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Toward sustainable world

 Several hundred million years ago, light from the sun produced trees on the 
earth, and these were eventually converted into fossil fuels in the earth’s crust. 
This legacy of easy energy allowed mankind to develop the advanced civilization 
that we enjoy today. But it is fast running out.

 The sun is the ultimate source of 90% of the energy we use, but it is mostly in 
fossil form. The everyday influx of solar power is too dilute to supply all energy 
that we use.

 Controlled nuclear fusion, or “fusion” for short, is about making an artificial sun 
on earth.
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Energy from mass

 Albert Einstein said that “If a body gives off the energy 𝐸𝐸 in the form of radiation, 
its mass diminishes by 𝐸𝐸/𝑐𝑐2.”
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Isotopes used for nuclear fusion

 Atoms with the same number of protons and different numbers of neutrons are 
known as isotopes of the same element.
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The Sun’s energy

 Hydrogen and helium are by far the most common elements in the universe, and 
together they account for about 98% of all known matter.

 The energy release in the Sun involves the conversion of four protons into a 
helium nucleus.

 Very slow (bottleneck)

Average lifetime of a proton in the core:

𝜏𝜏 =
𝑁𝑁𝑝𝑝
𝑅𝑅𝑝𝑝𝑝𝑝

≈
1026 cm−3

108 cm−3 s−1
≈ 3 × 1010 yr

 4 1
1H → 2

4He + 2𝛾𝛾 + 2𝛽𝛽+ + 2𝜈𝜈 + 26.72 MeV

 [H/W] Survey the star’s life according to its mass in view of fusion reaction.



6/22 Introduction to Nuclear Engineering, Fall 2019

Gravitational confinement

 The combination of high density and high temperature exerts an enormous 
outward pressure that is about 4x1011 bar. An inward force must balance this 
enormous outward pressure in order to prevent the Sun from expanding.

 Gravity provides this force in the Sun and stars, and it compresses the Sun into 
the most compact shape possible, a sphere.

Power density ~ 270 W/m3

(Commercial reactor ~ MW/m3)
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Formation of heavier atoms

 Big Bang: an expanding universe model was described in detail by George 
Gamow, Ralph Alpher, and Hans Bethe in 1948 in their famous “α𝛽𝛽𝛾𝛾” paper.
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Nuclear fusion reactions of interest



9/22 Introduction to Nuclear Engineering, Fall 2019

Fusion cross section data
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Three major fusion reactions
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Schematic of man-made fusion reactor

 The most promising reaction is that between the two rare forms of hydrogen, 
called deuterium and tritium.

 Deuterium is present naturally in water and is therefore readily available. Tritium 
is not available naturally and has to be produced in situ in the power plant.

MeV) 1.14(MeV) 5.3( nTD +→+ α
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How fusion works

 In order to initiate these fusion reactions, two nuclei have to be brought very 
close together, to distances comparable to their size.

 The easiest way for fusion reactions to occur is bombarding accelerated 
deuterium nuclei (~100 keV) to a solid target containing tritium.  Beam-target 
fusion (only 1 in 100 million results in a fusion event)
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Thermonuclear fusion

 Increasing fusion reaction probability without losing energy is a better way to 
approach fusion: take a mixture of deuterium and tritium gas and heat it to the 
required temperature.  Thermonuclear fusion, this is to be clearly distinguished 
from the case where individual nuclei are accelerated and collided with each 
other or with a stationary target.
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When a gas is heated, it becomes a plasma

 Collisions in the hot gas quickly knock the electrons off the atoms and produce a 
mixture of nuclei and electrons. The gas is said to be ionized, and it has a 
special name—it is called a plasma.

How about the walls?
 Need for particle confinement
 Magnetic or inertial
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Lawson criterion

 One fundamental question is to determine the conditions required for a net 
energy output from fusion. Energy is needed to heat the fuel up to the 
temperature required for fusion reactions, and the hot plasma loses energy in 
various ways.

 John Lawson, a physicist at the UK Atomic Energy Research Establishment at 
Harwell, showed in the mid-1950s that “it is necessary to maintain the plasma 
density (𝑛𝑛) multiplied by the confinement time (𝜏𝜏𝐸𝐸) greater than a specified value.”
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Breakeven and ignition

 BREAKEVEN stands for scientific breakeven (𝑄𝑄 = 1), in which the fusion energy 
just balances the energy needed to create the plasma.

 IGNITION, is the 𝑛𝑛𝜏𝜏𝐸𝐸 required for a self-sustaining plasma, in which the plasma 
heats itself without additional energy (𝑄𝑄 → ∞). That happens because one of the 
products of a DT reaction is a charged 𝑎𝑎-particle, which is trapped by the 
magnetic field and stays in the plasma keeping the D’s and T’s hot with its share 
of the fusion energy.

[cm-3 s]

𝑄𝑄 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
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Ignition condition

 The condition for ignition in magnetic confinement is calculated by setting the 
alpha particle heating equal to the rate at which energy is lost from the plasma.

𝑃𝑃𝛼𝛼 = 𝑛𝑛𝐷𝐷𝑛𝑛𝑇𝑇 < 𝜎𝜎𝑣𝑣 >× 3.5 × 103 keV × 𝑘𝑘 =
1
4 𝑛𝑛

2 < 𝜎𝜎𝑣𝑣 >× 3.5 × 103 × 𝑘𝑘 [ ⁄W m3]

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =
𝐸𝐸𝑖𝑖 + 𝐸𝐸𝑒𝑒
𝜏𝜏𝐸𝐸

=
3𝑛𝑛𝑛𝑛𝑛𝑛
𝜏𝜏𝐸𝐸

[ ⁄W m3]

𝑘𝑘 = 1.6 × 10−16 ⁄J keV

𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑃𝑃𝛼𝛼 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑛𝑛𝜏𝜏𝐸𝐸 =
12

3.5 × 103 �
𝑇𝑇 (keV)

< 𝜎𝜎𝑣𝑣 > (m3s−1) ≈ 1.7 × 1020 [m−3s]

5 × 1022 @𝑇𝑇 = 30 keV

For ignition, 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 = 0
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Ignition condition for D-T reaction

 Usually 𝜏𝜏𝐸𝐸 is also a function of temperature (𝜏𝜏𝐸𝐸~𝑇𝑇−1.25), and the optimum 
temperature for DT ignition in a tokamak down to around 10 keV.

 In the temperature range 10–20 keV, the DT reaction rate < 𝜎𝜎𝑣𝑣 > is proportional 
to 𝑇𝑇2. In addition, by considering other issues, we obtain the triple product:

𝑛𝑛𝑛𝑛𝜏𝜏𝐸𝐸 ≈ 6 × 1021 [m−3 keV s]
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Ignition condition for D-T reaction

 The product of density and temperature is the pressure of the plasma. The 
ignition condition then becomes:

𝑝𝑝𝜏𝜏𝐸𝐸 ≈ 5 [bar s]𝑛𝑛𝑛𝑛𝜏𝜏𝐸𝐸 ≈ 6 × 1021 [m−3 keV s]

(1 bar, 5 sec)

(5 Gbar, 1 ns)
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Q versus triple product for D-T reaction

 A fusion reactor (𝑄𝑄 > 10) requires values of the ‘‘triple product’’
𝑛𝑛𝑛𝑛𝜏𝜏𝐸𝐸 > 3 × 1021 [m−3 keV s].
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Triple products for various fusion reactions
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Fusion power density

𝑃𝑃𝐷𝐷𝐷𝐷 = 𝑛𝑛𝐷𝐷𝑛𝑛𝑇𝑇 < 𝜎𝜎𝑣𝑣 >× 𝑊𝑊𝐷𝐷𝐷𝐷 =
1
4𝑛𝑛

2 < 𝜎𝜎𝑣𝑣 >× 2.82 × 10−12 J/fusion [ ⁄W m3]

 For a monoenergetic ion beam striking a target ion, the reaction rate is 
proportional to the effective ‘‘cross section’’ area 𝜎𝜎 of the target. The reaction 
rate between monogenetic ions with speed 𝑣𝑣 and density 𝑛𝑛1 striking target ions 
of density 𝑛𝑛2 is given by

Reaction rate: 𝑅𝑅 = 𝑛𝑛1𝑛𝑛2𝜎𝜎𝑣𝑣 [ ⁄reactions m3s]

 For thermonuclear fusion, the ions are not monoenergetic, but are assumed to 
have Maxwellian velocity distributions characterized by a temperature 𝑇𝑇. Then 
the 𝜎𝜎𝑣𝑣 must be averaged over the velocity distribution function.

 The fusion power density of a DT plasma (assuming 𝑛𝑛𝐷𝐷 = 𝑛𝑛𝑇𝑇 = 𝑛𝑛/2) is given by

 Q: Estimate the fusion power density and pressure in a DT plasma with          
𝑛𝑛 = 1020 m−3 and 𝑇𝑇 = 20 keV.

𝑃𝑃𝐷𝐷𝐷𝐷 =
1
4 × (1020)2× 4 × 10−22 × 2.82 × 10−12 = 2.82 × 106 [ ⁄W m3]
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