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In chemistry, a nucleus is the positively charged center of the atom consisting of protons and
neutrons. It's also known as the “"atomic nucleus”. The word "nucleus” comes from the Latin
word nucleus, which is a form of the word nux, which means nut or kernel[1-8]. The term was
coined in 1844 by Michael Faraday to describe the center of an atom. The sciences involved in
the study of the nucleus, its composition, and characteristics are called nuclear physics and
nuclear chemistry.

Protons and neutrons are held together by the strong nuclear force. Electrons, although attracted
to the nucleus, move so fast they fall around it or orbit it at a distance[9-15]. The positive
electrical charge of the nucleus comes from the protons, while the neutrons have no net electrical
charge. Nearly all the mass of an atom is contained within the nucleus, since protons and
neutrons have much more mass than electrons[16-22]. The number of protons in an atomic
nucleus defines its identity as an atom of a specific element. The number of neutrons determines
which isotope of an element the atom is.

Size of the Atomic Nucleus

The nucleus of an atom is much smaller than the overall diameter of the atom because the
electrons can be distant from the atom's center[23-28]. A hydrogen atom is 145,000 times larger
than its nucleus, while a uranium atom is around 23,000 times larger than its nucleus. The
hydrogen nucleus is the smallest nucleus because it consists of a lone proton.

It is 1.75 femtometers (1.75 x 10™ m). The uranium atom, in contrast, contains many protons
and neutrons. Its nucleus is about 15 femtometers.

Arrangement of Protons and Neutrons in the Nucleus

The protons and neutrons are usually depicted as compacted together and evenly spaced into
spheres. However, this is an oversimplification of the actual structure[29-32].

Each nucleon (proton or neutron) can occupy a certain energy level and a range of locations.
While a nucleus can be spherical, it may also be pear-shaped, rugby ball-shaped, discus-shaped,
or triaxial.

The protons and neutrons of the nucleus are baryons composed of smaller subatomic particles,
called quarks. The strong force has an extremely short range, so protons and neutrons must be
very near to each other to be bound[33-39]. The attractive strong force overcomes the natural
repulsion of the like-charged protons.
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Hypernucleus

In addition to protons and neutrons, there is a third type of baryon called a hyperon. A hyperon
contains at least one strange quark, while protons and neutrons consist of up and down quarks. A
nucleus that contains protons, neutrons, and hyperons is called a hypernucleus. This type of
atomic nucleus has not been seen in nature[40-45], but has been formed in physics experiments.

Halo Nucleus

Another type of atomic nucleus is a halo nucleus. This is a core nucleus that is surrounded by an
orbiting halo of protons or neutrons. A halo nucleus has a much larger diameter than a typical
nucleus. Its also much more unstable than a normal nucleus. An example of a halo nucleus has
been observed in lithium-11, which has a core consisting of 6 neutrons and 3 protons, with a halo
of 2 independent neutrons.

The half-life of the nucleus is 8.6 milliseconds. Several nuclides have been seen to have a halo
nucleus when they are in the excited state, but not when they are in the ground state.
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Nuclear Isomer Definition

Nuclear isomers are atoms with the same mass number A and atomic number Z, but with
different states of excitation in the atomic nucleus. The higher or more excited state is call a
metastable state, while the stable, unexcited state is called the ground state.

How Nuclear Isomers Work

Most people are aware electrons can change energy levels and be found in excited states. An
analogous process occurs in the atomic nucleus when protons or neutrons (the nucleons) become
excited.

The excited nucleon occupies a higher energy nuclear orbital. Most of the time, the excited

nucleons return immediately to the ground state, but if the excited state has a half-life longer than
100 to 1000 times that of normal excited states, it is considered a metastable state. In other
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words, the half-life of an excited state is usually on the order of 102 seconds, while a metastable
state has a half-life of 10”° seconds or longer. Some sources define a metastable state as having a
half-life greater than 5 x 10”° seconds to avoid confusion with the half-life of gamma emission.
While most metastable states decay quickly, some last for minutes, hours, years, or much longer.

The reason metastable states form is because a larger nuclear spin change is needed in order for
them to return to the ground state. High spin change makes the decays "forbidden transitions"
and delays them. Decay half-life is also affected by how much decay energy is available.

Most nuclear isomers return to the ground state via gamma decay. Sometimes gamma decay
from a metastable state is named isomeric transition, but it's essentially the same as normal
short-lived gamma decay. In contrast, most excited atomic states (electrons) return to the ground
state via fluorescence.

Another way metastable isomers can decay is by internal conversion. In internal conversion, the
energy that is released by the decay accelerates an inner electron, causing it to exit the atom with
considerable energy and speed. Other decay modes exist for highly unstable nuclear isomers.

Metstable and Ground State Notation

The ground state is indicated using the symbol g (when any notation is used). The excited states

are denoted using the symbols m, n, o, etc. The first metastable state is indicated by the letter m.

If a specific isotope has multiple metastable states, the isomers are designated m1, m2, m3, etc.

Egezdesignation is listed after the mass number (e.g., cobalt 58m or **™,;Co, hafnium-178m2 or
Mo7oHF).

The symbol sf may be added to indicate isomers capable of spontaneous fission. This symbol is
used in the Karlsruhe Nuclide Chart.

Metstable State Examples

Otto Hahn discovered the first nuclear isomer in 1921. This was Pa-234m, which decays in Pa-
234,

The longest-lived metastable state is that of 180m__ Ta. This metastable state of tantalum has not
been seen to decay and appears to last at least 10* years (longer than the age of the universe).
Because the metastable state endures so long, the nuclear isomer is essentially stable.

Tantalum-180m is found in nature at an abundance of about 1 per 8300 atoms. It's thought
perhaps the nuclear isomer was made in supernovae.

How Nuclear Isomers Are Made

Metastable nuclear isomers occur via nuclear reactions and can be produced using nuclear
fusion. They occur both naturally and artificially.
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Fission Isomers and Shape Isomers

A specific type of nuclear isomer is the fission isomer or shape isomer. Fission isomers are
indicated using either a postscript or superscript "f* instead of "m" (e.g., plutonium-240f or
240%,Pu). The term "shape isomer" refers to the shape of the atomic nucleus. While the atomic
nucleus tends to be depicted as a sphere, some nuclei, such as those of most actinides, are prolate
spheres (football-shaped). Because of quantum mechanical effects, de-excitation of excited states
to the ground state is hindered, so the excited states tend to undergo spontaneous fission or else
return to the ground state with a half-life of nanoseconds or microseconds.

The protons and neutrons of a shape isomer may be even further from a spherical distribution
than the nucleons on the ground state.

Uses of Nuclear Isomers

Nuclear isomers may be used as gamma sources for medical procedures, nuclear batteries, for
research into gamma-ray stimulated emission, and for gamma ray lasers.
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