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Energy use correlates with many quality-of-life metricsΧ

Energy use per person
[tons of oil equivalent]

Child mortality [per 1000]

1 100.1

Average income per person

Statistics and plots from gapminder.org/tools
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Unfortunately, so does CO2 production 

CO2 per person
[metric tons]

1

CO2 per person
[metric tons]

1 1000.01

CO2 per person
[metric tons]

1 1000.011000.01

Child mortality [per 1000] Average income per personUN Human Development Index

The reality is that every single nation that 
has industrialized and made a better life for

its citizens has done so at the expense of the climate
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
Its immense promise has compelled its
ǇǳǊǎǳƛǘ ŦƻǊ ŀƭƳƻǎǘ сл ȅŜŀǊǎΧ
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
LǘΩǎ ƛƳƳŜƴǎŜ ǇǊƻƳƛǎŜ Ƙŀǎ ŎƻƳǇŜƭƭŜŘ ƛǘǎ
ǇǳǊǎǳƛǘ ŦƻǊ ŀƭƳƻǎǘ сл ȅŜŀǊǎΧ

Advantages of fusion over fossil fuels:
Å No carbon, SOx/NOx, particulate emissions
Å Inexhaustible fuel supply
Å Thousands to millions of years

Å Fuels equally accessible to all
Å No large scale extraction+ transport of fuels
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
ItΩs immense promise has compelled its
pursuit for almost 60 yearsΧ

Advantages of fusion over fossil fuels:
Å No carbon, SOx/NOx, particulate emissions
Å Inexhaustible fuel supply
Å Thousands to millions of years

Å Fuels equally accessible to all
Å No large scale extraction+ transport of fuels

Advantages of fusion over other renewables:
Å High power density land use
Å High power density materials use
Å On when it is wanted
Å Site where it is needed
Å Plugs into established grids
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
ItΩs immense promise has compelled its
pursuit for almost 60 yearsΧ

Advantages of fusion over fossil fuels:
Å No carbon, SOx/NOx, particulate emissions
Å Inexhaustible fuel supply
Å Thousands to millions of years

Å Fuels equally accessible to all
Å No large scale extraction+ transport of fuels

Advantages of fusion over other renewables:
Å High power density land use
Å High power density materials use
Å On when it is wanted
Å Site where it is needed
Å Plugs into established grids

Advantages of fusion over nuclear fission energy:
Å No chain reaction = no possibility of a melt down
Å No long-lived nuclear waste for deep storage
Å Lower level activation of components

Å Low proliferation risk
Å No need for fissile material (e.g. U, Pu)
Å Non-fusion clandestine use highly infeasible
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
ItΩs immense promise has compelled its
pursuit for almost 60 yearsΧ

Advantages of fusion over fossil fuels:
Å No carbon, SOx/NOx, particulate emissions
Å Inexhaustible fuel supply
Å Thousands to millions of years

Å Fuels equally accessible to all
Å No large scale extraction+ transport of fuels

Advantages of fusion over other renewables:
Å High power density land use
Å High power density materials use
Å On when it is wanted
Å Site where it is needed
Å Plugs into established grids

Advantages of fusion over nuclear fission energy:
Å No chain reaction = no possibility of a melt down
Å No long-lived nuclear waste for deep storage
Å Lower level activation of components

Å Low proliferation risk
Å No need for fissile material (e.g. U, Pu)
Å Non-fusion clandestine use highly infeasible



SPARC Underground ςIAP 2017 Cǳǎƛƻƴ ŜƴŜǊƎȅ ŀƴŘ aL¢Ωǎ ǇŀǘƘǿŀȅ ǘƻ ŀŎŎŜƭŜǊŀǘŜŘ ŘŜƳƻƴǎǘǊŀǘƛƻƴ9

The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
ItΩs immense promise has compelled its
pursuit for almost 60 yearsΧ

ÅΧbut there are so many approaches to 
fusion energy that it can be extremely 
difficult to distinguish άwinnersέ from 
άlong-shotsέ from άlosersέ.
ÅThis is true of the layperson,

interested reader, investor,
and even fusion scientist!
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
ItΩs immense promise has compelled its
pursuit for almost 60 yearsΧ

ÅΧbut there are so many approaches to 
fusion energy that it can be extremely 
difficult to distinguish άwinnersέ from 
άlong-shotsέ from άlosersέ. O

The ability to evaluate complicated technology is about asking the right questions

Pitch: ItΩs deluxe transportation! 
You : Yes, but Χ whereΩs your wing?

Pitch: We worked out aerodynamic principles!
YouΥ  ¸ŜǎΣ ōǳǘ Χ Ƙƻǿ ŘƻŜǎ ƛǘ ǘǊŀƴǎǇƻǊǘ ǇŜƻǇƭŜΚ

LƳŀƎƛƴŜ ǘƘŜ ȅŜŀǊ ƛǎ мфлр Χ ǿƘƛŎƘ Řƻ ȅƻǳ ƛƴǾŜǎǘ ƛƴΚ

A physics problem An engineering problem
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The term άfusion energyέ describes a basic physical process for 
producing energy; the complications come from the approach!

ÅFusion is a fundamental process that 
combines two nuclei and releases energy.
LǘΩǎ ƛƳƳŜƴǎŜ ǇǊƻƳƛǎŜ Ƙŀǎ ŎƻƳǇŜƭƭŜŘ ƛǘǎ
pursuit for almost 60 ȅŜŀǊǎΧ

ÅΧōǳǘ ǘƘŜǊŜ ŀǊŜ ǎƻ Ƴŀƴȅ ŀǇǇǊƻŀŎƘŜǎ ǘƻ 
fusion energy that it can be extremely 
ŘƛŦŦƛŎǳƭǘ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ άǿƛƴƴŜǊǎέ ŦǊƻƳ 
άƭƻƴƎ-ǎƘƻǘǎέ ŦǊƻƳ άƭƻǎŜǊǎέΦ

1. The primary purpose of this talk
is to gives you tools to evaluate
fusion energy approaches.
Learn to pick a winner!

2. The secondary purpose is to
motivate why the PSFC is 
using high-magnetic field
tokamaks to achieve fusion
energy on relevant timescales
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WeΩll develop 3 rules as answers to 3 key questions ςexploring the 
relevant physics as we go ςand then put them to use.

Part 1   : Developing άThe Rulesέ for assessing fusion energy concepts

ÅQ1: What are the viable fusion fuels and how do they affect the approach?

ÅQ2: What are the physical conditions required to achieve net fusion energy?

ÅQ3: What fusion energy approaches exist and how should they be evaluated?

Part 2 : MITΩs accelerated pathway to demonstrate net fusion energy
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Part 1   : Developing άThe Rulesέ for assessing fusion energy concepts

ÅQ1: What are the viable fusion fuels and how do they affect the approach?

ÅQ2: What are the physical conditions required to achieve net fusion energy?

ÅQ3: What fusion energy approaches exist and how should they be evaluated?

Part 2 : MITΩs accelerated pathway to demonstrate net fusion energy
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Rearranging the neutrons and protons that form the building blocks of 
atomic nuclei can release enormous amounts of energy

ÅProtons and neutrons are held together in the nucleus by the
strong nuclear force, which overcomes Coulomb repulsion

Strong nuclear force
nҭ n nҭ p pҭ p

Coulomb repulsion
pҭ p
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Rearranging the neutrons and protons that form the building blocks of 
atomic nuclei can release enormous amounts of energy

ÅProtons and neutrons are held together in the nucleus by the
strong nuclear force, which overcomes Coulomb repulsion

ÅNuclear physics makes configurations of protons and neutrons different:
Å{ƻƳŜ ƴǳŎƭŜƛ άƭƛƪŜέ ǘƻ ōŜ ǘƻƎŜǘƘŜǊ ŀƴŘ ǊŜǉǳƛǊŜ ƭŜǎǎ άōƛƴŘƛƴƎ ŜƴŜǊƎȅέ
Å{ƻƳŜ ƴǳŎƭŜƛ άŘƛǎƭƛƪŜέ ōŜƛƴƎ ǘƻƎŜǘƘŜǊ ŀƴŘ ǊŜǉǳƛǊŜ ƳƻǊŜ άōƛƴŘƛƴƎ ŜƴŜǊƎȅέweakly

bound

binding energy

per nucleon

tightly

bound

1
H

2
He

56Fe

238U

atomic masslight heavy

Zero
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Rearranging the neutrons and protons that form the building blocks of 
atomic nuclei can release enormous amounts of energy

ÅProtons and neutrons are held together in the nucleus by the
strong nuclear force, which overcomes Coulomb repulsion

ÅNuclear physics makes configurations of protons and neutrons different:
ÅSome nuclei άlikeέ to be together and require less άbinding energyέ
ÅSome nuclei άdislikeέ being together and require more άbinding energyέ

ÅChanging the configuration can make unneeded binding energy available
ÅFission:splitting a single weakly bound nuclei (e.guranium)

weakly

bound

binding energy

per nucleon

tightly

bound

1
H

2
He

56Fe

238U

atomic masslight heavy

fission

Binding energy released
per nucleon in fission
~0.9 MeV (~10-14 J)

Zero
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Rearranging the neutrons and protons that form the building blocks of 
atomic nuclei can release enormous amounts of energy

weakly

bound

binding energy

per nucleon

tightly

bound

1
H

2
He

56Fe

238U

atomic masslight heavy

fusion

ÅProtons and neutrons are held together in the nucleus by the
strong nuclear force, which overcomes Coulomb repulsion

ÅNuclear physics makes configurations of protons and neutrons different:
ÅSome nuclei άlikeέ to be together and require less άbinding energyέ
ÅSome nuclei άdislikeέ being together and require more άbinding energyέ

ÅChanging the configuration can make unneeded binding energy available
ÅFission: splitting a single weakly bound nuclei (e.guranium)
ÅFusion: combining two weakly bound nuclei (e.g. hydrogen into helium)

Binding energy released
per nucleon (H Ҧ He):

~7 MeV (~10-14 J)

Zero
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Two basic physical quantities fundamentally set fusion fuel viability:
(1) the reaction energetics (input, output); (2) the reaction probability

Reaction energetics Reaction probability

Ὗ
ρ

τ“

ὗὗ

ὶ

Input energy:
The energy provided to ions to
overcome the Coulomb barrier
must be reasonably achievable

TT

r

~10-15 m

Q1 Q2

+

+

+

+
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Two basic physical quantities fundamentally set fusion fuel viability:
(1) the reaction energetics (input, output); (2) the reaction probability

Reaction energetics Reaction probability

Ὗ
ρ

τ“

ὗὗ

ὶ

Input energy:
The energy provided to ions to
overcome the Coulomb barrier
must be reasonably achievable

Output energy:
Energy released from reaction
must not only be net positive
but sufficiently large enough
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Two basic physical quantities fundamentally set fusion fuel viability:
(1) the reaction energetics (input, output); (2) the reaction probability

Reaction energetics Reaction probability
Fusion reaction cross section
The probability that two nuclei will fuse must 
be sufficiently high. Probability is not simple
but governed by quantum and nuclear physics

Ὗ
ρ

τ“

ὗὗ

ὶ
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Ὗ
ρ

τ“

ὗὗ

ὶ

Two basic physical quantities fundamentally set fusion fuel viability:
(1) the reaction energetics (input, output); (2) the reaction probability

Reaction energetics Reaction probability
Fusion reaction cross section
The probability that two nuclei will fuse must 
be sufficiently high. Probability is not simple
but governed by quantum and nuclear physics

The ideal fusion fuel will have:

1. Low input energy to induce a fusion reaction
ÅTechnologically easier to achieve
ÅEconomically requires less input energy

2. A high probability of fusion 

3. High output energy for converting to electricity
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Input nucleus 2 Neglect:

¶Nuclei with t1/2 < 1 min

¶3-body fusion

In
p

u
t 

n
u

c
le

u
s
 1

1H
2H
3H
3He
4He
6Li
7Li
7Be
9Be
10Be
10B
11B
11C
12C
13C
14C

1H
2H

3H
3He

6Li

4He

-0.76 MeV

Theoretically
feasible

Borderline

Not feasible

-2.1 MeV

Negligible

LetΩs take a closer look at combining nuclides and assess what 
combinations might be attractive for fusion fuels 
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Input nucleus 2

In
p

u
t 

n
u

c
le

u
s
 1

1H
2H
3H
3He
4He
6Li
7Li
7Be
9Be
10Be
10B
11B
11C
12C
13C
14C

1H
2H

3H
3He

6Li

4He

Z1Z2²8

Coulomb barrier

is too high

Z1Z2²7 Coulomb barrier is too high

-0.76 MeV

-2.1 MeV

Negligible

The fusion reaction energy and probability dramatically restrict viable 
fusion fuels

Reason

Coulomb barrier 
too high

Neglect:

¶Nuclei with t1/2 < 1 min

¶3-body fusion

Theoretically
feasible

Borderline

Not feasible
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Input nucleus 2

In
p

u
t 

n
u

c
le

u
s
 1

1H
2H
3H
3He
4He
6Li
7Li
7Be
9Be
10Be
10B
11B
11C
12C
13C
14C

1H
2H

3H
3He

6Li

4He
Negligible except
stellar 3afusion

1.9 MeV
1x10-4 b at 400 keV

1.4 MeV
>10-25 b at >1 MeV

5.5 MeV
10-6 b at 1 MeV

Z1Z2²8

Coulomb barrier

is too high

Z1Z2²7 Coulomb barrier is too high

19.8 MeV
Negligible

-0.76 MeV

17.3 MeV
0.006 b at 400 keV

7.6 MeV
0.001 b at 500 keV

0.14 MeV
2x10-6 b at 600 keV

1.1 MeV
0.2 b at 1 MeV

16.9 MeV
>0.03 b at >1 MeV

-2.1 MeV

Negligible
1.5 MeV

10-7 b at 700 keV

The fusion reaction energy and probability dramatically restrict viable 
fusion fuels

Reason

Cross section
too low

Neglect:

¶Nuclei with t1/2 < 1 min

¶3-body fusion

Theoretically
feasible

Borderline

Not feasible
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Input nucleus 2 Neglect:

¶Nuclei with t1/2 < 1 min

¶3-body fusion

In
p

u
t 

n
u

c
le

u
s
 1

1H
2H
3H
3He
4He
6Li
7Li
7Be
9Be
10Be
10B
11B
11C
12C
13C
14C

1H
2H

3H
3He

6Li

4He
Negligible except
stellar 3afusion

1.9 MeV
1x10-4 b at 400 keV

1.4 MeV
>10-25 b at >1 MeV

5.5 MeV
10-6 b at 1 MeV

12.9 MeV
>0.15 b at >3 MeV

8.7 MeV
0.8 b at 600 keV

4.0 MeV
0.2 b at 2 MeV

Z1Z2²8

Coulomb barrier

is too high

Z1Z2²7 Coulomb barrier is too high

19.8 MeV
Negligible

-0.76 MeV

13 MeV
>0.2 b at >450 keV

11.3 MeV
0.16 b at 1 MeV

5.0 MeV
0.1 b at 1 MeV

17.3 MeV
0.006 b at 400 keV

7.6 MeV
0.001 b at 500 keV

2.1 MeV
0.4 b at 300 keV

8.7 MeV
0.4 b at 500 keV

0.14 MeV
2x10-6 b at 600 keV

7.5 MeV
0.3 b at 900 keV

5.7 MeV
0.3 b at 1.3 MeV

1.1 MeV
0.2 b at 1 MeV

2.5 MeV

15.1 MeV
>0.5 b at >1 MeV

16.8 MeV

11-18 MeV8.9 MeV
>0.2 b at >4 MeV

16.9 MeV
>0.03 b at >1 MeV

16.1 MeV -2.1 MeV

Negligible
1.5 MeV

10-7 b at 700 keV
1.6 MeV

10.5 MeV

8.6 MeV

9.2 MeV
>0.2 b at >1 MeV

13.8 MeV
>0.1 b at >1 MeV

7.2 MeV
>0.1 b at >1 MeV

9.6 MeV
>0.1 b at >2 MeV

11.3 MeV

The fusion reaction energy and probability dramatically restrict viable 
fusion fuels

Reason

Energy out + cross
section are weak

Theoretically
feasible

Borderline

Not feasible

weakly

bound

binding energy

per nucleon

tightly

bound

1
H

2
He

56Fe

238U

atomic masslight heavy
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Input nucleus 2 Neglect:

¶Nuclei with t1/2 < 1 min

¶3-body fusion

In
p

u
t 

n
u

c
le

u
s
 1

1H
2H
3H
3He
4He
6Li
7Li
7Be
9Be
10Be
10B
11B
11C
12C
13C
14C

1H
2H

3H
3He

6Li

4He
Negligible except
stellar 3afusion

1.9 MeV
1x10-4 b at 400 keV

3.65 MeV
>0.1 b at >150 keV

17.6 MeV
5 b at 80 keV

18.3 MeV
0.8 b at 300 keV

1.4 MeV
>10-25 b at >1 MeV

5.5 MeV
10-6 b at 1 MeV

12.9 MeV
>0.15 b at >3 MeV

8.7 MeV
0.8 b at 600 keV

4.0 MeV
0.2 b at 2 MeV

Z1Z2²8

Coulomb barrier

is too high

Z1Z2²7 Coulomb barrier is too high

19.8 MeV
Negligible

-0.76 MeV

13 MeV
>0.2 b at >450 keV

11.3 MeV
0.16 b at 1 MeV

5.0 MeV
0.1 b at 1 MeV

17.3 MeV
0.006 b at 400 keV

7.6 MeV
0.001 b at 500 keV

2.1 MeV
0.4 b at 300 keV

8.7 MeV
0.4 b at 500 keV

0.14 MeV
2x10-6 b at 600 keV

7.5 MeV
0.3 b at 900 keV

5.7 MeV
0.3 b at 1.3 MeV

1.1 MeV
0.2 b at 1 MeV

2.5 MeV

15.1 MeV
>0.5 b at >1 MeV

16.8 MeV

11-18 MeV8.9 MeV
>0.2 b at >4 MeV

16.9 MeV
>0.03 b at >1 MeV

16.1 MeV -2.1 MeV

Negligible
1.5 MeV

10-7 b at 700 keV
1.6 MeV

10.5 MeV

8.6 MeV

9.2 MeV
>0.2 b at >1 MeV

13.8 MeV
>0.1 b at >1 MeV

7.2 MeV
>0.1 b at >1 MeV

9.6 MeV
>0.1 b at >2 MeV

11.3 MeV

The fusion reaction energy and probability dramatically restrict viable 
fusion fuels: only ~0.2% of all known isotopes even approach viability!

Theoretically
feasible

Borderline

Not feasible
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2
7

Theoretically
feasible

Fuel
(Input)

Exhaust
(output)

Energy gain
(MeV)

Cross section
(barn)

D + T 4He + n 17.6 5.0 @  80 keV

D + D 
T + p (50%)

3He + n (50%)
3.7 0.1 @150keV

D + 3He 4He + p 18.3 0.8 @300keV

p + 11B 3 4He 8.7 0.8 @ 600 keV

Only 4 fusion fuels are considered practical for energy production. 
Their feasibility rank depends most strongly on required input energy. 
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Because the probability of scattering dominates fusion for all fuels, the 
fuel must be arranged to allow many fusion attempts with fuel loss!

ÅCoulomb scattering provides a fundamental
challenge to getting enough fusion reactions

The bane of fusion energy

Fusion
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Because the probability of scattering dominates fusion for all fuels, the 
fuel must be arranged to allow many fusion attempts with fuel loss!

ÅCoulomb scattering provides a fundamental
challenge to getting enough fusion reactions

ÅOvercoming Coulomb scattering requires
keeping fuel around long enough to get
many chances. We call this άconfinementέ.

+

+ +

+

++

+

+ No confinement:
Å Particles scatter and are lost
Å No fusion occurs

Ideal confinement
ÅWho cares if particles scatter?
Å Fusion occurseventually
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Because the probability of scattering dominates fusion for all fuels, the 
fuel must be arranged to allow many fusion attempts with fuel loss!

ÅCoulomb scattering provides a fundamental
challenge to getting enough fusion reactions

ÅOvercoming Coulomb scattering requires
keeping fuel around long enough to get
many chances. We call this άconfinementέ.

ÅConfinement of particles at these energies
creates the conditions of a plasma
Å Ionized gas (άfluidsέ of electrons and ions)
ÅDominated by collective behavior
ÅEnergy of the system is best described

as a temperature
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3
1

Theoretically
feasible

Rank
Fuel

(Input)
Exhaust
(output)

Energy gain
(MeV)

Peak reactivity
[m-3 s-1]

1 D + T 4He + n 17.6 1x10-18 @  15keV

2 D + D 
T + p (50%)

3He + n (50%)
3.7 1x10-20 @20 keV

3 D + 3He 4He + p 18.3 2x10-20 @50keV

4 p + 11B 3 4He 8.7 3x10-21 @ 150 keV

Only 4 fusion fuels are considered practical for energy production. 
Their feasibility rank depends most strongly on required temperature

Primary condition: the required temperature must be practically achievable
ÅThis turns out to be so important as to determine the ranking

175,000,000

232,000,000

580,000,000

1,740,000,000

Temperature
[K / C / F]
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3
2

Theoretically
feasible

Only 4 fusion fuels are considered practical for energy production. 
Their feasibility rank depends most strongly on required input energy 

Rank
Fuel

(Input)
Exhaust
(output)

Energy gain
(MeV)

Peak reactivity
[m-3 s-1]

1 D + T 4He + n 17.6 1x10-18 @  15keV

2 D + D 
T + p (50%)

3He + n (50%)
3.7 1x10-20 @20 keV

3 D + 3He 4He + p 18.3 2x10-20 @50keV

4 p + 11B 3 4He 8.7 3x10-21 @ 150 keV

Primary condition: the required temperature must be practically achievable
ÅThis turns out to be so important as to determine the ranking

Secondary condition: the reactivity and energy gain must be large
ÅThese conditions are necessary but not sufficient
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4He n

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

TD άNeutronicέ
fuels
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4He n

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

TD

Turbine Generator

Heat conversion and
fuel generation

The neutron 
generates heat

άNeutronicέ
fuels
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4He n

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

TD

Turbine Generator

Heat conversion and
fuel generation

T

The neutron 
generates heat

The neutron
generates fuel

άNeutronicέ
fuels
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4He n

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

TD

Turbine Generator

Heat conversion and
fuel generation

Helium nuclei
transfer energy

to D and T

T

The neutron 
generates heat

The neutron
generates fuel

άNeutronicέ
fuels
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n

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

TD

Turbine Generator

Heat conversion and
fuel generation

Helium nuclei
transfer energy

to D and T

T

The neutron 
generates heat

The neutron
generates fuel

4He

Heat and particle
exhaust

e-

Photons
radiate
power

άNeutronicέ
fuels

Turbine

Generator
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p

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

D

4He

3He άAneutronicέ
fuels
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p

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

DProduct nuclei
transfer energy

to D and T

4He

Heat and particle
exhaust

e-

3He

Turbine

Generator

Photons
radiate
power

άAneutronicέ
fuels
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p

The exhaust products of the viable fusion fuels determine how fusion 
energy is converted to electricity. 

DProduct nuclei
transfer energy

to D and T

4He

Heat and particle
exhaust

e-

3He

Direct
energy

conversion?Turbine

Generator

Photons
radiate
power

άAneutronicέ
fuels
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Q1: What are the viable fusion fuels and how do they affect the approach?

Rule 1 
Fuel choice fundamentally sets the

difficulty of any approach to fusion energy

D-T fuel is the easiest by far.
D-D and D-3He increasingly difficulty.

p-11B possibly infeasible; other fuels are not viable.

Questions you should ask:

άWhat fusion fuel are they using? Do they acknowledge difficulties?έ
άHow do they propose conversion to electricity?έ
άHow mature and demonstrated is this technology?έ
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Part 1   : Developing άThe Rulesέ for assessing fusion energy concepts

ÅQ1: What are the viable fusion fuels and how do they affect the approach?

ÅQ2: What are the physical conditions required to achieve net fusion energy?

ÅQ3: What fusion energy approaches exist and how should they be evaluated?

Part 2 : MITΩs accelerated pathway to demonstrate net fusion energy
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The conditions for burning wood (net chemical energy release) are
roughly analogous for burning a plasma (net fusion energy release) 

Wood density Wood temperature Energy confinement
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The conditions for burning wood (net chemical energy release) are
roughly analogous for burning a plasma (net fusion energy release) 

Plasma density Plasma temperature Energy confinement

n x T xŰE
¢ƘŜ ǘƘǊŜŜ ǘƘƛƴƎǎ ǊŜǉǳƛǊŜŘ ŦƻǊ Ŧǳǎƛƻƴ ŜƴŜǊƎȅ Χ ƪƴƻǿƴ ǎƛƴŎŜ мфррΗ
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

ὗ
ὊόίὭέὲὩὲὩὶὫώέόὸὴόὸ

ὉὲὩὶὫώὭὲὴόὸ
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

Moving into the upper-right corner
has been the primary goal of fusion
energy research for almost 60 years Χ
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

Moving into the upper-right corner
has been the primary goal of fusion
energy research for almost 60 years Χ

This turns out to be enormously difficult
Å Moving orders of magnitude in

dimensional, absolute parameters

Å Unknown unknowns (plasma instabilities)
wait to destroy your fusion energy dreams

List of known
plasma instabilities

from Wikipedia

Be verywary of extrapolation
ƛƴ ǘƘƛǎ ǎǇŀŎŜ Χ
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

What does this mean for
fusion energy concepts?

[ŜǘΩǎ ƳŀƪŜ ŀ ǎƛƳǇƭŜ ŀƴŀƭƻƎȅΧ
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

Fusion energy: The Ride!
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

Fundamental physics is not yet viable
Reactor engineering is wasted effort
Grandiose reactor claims are exploitative
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Visualizing the Lawson criterion is a powerful way to assess how close 
a particular fusion concept is to achieving the necessary conditions

Physics is nearing full demonstration
Reactor engineering seems justified
Reactor claims are reasonable


