Nuclides of Transuranium Elements in Death
Ash

On July 16, 1945, the United States conducted
the first atomic bomb test in Alamogordo, New

Mexico. Less than a month later, the tragedies of

the atomic bombings in Hiroshima and Nagasaki

occurred. The United States conducted the first
test of a 10.4 Mt thermonuclear weapon (hydrogen
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bomb) called “Mike” on Eniwetok Atoll in the
Marshall Islands on October 31, 1952. Less than
a year later on August 12, 1953 the former Soviet
Union conducted its first thermonuclear weapon
test at the Semipalatinsk Nuclear Test Site. (The
site is located in the Republic of Kazakhstan
today.)

As the arms race escalated, the United
States began conducting a series of second
thermonuclear weapon tests (Operation Castle),
which was on a larger scale. The first test in this
series was an explosion of a 15 Mt hydrogen
bomb, commonly referred to as “Bravo’, on
March 1, 1954 (February 28 in the United States)
on Bikini Atoll. At the time of the blast, more than
900 Japanese tuna fishing boats were operating in
this area of the ocean. The Daigo Fukuryu Maru,
or Lucky Dragon No. 5, was in waters about 160
km east of Bikini Atoll. Although she was about
30 km outside the danger zone, 23 of the Lucky
Dragon crewmembers were affected by this test.
Today, this incident is known as the Lucky Dragon
incident.

Kanazawa University was also associated with
the Lucky Dragon incident. Professor Toshiyasu
Kiba et al. of the Department of Chemistry in
the Faculty of Science at Kanazawa University
attempted to measure the radioactivity of the tuna
fish shipped out to the Ohmicho Ichiba (Ohmicho
Market) in Kanazawa. A remarkable point in the
radioactivity measurement by Japanese scientists
at that time was the detection of U (T}, = 6.75
d, B), a product of nuclear reaction of ?**U (n, 2n),
in the nuclear fallout. The radioactive intensity of
27U accounted for 20 % of the total intensity. This
research helped elucidate the composition of the
nuclear explosive (fission-fusion-fission bomb,
being frequently called 3F Bomb). It was reported
that, since #7U has a short halflife, the scientists
had tried to detect its decay product *'Np (T,
= 2.14 x 10° y, o), but their effort ended in failure
because the radioactivity of “’Np had been too
weak to be quantified.
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At the same time as the opening of the Daigo
Fukuryu Maru Exhibition Hall on June 10,
1976, the Low Level Radioactivity Laboratory
was founded as part of the Faculty of Science
at Kanazawa University. Around April 1979,
which was 25 years after the incident, Professor
Masanobu Sakanoue and Associate Professor
Kazuhisa Komura visited the Exhibition Hall to
conduct in-situ measurements of the samples
in the hall using germanium detectors. The
measurement detected *’Cs, %°Co, 1°Sb, Eu, and
21Am. A small amount of heavily contaminated
windmill palm (used as a marker of the floater of
the haenawa, or longline, fishing method of the
fishing boat), which was probably sampled for
research, was stored in our laboratory.

Since I had developed a method to analyze and
measure ?*'Np in environmental samples earlier
than others in Japan, I became interested in the
radioactivity of 'Np detected in the sample and
its relative radioactivity level compared to other
radionuclides. So, I tried to measure *?"Np as well
as other nuclides of transuranium elements in
this sample (around 0.4 g in dry mass). This was
around 1995. The first measurement made by a
yray spectrometer confirmed that the sample was
indeed contaminated by nuclear death ash, which
included ¥Cs and %Co. Later, I became the first to
successfully detect »"Np (0.0115+0.0008 Bq/g-dry)
derived from the Bikini Atoll nuclear test in a
chemical separation and a-particle measurement
[32]. The radioactivity of *"U at the time estimated
from #"Np adhered on the leaves of the windmill
palm was 1.3 x 106 Bq/g-dry.

Based on this estimate, the total radioactivity
of the death ash itself was further estimated. The
calculation was as follows: 10°/0.2 (the literature
value of how much the radioactivity due to #7U
accounts for the total radioactivity) /0.01-0.001 (our
assumed fraction of the death ash in the dry mass
of the windmill palm sample) = 5 x 10° = 5 x 10%°
Bq/g of the death ash. The calculated value falls in
the range of very intense radioactivity. The most
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interesting finding was that the radioactivity ratio
of #7U/#9240py estimated by Professor Kenjiro
Kimura of The University of Tokyo, (5.0 + 3.5) x
10* as of March 26, 1954, agreed fairly well with
the one estimated from my measurement (1.7 x 10*
after a correction as of March 26, 1954); the value
was within the measurement error.

I guess that scientists in those days, probably
while being exposed to relatively high radiation
from the highly radioactive samples (as estimated
above) had analyzed and measured samples
using Geiger-Miiller counter, perhaps without
sleep. Plutonium was measured by observing
the trajectories of o particles from plutonium on
the nuclear emulsion plates under a microscope
after a number of chemical separation processes.
This fact renews my respect and admiration for
the measuring capabilities, especially the analytic
capability, of scientists in those days.

I really wanted to take what our predecessors
did in the Lucky Dragon incident to heart, improve
my analytical techniques, and follow in their
footsteps. Today’s progress in the analytical and
measurement methods is amazing. Nowadays, it is
relatively easier to measure radioactivity [33].

3.3. The Irish Sea, the UK - Sellafield Nuclear
Fuel Reprocessing Plant: Distribution and
Behaviors of Nuclides of Transuranium
Elements in Coastal Sediments

Since about 1990, in collaboration with Dr. D. J.

Assinder of the University of Wales in UK, I have

conducted research in the Irish Sea, which has

been heavily contaminated by highly concentrated
radioactive wastewater from the Sellafield Nuclear

Fuel Reprocessing Plant. Our research has

focused on the sediments (core samples) of the

coastal sea surrounding the reprocessing plant.

The objectives of our research have been to

measure the state of contamination, distribution,

and accumulation of nuclides of transuranium
elements, especially #'Np, by analyzing the
sediments, and to elucidate the migratory
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behaviors of these elements to the sediments.

The coastal area is the most active site of
material exchanges (formation and consumption)
and cycles. Viewed from a chemistry perspective,
the area is a site for not only the dispersion
of materials but also for the insolubilization,
precipitation, and resolubilization of dissolved
materials. From a biology perspective, the
metabolism of materials is active and concentrated
in this area. Research on the behaviors of
nuclides of transuranium elements, many of
which are biologically hazardous a-emitters and
have long lives, in the coastal area provides only
a transitional view of the process because the
process has only be observed for approximately 60
years of contamination.

Farsighted persistent research is necessary,
but generally normal coastal environments are
not ideal for such research because their levels of
contamination are too low to be detected. The Irish
Sea in the UK is the most ideal field for studying
the state and migratory behaviors of these kinds
of transuranium elements. The sediments in the
coastal areas are contaminated with few thousand
times higher concentrations of ?**?*'Pu than
the coastal areas in Japan, where the surface
sediments are contaminated by only a few Bq/
kg concentration of 2%?*°Pu. Most of the nuclear
facilities in Japan are located in the coastal areas.
If we consider this fact, a systematic qualitative as
well as quantitative understanding of the overall
picture of the actual state of the abovementioned
processes is important, not only from an
environmental radioactivity research point of view
but also from a geochemistry research point of
view.

The Sellafield nuclear facilities are a huge
nuclear power center spread across Cumbria in
North West England, which includes nuclear fuel
processing facilities, reactors, fuel reprocessing
plants, and storage spaces for nuclear fuel and
wastes. After World War II, the first reprocessing
plant was commissioned to produce weapons-
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grade plutonium in 1952, and the second one
began operations in 1964. Only one other plant,
the La Hague plant in France, is comparable to the
Sellafield facilities in terms of scale and operational
record. Since 1952 Sellafield has released low level
radioactive wastewater into the Irish Sea about 2
km offshore from the coast. The release has been
no more than the target level of annual release.

The level of the annual release peaked in the
1970s but was drastically reduced in the 1980s due
to various mitigation measures. The cumulative
amounts of released ¥Cs, 2**?Py, and *!Am
until 1990 were 3 x 10* (atmospheric nuclear
weapons tests: 1.3 x 10%, 7 x 10? (1.3 x 10%), and
9 x 10? (3 x 10°) TBq, respectively. Most of the
plutonium, americium, and curium were released
in particulate forms composed of flocs of which the
main constituent is iron (III) hydroxide Fe(OH)s,,
whereas neptunium, most likely neptunium
(V), was released in a mixed form of dissolved
and undissolved states with slightly more in the
dissolved state. The released species contained
hot particles that emitted o-particles. However, it
was reported that once these hot particles were
released into the environment, they would become
soluble in a few months.

By measuring the concentration of ?'Np,
238,239,240,2411)11’ 241,242mAm, 242,243,244Cm and 99TC
and their isotopic ratios in the sediments
sampled over a broad area on the coasts and
river mouth of the Irish Sea [34-42], I estimated
the amount of release from the nuclear power
plants and elucidated the migratory behaviors
of radionuclides in the coastal area such as the
behaviors in the intertidal zones and the mobility
of nuclides (Tc > Cs > Np > Am ~ Pu). Additionally,
[ elucidated the presence of ?MAm (T}, = 141y,
IT) and the released amount [39]. There are two
possible migration mechanisms for the diffusion
and migration of radionuclides released into
the Irish Sea to the coastal area: diffusion in a
dissolved state by ocean currents and dispersion
in a particulate state from highly concentrated
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contaminated sediments near the water outlet.
Using the simple model of Mackenzie et al. to
express the transport mechanism in a particulate
state (dependent on the supply from the
reprocessing plant, accumulation in the sediments
near the outlet, decay, dispersion of particles,
and resolubilization), I calculated a model of
the sediment cores measured in this research.
The result indicated that the computation model
reproduced the measured depth profile well.

The amount of released radioactive substances
decreased by more than two orders of magnitude
in the 1980s. In conjunction with this decrease,
the internal radiation dose for human bodies
was initially expected to decrease by more than
two orders of magnitude. In reality, it actually
decreased only by an order of magnitude. Thus,
the observations in the Irish Sea provide a warning
that once long-life radionuclides contaminate
coastal and intertidal areas, their impact is long
lasting [42].

Currently there are uncertainties about the
released amount of transuranium elements from
the Fukushima Dai-ichi nuclear disaster into
the coastal areas. However, the amount to date
is below a negligible level. Current surveys and
researches have primarily focused on the behavior
and movement of radioactive cesium.

3.4. Environmental Radioactivity Issues around the
Semipalatinsk Nuclear Test Site in the Former
Soviet Union and Radiation Dose of Local
Residents

Research on the effects of radiation on the
human body has been based on a cohort of a
few hundred thousand people affected by a high
radiation dose at a high dose rate due to the atomic
bombings in Hiroshima and Nagasaki, where the
impact on carcinogenicity, life expectancy of the
cohort, etc., have been surveyed. International

Commission on Radiological Protection (ICRP)

has approved the effects. However, many common

radiation exposure cases are by low radiation
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doses at low dose rates over a prolonged time;
hence, applying the risk from radiation exposure
over an instantaneous time of an atomic bomb
explosion to low-dose/low-dose-rate radiation
exposure has been questioned. Therefore, to
provide realistic solutions to this difficult problem,
it is essential to conduct surveys and research on
cases of a large group of subjects who have been
exposed to low radiation doses at low dose rates
over an extended period.

At the Semipalatinsk Nuclear Test Site of the
former Soviet Union, a number of nuclear tests,
including 26 aboveground, 86 atmospheric and 346
underground, were conducted from 1949 to 1989,
without notifying the surrounding residents of the
radiation risk from atomic bomb in the early years,
which allegedly forced a few hundred thousand
people to be exposed to different doses of radiation
from low doses (at a low dose rates) to high doses.
Globally, aboveground and atmospheric nuclear
tests were conducted in a number of locations,
including Nevada in the United States, but in
very few cases were the test sites surrounded by
many local residents. Moreover, very few groups
of people had been exposed to radiation in a wide
range of low dose rates for a prolonged period.
Hence, the group of residents in Semipalatinsk is
considered the most suitable group of subjects.

In 1994, I first went to Semipalatinsk as
a person in scientific research fund of the
“Kazakhstan’s Economic Recovery and
Environmental Problems” research group of
Professor Tsuneo Tsukatani of Kyoto University.
Since then, I have engaged in research to provide
solutions to the aforementioned problems in
collaboration with the Professor Masaharu Hoshi
research group of the Research Institute for
Radiation Biology and Medicine at Hiroshima
University and researchers, B. I. Gusev, K. N.
Apsalikov, et al., of the Institute of Radiation Safety
and Ecology in Semipalatinsk, Kazakhstan.

The characteristic of the radiation exposure
suffered by the residents around Semipalatinsk
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is not direct exposure to y rays and neutrons, but
exposure to radioactive fallout from radioactive
clouds dispersed in the atmosphere, which had
fallen over a 200-300 km range and influenced
people’s health. By this radiation exposure, the
residents in the environs reportedly suffered 30
to 250 cSv of external radiation (cumulative dose
from 1949 to 1992) as well as a great amount of
internal radiation from 40 to 300 cSv. However,
these external and internal radiation doses were
those that scientists in the former Soviet Union
and Kazakhstan had estimated primarily using
mathematical models. Therefore, the validity of the
models, including the estimated doses, has long
been a subject of debate.

We tried to determine the detailed state of
radioactively contaminated soils (detectable
nuclides today are *’Cs, *Sr, and the isotopes of
plutonium) inside and outside the communities
where the residents used to live at the time of
the nuclear tests to estimate the radiation dose
from the amount of ¥’Cs deposition. In addition,
we also conducted I measurements in soil,
239240py and U measurements including their
240py /2Py and *U’%8U ratios in human tissues,
and U isotope measurements in drinking water.
Furthermore, to evaluate dose as exactly as
possible, thermoluminescent dosimetry (TLD)
of building bricks was also carried out together
with measurements of the electron spin resonance
(ESR) for the teeth of those exposed to radiation
(Hoshi research group of Hiroshima University)
[43-59].

I have made more than 20 trips to
Semipalatinsk and visited many regions, including
local communities scattered around the test
site, to collect mostly soil (and drinking water)
samples. I brought those samples back to Japan to
primarily analyze them for *’Cs and the isotopes
of plutonium. A total of more than one ton of
soil samples was brought back to Japan at a rate
of 50-100 kg per trip. To elucidate the state of
contamination, we researched a broad range of
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regions.

Initially, we thought that the ground around the
test site was contaminated by highly concentrated
137Cs. However, our research revealed that
contamination by ¥Cs in the communities near
the test site was in the range of a few thousand
to a few tens of thousands Bq/m? which was
unexpectedly low, whereas contamination by
plutonium, a material used in atomic bombs,
was relatively high (a few thousand Bq/m?).
Our research also demonstrated that most of the
plutonium in the soils near the test site existed as
part of aggregates (soils, etc.) and was abundant
as hot particles.

Then, we focused our researches on the village
of Dolon (110 km northwest of the test site),
which was most seriously affected by the first
test in August 1948. We implemented a detailed
survey, being focused on the position and width
of the area where the radioactive cloud passed
[58]. To estimate the external radiation dose, in
collaborative research with Assistant Professor
T. Imanaka of Kyoto University, we used a simple
model that considered the amount of *’Cs fallout
at the time of the test (10,000-20,000 Bq/m?)
as well as the other nuclides of nuclear fission
products (the fractionation of fission products
was considered) inferred from the distribution of
37Cs fallout today. The estimated dose was around
500 mGy (absorbed dose; the medical effects of
radiation not taken into account) [59]. This value
was almost the same as the one estimated from the
building blocks (by TLD) and the teeth samples
(by ESR), suggesting that the accumulation of
residual **’Cs can provide a valid estimation of the
external radiation dose. This kind of approach has
been applied to other villages: Sarzhal (110 km
southeast from the hypocenter), Karaul (200 km
from the hypocenter), the village of Kaynar (140
km southwest from the hypocenter), to primarily
estimate the external radiation dose.

I really find it rather difficult to estimate the
appropriate radiation dose, as the estimate must
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include the internal radiation dose. A lesson that
I learned from the Fukushima nuclear disaster
is that conducting a survey of the individual
radiation (both external and internal) dose for as
many residents as possible from the early stage
of the post-disaster period with routine follow-
up medical exams is crucial and must be given
priority. The ultimate judgment of the risk of low
radiation dose against humans may have to resort
to epidemiological data collected through this kind
of unglamorous survey and research.

3.5. JCO Criticality Accident at Tokai-mura, Japan

A criticality accident occurred on September
30,1999 at the uranium conversion facility of
the JCO Company Ltd. in Tokai-mura, Japan. A
collaborating science investigation team was
organized in two groups: the first to carry out
research on the environmental impact (the
environmental research group) and the second
to assess the radiation efforts on residents (the
biological research group) [60]. I engaged in
the evaluation of neutron-induced radionuclides
and fast neutron fluxes leaked from the accident
building to the outside. The former focused
on nuclides such as *Na, *Sc, *Fe, ®Co %Zn
and "La, all of which are produced by (n, y)
[61]. Furthermore, in order to confirm whether
uranium which was handled was released by
the accident or not, U isotopes (3*+#528U) were
measured in soil around the criticality accident
building by a-particle spectrometry and ICP-MS
[62]. For estimating the fast neutron flux, *Mn
by **Fe(n, p) reaction [63] and **P by *Cl(n, o)
reaction were successfully measured [64].

3.6. Fukushima Dai-ichi Nuclear Disaster:
Release of Nuclides of the Disaster-derived
Transuranium Elements

On March 11, 2011, huge amounts of
radioactive substances were released from
the Fukushima Dai-ichi Nuclear Power Plant
of Tokyo Electric Power Company (TEPCO),
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which was affected by a massive earthquake
(magnitude 9.0) that occurred off the Pacific coast
of Tohoku and subsequent tsunamis (The 2011
Tohoku earthquake, also known as the Great
East Japan Earthquake). These events resulted
in an unprecedented catastrophic disaster where
a massive earthquake disaster and a nuclear
radiation accident were combined to synergize
the damage. The vast amount of survey and
research data have elucidated an outline of the
accident, the amount of radionuclides released
into the environment, especially radioactive
iodine (*'I) and radioactive cesium (**'Cs, *"Cs),
their behaviors, the situations of environmental
contamination, radiation dose, etc. [65].

In the early stage of the post-accident
period, very little information was available on
the nuclides of transuranium elements such
as plutonium and *Sr, which are important to
estimate the impact of radiation damage. This
was because these nuclides are o- and -emitters,
which are difficult to measure directly. Common
nuclear reactors using uranium fuel produce
plutonium. Among the affected reactors in this
disaster, the Unit 3 reactor used MOX fuel, which
contained plutonium as part of its fuel. Hence,
local residents immediately raised grave concerns
over the release of highly toxic plutonium into the
environment.

Initially after the accident, TEPCO reported the
detection of about 100 times higher radioactivity
ratio of 2¥Pu/?%?Pu (around 2) than that of
global fallout (about 0.03) in the samples taken at
several sites within the Fukushima Dai-ichi nuclear
power plant, suggesting the release of trace
amount of plutonium derived from the accident,
of which the level of #°?°Pu was fairly low. In
April 2011, the concentration of plutonium and
its isotopic ratio were measured in soils sampled
at the side of a road connecting Iwaki City to
Fukushima City outside the 20-km zone from the
Fukushima Nuclear Power Plant (Hoshi group
of Hiroshima University) and in litate Village
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(Imanaka group of Kyoto University). In May
2011, the same techniques were used to measure
soils sampled in Okuma Town near the nuclear
power plant (Koike group of Tohoku University).
Most samples contained #%?*°Pu, but only in
low levels. Furthermore, the above-mentioned
238py /239240Py ratio was around 0.03. The results
could not provide a definitive proof of the existence
of plutonium derived from the nuclear power
plant [66]. Zhen et al. of the National Institute
of Radiological Sciences (NIRS) reported that
the #1Pu/?*%2*'Py ratios in several soil and fallen
leaf samples were in excess of 100 (the current
ratio is around 1.2 in global fallout), verifying the
spreading of plutonium derived from the nuclear
power plant into the environment.

When uranium fuel is burned in a nuclear
reactor, nuclear reactions between uranium in
the fuel and neutrons produce various isotopes
of plutonium. Furthermore, nuclear reactions
between newly produced plutonium and neutrons
produce various isotopes of plutonium; the higher
the burn-up of nuclear fuel, the greater the
presence of isotopes against *Pu. Hence, to detect
or identify the presence of plutonium derived from
a nuclear power plant, it is essential to examine the
isotopic ratio of plutonium as well as concentration
of plutonium. Moreover, nuclear power plants also
produce elements with a greater atomic number
than plutonium, such as americium (**'Am) and
curium (**Cm, ?**Cm, and ***Cm). In high burn-
up fuel, **Cm (Ty/, = 162 d, &) contributes most
toward the intensity of all the a-particles emitted
by the nuclides of transuranium elements in the
early stage. If plutonium derived from a nuclear
power plant is indeed released, ?*Cm with a
greater radioactivity than plutonium is likely to be
found along with 2#*Cm and ?**Cm.

Based on this assumption, we tried to detect
these nuclides. Soil samples taken by standard
core samplers had a small cross section, making
them unsuited for detection. Instead we focused
roadside dust samples including soils and so on.
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These samples, which we called black substances
since they look black, were contaminated
with highly concentrated **Cs and *'Cs. It
was speculated that they had become highly
concentrated by the accumulation of radionuclides
released from the nuclear power plant, which had
initially fallen on the asphalt surfaces of roads or
spaces but was then carried away by wind and rain
to the roadsides. We considered these to be ideal
samples for measuring the isotopic ratio.

With special permission for entry from local
municipalities near the Fukushima Daiichi
Nuclear Power Plant (Minamisoma City, Namie
Town, Futaba Town, Okuma Town, and other
municipalities located south of the power plant),
we collected black substances, fallen leaves, and
soil core samples to estimate the amount of
nuclear fallout at approximately 150 sites in these
municipalities from September to November in
2012. In many spots near the nuclear power plant,
the reading of Aloka dosimeters went off the scale
(> 30 uSv/h at 1 m above the ground). Except for
the soil cores, all the collected samples (i.e., black
substances and fallen leaves) were contaminated
with highly concentrated radioactive cesium (a
few million to a few tens of million Bq/kg). Only
28Py and #%?*Pu were detected in the soil core
samples. In contrast, #%Pu, 2%?4Py, 1Py, *'Am,
22Cm and **?*Cm were easily detected in the
black substances and fallen leaves samples. Each
sample of 40-70 g was used to analyze. We also
measured 2*U using AMS [67-70]. These data
allowed us to estimate not only the accumulation
of #9290py derived from the nuclear power plant
but also reliable ratios of radioactivity among these
nuclides.

The accumulation of the nuclear plant-derived
239240py estimated from the soil core samples
ranged from nearly 0 Bq/m? to 2.8 Bq/m? with
an average of 0.20 + 0.37 Bq/m?, which is a very
small quantity. The #%?*°Pu/"¥"Cs activity ratio was
on the order of 107. The ratio of nuclides in our
measured samples were compared with the ratio
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of nuclides in a reactor core inventory estimated
by Nishihara et al. of the Japan Atomic Energy
Agency. These two ratios agreed fairly well, except
for 29240py /137Cs, This result seemingly suggested
that plutonium, americium, and curium, including
uranium (**%U), were likely to be released, mostly
without being separated, as particulate carry-
over together with steam. I think that these data
are quite valuable for estimating the burn-up of
a nuclear reactor and the extent of fuel damage
in a nuclear meltdown or melt-through as well
as to compare and examine diffusion and falling
behaviors of refractory elements (Pu, etc.) and
volatile elements (Cs, etc.).

3.7. Research related to the Estimation of Internal
Radiation Dose
Along with the above environmental
radioactivity researches, I have also engaged in
plenty of researches on the estimation of internal
radiation doses. I have measured 1) #Ra in bones
and teeth [18-19], 2) ?'°Pb and 2°Po in human
tissues [71], hairs [72], daily diet [73,74,], marine
organisms [75], etc., 3) #%?°Py in human organs
[76] and U and Th in diet [77,78]. Abroad, I have
measured 4) uranium isotopes in underwater
and drinking water in villages around the
Semipalatinsk Nuclear Test Site in Kazakhstan
[80] and plutonium (*****°Pu, and ?*°Pu/?*Pu
ratio) and uranium isotopes in human tissues of
residents there [57].

4. Applied Research for Geochemistry and

Environmental Chemistry

Taking advantage of my broad knowledge
and data about the development of methods to
measure trace amount of radionuclides as well as
the distribution and composition of isotopes, I have
also conducted applied researches in the fields
of geochemistry and environmental chemistry.
In my more than 20-year research project with
monthly measurements until 2013 on the cross-
border transport mechanism of contaminants
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from continental Asia, I obtained systematic data
of 2Pb and "Be in fallout (sometimes including
atmospheric aerosol). I compiled the transport and
elimination mechanisms of these contaminants.
My observations on the fluctuation of the amount
of these contaminants generally agree with the
long-term cycles of El Nino and La Nina. The
paper about this accomplishment was received
as one exemplifying the importance of a long-
term dataset and is distinguished as a frequently
cited paper in the J. Environ. Radioactivity [81,82].
Also, the deposition of cosmogenic radionuclide
%S and sulfate in a heavy-snowfall area facing the
Sea of Japan Sea [83] was studied, together with
the transport of carbon-bearing dusts from Iraq to
Japan during Iraq’s War [84]. Furthermore, I have
vigorously promoted radiometric dating using
uranium, thorium, and nuclides of their series, o
recoil research related to uranium in underground
water, research on lake water circulation (Lake
Biwa, etc.) using radionuclides of ?'°Pb and
210pg [85] as well as *Na [86,87], etc., and
paleoclimatology (using very long core sediments
in Lake Baikal in Russia and Lake Khuvsgul in
Mongolia [88-91]). Plutonium concentration
and *°Pu/?°Pu atomic ratio in liver from Squid
collected in the coastal areas of Japan was
successfully measured as indicator for evaluating
the contamination of Pu in the marine environment
[92]. In collaboration with Associate Professor
A. Sakaguchi of the Hiroshima University, we
also measured ®°U using the accelerator mass
spectrometer (AMS) in the Vienna Environmental
Research Accelerator (VERA) at the University
of Vienna, Austria, and estimated the amount of
global fallout (about 900 kg) for the first time [93].
After that, we applied this AMS measurement
method to the Hiroshima atomic bomb [94].
Moreover, we have focused on the chemical
properties of uranium, and proposed the idea of
using U as a possible oceanic tracer to track the
circulation of deep ocean water instead of *'Cs.
The surface concentrations and depth profiles of
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2360 in the Japan Sea have been measured for this
purpose [95,96]. This idea of using **U as a new
oceanic circulation tracer was groundbreaking,
and now #°U is an important tracer nuclide in
oceanography. In Japan, Associate Professor A.
Sakaguchi of the Tsukuba University has been
promoting research on this tracer application.

I am also interested in radioactive springs
among mineral hot springs, especially the
origin of highly radioactive ?Ra spring water.
It is known that highly radioactive ?**Ra, which
exceeds 100 Bq/kg, is found in far more
concentrated saline water than seawater, such
as salt water in oil fields of some countries. In
some areas, a positive correlation has been
observed between the concentrations of ?°Ra
and salt. To answer the question of why ?*°Ra
is found in a high concentration in some spring
water, many studies were conducted in terms of
dissolution of rock, o recoil, salt concentration-
dependent radium ion exchange, adsorption and
desorption reactions, etc., but the answers that the
studies tried to provide had many uncertainties.
Consequently, together with Dr. J. Tomita of my
student (now, Japan Atomic Energy Agency),
we changed my focus to hot saline underground
water (most is used for hot springs) taken from
drilling wells deeper than 1000 m created with
advancing drilling technologies in coastal areas
and sedimentary basins. We demonstrated the
ubiquitousness of radioactive springs with a high
226Ra content (> 1 Bq/kg) in coastal areas and
sedimentary basins. In conjunction with this
research, I measured the isotopes of uranium,
thorium, and radium in the core samples taken
from boring wells for hot springs and showed a
plausible mechanism for creating hot springs with
a high ??Ra content. The mechanism is as follows.
Radium, which is produced by the a-recoil from
thorium primarily in the surface layer of rocks
(coating layer), is retained in the water layers.
This process is facilitated by a saline environment
derived from fossil salt water contained in deep
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strata (the salinity dependence of adsorption and
desorption of radium was verified experimentally).
There are a number of issues that have yet to be
examined, but it is significant that our research
showed one possible mechanism for creating the
so-called highly radioactive springs [97-102].

Other than radium researches, disequilibrium
with #8U and #**U was carried out using hot spring
water at the Tatsunokuchi-spa, Ishikawa, Japan,
in which the highest value of ca.50 was observed
among the spring waters of more than 150
surveyed until now [103].
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stirring for the basic solutions added.
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(MOOP) curves, respectively.
TW2H ) Thb,

FED

A AN T =4 DFTstE 2 A bE D
kB dfTay ZALFERIZRIC O VTR L
2o SNHDOWMIEEEATIIZHI>TERKE TR
o TN R W RERFOR B RS, B
TEAHTEE. B RSbLEgE 7L — T O
K. HARBTFIIWFFER SRR OB L 7V — 7
) — & — BHHLEERIR 7V — T OEERIZIE,
CEHZH L B 5, B, HERBRGHMESSE
BEZBROEMK. gLy B X0 [JNRS]
WERBSOBEIZIE. COL) REHS LWE
RWFRABN - RO SR 52 TLEED,
HEHELE L BT 5,

SE30
1) P Giitlich, R. Link, A. Trautwein, Mossbauer

Spectroscopy and Transition Metal
Chemistry, ISBN 978-3-662-12547-2, chap. 3,
pp. 15-20, 1978.

M. Kaneko, S. Tokinobu, S. Nakashima,
Density Functional Study on Spin-crossover

2)

38

3)

4)

5)

6)

Phenomena of Assembled Complexes, [Fe
(NCX),(bpa),], (X =S, Se, and BHj; bpa:
1,2-bis (4-pyridyl) ethane), Chem. Lett., 42,
1432-1434, 2013.

M. Kaneko, S. Nakashima, Computational
Study on Thermal Spin-Crossover Behavior
for Coordination Polymers Possessing trans-
Fe(NCS), (pyridine), Unit, Bull. Chem. Soc.
Jpn., 88, 1164-1170, 2015.

S. Nakashima, M. Kaneko, A Spin-Crossover
Phenomenon Depending on the Environment
around an Iron Atom for the Assembled
Coordination Polymers, Advances in
Chemistry Research Volume 36, accepted.

M. Kaneko, S. Miyashita, S. Nakashima,
Benchmark Study of the Mossbauer Isomer
Shifts of Eu and Np Complexes by Relativistic
DFT Calculations for Understanding the
Bonding Nature of f-Block Compounds,
Dalton Trans., 44, 8080-8088, 2015.

M. Kaneko, S. Miyashita, S. Nakashima,
Bonding Study on the Chemical Separation of
Am(III) from Eu(IIl) by S, N- and O-Donor
Ligands by Means of All-Electron ZORA-DFT



7)

e Nl s

Calculation, Inorg. Chem., 54, 7103-7109,
2015.

M. Kaneko, S. Miyashita, S. Nakashima,
Computational Study on Mdssbauer Isomer
Shifts of Some Organic-Neptunium (IV)
Complexes, Croat. Chem. Acta, 88, 347-353,
2016.

45 35

39

8)

2017

M. Kaneko, M. Watanabe, T. Matsumura,
The Separation Mechanism of Am (I1I)
from Eu(III) by Diglycolamide and
Nitrilotriacetamide Extraction Reagents Using
DFT Calculations, Dalton Trans., 45, 17530-
17537, 2016.



L 55 35 %

Y55E 2016 FEFRE

2017

RohE

ZEME (KRXZEXZREZHEH)

ZEHER - A 24 2RV EIFRIR=R TR TEDRFE

<{EEHEH>

e, BRI THLEI G EHVE
LWy A TOTRRESEICONWT, LEELRE—
L DR, TR E L COE IR 2 &),
EEORE A & v o o—HOW%EE ) — F LK
EHRBEE DT,

B3It ix, B EREUEMNEETO 200 5
DEEx LOFN T, WHPTELETLEI 2
FUETEMFENLETO—2NEI o F VICE
XboslReBR L. AR 24 ORI &
HIat VX BEERN T2, SOOI 24>
FEME XA 72055 #T1d. XRF % PIXE 7 &
CWEELZY BURIIHLTOREIALT -0
S at VEEXBAFAHTETHD, Fo3 2
TV XMBOBE BT DE 2O IZREIZR S 2 n»
SMFEETH D, ZD720 2 OFFETIL IENE,
ZWICH. ZICRFERER DTS EE R & oo
FREITENRE R FO L@ IN T D
M, TTCESHEE L TOERMEDOMEL R AREDR
KOFETTH B A ERREIZOWTORRIZ I N
FTCATHTHo7s ZEELIE, KEK% XL
WETLES V—TD—EE LT, JJPARC (¥
WIRACETER B MERT) 0 3 2 v EER iRk (MLF/
MUSE) 2B\ T, Y— AFIHOKE# 7 B%EHIZE
DY, I 2 F VET-OEEGER IR 5 L
ek ed 5 L Fic, B3 24 V2 X BITESTHT
WD EHEIC OV TEEMICHRET L, I 24 V5§
PEX BRI ENS & B IR A ML Lz F72
ZNEN—2IZ, BEEHFERRICHT 5 3 a4
PEX M OHEEER, EEmMN R ICEIITEDRS.
ZRIC R TCESATEORMENL., B 2t v EET
BORISHO N < BOFH, 7% & OEZELE
o720 SHICZFOINHZEE LT, IR
B LIRS D) 7 — CEE (TR 2)
2B BT & L COMREEOME R, 1) F
TUAF Ny T = DGO REO#EA % &

40

WO EBLTWA,

Db X912, ZEl o7l R T H Bk,
FEIEICENR, HRL LT ERYZRETH
DEVEHMEZZITTWwWh, Zhbhs, “EHit:
X, FEROFEESRKCIHIRE SN LI5EE TH 5
EEHliT & HAMGHMEES S, ez
HABAH LA R B E 21253 5 X & LB L
720

b

(ARBEHMLERFRHRERRR)

<ZEEZEOBN>
(G LBEHNITY, T7 2 AT UL T8
1% v &2HD ]

TEHMEZESAZ, BLL 26ns LW FHTS
DOMDEZF - L )T LR T F %, flix
DEMRIZEY AL LIZE > T F VETF R
BEE, "RETT 00 XMt —Y BT 2
S5 &) 2 KRR S Tn
F L7z ZHETEH SADTH 5 BEEEHIZD
FHEERDP O OMREOEATTHY) . B L) HEL
Bt & DEEWRLFAS, R0 IS 2 Hits 8
A4 VETOEREE L ZOBROBEHIZBIT S
LR %2 XERE T OREIZL - THL DI
T5HDOTLA, ZOMEDZOIC, SHALD
MBI HIEA L @2 52D IEHodbDlddTh
O KEK (2 E—ANJRES N, Bfvrr7abn
> (PS) Mo T4 % &ED, FHEd 1
HIIIHE S E— A% 4 A CTHEH 24 FER. B
DINA T 2326 ns E ) DD & A X 7FER
FLEk L2 B E T, BRGNP T-RARE
(27259, KEKDO#%L2HEE - LA T T
I¥ Kazuhiko “Gourmand” Ninomiya @ F.J#% % 41
SHBHZEIFITET, KALREETERL
North Tsukuba Gourmet List (. &7 7—% & L
TKEK =% =D PCIZIELTHREIN TV
EEVET,



L 55 35 %

(4 F b 3Iat b 0ENHOFEZOA
BAFIZE L

RN TPSHEIET 25 AICIER U KEKD I =
F v sk (KEK-MSL) % v 54, it
BTN F VOWEEEEY THEI 24 U h b
T&bIatVETFICOMERZIESINLE L,
Z DUFHEHRIER (CHEAR D (ICHL D) A F oAb A
FLEE TN OB EROTWET, S1F v &
D27 yREwv22us DFMEFRFOI a4 VITET
DM THY ETFLHTOROEEZ DL ET,
BoOEb)IZES LY BB ORAF25PEE
451X F v 7 EFTHDI ot VET2ME
ZOIFTT I a2t O —Aa7 A4 L. 21— —
DENELTE—LF A 2IEEH 3. 4 HEHN
LOTLEA, E—2% 4 LADWIFIZIZSHIE5 KK
POMBIRDMBOIERBZBEOFEE- L L
(ME16H] FCHEAREETLIZLE2HE
S, Tsukuba Big Meal Map 7% North Tsukuba
Gourmet List ®ffg & L CERINE Lz, #
® KEK-MSL % 2006 4Elc ¥ — 2= R L ¥ L7,
TESATERELS A IS S, FEAEE D
CIETONLF v, I aFyEBRIIRDY ERDY
T L7

[EOXRTTTH AL A ARER ]

LS IR RIIERKRKRFE T LFEMAR N7 %
HoonE Lz, 28 SANNUELZRDOTIHL W
BOMREBELEDIZ, AL STBAOENLL
NFE R A MEFRERICAT RO % BT T
WEDTL &) Ho RARZ R KRS0 E
¥ v XX IR F v VS A R ICHFE S
TW/2 k)T, BHFOEL—VOFEDHZERT
H 5L ARRRTIE, RICR 5 GEFHE
DREVIHFAET b H D) A RHHEHZ 1)
TITLTWNAER=T 2Dy RIIn0: AE
WEOHBERNSZHD ) T3,

[PV DO=ZDNO— O EHNLLDWVWE %
L]

JFERFEE O R A R 7 12 b5Nn7z0ik, b x )
EJ-PAC X =4 Uffigx (MUSE) O Y — A28
Lo/-ET, Z8 2 ARFERROT—<TH 5

41

2017

RaFVEFOMEEENRLELEDIZ, T2
XM X D IEHE I 2 RGBS N E L7,
TV = AT WCODEEL T 24 >
XBrEEL 3, EELOILERT, HBEOH
Ty Z7IEbEAAMORR Y — M, AXRG E
t v N BT, BRI FEMIE LD
WS 2 DIZo7-0, -0 1E8ATY 70,
MRS 8 S A DB TH &K T) &
T4, bLAAVY—L T A LHDMETHENCHR T %
HRLTLIDRVIINICT LN — LFEED
DR TE o B & AT A TO R
AR7 @ 3EMITEDRFE L V) MEEO—=E 2
EL. BHAZVHEBOREZ FIZWIL, BROLH I
Tokai Gourmet List ® 7 — & [ | ZFE A EIT S
nE L7z, ERHREERRH., BRIZDBEAADZ
&L EBRENS OFTERE RSN TS E T
DM FETET—7 L L. BEBET N
A MEMUSE OBEREHR L DT 7 AV E R >
TWET,

[55 8D T VENLEBDO NIRAZ BT
IR AT

KEKRFEIZD EH5NTHHIE, BHEHFER
DRI O O 2 2 25 S IEFS I
FxmTIonTnwEd, T —~bLHibr:
0. BREEHURRERFSE T ld 2016 4E O HIEF AT o
LA o TwET, bHEAARMBH THOE
BRd 7 —~ Skt Lo o#r 72 2 sHISIC b B A S
NEIELTVBEZATY, FERLERET
M SNBSS 1 2 . Gourmet List @
IR =3 EFrLIAEMY A, Wil
HTiE, RELEZBEBTLFL VI THRDDIEIZH LT
SR D> TIRIESAA DT T ESAL, [H
MTIEBDODIT L )R WEE L2 TZ 2w
BitbdHbHo L, RELZS FTZEAEND
DB ARIZEDZ LT,

[FFEsE I N TERESGEICS b I Lz, 72
PO ZOMEELENT L7
WEE2F 723 M) G ol BDHREDD LR
D 5FFR DB HWIEED 4 HIEDFEE

(1)



L 55 35 %

<TEZHEICKDHERBN>

BIaArERAVIFRR
ZRETRMTEDRFE

- =

ZEAE
(RBOREER A e B AE R 2R )

=
>

gl > An

Ia2F ERWETESTE

IaF VIEFERFO—2THY ., BFD 2005
DEELARFL22uMBOFMER>TVD, 0
FIHDITE A EE, KEIOINHERZEE W T AT
WERL7ZZE—22FHTEZ L1250, 32
T BT AV F—TEN L FER T TH S
ZEND, BRA GRS SN TV 5,
KL Tl BB ER-72BI 2+~ (LT,
HlZ3aty) ICEHT S, I a4 i3WEdhT
BEHEOKRELZBETLLTRLIEY, ETHD
7 —a VBSOS ETI 24 VAR T
BWEIED I 24 VEFEMFIINLRETEET 5,
I 2t VIEFORBGBRICOWT, ORI
FEBEN TR WS, I 24 V3L
IR ICE VCIRERIFET 52 b ro T
By, §C8F I a4y IsHBENEBEEL T
W<, ZOMWET, BFD 200 /DO ANF—%
Froz I ad VIFEX AR S NG, 2ok
IRBIANF—ONTIE, BHIWEEERT
LT ENTELDT, WENHOEREY I 24~
BHXBOMENrSMD I ENTRETH 5. ¢
bbb, I VEEXEIEIC X 2 IEE ST
HHEETH 5,

ot UEEXHEE. TTICm Rk 1cdE
FICHIALVE—-ThY ., BIZITHED L) 2R
THETH->TH KXHOI ANV F—13 100 keV %
B2 TBY., 30keVIEED IXMHTT Ll 2 &
WL, BEHICERE L2V = AR
HER &ECHEHICHMETE L, —DOD I 2~
THEEZIIN L CHEBOFRE XA A — F
FNZHU &2 728 JEFRATIEE O KB (LR B
BV, BT TOI 24 v Bk X 8o i i
KT hbbEETAD I 2 F v OFEERDE

42

2017

WITETFOBICET EEVEVR 10/ LAZED S
T KFRAN T ADOGHTIIERRGIITEE L v &
CHEDBBHLHOD, HHWLICHEIIK L TEED
H Y ZICRREESH BT TH L, T2 a4 >
R T TH Y WED I 2 RO EERE
T, 24— 20%EVATAICLDE
DN EB T AN F—OEFDP I TH L, €L T
a2 VIEPWEANDAFHZAVF—IZL D) FoE
IHEESEHIMT 22 LN TE D720, WHETD
SR FIOEM R — AT X —F — KT 2
Z & T, FEEMIC ZRICH 2 IERIETC R AT ST
BECTHhb, 324 V=203 A NOMEIZH S
LOD, TOX) BEEEETNCHERQRZ TR
SATEE N TS, FEFIC=—27
bDTH b, Ity auHEIMIHHT L LW
) EZIE, A0 FELLERNICIE T TR s Tw
72500 [1,2]. ThFE TWL O0DEW.M 255
MBTFESA ML=V are LTiThbhlTtwzo
AT, EBRM L ICHESITE L L TOWRI b
TWwhrorz [34]e LAL%AEDS J-PARC (K
WL HMEAT) (SRR EN L KIRED I 24 Y FIH
M DOBENE, SNFTTTE Lo 2 UFH
MWFZE % TTRELIC L 720

KL TIE, EFEPLE > THEAHEL TE 7
I 2 VL BIEBE R ITEOREIZOW
Ty ZOWMEERRL, BARIZIE, RFHRICL
LM OEEEIZOWTHEIE 250k & L2325
DFERIZONWT, Z L CHEMELY REHI W72
HBEFAZOWTOFHHICOWT, BRI/ % H
W IR BRRE S ATHIE I DV, ENENOKE
RN T 5o R XLOEBKERIT, KRR T
I gRfiEE (J-PARC. KIEEAGEF) BL T
P75 —F7 v 7V AT (RAL. #E) o
a2t VIR TEHONZDDTH S,

EHETAVEEEMTOESL
HRPEOFME (M fdoohr 3 Hhid, R0
THWT, I 24 VR XAEEIC L 5 ERESD
M & FEM L 72[5].J-PARC 3 = F VU ffifk» D2 ¥ —
LT TIZT, BLZF4MeVO X)L F— (G
BE T30 MeV/c) D3I 24 v ¥—Aa%&25H12
By mL., FEICEN L7, I a4 U HIE
WEIEL, S 2 VET 2B LERE LTt



B

ENDI 2t VEEXBE, b=y A
PR ERIC X D E L7z, EBROBT % Fig. 112
R o U= T4 VEOHFER BLZDFEDD.
I aF VIEHEHEOEM 260 um OB S & Hl &
LT, 2010 % REORES OFIFIEILT S L&
EZbNb

BoNIzI 2 VR X RO ARY I VE Fig. 2
WRY . HELBET 28, AX, $HICHkT
B3I ak VXY — 7 2SIHEBRICEE S
TWh, FIOMELY ., BRPOBRERER
HkDE—2 R 2 TWwWbon, orHEich
KT LHE -7 3B EINT, FEIEH, XX,
OB BEETHILI EDVbhrol, FEDOR
SISEER % B DSEE A O T $EUEH I LT b AT\,
a2t VX MORE L OGO E
KHBHZETHREMEIERLZEZ A, Fig. 312
RY XD BAEREIES Nz, MER»SES R
Rt VRN XBOEE LTRSS O OE X
BEBLZ07TEETHY), O LIFITLHRIZL-

55355 2017

0.15 —————————
o ]
f'; Bronze-3 1
= 0.1l Bronze-2 L]
2~ . |
23 54
g = Bronze-1 _.“ 1
= o 5 ‘E E
B .05 . .
-
D ol
> .-
Ol o 0 0
0 0.05 0.1 0.15
Elemental composition ratio
(Sn/Cu)

Fig. 3 Relation between elemental composition ratio and
muonic X-ray intensity ratio for standard bronze

THMDOEENIZEAEED> TRV L &2 E
BRLTWb, ZOMBRETHWSLZ & TESHEGHT
L7-HEOIHEME E LT, Cu: 69.8 2.6 %,
Sn:10.0 + 1.7 %, Pb : 20.3 + 2.2% (3T wt% T
DHHE) B S NTz,

Lead shield Muon B E AL LRI R ORE
P S 4 FFEC L 2 RIR AT 3 712, L
- Germanium FITIEH LD L ) FoEL 7 nwHigE (A
detector A ORI 1T B 3 o VR ER A . K

RAL |2 CHERE L7z [6]c AREERTD FERIZZER
R 2 3E L. 22 MeV/c &\ 9 v
EEEOI 24 ) LIRS 21T -5 72,
KEBRTEON I 24 VEEXHEA RS b
V7% Fig. 4 I27° 9. ZOEBRIZBWTEFEERIC

— (]
Sample

Fig. 1 Schematic view of experimental setup of muon
irradiation for the bronze coin '

pPb(6-5)X-ray WPb(5-4)X-ray =
I I pb e l0 .
1Pb(5-4)NoX-ray uSn(4-3)MoX-ray <
I Il Sn &
pCu(5-3)X-ray uCu(3-2)X-ray uCu(4-2)X-ray =
[ I E .
= |
. =
é Brgnze 8 r T M
= com
2 1 MPb(6-5)X-ray

Pb

Sn

| Cu 102 . ! . ! ‘
500 100 200 300 400
Energy /keV

Energy /keV

Fig. 4 Muonic X-ray spectrum of uPb (6-5)
X-ray region for the bronze mirror

Fig. 2 Muonic X-ray spectrum for the bronze coin together with
these of constituent elements

43



B

FER OEAEREHNI R T 5 3 24 VIR EBEAT
V., RERER T B 2 & THEO TR F
Cu:73.0+21% Sn:223+19% Pb:4.7=+0.5%
ERE LT TOHHHMEIX. #EXHIZL D5
MEE b X CEA L, AERTIEII 24 Y OlR
5% 100000 3t L 7255, D EHEO LW
FIZOVWT, BoNnI ot VEEXHETRD
BREE DRV S DL uPb(65) O X (I 24 V8
JFFIZBNT, IaF U PEEFHE675 51238
B3 he&Iltds XM, $4bb 0oX#i)
Thh), FOVrFVE )4 XDk 5, MR
BLE LT 0.8wth 35 L7z,

/) % O IR = R TR TR T D REE

22t v ERHWIALESRRED & b IEMEE S
MARETH H 2 & 2 FERET L7012, /M (R
PN D19 HAL) ISR 5 X 2 IR IR A
To7z [Tl MIEEBRIZE > TFOEDEH R
MR REBE/NHOEOEH R 57% FEE T,
BOIIOEETH L, EORRO/NH S R
EWIREF> TV DAY, THI/NHET DT
um OFEIIZOWT, EOEH = {LFM 7 L
WL DR T T LICLDERSINTVS [8]. &
fgecid, 2L RE0EEROELE I 24
YOI ANF—HEESE, ST AES T
HIHd 2 2 & TIFBIRTHS 22 L7,

F2ERIZ J-PARC X 2 4 v fliik® D2 ¥ — A L)
TIZTEML 720 RBFFEIZBWTIX, 0.2 MeV A
51MeV EWIHEVWIALE—DI 2ty (&
BE#5C 64 MeV/c 75 15.2 MeV/c) % FIH
L7 STNSDIARIVF—DI 2t OEDOHRT
ORFEE 3 um 225 30 um IZRHE L TEB D, E—
AT VERERTEILELTLE ) 20, BT
HEE LT 4 VICER LICERES = N—(2
HELTITo720 2OL) BRIEZANTF—DI 2
FrRFBE LML I NLENZIE RS, FEDS
M J-PARC X 27 VExlZBWT, TNHDOE—
AOIH LIZOWTOMZERSE 21T > TR Tl
Re& e o 72FEBRTH 5o

Fig. 5 |ZEB = A L F— 0.2 MeV B L N1 MeV
DEGTORBFERTHS NI 24+ Y HFEX
BRANRT P IVERT, SENTEHRD I 24 VI
PEXHE L CuAu(54) 12, RO D E LT

55355 2017

1000
MAg4-3 MAUS-4

800- | (301, 305) (396,401)
£ 600} ¢ v
z 02 Mev
= 400 - LOMeV

200

oo "m0 a0 a0
Energy /keV

Fig. 5 Muonic X-ray spectra for the Tempo-koban with
muon incident energies of 0.2 and 1.0 MeV

uAg(4-3) \ZFEH L7ze ShH0 3 o VX
WOTRER AR 5728 2 A, ASTT RV F— DMK
WEHETIZED I 2 F VIEEX B OTREDE |
AFZ AN F=DE L 2B IZONTHRITH T 250
FEHANHA L. & SISEE TIXZ OB D — %
Elp otz THIPNHOERSIZE>TE&EDERE
BELLTWBEZ EERLTWS,

EmM R ICHEIEIT) 72012, HIOER &
FRRICEE PO 2 2 EESEHEHIIH LT
I 24 OB EREZITV, Fig. 6 18T X9 %
a2t VEIRVETONIOEDEEEREE KO
2o RTFHEIZEDVEONEOEEROEELAL
. BIEGATICE 20 EEEE L. I 24 V5
X MR S REED B 5 IEBIE D TTFE T
WHHETH B L EHEIFL 72,

100 : . : :
- 30 .
+
= GO T =
= _ 3 3
5 40| -
8 L -
= 20} -
«_f:

0 L 1 . |

0 10 20

Muon stopping depth

Fig. 6 Depth profiling of Au contents of the Tempo-
koban



B

324 UICLBTRMTEDOER

KRG L TN LI 2 F VX BTTHESE
E. TSR XD ICIEIECH BIEOTTE
M ERANRDLZENTESL, FEIC=— 7 4l
WEF->TWh, 20X s &3 o0t
Sl LTI EELZER I Z 5555 DAt
WZHEEA L DONEZSNL, BIET TIZHERIC
JaiEd B HERIE D) & — CEHE (1Ze R & 2)
BT A0 oEEO—2 8 LTEN->TH
D RFHEOBEATREEOBME D EATY S [9],
TN BENLEBERO) F LA Y
Ny T ) =D, ) F 7 AEFOIRREE HHTIC O
THWREPHEA TV S,

I a2k &R RE 2 FEBRBE R (X AR D
IRoENTEBY, E5ICIaFrEHVEZTED
WFgeid. EHEE D T DITDbIL TV 2 Do 7255,
JPARC 7217 CT7% {, RAL® PSI (A1 Z) @
I 2k VIR BT D F R EERETE AL B
BoTWwb, FHARENTIX, KBKFEY
e v 7 =2 TH LW E =LA T (4 VOSikE
(RCNP-MuSIC) &, ff4 = WF7eA%5 i S T
WD ERTTHD I aF v & HCTHIEZEhs,
WA LEE720F T B4 W 7E 0 B TR S
B L TW 2 EEBIEEL 72v,

ﬂl,l

HEE

IS ORI, RIRKS R B A 5e R
H AR50 758 B S bR S v R AT o 2 > & —
JPARCYt v ¥ —3Iatrtrar, BEBEEE
oK BN SR RIEHEW S L < OB O ) 4
T ATEE . BRgEa g L TR 2 BT C & 72
LDOTT . RIFFEIZE D - 72 FEIFTEE OERRIC
LI L ET,

45 35

45

2017

51 A

[1]
[2]
[3]
(4]

[5]

(6]

[7]

(8]

[9]

H. Daniel, Nuclear-Medizin 4 (1969) 311
Rosen, L. Science 173 (1971) 490

H. Daniel, F. J. Hartmann, E. Kéhler,
Fresenius Z. Anal. Chem. 321, 65 (1985)

M. K. Kubo, H. Moriyama, Y. Tsuruoka, S.
Sakamoto, E. Eoseto, T. Saito, K. Nishiyama,
J. Radioanal. Nucl. Chem. 278 (2008) 777

K. Ninomiya, T. Nagatomo, K. Kubo, T. U.
Ito, W. Higemoto, M. Kita, A. Shinohara, P.
Strasser, N. Kawamura, K. Shimomura, Y.
Miyake, T. Saito, Bull. Chem. Soc. Jpn., 85
(2012) 228.

K. Ninomiya, M. K. Kubo, P. Strasser, T.
Nagatomo, Y. Kobayashi, K. Ishida, W.
Higemoto, N. Kawamura, K. Shimomura, Y.
Miyake, T. Suzuki, A. Shinohara, T. Saito, JPS
Conf. Proc., 8(2015) 033005

K. Ninomiya, M. K. Kubo, T. Nagatomo, W.
Higemoto, T. U. Ito, N. Kawamura, P. Strasser,
K. Shimomura, Y. Miyake, T. Suzuki, Y.
Kobayashi, S. Sakamoto, A. Shinohara, T.
Saito, Anal. Chem. 87 (2015) 4597

FHES, HARSITERBIZE [ SRl
12, 55277, pl03 (P 5 4F)

K. Terada, K. Ninomiya, T. Osawa, S.
Tachibana, Y. Miyake, M. K. Kubo, N.
Kawamura, W. Higemoto, A. Tsuchiyama, M.
Ebihara, M. Uesugi, Sci. Rep. 4 (2014) 5072



L 55 35 %

Y55E (2016 BABEHEZRER HEFEFRRETEEICKLDMFUBN) ——

TABEBIENH M) LABECT YY) LAORMFDEE

BERE . FRE— PAFES st ®
(' BARFEAFRET¥MAER. *HAKERE - MMEIEEIE, ° A EET S0

2017

A ]
ZR%

Bk T L R O
Ra [AfCEALE LCHY
Z ORI HTIKE DE AT
. Bl HEAHT KRN

'\' NIKFEDBREIKIZE i %
‘ ‘f%. Lo TLEIER] L TR
BT B EBAN] O

D DR T LT\ B BUR PR ASTAT~ & 7
W2 %2 BNT 57 (Fig 1)o (LRI
Bk e 5 HCO, . SO2 % Cl- %0
B g oF v L (R RO R RE & A5
BB LTy AANERT S L SO,
S U B R B 0 BB BB A L A
DB 2 35572 Vs 7= 1 R D ORI &
RO & 7 %o BHEINIE . BB o 875
RECRR T 2 BB (o BE) 12X ) I
BT S BANE BRI S5 b 0Th 5 2

- b

Alpha-recoil
228Ra

Thorite

226Rq

Chemical leaching

Th** (or U+) + SiO*

Fig.1 Schematic diagram of two leaching processes of
radioactive nuclides from thorite.

46

K% 2o g Esi e 2 Fl 72 s ERR X 0 L BREEEK
o CER S 2 T AR e o0 B E 1 AR Hh o T
BREOAEIRE (BERERE) b Z20BERO—>T
hHHEEZLNTWDS 3,

EZAP.Th XY U EECEBLI—2 1Y
F (euxenite, BRALELY) (ZrF3 2 E IR C©
X, AT O 2Ra/*Ra B L 8 BTh/%Th 78
UL Th#x%<E&dEF XA (monazite, V)
MRS ) DRSS L B LMENZ R L 720 B
TE. BWEHEADHY) L SN EZ B4y )T
£ (yttrialite, 0 A BRIESEY (Y,Si,0,)) B &
" b — VA (thorite, Y 4 A B¥ 854 (ThSiO,))
WZnf L CIAHERZIT- TB Y, K2 R
BT - OFERETHIEL TV,

BT — 7 OFRIC XL SRR L 2%
HEE 2 HEICT A 2 ik, BRRTOEADS
IRIBAD G RO B EEZ B 5 20125 2 [ 8]
ThHbEEZTNDE, 2T, S Es
D7 B E BB O 72012, ALEELEIR
BEAJOIR T X 2 BRI X 2 0 i if e &
JEEH L 720 BUREHHE XN SL R A # )5 (the
Community Bureau of Reference: BCR) 124X > T
TEAEAL S D SNTB Y 1, I HERHREY I
IS SN TWwWbe, BCRETIIW AR A 4 v 5t
PR A 4 >~y B LB X ORI % B RS A L
T&, WHEMICARERORE E LCr 1 B 15
bo ZOBEIIMEE S HEH L TR
SHE L. TEHEER & G b TR R o i 28
BHEHT % 47> 720

WWHAEIUZZLLELA Y MU TABLY
Th# %< &L b —VADHEEH W, &£
Z13gxF7ar¥—F—IZ AN, 0.11 M FEfR
40mL ZMA 720 T AT 7 AF—F =%
T, 22 +5 CT16ReMBEHE, #0508 % [
$04000 rpm T 20 43 ATV RE A A ML L



e Nl s

7= (Step 1) FREIIHMAK TG L2k, HET
Jure—a—I12B L, 05 MiEfbe Fa¥xi v
7 UEZ Y AU 40 mL #h1 2 T Step 1 & A4
BT L72(Step2)o £ MU 7B LTI,
Step 2 DHEDOFE 23 L CREELKE B X OFERE
T YRS AT HWVTHIE 21T o 720 FRIE AR
TUWEHR, —EBEMEAEZRIC AN TEEBRILKIEK
10 mL Zh12 CHET 1 K. #85 CoOKKAT
1 BRI BUS S &7, fdime L, WaE S &7
BICHR ) OFEE & N2 TR — 4Tl ibksE &
FOS &7, bfe. BERAE LTI MERT
YEZ Y AW 50 mL 22 T Step 1 DSEAMET
HhH L7 (Step 3)o Step 1 Tld A F ¥ 55tk
A4 . Step 2 TIEMILWRE. Step 3 Tl L
RE, PRI IX 7 A BRIGREL L CHh ot % [T
T&EDLEEZLNTWS 2, ZBEWIZ 30 mL 4
HL., #i/k3BX0°2M NaOH #&bETI L
~ v v GEAREFEE, TaR—-)V O A) (ZHEM
LT, ZRFIRER (7954 +®) CTHEE
=54 Y7 L727) ¥ ar 575 (70 mme,
16 mmH) (ZFE L& HE L7z, MbiEE 7Y
¥ a7 (34 mme) DK & EDNE O
MICBIZEE D, FEICEE L2, &80 1 2Ra
HY22Ph & E P & 7 B T H R B X 0 %0Ra AY
2UPhL & P A AR RSy A
EEITo720

1 (a)
100 - — =
S e s
°
g
-
} &
£ 507
5
N IIIIII
£ et
& s
224Ra 226Ra 28R,

45 35

2017

FEECHHENZAy M) TAEBLIO M=
HH O Ra [FANARDOETEE A % Fig. 2127”9, Th
SR CIX, Mg & 12 2Ra L 1) 2*Ra D
HD% L MERRETHELEL TV, ZOME
IERERERIC L WSz, [ERZEE) )
JEIRRIZRER T 2] 0 L) ZEZ FEFIEFL %V,
— . B L RO BT AL, £ v bY
THPTIE, NEEOTERETO 2Ra(U R%51) 8
28Ra(Th %) X DL HFHEL TV zDIZH L,
F=VATIEHEDOMENEZ R L7720 S ORYDER
BRI BT A I EROME RIE, BEREEDOE
ZATIHHATE R VW — 27 2V AORER L [H
OB TH 5o BRI OGRS S B
WHOUBLIUOThOZHRIZL) . TORYIL
FEDFAETRED S F 72 2 W Rtk DR IE S 7z,

B % 70 S50 RE OO TS VRS | 2 Wi HE S BR & R R
RS X AT RE AT 2 i3 5 & & T
ZEAHO ML, WERBHEENAR A5 2 L8
SHROHETH 5,

HE

RWFFEDZATIZH 720 . WIRERFEWIIE - N
WSRO S AR e BRSO R
B v & —ROERERTE L > ¥ — Ok Ik
O THREB LOTHII L TLa S MFLH L L
FE.

(b)
100 - —
DN
50
0
224Ra 226Ra 228Ra

Fig. 2 Activity distributions of ?*’Ra, ?*°Ra, and ?*®Ra in the extracted fraction with the BCR scheme from

yttrialite (a) and thorite (b).
:ion exchanger (Step 1),

B : oxide (Step 2), [ : sulfide (Step 3),

47

[ : silicate (Residue)



e Nl s

51 A 3CHk

(1)

(2)
(3)

(4)

(5)

(6)

(7

P. Martin and R. A. Akber, J. Environ.
Radioact., 46, 271(1999).

K. Kigoshi, Sci., 173, 47(1971).

M. Sakanoue and K. Komura, Nature, 233,
80(1971).

A. Kobashi, J. Sato and N. Saito, Radiochim.
Acta, 26, 107(1979).

A. Kobashi and T. Tominaga, Radiochim.
Acta, 30, 205(1982).

Z. Z. Sheng and P. K. Kuroda, Radiochim.
Acta, 37, 93(1984).

Z. Z. Sheng, ]J. Radioanal. Nucl. Chem., 134,
293(1989).

48

55355 2017

(8) K. Nagai, E. Hashimoto and J. Sato,
Radioisotopes, 55, 567 (2006) .

(9) K. Nagai, Y. Kurihara and J. Sato,
Radioisotopes, 56, 719(2007)..

(10) K. Nagai, M. Takahashi and J. Sato,
Radioisotopes, 56, 811(2007).

(11) J. Hlavay, T. Prohaska, M. Weisz, W. W.
Wenzel and G. J. Stingeder, Pure Appl.
Chem., 76, 415(2004).

(12) G. Rauret, J. F. Lopez-Sanchez, A. Sahuquillo,
R. Rubio, C. Davidson, A. Ure and Ph.
Quevauviller, J. Environ. Monit., 1, 57 (1999) .



WL 53575 2017

= ke —y]
E&ﬁ

15EE (2016 BARSHEZSER BEFESFHER EICKDHFRIET)
BRTREEMANDI 2 A HEICE S I 24 L FEFHBRBREOERICET 2%
HH B (KRAFAZRESHRAMLEER)

ML, HBROE 2, %

Muon capture € Auger electron
SEMICES 5 C O, F S LU
EWVo TTEN LK AL ol S gaain. S Sy

BB 2 F VRS wonic =&
., I 2t VEFEEGER
B AI 2ty B0
HEAEH. B0 I 24

= aracteristic X\ray
(Muonic X-ray)
YET OOV THN T E T, . \
SatVEEFERCLT M IZEL, EE C®

TEOEMEFD 200 O E & Z FFOFER T T,

WTIE. J-PARC 12105E & 1L 2 KRB HE %5 e 7% Fig. 1 Schematic view of muonic atom formation process
THHACTEZET ] BEMOI 24 (I 24 V)

. WHEFCETEOIEBMNICHES L, BAED B35 b DD [2]. EBHED I 24 VIETFIEA
MEAHOI 2 VETEERLET. Elon T B S NBA R, ED L) it (B
It rOEEY® . FOHEPEIIIFFIT/NS ) THLOPRE, ZOFMIIOVTIZLD
WIZD b 5T, BT LS It o Mo TR\,

BEHEETORELZITE T, FICHHVWEHER INSOWERLID, X I 24 VETIEK
ELTC, BT at v iES N E, I 2 BWRICBITA2EBTFLEOMEEREHL2ICT S
UMEUETFICHEINTY, T HEICL - T 72D, kD250 7 7u—F2RALE L7,
RGBS RELEDLLZ MO NT VT T, 1) ETFHLEZ 8T X D RESE S T3
LAL%A 5, I 2 YEEANERICB W T, SaF raBE L, I 2t R X HE.
At UNREDBTFLEEDL ) ICHEEHET S WEOHEF E S L IHEAER L72ETOMEH
DIV ZEIZonTIE, REWHS PR - T ERAERED 5, 2) TERZED I 24 VIEFA A
B IHA, ZTOHBICOWT, EBRWBIE,S VEBIATFEORMBE YRR L. ToE—d L LT,
. RO 2o0WFFLNFET, 1) ZhFTEHL TOF BIE & ATt O B &2 /2 3 24 VT
iy ST & - mm R (BRI B RAR) 14 v offif (Bff) ##RLV AT AT
BT 5 I 24 VIHEERTIE. o1 & Offf bo FEL2 DDOWFZEHEIZOWT, ZF O Lk
222D BT HREAERES I 2 4 Y E TR RERE Ry FREEEZHEICTHIL 7.

EHEAT A, oty EWEETFOME/EH

RIFHEICRBL A ENTE LR P72, 2) 32 [EERETH I 17 > iEEER]

T UNETICHESIND & BWEHERIREOHLE B EOEM B ITEL? O KA 5T (CO,
NAYD . FOHKk, BRI (A=Y 2ETF). B CO,, COS,CS,) IZ#& H L. KWE R
TR (324 Y HEXH) Lv) Tuear J-PARC WHEAGEREFRRIGE X 2 4 v FEERR
BT 1sHuE~ L F3E T 5 (Fig. 1 IR Z 7R T) (MUSE) 12T, N5 DEA~D I 24 v B4
A, ERICBNTETWADIE, (3T 24 V4 ¥ 1REUTORESEGETITVWE L, 20 L)
WXHOATH D, +— 3 =B ITE B AR I a2t v R EIES A RAIL. 2

¢35i:i;

Chi

49



ML 85 35 %

NETIZFEAE R, RFEEE L & HITHE
L 72 J-PARC OKEP KR ANV F—D I 24
VE—LIZE o TEHITLIENTEF L, R
o EINs I o4 VXISV =
v AR g R VT ) A b E— FOlE L
F L7 EBRTEHONI 24 VEEX AR
7 Vo 16l% Fig. 2 1R L E 9,

3000
2500 | OB32) 0(2-1)
C(2-1

) 2000 - 0(4-2) j{Efenirnnin X-ray
c -}
g 1500 k- 0(>5.2) Pb-Lyman 0(3-1)
© gl 0(>4-1)

1000 F C(>4-1)

Al(3-2)
500 34
] ~
0 L-r—-—-J\M‘w'«
20 40 60 80 100 120 140 160 180

Energy / keV
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0,
1 %AcOH To HPLC

Fig.3 Experimental scheme for labeling with At and

ARLTWET,

(Reverse phase C8-column)

Fig. 4(b) (2%, I 7 FREHEHRL & [RIRRICH 4 45

(a) At-211 UV/radio-chromatogram
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(b) 1-125 UV/radio-chromatogram
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(c) Chromatogram of standard
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v
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Fig.4 Chromatograms and assigned structures of the
obtained products of (a)?*At, (b) "I and (c)
cold I standard of the aimed product.
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'] ysing the synthesized resin.
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Rf [Fli&TT 3% Zr, Hf DBIEMICH T HFRH A 7OY T Z 7 1

AHER" HERER . #HE—" I3 IERR®
HBAFAFREAAREHER. " FBAPEEL

INARSY N APV SE D fKopZEEHEBE L

TWABEILE L. BT FEEBIZ LT O FNETIT o 720 %Zr(t,,,-83.4 d)
#7104 HFL EOTLHED Z BLOHI(4,,=70 d) b L —H % & ELIERRETR
&CL R E AW TAL PUBEBICRE L2 — Ry 74 V7 — 15 &
AR S5, BEILHE 650 °C TZe& L & L2 L C—HEM b %
ZEFGTH ) Z O KT HER L7z D EIS, R LR L fF L 7- He 77
HRITIEF IS, 2h A% L 600 C TR b % A5 L. $H58 L7201
T TICHE A R FFEDT DT & 7208, DL Bk % 75 C oMLY HEIIHE L 72, 990
PEIZRZICIZEA DD TR, BifgeE . IR LR FZOMIGZ IS . LSS~
Tld, RUOBEILETH S Rf LM E % PUIEALY OFEFIRELL EISE L T, s &5
fEEH 9 % 72 D122 ORETCHE Zr, HE & 72 58 N EEA L7 O LOFEDREIZLT
ez fToCnb, STNFTHHLNTE/L R % BWigEREA 724 (N 4.0 mm,. £ 30 cm)
B4 AR RE OFH LA TR, o i L 22U L) & KSR TR L. —
gLy Z V=232 HE TOHE T L 12i1ES ERFH & & 12 GTRE % Ge 8 A %R TlIlE L
DWTE Y, REVEALY OIS O a1 K 8 7 THRBENEL 2,

RIWZH D [1]o 2T, BUFEETIE, ZIr B BEILEOFERTVA 70~ 79 7EERTIZS
S OHIEALIIZOWT, 754 VEERIZLD SOBEEyFHNTLYIaL—2 a2k oT

MR Az O N T 7 A BHORE Y WAHEL Y IVE—ZER LTS [2], LA L.
ToT& 7z AFZEIE, v~ 7 usw (8108 571) COHFETRDIZWAETL Y ¥V E— 3BT
EbL—HE (8 10° 1) O Zr, HE LI A—FEOERRICRIED 52 L PR B S F
LCHERY 7 2 EEEH2HEL., v~ 7 0mIlB NTBH, LT LIEEEITIFE R RV, £2 T,
VF B HEFEME & WA EAER 0 6f & & O RIfR % TERR AWFFETITEE/NT A=V EIRKGFE L VWIS T
T5L2LE, PL—HYETOREL VYV E—% YHNWE—DEHEEEL LT,

Mcl, Isothermal
Chlorination Collection column
part part
Cooling part
JL — = " Vacuum
4 Wéy valve ST pump
He carrier gas - -
(dried with lig. N,) 1e y ray
5 - Quartz column
+ length:30 cm S
+i.d 4 mm

Fig. 1. Schematic diagram of experimental set-up for off-line isothermal gas-chromatography of ZrCls and HfCly,
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Zvara |2 X HHESEMAL AR O 7 T Ll E TV
(2] CiE. SFRIBIRIE Ty, 123517 2 I BRFHH
BRRKCEEND,

LrTyP  |2nR 1 (AadSH )
t(T = [T, s ]
< r( 1So)> QOPO M 0 «/Ti;, Xp Rﬂso

L, 7 Length and inner radius of column, 7o, P :
Reference temperature and pressure, €o : Flow
rate at 7o and Py

: Molecular weight, 7o : Period of oscillation at the

column surface of the adsorbed molecule

ZORELELT B EIn{t(T )W Tt 7 1/ Tisy D
— W E R, HEDPLWE T Y ¥V E—HE
S, EENTA—FEIYFLLTEFEDLN
%, Fig. 2 \2v 7 0|2 BT % ZrCl, & HICl, |2
X9 B ARG R, Fig. 312 ML —H&EICBIT 5 #E
iy S N I

I
® 7:Cl,
|| Slope : 9754.6+256.0
| | Intercept : -20.820.7

A TIfCl,
Slope : 9160.3+350.9
Intercept : -20.7+0.9

0.0026 0.0027
Tiso-l/K1
Fig. 2 Analysis results of the adsorption enthalpy of
ZrClyand HfCly at macro-scale.
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Fig. 3 Analysis results of the adsorption enthalpy of
ZrCly and HfCly at tracer-scale.
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LWOFEE) L VWEHRBRIEON, 20
HEPSEEENT A =5 EIKEL RVIET
YHNVE—=E LT~ 27 ugE Tt ZrCl, - -81.1£2.1
kJ mol™, HfCl, : -76.2+2.9 k] mol™*, + L —¥ &
T3 ZrCl, : -91.9+1.2 k] mol™, HfCl, : -92.5+2.0
k] mol! #1585 Z &N TE. INHDOR/NER
R TWwL e, w7 0T |AyH(Hf, macro)
|<|A,qH (Zr,macro)| & 72 ) v 7 & CTOHEREME
OFFNBIEFIEL BRI EONZ, ML —
& TR |AH (Hf tracer) ~|A,q,H (Zr,tracer) | &
D, X7 ETOMRELER L > Tz, &
oo v ugk bL—HREETHRKT DL L,
|AqsH (macro)|<|A,qH (tracer)| TH Y. b L —
PETIEEY 7 0mOkEL ) S WAEHE LR HE
ZEDG ot X7 UEmTIEA T AR EET S
BN FIZBW TR O @gliag H5ke 2 %
72, TEALWE L OMELER S T & @5 E)
WL TV B DI Ly ML =& TIET T 4
FKEEBEHEMEEH LTI 2NZ@EEL T
LEEZLNDL, LIH>T, AT LKEED
AAEAERZIIE LR OME/EH LD HiE .
7rCl, L HICI, & T3 L AL ED S VEEL D
N5,

Lk BT AKREEFRFNT 2L T £
HOREDZALD T T L EBEBEZED L) I8
BYHL0OMELIT) TETH S,

5| A3k

(1) A.Tiirler et al., Chem. Rev. 113, 1237(2013).

(2) I Zvara, Radiochim. Acta 38, 95(1985).

(3) R. P Tangri et al., Thermochim. Acta 244, 249
(1994).
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7n (d,0m) %7 Cu BUSIC & % $8# RSS! ¢ Cu DalE

KiniEt, PSR, REH—. IHEHT. SfNt. EEFL, EEET
(FR{LFMFEA CRmERAR > 2—)

B & HE—BR. \WESH, nwFgE (BX71Y F—THR)

1. 12U®IC 2. EB

SCu 12 #% [ 2= F H BERIIZIE, Zn O [FTAR AR E A% 96.87 % O ik
(#8072 R (T, LIRS O AR E . B 10 mm. JE X 340 mg cm™
=61.83h) *¥bH. I DRV MIIERR L CHWA, M1IZRL
HE 955 30 SR DS W B AR 72E912, "ZnO M E TaDE— A A bk v /i—
(53U by = 100%, T FICEES, EX 10 um OEME Al fETE, B
V¥ — Eg =168, 377, 468, 562 keV) % fitilid 5 IR I AT 720 ARWFZETIE. 24 MeV E [
72%. RIWHEENOISHAHEFES L TWA Y, T Y — 2% 40uA T10 BB ES L. Cu o
E 512, Cud B HEAE TPV, 185 keV @ y il By 247 o 700 HRGFR, EEEBRAK (15 L
(BT, = 48.7%) RSN L. ZDy D min™) EAEERAY 7 A (30 L min™) (2 & DA
I AIVF =13, W R E BT T 20 & ik L7zo EHICEMAZHVTE—LARY b xfZ
Ehby# (E, =141keV) LEAET, “Culd M LETHEHAEN 3 mm, 2 Hz CHEZS &, BEHO5E
SPECT % W72 RS20 b AU SRR & oA i 7z, ST %, Eichrom Cu resin
TWw5 Y, Cu # kS o & U CIEBE ML Y Dowex 1X8 [& A + o ¥t i % F 72 2 Be g
B E CTEMT A2 EAHERIUE., EEOGELD DHAFGLrAT T T T4 =" 12k o>TCu %
Wiz RS ET 5 2 EATREE 2B, 2D XD R 720 1B N7R3H Cu i, PUARERRIEERIC
7 W21 theragnostic (therapy + diagnosis) & I 5720, #5300 uL o 0.1 M FEER 7712 70 54
EN 5, “Culx iyt Tl - HAAATFEN S T U720 AWFZE T, v~ = Akt
WA, TAENZBWTIEESICAFTE LRI AWz y A7 ha X M) =2k - T, A
Tld v, #2 T4, BRIV —2 7772 BIRE & G ERAEMEE 2 SR 720 & 512 ICP-MS
) —THEELZCuz HRTA Y b—=THE

ZEFELTHEAT 2RMCThH L, BEL- LD Cireuating helium gas
Eifi e Cu OEIETTEE. Zn(p,2p) Cu S Y Somm, )
VB LOTHD, LBL, BIILF—Ok 2 e
TG HLETH ), Bk S 7 TCu U Cirelating vater Rz, || 1)
PERHRRUELL BSOS R “Cu (T, = 1270 h) st

& O1Cu(Ty,=3.333 h) D7DV, F4E, i)
SIS RIS DS Cu B s 5 T LT,
070 (p,00) Cu? . Zn(d,om)"Cu Kt ¥ %2 sk
e PE T2 72 BZn(n,pn) Cu S O 72 &3
Mt s nTws, K Tld. “Zn(d,an)"Cu X
JIBICEH L, BIFAVE Y A 70 ho vz v
S7Cu DB % MRt L 72,

=+ Beam wobbler

70ZnO target
Al foil

Be vacuum window

Ta beam stopper

1 %Cu U755 B o BT
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% 7 ALSEASHE ) O 534 2 4T K Cu
Hocsae &AL F AR IR EE & R 72,

WIZCu g O KA HIYE L. RIRFAL
RO /IS ("Zn) & vy E
17726 500 mg @ "Zn % ¥EFE CAMEHA. 10 mL
D 01MHCIUERICHE L 720 TheEARE L
T, 500 mA cm?2 DOFEHFTTat =LA~ v/Si—
1230 3 HEE 24TV, 271 mg cm™ @D "Zn &
B A ER L 720 AR ORRETEEE 2 FHW T, 24
MeV E T Y — A% 10 uA O ¥ — LG8E T 20 45
MG L. "%Zn(dan) Ga FUSIZ X - THEKT
% Ga DR E y AR F A M) — |2 X
D L7z TNEABRY oBIGKERE Y 2%
ELTHIE L7 YGa OtatRE L i35 2 & T,
K Y — A2 5 5 Cu oM g% B2 72,

3. BREEE

Zn0 XL v b OGFFEECIL, FREHE T A
a5 C 135 MBq OFF# Cu # #iE 35 2 L A3 T
X720 K227~ =y LA RS 4 v -
L Cu Dy MARY MIVEIRT . [FHE SN
SCu DAL O WS ERAEIE, O1Cu & HCu DA TH
V. OCu : ®Cu : Cu OREIFEILIZ IS T T
2.2x107 0 1.2x1072 : 1 TH - 720 “Cu O P8 IX
S1Cu, ®Cu & W HEWVD, Bl & & &Ik
FAEAEE (X KT 5o FIFE ARG T £ 60 By
B CHR T 2356, AR R X 99.9% DLk
Ll bo F720 ICP-MS 2 X AL A O % &
107282 A, 1ppm # B2 HIEETHREB SN
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10°

Counts / 0.5 keV
3, 3

1000
Energy / keV

B2 R TCud yi ARy bl BESHH 35 KR
44 537 5 5000 ¥ [T E o

72 JE T35 20 DL EogeFEid, Cu(2.1 ppm) & Br
(1.0 ppm) DA TH o7, ZOFEFREH ELITL
TSN Cu O LS fEIX, FGHE THE ST
220 MBq ug™ TH > 720 1 “Cu % Fl\ 729Uk
W EEBROERIC OV SR TH B Y,

FIRESAAALRL O 48 Zn B2 % F s 72 BT 92
BRCld, MG T IR T 4741 MBq @ Ga 2¢
Byt SNz, BEHY o SUSKITERE 2 v
L 72 Ga it #E 1% 475 MBq T3 0 . FEEfH &
IL—=FHLTWwE, 2L, "Zn &EIENE
Hwitid, 24 MeV, 10 pA O EF 1 ¥ — 4 R4
WL DERMICTCu # BETELEEZON D,

A2 TIE 72 Cu D R ST RE. o i sd Be.
ST 4% f 4l E % . Brookhaven Linac Isotope
Producer (BLIP) T %Zn(p,2p)¥Cu it % AW T
B L2 A Y L L /2o BLIP Tld. 200

1 W RIBF B & O°BLIP I2 813 % Cu ke o g
Ve - SCu it e Hehichte TR AE R
e (FE T 1) (HEGHH T 1) (MBS 60 FER)
RIBF 24MeV
i Hs T 10h 135MBq 220MBq ug 99.9% VI I
4.0 uA
RIBF 24MeV
Sr HF T 5.5d 2.7GBq 44GBqug ™ 99.9% L1
- 10 uA
200MeV
RLIP . 210MBq ug ,
e bt 5~6d 10GBq . #7 67%
EERE 13A (FyMH)
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MeV O 710 b =A% 43 uAT5~ 6 H
B4 5 2 LT, BT RS T, e
210 MBq ug™ @ %Cu % 10 GBq #1& L T\ %,
F 72 MBEHE T EIC BT S Cu  %Cu : Cu Dk
BEEIL I, 106:67:1TH Y. BT 60
W L2 B V) 2 WS PR AL R A R 128 67% T %o
Fa 04 oRERER (RIBF 5E) . £ “Zn
SRENEZ W40 EME (RIBF HAZMHE) .
BLIP ToO# &% (BLIP #EEifii) #%&11cF &
7o RIBF HiZftiZ, BLIP ® %Zn(p,2p)%Cu X
IS0 45D 1 FEETH B A5, MG REME ., 1t
TETREIC D W TIE BLIP £ 0 & E\w Cu % ik
T&LEEZLND,

4. £&0

AWZEIZ X - T, Zn(d,an)Cu sz HWT
B AR . ST RE DS VAR L 67Cu % it
HMTEXDLZENbrole 5. Bk EOME
MM ELREL, HET AV M —THe
WOMEMAT LETHTH L, T2, EREOHE K
HigL. BUE, ¥ — AREORIR &I AKEAL
D7D BELFE D HEEEORE L MO TV 5D,
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ALE =L« X RN T —3H%E%E AV Fe BEFDILEIRED T

SAREA L, WIREKER . ERERET L IMES L ILEEE S ARER
SEERC REES EEEC EE T eEE=C IsE®

(BxE ARk . B2 RIEXES ICUY. RAHES, £RAETSC,
JEBEAE 7. BFSERER®)

(LT L O R CRANHLE R T OB & kR A5 O y #ILIEIRIN A WET 5 2 L1 L > T
T - BALIREEZ SR ICBII C X 2 L LT X REOETHE, AR L Vo 2fbEIREE
AN T = GEDPEIET B o — I X AN FESTLHLFE A E—L - RANT T =4k
T = NEEERFGO y BEE . Py 7T — F] oBEEIToCERL L ZOTHEEF -V
IANVF—DNRIC & 5 y OB F 7213 5L ROFLG- O % S EELEREHRIZERT ST
HOBLERELTARZ M aEL, Bb% O — 7HREF5 100108 2 T Th Lk
CHFZES LT WS STFe D A AN 7 —FER T 2o 70U —TEOMEER B L, 54200
SCo (i 270 H) O ET-JHEHZ (electron LR T OERTSL 2 EDWREE b, F72,
capture decay) THtH S5 14.4 keV @ y#RIZ % OIEME SRBETRDL Z LD RER X ANy
L BB AR MV EBHIL T b, dFHREY T =HETH LI, AANT T =70 —T5HE
(2 5Mn @ B~ L 2RI 261137 DOm0 WEVE L 2 WEIEF CIRIEZ 1T 2 EAVRTTRE S
mE (R8s ) ERE 7o TIEFIZA R B 72D EBRBRSE N D &) BIEDSD 5,
W (Fig. 1)o L2 L7255 5Mn O B~ 8145 % FI RFPFAIIEZEE AT AANY 7 — 70— T
T5HEF =Y BRI L B TFe FHANDREN FERFITHAL I LT, £ TOEMRAICBIT
Co @ EC | H~A 7% (| ALFEMBREDOFELN L7O—T7LORnxt 74 Y TBllTAZ L
AT I ED VD, L0 IR IEDT EE AU HEE LTWh,

b, T THEEEDOHES AW%E7 )V — 7T T O EBRII AR RS e O FE A o+
FEA 4 VINEGREH T T O =T e 7D vl > h#EZE HIMAC TfFo T\ b, BTdH721) 500
AR "M % BEAREE R ICER AR L. 2O MeV IZl5% | 72—k ¥ — A Fe % Be HEYIZHR
B L. ABMERERE BSOS TR L 72 5 Mn % 458
o bR, AEHCEEFEAT 5. D S g &

STMn N2 A 2N T — y ORI B T B
a5 min 57Co sy rFL—varBHBAEDARNY T —
= 272d | BICET— RIS vt 1 » B —

5 EC Lo AANT T =B GA. E— A
HEOEZANVF—FRICL 2NN 77T

ST e ne BTG BEEY o 8% Y ORAHEN IS Ao TLE D, 22 T4
AT PERE T 72 SN v » 4 — (PPAC) %

[80.8% __ 45 98NS 14.4 keV HIELCw5, PPAC (Fig.2) 135Uk & i &
112 - ‘ N2 yii% Fe-SUS TSP ILIEIILL . ke

57Fe L7z Fe 2 & y i & SIS HH & Lo NI

T% CHy W ATHIRES 7T 7 74 MEMTIK

Fig.1 Simplified decay scheme of *'Fe s b, D729, Fe it S D X AN

59



B

ARNITF—r

14.4KeV S
MEERET . Sl

5TFe-SUY

Fig. 2 Schematic of Parallel Plate Avalanche Counter
(PPAC)
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FIREEBHNST 28Rl FEE S, ZOFiE
WEVEBRETAT I v 2 AR T VAT
Vw72 AT TIX)F v o7 FefbFRoER &
BN L CWwWh, LTl F L ¥ /Ar
AT PMY Y T ADA Y E =LA« AANT T —5
B AT T\ b, ZOBOANY V% Fig. 312
Rt BBHI SV AT 2 — TEERET 17 K IR
L 723 2 CHy/Ar BT A (JRA T CHAr =
3:7) RIS EFMBEEA L TR L7z, AT ML
(X, Yamada 512X 5~ N1 v 7 AHEEEROKE
B8 2 HE 121 5O singlet & 3 14 ? doublet
TERNT L7z BT A L Blid,. 2T TOREDLS,
ZFNZENFHEIRFE D Fet(d) B X UOHEIRED
Fet(d%!) LIJ@E L7z 30 O CD 122\,
Fe Ofbfdi & 2 DOEFIRFEEIZDOWT ORCA = H
WC DFT Ml e R 2 1T L 72, € O R,
Fe JF7-12 C,H 40175 1 EeAZ L 72 7 2L 247 (Fig.
4) DHEEER S 2 B 2 EURIEE N (Fig. 4).
LHBDA Y E— L - AANYT T —FEERICTBWT,
Ak CH/Ar DL L iREXZLs g5 LT

Normalized counts

-2 0 2
Velocity (mm/s)
Fig. 3 Maossbauer emission spectra of Fe (+ *"Mn) in
a CoHs and Ar matrix (CoHa: Ar= 3:7) measured
at 17K. The isomer shift is given relative to Fe
metal at room temperature.

Fe(C,H,)"

Fe(C,H,)
i gEE

Fig. 4 Optimized structure of (C)Fe(C:H4) (D)
Fe (CoHy)"
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AbNb,

HIZAE TIT 729202y RS54 FEAD
AZNT T —=aHlERA R E . BEERD 2 AN
T = AR & A SeEkME (B 21 [2]13]) %
b LI, #Fzeary FI 4 MEADOILSF5HED:

92

88

Transmission /%

84

80

-12 -8 -4 0 4 8 12

Velocity / mm s~ 1

Fig. 1. Mossbauer spectrum obtained for a CM
chondrite Murchison at 6 K.
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ordinate.
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1-4. 8Ge/%®Ga Y 1 XL —4—DHBFAEICH
T 2FhE

EWBONEEZNRE L2HETEBRICHCS
RIOBHETEIZIZY = 2 L — % — D WHRENL TV
Bo Tbb, MR R OB WEEMED S
BHWIREEZ I VX 7 L THWAD 1S, T
WA 70 b rD L)) e RIBEEEED
WEZATYH, FFEI VX v 7 L CHEFEGOIER
Tl % BEIHARIRBE IS 2 S L ST X B, F720 I
XU R RE, EHES NSO
HBHESNTLEW, ZORIESN AT
TENTAE & 72 %o Table 1 IZHEEF T IZE L
ez AV =8 —%RT, TNL LS LD
12V 2R L — % —DHT BGe/%Ga OREHER; AU
ERL TR EZEZONL, T4bb, (1) #
KRR S IRASAE 3 2P 258 24 <. (2) Table 2 2»
5OMAH, P ECEZ 20D S ME X &
Auger FE 7217 L2 H L 22\ T, Base Line

Table 1. Generators useful in education

Parent/Daughter ~ Parent/Daughter ~ Parent/Daughter
(Half-life) (Halflife) (Half-ife)
42A7’/42K 87Y/87msr 137Cs/137mBa

(33y, 12.4h) (79.8h, 2.82h) (30.2y, 2.55m)
44fri/44SC 9087’/90Y 14OBa/140La

(60y, 3.97h) (28.9y, 64.0h) (12.8d, 40.3h)

GSGe/GSGa 99M0/99m TC 188 W/ISSRe

(271d, 67.7m) (66.0n, 6.01h) (69.8d, 17.0h)
7ZSe/72AS HSSn/HSmIn 19408/19417’

(8.4d, 26.0h) (115d, 99.5m) (6.0y, 19.3h)

Normal font: Neutron Deficient Nuclides (3*, EC)
Italic Font: Neutron Excess Nuclides ()
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Table 2. Decay properties of ¥Ge, ®¥Ga and ¥Ga

G 68Ga Ga
Half-ife 271d 67.7m 3.26d
Decay Mode EC B(90), EC(10) EC

B-Ray (energy/MeV 1.90(90)

and percent)

y-Ray (energy/MeV none 1.077(3) 0.093 (38),0.185

and percent)

% 25 keV RREEIZFRE L7z y BRI E 2R Tld &
mMENZW, (3) INF 7 CELBEME (EE
K %Ga) IZH VT 2DFELD L —H —FEBRIC
ffHCE%, (4) NULLZZY AL —F—HEY

R E LT, 0.51 MeV @ y O FEER R By
B AR O FIRE TR E % Vv 5 1l 4 DOFEERAS
He. (5) HgHREEER 1k FO MG R & 7% 58
ORGSR E (TEHE) 13 100 kBq T,
TN HIUILTEOFEER T — ~ (T B A F I 12
FEATHRTH 5. B, BGe/%Ga 7 EEHICT 4
PWEEL THWTWABLAX(IV) DY = 4 L —
7 —%5 5T, %Gald 1 M HEE 0.3 mL HIC%)
HIBEHR SN S,

BGe gV A 7 b ThEL 72T %7
T ACHRST A 2 & TRE S, —iRIIEEL S
V== h (8GeCl) & L T F /213 UEAL
BRI X ) B s, EERAT S LTl
ENTWD, HARTDH = TR AT 58 B 56 5%
- AR R AR SRR Cifbr A F#-D ¥ —
T MRV —HIRFEL BT v A (B
30 C) . 4 270 T30 MeVEEE 2N
MU CTFHICHF 70T € — A THRE L Cilg s
NTWb, BFLATY L8 =7y FHIZAER
L T2 8Ge 13, #ERILKE % & G IR I2HE
IS BGe OIRBEICEMRIMIN T 2 2 L 05T & 5,
CNEEBOBBILA XSS LA TELS, 1M
Tk 72 L, %Gelxh T A ICE SN THE
T BGaldkwimsn T, Yz xLb—7 =
¥ DD,

Figs. 1 £ 2 3FEV MOBETH L, 7 A4
12IE 1 mLOEWIETT I AT v 7 F5HE 2 v
TWh, KEOD BGe/%¥Ga ¥ 2+ L —% —(10° ~
10° Bq F2) (ZFFET#ES (PET) H OB
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(24),0.300(19)

Fig.1 Manufactured generator assembly with its parts.
From bottom to up: adsorbent SnO2 powder
(before HNO3 treatment); generator connected
with eluent syringe; and porous plastic diskette
and short end of plastic tube (See text for more
detail).

Fig.2 Milking by ordinal procedure (right) and
column washing by imitation of intravenous drip
(left).
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IL %8Ge/®Ga ¥ 1 XL — 4 —E AV - HBEER

2-1. FEROEB. HEBE, vZ a2 7IVER
DEHKR

T T T RO FEBREZ ) FIFTTr A b

FEEE felF 2R R, 10 EOEB IOV T

<= a T VHIEIFHR E 572, Table 312, FEr

FEH, HEHE, 250N~ =2 7 MERO#EPE

R ERT,

Table 3. Title, aim and present stage of manual preparation for each experiment.

Title

Aim Present stage*

A. Manufacture and properties of generator

1. Manufacture of ®Ge/%®Ga generator.

2. Milking and half-1life measurement of ®Ga
3. Growth of ®Ga in generator after milking
4. Milking yield and breakthrough of ®Ge

B. Experiments by %Ga

1. Adsorption, coprecipitation and solvent

extraction

2. lon exchange and chromatography

Self-manufacture of tool for experiment End
Relation among exponential, real number and logarithm End
Intimacy with differential equation End
Properties of generator End
Behavior of ultra-low concentration and ultra—-minute
amount materials Near end
Entropy of mixing and the second law of thermodynamics
Chemical separation and analytical chemistry Near end
Intermolecular atomic exchange without chemical change Midway

3. Isotope exchange
4. Chelate chemistry, and synthesis of

Positron radiopharmaceuticals

Radiopharmaceutical chemistry

Before starting

5. Uptake by plants Nondestructive, continuous measurement of RI Midway
taken up by plants

6. Contamination and decontamination, and Advantageous utilization of short—lived RI Midway
Leak hunting
C. Measurement and use of annihilation radiation

1. Absorption by various substances Absorption mechanism of ¥ -ray End

2. Dependence of coincidence counting Principle and utilization of coincidence counting End
efficiency on geometrical arrangement

3. Low background counting of 8 * emitters Non-artificial Rl and radiations Near end

4, Principle of PET and image reconstruction Nuclear medicine Some new idea needed

*

67

Present stage of test experiments for manual preparation.
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Fig.5 Decrease from 1 to zero on real number graph
for Y1=X (—)and Y2=¢™ (-----)
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Fig. 6 Decrease from 1 to zero on semi-logarithm graph
for Y1=X(—) and Y2=e™ ()
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Decay and Growth of ¢¥Ga after Milking

0 50

Fig.7 Decay and growth curves of *Ga after milking,
Y1, Decay after 100 % milking; Y2, Growth after 100
% milking;
Y3, Decay after 60 % milking; Y4, Growth after 60 %
milking.
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Table 5. Buffer solutions for pH setting in experiments
of adsorption and solvent extraction

pH Main buffer solution pH setting Auxiliary

1.5 Nothing HCI 02M NaOH 0.2M
40 NH4AcO 1M, 0.3 mL HC1 0.2M NaOH 0.2M
6.0 NH4AcO 1M, 0.3 mL NaOH 02M AcOH 02M
8.0 NaAcO 1M, 0.3 mL NaOH 02M AcOH 02M
10.5 Naz2CO3 0.5M,0.3mL NaOH 02M AcOH 0.2M
12.0 NazCOs 1M, 0.3 mL NaOH 02M AcOH 0.2M
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Fig. 8 Dependence on pH in the adsorption of
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