Atomic Structure and Periodic Law
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An atom is composed of a nucleus and electrons that go around the former. The nucleus is
composed of protons with a positive charge and neutrons without charge, and the number of
protons (atomic number) determines the chemical properties of the atom (element type).

For example, carbon has six protons, but there are also types of carbon with five, six,
seven or eight neutrons. All of them have the same chemical properties.

When calling them distinctively, they are called Carbon 11, Carbon 12, Carbon 13 and
Carbon 14, adding the nuclear number (total of protons and neutrons) after the element
name, which is a nominal designation that covers the same types of atoms. Carbon 12 is
the one that most commonly exists in nature.

Carbon 14 is a radionuclide which exists in nature and is made through a process where
a proton of Nitrogen 14 is hit and removed by a neutron created as a result of collisions of
cosmic rays and the atmosphere. Carbon 14 has six protons and eight neutrons, and the
state is energetically unstable because of the unbalance of both numbers.

If one neutron of Carbon 14 changes to a proton, the element becomes stable because
the numbers of protons and neutrons are both seven. At this time, an electron is emitted as
extra energy. This is the identity of B (beta)-particles. In other words, Carbon 14 returns to
nitrogen having seven protons by emitting B-particles, and becomes energetically stable.
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Nucleus Stability/Instability

r"’_’/ Nucleus

B ' Unstable nuclei exist depending on the balance

o A of numbers between protons and neutrons.
\\ = Radioactive nuclei

FERTRRIT] ENSEREE CORNSRE CARI Cesium- | Coslum: | Coslume

133 134 137
Numberof g 6 6 5 55 55 | 55
Nucleus protons
Number of
neutrons 5 6 7 | 8 | 78 | 79 82
Property Radioactive Stable Stable |Radioactive| Stable |[Radicactive Radioactive
1 - 12¢ 13- . 14 . 133 . 1380 137
Description method ;1{: lr,zc | 1: C _ édc _ 1.;’?(:5 | 15?‘:5 ;351{:5

c-11 c-12 Cc-13 Cc-14 Cs-133 | Cs-134  Cs-137

Nuclei having the same atomic number (the number of protons) but differing in the number
of neutrons are called “isotopes” to each other. There are “radioisotopes” that emit radiation
upon radioactive disintegration and “stable isotopes” that do not emit radiation and so do not
change in atomic weight.

Radionuclides emit radiation such as a (alpha)-particles, B (beta)-particles, and y
(gamma)-rays to mitigate or terminate their unstable states. Radionuclides turn into different
atoms after emission of a-particles or B-particles but such change does not occur after
emission of y-rays. The radiation type to be emitted is dictated for each radionuclide (p.8 of
Vol. 1, “Naturally Occurring or Artificial,” and p.13 of Vol. 1, “Where does Radiation Come
from?”).

Carbon is an element having six protons but there are also variants having five to eight
neutrons. Cesium is an element having fifty-five protons, and its variants having fifty-seven
to ninety-six neutrons have been found so far. Among them, only Cesium-133 having
seventy-eight neutrons (55 protons plus 78 neutrons = 133) is stable, and all the rest are
radioisotopes that emit radiation. In the event of a nuclear plant accident, Cesium-137 and
Cesium 134 that is made through a process where fission products are hit by a neutron may
be released into the environment. They emit B-particles and y-rays.

(Related to p.30 of Vol. 1, “Products in Nuclear Reactors”)
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Radioactive . -
Various Nuclei
Isotopes: Nuclei having the same number of protans (atom number) but different numbers of neutrons
Number Isotopes
Element Symbol of T
protons Stable Radioactive
Hydrogen H 1 H-1, H-2% H-3%
Carbon C 6 C-12, C-13 C-11, C-14, - -
Potassium K 19 K-39, K-41 K-40, K-42, - -
. 5r-84,5r-86, .
Strontium Sr 38 5r-87,5r-88 Sr-89, 5r-90,
lodine | 53 1-127 1-125, 1-131, -
Cesium Cs 55 Cs-133 Cs-134, Cs-137, -
Uranium U 92 None U-235, U-238, - -
Plutonium Pu 94 None Pu-238, Pu-239, - -
*: H-2 is called deuterium and H-3 is called tritium.
" . " means that there are further more radioactive materials. Naturally occurring radioactive materials are
shown in blue letters,

While most hydrogen atoms are H-1 whose nucleus has only one proton, there are also H-2
(deuterium) that has one proton and one neutron and H-3 (tritium) that has one proton and
two neutrons. Only H-3 (tritium) emits radiation among these isotopes.

Like hydrogen, there are elements (collectively referring to the same type of atoms)
having only one type of radioactive nucleus, but there are also many elements having
multiple types of radioactive nuclei. Some elements with a large atomic number such as
uranium and plutonium do not have stable nuclei that do not emit radiation.

While most naturally occurring radionuclides have existed since the birth of the earth,
there are some that are still being created by the interaction between cosmic rays and the
atmosphere, such as Carbon-14.
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Naturally Occurring or Artificial
Radionuclides il LU Halflife
emitted

Thorium-232 (Th-232) a, y 14.1 billion years
Uranium-238 (U-238) o, Y 4.5 billion years
Potassium-40 (K-40) B,y 1.3 billion years
Plutonium-239 (Pu-239) o,y 24,000 years
Carbon-14 (C-14) B 5,730 years
Cesium-137 (Cs-137) B,V 30 years
Strontium-90 (Sr-90) B 29 years
Tritium (H-3) B 12.3 years
Cesium-134 (Cs-134) B,y 2.1 years
lodine-131 (I-131) . B,v 8 days
Radon-222 (Rn-222) a, Y 3.8 days

J:I:Elcr:au”?fﬁ:lrjtcpl:ges are a: & {alpha) particles, B: B (beta) particles, y: ¥ (gamma)-rays

Radionuclides with long half-lives, such as Thorium-232 in the thorium series, Uranium-238
in the uranium series, and Potassium-40, were created in the universe in the distant past
and taken into the earth when the earth was born.

Thorium-232 and Uranium-238 transform into various radionuclides by emitting a (alpha)-
particles, B (beta)-particles, and y (gamma)-rays before transforming into Lead-208 and
Lead-206, respectively.

Carbon-14, which is also a naturally occurring radionuclide, is created when nitrogen that
accounts for 78% of the atmosphere is hit by a neutron created as a result of collisions of
cosmic rays and the atmosphere. Carbon-14 returns to nitrogen by emitting 3-particles.

Cesium-134, Cesium-137, Strontium-90, lodine-131, and Plutonium-239 can be released
into the environment in the event of a nuclear plant accident. Some artificial radionuclides,
such as Plutonium-239, have very long half-lives.
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Disintegration and Radiation
Radionuclides are in an

unstable cqnditian. 1 becquerel: Disintegrating

e 50— . at a rate of one per second

Gne material changes per
second(disintegration).
=1 becquerel (Bq)

10 becquerel: Disintegrating
at a.rate of ten per second
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A nucleus of a radionuclide is energetically unstable. In order to become stable, it releases
extra energy in the form of radiation.

Becquerel is a unit used to quantify radiation intensity. One becquerel is defined as an
amount that “one nucleus changes (disintegrates) per second.” Since nuclei often emit
radiation during disintegration, the becquerel is used as a unit to express the ability to emit
radiation. In a rock with 1 Bq of radioactivity, for example, each nucleus of the radionuclide
contained in the rock will disintegrate per second. 10 Bq means that 10 nuclei will
disintegrate per second.

Once nuclei of a radionuclide disintegrate and the radionuclide becomes stable by

emitting radiation, it will no longer emit radiation. Some types of radionuclides repeat
disintegration multiple times until becoming stable.

(Related to p.10 of Vol. 1, “Parent and Daughter Nuclides”)
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Parent and Daughter Nuclides

Case where a nucleus of a radioactive material bacomes energetically stable as a result of a single dizsintegration

Radiation
Unstable Stable

O Disintegration O

Parent nuclide | Daughter nuclide |

Case where a nucleus of a radioactive material becomes energetically stable as a result of the second disintegration

Radiati Radiati
Unstable adiation Unstable adiation Stable

O Disintegration O Disintegration o

Parent nuclide I Daughter nuclide | | Granddaughter nuclide |

A nuclide before disintegration is called a parent nuclide and that after disintegration is called a daughter nuclide.
A nuclide whose daughter nuclide is energetically unstable repeats disintegration until becoming energetically
stable,

Types of atoms and nuclei classified depending on the number of protons and neutrons are
called nuclides. For example, Carbon-12 and Carbon-14 are both carbons but are different
nuclides. Carbon-14 is a radionuclide as it is energetically unstable.

The phenomenon wherein a radionuclide emits radiation and transforms into a different
nuclide is called disintegration. A nuclide before disintegration is called a parent nuclide and
that after disintegration is called a daughter nuclide.

Some radionuclides remain energetically unstable even after disintegration, which
means that the original radionuclides have transformed into other types of radionuclides.
These types of radionuclides repeat disintegration until becoming energetically stable. A
nuclide resulting from the disintegration of a daughter nuclide (seen from a parent nuclide) is
sometimes called a granddaughter nuclide, and such daughter nuclide and granddaughter
nuclide are collectively called progeny nuclides.
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Radioactive . . .
Half-lives and Radioactive Decay
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Time required for the amount of the radionuclides to reduce
to half = (physical) half-life

An atom that has become stable in terms of energy by emitting radiation will no longer emit
radiation. The amount of a radionuclide decreases over time and radioactivity weakens. The
time required for radioactivity to weaken and reduce to half is called a (physical) half-life.

Upon the elapse of a period of time equal to the half-life, the radioactivity will be halved,
and when a period of time twice as long as the half-life lapses, the radiation will reduce to
a quarter of the original state. A graph with the horizontal axis representing the elapsed
time and the vertical axis representing the radiation intensity demonstrates exponential
radioactivity decreases in a curve as shown in the slide.

(Physical) half-lives vary depending on the types of radionuclides. For instance, the half-
life is approximately 8 days for lodine-131, approximately 2 years for Cesium-134, and
approximately 30 years for Cesium-137.

Radioactive materials taken into the body will be excreted after being taken into various
organs and tissues. The time required for the amount of radioactive materials in the body to
reduce to half through excretion is called biological half-life and varies depending on their
chemical forms and/or particle sizes (p.27 of Vol. 1, “Internal Exposure and Radioactive
Materials”).
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Radioacti . . .
Nuclei with Long Half-lives

m Radioactive materials that had existed in the universe since before
the birth of the earth and were taken into the earth upon its birth

ra N

S . A radioactive nucleus repeats disintegration until becoming
eries stable, accompanying changes in nuclides each time.

Uranium-238—  Half-life: 4.5

" 4.6 billion years since
the earth's birth

% ) ] billion years
=3 * Thorium-232
* Uranium-235
\ J
4 ™
Non_se ries A radioactive nuclews directly disintegrates into a
stable nucleus
. . a7 Halfife: 1.3
Potassium-40 | billion years
* Rubidium-87, etc.
"‘ J

Some nuclei that emit radiation have very long half-lives. Uranium-238 has a half-life of 4.5
billion years. Since the earth is about 4.6 billion years old, the amount of Uranium-238 that
had existed at the time of the earth’s birth has now reduced to half.

Some radionuclides become stable after a single emission of radiation, while some
transform into various radionuclides as they disintegrate many times, until becoming stable.

For example, Uranium-238 emits a (alpha)-particles and transforms into Thorium-234,
which is also a radionuclide. Thorium-234 further emits B (beta)-particles and transforms
into Protactinium-234, which is also a radionuclide. They constitute a series in which the
original element transforms into different atoms more than 10 times before becoming stable
Lead-206.

Potassium-40 also has a long half-life of 1.3 billion years. This is another naturally
occurring radionuclide that was taken into the earth upon its birth. Potassium-40 transforms
into stable Calcium-40 or Argon-40 through a single disintegration without constituting a
series.

(Related to p.10 of Vol. 1, “Parent and Daughter Nuclides,” and p.11 of Vol. 1, “Half-lives
and Radioactive Decay”)
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