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Modern units and prefixes

⚫ With only a few exceptions, units used in nuclear science and engineering are 

those defined by the SI system of metric units.
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Values of some important physical constants
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Relativistic particle momentum

⚫ The special theory of relativity states that the inertia of a particle observed in a 

frame of reference depends on the magnitude of its speed in that frame.

⚫ The inertia of a particle is proportional to 𝛾. The apparent mass is 𝛾𝑚.

⚫ The particle momentum, a vector quantity, equals 𝒑 = 𝛾𝑚𝒗.

⚫ The equation of motion:

𝛾 =
1

1 − 𝑣/𝑐 2
=

1

1 − 𝛽2

𝑑𝒑

𝑑𝑡
=
𝑑(𝛾𝑚𝒗)

𝑑𝑡
= 𝑭

Lorentz factor
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Relativistic particle energy

⚫ The kinetic energy equals the total energy minus the rest energy:

⚫ Newtonian dynamics describes the motion of low-energy particles when 𝑇 ≪
𝑚𝑐2.

𝐸 = 𝛾𝑚𝑐2 𝑇 = 𝛾 − 1 𝑚𝑐2

1 + 𝑥 −1/2 ≈ 1 −
1

2
𝑥 + ⋯

𝑇 =
1

2
𝑚𝑣2

⚫ Energy and momentum

𝐸2 = 𝑚𝑐2 2 + 𝑝2𝑐2

⚫ For massless particles

𝐸 = 𝑝𝑐
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Charged particle properties

1 eV = 1.6x10-19 J = 1240 nm = 241.8 THz
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𝜷 for particles as a function of kinetic energy

Proton



8 Introduction to Nuclear Engineering, Fall 2022

Example
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Electric force

⚫ Coulomb’s law

⚫ Dielectric constant or relative permittivity
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Electric potential

⚫ An electric potential (also called the electric field potential, potential drop or the 

electrostatic potential) is the amount of work needed to move a unit of charge 

from a reference point to a specific point inside the field without producing an 

acceleration.
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Example
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Electric current

⚫ A flow of electrically charged particles constitutes an electric current. The unit for 

the amount of current is the ampere (A), which is a measure of the time rate of 

flow of charge.

⚫ 1 A (1 Coulombs per 1 second) means
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Atom: philosophical approach

⚫ The four elements (Empedocles, 490 BC ~ 430 BC and Aristotle, 384 BC ~ 322 

BC)

⚫ Atomic hypothesis (“Atomos” = “unsplittable”, Democritus, 460 BC ~ 370 BC)

Everything is composed of "atoms", which are physically, but not geometrically, 

indivisible; that between atoms, there lies empty space; that atoms are 

indestructible, and have always been and always will be in motion; that there is 

an infinite number of atoms and of kinds of atoms, which differ in shape and 

size.

Air

Water

Fire

Earth
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Atomic nature of matter

⚫ Dalton’s atomic theory (John Dalton, 1808)

1. Elements are made of extremely small particles called atoms.

2. Atoms of a given element are identical in size, mass, and other 

properties; atoms of different elements differ in size, mass, and 

other properties.

3. Atoms cannot be subdivided, created, or destroyed.

4. Atoms of different elements combine in simple whole-number 

ratios to form chemical compounds.

5. In chemical reactions, atoms are combined, separated, or 

rearranged.
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Evidence that atoms and molecules exist

⚫ Brownian motion (Robert Brown, 1827) Annalen der Physik 322, 549 (1905)

열 분자운동 이론이 필요한, 정지 상태의 액체 속에 떠 있는 작은
부유입자들의 운동에 관하여 (아인슈타인, 1905)
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The structure of atom

⚫ Every atom is composed of a nucleus and one or more electrons bound to the 

nucleus. The nucleus is made of one or more protons and typically a similar 

number of neutrons. Protons and neutrons are called nucleons.

⚫ More than 99.94% of an atom's mass is in the nucleus.

C612

• Proton (p, H+)

- mass (mp) = 1.67x10-27 kg

- charge (qp) = +1.6x10-19 C (+e)

• Electron (e)

- mass (me) = 9.11x10-31 kg

- charge (qe) = -1.6x10-19 C (-e)

𝑚𝑝

𝑚𝑒
≈ 1837

𝑞𝑝
𝑞𝑒

= 1
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Line spectrum

⚫ In 1885, Balmer published an empirical formula that gives the observed 

wavelengths, λ, in the hydrogen spectrum.

⚫ The Balmer formula was derived theoretically by Bohr in 1913.
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Discovery of electron: J. J. Thomson (1897)
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Gold foil experiment: Rutherford model (1911)

⚫ Rutherford directed the famous Geiger–Marsden experiment in 1909 which 

suggested, upon Rutherford's 1911 analysis, that J. J. Thomson's plum pudding 

model of the atom was incorrect. Philosophical Magazine 21, 669 (1911)
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Bohr model (1913)

⚫ Bohr model included several non-classical constraints (quantum nature).

➢ An atomic electron moves without radiating only in certain discrete orbits 

about the nucleus.

➢ The transition of the electron from one orbit to another must be 

accompanied by the emission or absorption of a photon of light, the photon 

energy being equal to the orbital energy lost or gained by the electron.

𝑚𝑒𝑣
2

𝑟
=

𝑍𝑒2

4𝜋𝜖0𝑟
2 𝐿 = 𝑚𝑒𝑣𝑟 = 𝑛

ℎ

2𝜋
= 𝑛ℏ

𝑟𝑛 =
𝑛2ℎ2𝜖0
𝜋𝑚𝑒𝑍𝑒

2

𝑘0 =
1

4𝜋𝜖0

Bohr radius (𝑎0) = 0.529 Å

⚫ Orbit radius
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Bohr model (1913)

⚫ Orbital velocity

𝛼 =
𝑣1
𝑐
≈

1

137

𝑣𝑛 =
𝑍𝑒2

2𝑛ℎ𝜖0

⚫ Fine structure constant: determines the relativistic corrections to the Bohr energy 

levels, which give rise to a fine structure in the spectrum of hydrogen.

⚫ Total energy of the electron in the 𝑛th orbit:

Q. What is EK for W (Z=74)?
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Bohr model (1913)

⚫ Bohr model explains the line emissions well.

Rydberg constant
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Example

= 434 nm

= 2.86 eV
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de Broglie wave (1924)

⚫ The wavelength of a photon is specified by its momentum according to the 

relation

𝜆 =
ℎ

𝑝

⚫ de Broglie suggested that this is a completely general one that applies to 

material particles as well as to photons. The momentum of a particle of mass 𝑚
and velocity 𝑣 is 𝑝 = 𝛾𝑚𝑣, and its de Broglie wavelength is accordingly

𝜆 =
ℎ

𝛾𝑚𝑣
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Schrodinger equation (1926)

⚫ In quantum mechanics, the wave function Ψ is not itself a measurable quantity 

and may therefore be complex.

⚫ In terms of the total energy 𝐸 and momentum 𝑝 of the particle

⚫ Differentiating it, and using energy-momentum relation
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Schrodinger equation (1926)

⚫ Separation of variables
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Schrodinger equation for hydrogen atom

⚫ In spherical polar coordinates, Schrödinger’s equation is written
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Schrodinger equation for hydrogen atom

⚫ Separation of variables
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Schrodinger equation for hydrogen atom

⚫ The electron wave functions of the hydrogen atom
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Fine structure: quantum numbers

⚫ To describe an atom completely, it is necessary to utilize four quantum numbers: 

principal, azimuthal, magnetic, and spin.
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Selection rule

⚫ Total angular momentum

⚫ Allowed transitions
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Characteristic X-ray
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Continuous and characteristic X-rays

K-shell binding energy EK = 69.525 keV for W

Bremsstrahlung radiation

Characteristic radiation
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Bremsstrahlung and characteristic X-rays

⚫ Bremsstrahlung (braking radiation) refers to the radiation emitted by charged 

particles when they decelerate in a medium. In the case of X-rays, the high-

energy electrons decelerate quickly in the target material and hence emit 

Bremsstrahlung. The emitted X-ray photons have a continuous energy spectrum

since there are no quantized energy transitions involved in this process.

⚫ The electrons incident on a target may also attain sufficient energies to knock off 

electrons from the internal atomic shells of target atoms, leaving them in 

unstable states. To regain atomic stability, the electrons from higher energy 

levels quickly fill these gaps. During this, so-called characteristic X-ray photons

have energies equal to the difference between the two energy levels are emitted. 

The energy of emitted photons does not depend on the energy or intensity of the 

incident electron.
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Auger effect

⚫ The Auger effect is a physical phenomenon in which the filling of an inner-shell 

vacancy of an atom is accompanied by the emission of an electron from the 

same atom. When a core electron is removed, leaving a vacancy, an electron 

from a higher energy level may fall into the vacancy, resulting in a release of 

energy. Although most often this energy is released in the form of an emitted 

photon, the energy can also be transferred to another electron, which is ejected 

from the atom; this second ejected electron is called an Auger electron.
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Homework

⚫ J. Turner, Atoms, Radiation, and Radiation Detection, Wiley (2007), chapter 2

Problems: 14, 19, 35, 53


