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Energy use correlates with many qualtiife metricsX Ps FC

Child mortality [per 1000] UN Human Development Index Average income per person
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Statistics and plots from gapminder.org/tools
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Unfortunately, so does G@roduction Ps FC

Child mortality [per 1000] UN Human Development Index Average income per person
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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 termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

AFusion is a fundamental process that

combines two nuclei and releases energy.

Its Immense promise has compelled |ts
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The termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

Advantages of fusion over fossil fuels
A No carbonSOMNOX, particulate emissions
A Inexhaustiblduel supply
A Thousands to milliens of years
A Fuels equally-acéessible to all
A No large scale extraction+ transport of fuels
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The termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

Advantages of fusion over other renewables:
A High power density land use

A High power density materials use

A On when it is wanted

A Site where it is needed

A Plugs into established grids
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The termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

Advantages of fusion over nuclear fission energy
A No chain reaction = no possibility of a melt dowr
A No longlived nuclear waste for deep storage
A Lower level activation of components
A Low proliferation risk
A No need for fissile materiag(g.U, Pu)
A Nonfusion clandestine use highly infeasible
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The termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

Advantages of fusion over fossil fuels
A No carbonSOMNOX, particulate emissions
A Inexhaustiblduel supply
A Thousands to millions of years
A Fuels equally accessible to all
A No large scale extraction+ transport of fuels

A Site where it is needed
A Plugs into established grids

Water .
Advantages of fusion over other renewables:
/ Energy-in\ A High power density land use
. A High power density materials use
Deuterium ‘ ﬂ ' Deuterium A On when it is wanted

8

Helium-3 ' . neutron

10 to e° times the Energy-in

Advantages of fusion over nuclear fission energy
A No chain reaction = no possibility of a melt dowr
A No longlived nuclear waste for deep storage

A Lower level activation of components
A Low proliferation risk

A No need for fissile materiag(g.U, Pu)

A Nonfusion clandestine use highly infeasible
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The termdfusion energy describes a basic physical process for P s F C
producing energy; the complications come from the approach!

20" ANNIVERSARY |
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l Fusion or
llusion?

AXbut there are so many approaches to
fusion energy that it can be extremely
difficult to distinguishowinners from
dong-shots from dosers.

A This is true of the layperson,
interested reader, investor,
and even fusion scientist!

e - A ""':vzs,;-«'w
-~ A Star in a Bottle |z,
O TRI ALPHA ENERGY [l

leading the way to the future...
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The termdfusion energy describes a basic physical process for
producing energy; the complications come from the approach!

20" ANNIVERSARY
10 MEGAWATTS

The ability to evaluate complicated technology is about asking the right question |
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A physics problem

N ‘:ié)

An engineering problem
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The termdfusion energy describes a basic physical process for Ps FC
producing energy; the complications come from the approach!

1. The primary purpose of this talk ® 2. The secondary purpose is to
is to gives you tools to evaluate q == motivate why the PSFC is
fusion energy approaclhes. °\> using highmagnetic field
Learn to pick a winner'! ~ O tokamaks to achieve fusion

o .
energy on relevant timescales
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Wedl develop3 rules as answers t8 key guestiong exploring the PS FC
relevant physics as we gaand then put them to use.

Partl : DevelopingiThe Rulesfor assessing fusion energy concepts

AQL: W
AQ2: W
AQ3: W

nat are the viable fusion fuels and how do they affect the approach?
nat are the physical conditions required to achieve net fusion energy?

nat fusion energy approaches exist and how should they be evaluatec

Part2 : MITQ accelerated pathway to demonstrate net fusion energy
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PSFC

AQL: What are the viable fusion fuels and how do they affect the approach?
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Rearranging the neutrons and protons that form the building blocks of Ps FC
atomic nuclel can release enormous amounts of energy

A Protons and neutrons are held together in the nucleus by the
strong nuclear forcgwhich overcome§&oulomb repulsion

Strong nuclear force
ar nny ppt p

Coulomb repulsion
PT P
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Rearranging the neutrons and protons that form the building blocks of PS FC
atomic nuclei can release enormous amounts of energy

binding energy

per nucleon A Nuclear physics makes configurations of protons and neutrons different:
ZerO----aTipr--- A{2YS ydzOf SA afA1S¢ 02 06S 023ISUKS
weakly A{2YS ydzOft SA aRA&AfA1S¢ O6SAy3a 0z23S
bound
238U
tightly | /
bound >
light atomic mass heavy
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Rearranging the neutrons and protons that form the building blocks of PS FC
atomic nuclei can release enormous amounts of energy

binding energy
per nucleon
Zero____,T.iT_r__.
weakly
bound A Changing the configuration can make unneeded binding energy available
A Fissionsplitting a single weakly bound nucleiguranium)

® fission __ 238 l
tightly |, 56 f/ _______ - Binding energy r(_elegsed
bound | He ~—(Y — ________ I — per nucleon in fission
light atomic mass heavy T ~0.9MeV (4014)J)
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Rearranging the neutrons and protons that form the building blocks of Ps FC
atomic nuclel can release enormous amounts of energy

binding energy

per nucleon
A =] (o [ WS [
*T -
weakly
bound A Changing the configuration can make unneeded binding energy available
A Fusion:combining two weakly bound nucle..hydrogen into helium)
fusion o
Binding energy released

per nucleon (HpHe):
~7 MeV (4014)

238U
tightly
bound

>
light atomic mass heavy
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Two basic physical quantities fundamentally set fusion fuel viability: Ps FC
(1) the reaction energetics (input, output); (2) the reaction probability

Reaction energetics

Input energy: Q, Q,

The energy provided to ions tﬂ‘—> 4—@—
overcome the Coulomb barrier <

must be reasonably achievable ‘®_
. p 0O B i
LT ~10%5m

SPARC UndergrouqdAP2017 CdzaA2y SySNHeé FyR alL¢Qa L

4 A~ v A



Two basic physical quantities fundamentally set fusion fuel viability: Ps FC
(1) the reaction energetics (input, outputR)(the reaction probability

Reaction energetics

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: Ps FC
(1) the reaction energetics (input, outputR)(the reaction probability

Reaction probabillity

Fusion reaction cross section

The probability that two nuclel will fuse must
be sufficiently high. Probabilityrist simple
but governed byjuantum and nuclegrhysics

Actual v
P LU U
.[ 1 T ‘l

Hard sphere

~

Y

Cross section
[arbitrary units]

U
Kinetic energy [keV]
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Two basic physical quantities fundamentally set fusion fuel viability: Ps FC
(1) the reaction energetics (input, outputR)(the reaction probability

p—

Reaction probabillity

The ideal fusion fuel will have:

A Technologically easier to achieve

2. A high probability of fusion

A Economically requires less input energy

I fuse must
' simple

1. Low input energy to induce a fusion reaction  |egshysics

p UV
.[uT ‘l

A%

3. High output energy for converting to electricity [d sphere

SN

—

45

—

Kinetic energy [keV]
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LetQ take a closer look at combining nuclides and assess what Ps FC

combinations might be attractive for fusion fuels

0 Input nucleux2

IH

°H

°H

3H

°H

*He

Th oregfglly

easl Neglect:

Borderline | T Nucleiwith t;), <1 min
1 3-body fusion

Not feasible

*He

4He

4He

OLi

oLi

Li

Be

Be

10Be

Input nucleus 1

NUCLIDES

108

118

11C

12C

13C

14C
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The fusion reactioenergyand probability dramatically restrict viable Ps FC

fusionfuels

Reason

Coulomb barrier
too high

0,
—:. > @:—

r

=@+)=

—F
m-lu-15

m

Input nucleus 1

H

IH

°H

Input nucleux2

°H

°H

*H

*He

Th oregféellly

easl Neglect:

Borderline | T Nucleiwith t;), <1 min
1 3-body fusion

Not feasible

*He

4He

4He

oL

oLi

Li

Be

Be

1OBe

108

118

11C
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13C

14C

Z,72,28

Coulo

mb barrier

IS too high
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The fusion reaction energy and probability dramatically restrict viable

PSFC

fusionfuels
Thteoregfally _
Inlet nUCIeUQ easiple Neglect:
Reason 1 Nuclei with t;, <1 min

Cross section
too low

Actual

Hard sphere

Ccross section
[arbitrary units]

Kinetic energy [keV]

Input nucleus 1

Be

1.4 MeV
>1025 b at >1 MeV

°H

5.5 MeV
10 b at 1 MeV

3H

: 1 3-body fusion
Not feasible

-0.76 MeV

*He

19.8 MeV
Negligible

Negligible

1.5 MeV
107 b at 700 keV

16.9 MeV
>0.03 b at >1 MeV

17.3 MeV
0.006 b at 400 keV

0.14 MeV

2x10% b at 600 keV

1.1 MeV
0.2batl1 MeV

1.9 MeV
1x10+4 b at 400 keV

7.6 MeV
0.001 b at 500 keV

Z,Z2,27 Coulomb barrier is too high

Negligible except
stellar 3a fusion

-2.1 MeV

Z,2,28
Coulomb barrier
IS too high
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The fusion reaction energy and probability dramatically restrict viable

PSFC

Theoretically
= nput nucieu CEo) S Neglect:
eason i S Borderline | 1 Nuclei with t;;, <1 min
1.4 MeV H 1 3-body fusion
-25 1
Energy out + cross I o Mo iRl
; 106 b at 1 MeV
section are weak 30 TETYRY He
nding eneray 0.16 b at 1 MeV
per ncien 3He 19.8 MeV 13 MeV 12.9 MeV
e 1 ﬁ Negligible >0.2 b at >450 keV | >0.15 b at >3 MeV
bound P
4 w 1.5 MeV 2.5 MeV 1.6 MeV Negligible except
:5 He Negligible 10 b at 700 keV stellar 3a fusion
(D) 6| j 4.0 MeV 5.0 MeV 16.1 MeV 16.9 MeV 2.1 MeV
28y — 0.2 b at 2 MeV 0.1bat1 MeV >0.03 b at >1 MeV ;
by e~ Fe O 7L 17.3 MeV 15.1 MeV 8.9 MeV 11-18 MeV 8.7 MeV
WO aomicmass  heaw ) RN EY  >0.5 b at >1 MeV| >0.2 b at >4 MeV 0.4 b at 500 keV
C |"Be 0.14 MeV 16.8 MeV 10.5 MeV 11.3 MeV 7.5 MeV
— 2x106 b at 600 keV 0.3 b at 900 keV.
g 2 D 0.4bat300kev | >0.1bat>1MeV | >0.1 b at >2 MeV 0.3batl1.3 MeV
g g Hard sph 1oBe
- ard sphere
2 0.2 b at 1 MeV >0.2 b at >1 MeV .
| 118 8.7 MeV 13.8 MeV 8.6 MeV Coulomb barrier
Kinetic energy [keV) 0.8b at 600keV | >0.1 b at>1 MeV IS too high
11C
12C 1.9 MeV
1x10“ b at 400 keV
13C 7.6 MeV
0.001 b at 500 keV
14C

Z,Z2,27 Coulomb barrier is too high
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The fusion reaction energy and probability dramatically restrict viable
fusionfuels: only ©.2% of all known isotopes even approach viability!

Input nucleusl

Input nucleus 2

PSFC

Theoreticall
l‘eeas%fe y Neglect:
Borderline | T Nuclei with t,, <1 min

1 1.4 MeV - i

H >10-25 b at >1 MeV Not feasible T 3-body fusion
2H 5.5 MeV 3.65 MeV 3H

106 b at 1 Mey >0.1b at >150 keV

3 17.6 MeV _

H 0-70 Mev 5b at 80 keV o.1élb3a{vl 1 ?\/Aev *He
3He 19.8.|\/.IeV 18.3 MeV 13 MeV 12.9 MeV

Negligible (N =R [ O N'GAYA >0.2 b at >450 keV | >0.15 b at >3 MeV

4 " 1.5 MeV 2.5 MeV
B Neigivie 107 b at 700 keV
6|_| 4.0 MeV 5.0 MeV 16.1 MeV
0.2 b at 2 MeV 0.1 b at 1 MeV
7|_| 17.3 MeV 15.1 MeV 8.9 MeV
(ONo[o NI GE\WA  >0.5b at >1 MeV| >0.2 b at >4 MeV
7Be 0.14 MeV 16.8 MeV 10.5 MeV
2x106 b at 600 keV
QBe 2.1 MeV 7.2 MeV 9.6 MeV
0.4bat300kev | >0.1bat>1MeV | >0.1 b at >2 MeV
1OBe
1OB 1.1 MeV 9.2 MeV
0.2batl1 MeV >0.2 b at >1 MeV
1lB 8.7 MeV 13.8 MeV 8.6 MeV
0.8b at600keV | >0.1 b at >1 MeV.
11C
12C 1.9 MeV

1x10+4 b at 400 keV

13C 7.6 MeV
0.001 b at 500 keV

Z,Z2,27 Coulomb barrier is too high

16.9 MeV
>0.03 b at >1 MeV

11-18 MeV

Negligible except
stellar 3a fusion

-2.1 MeV

1.6 MeV

8.7 MeV
0.4 b at 500 keV

7.5 MeV
0.3 b at 900 keV
5.7 MeV
0.3bat 1.3 MeV
2

7,72,28

Coulomb barrier
IS too high

11.3 MeV
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Only4 fusion fuels are considered practical for energy production. Ps FC
Thelir feasibility rank depends most strongly on required input energy.

Fuel Exhaust Energy gain Cross section
(Input) (output) (MeV) (barn)

D+T “He +n 17.6 5.0 @ 80keV
D+D 3;e++pn(?g;/§’,}o) 3.7 0.1 @150keV
D +3He “He +p 18.3 0.8 @300keV
p +11B 34He 8.7 0.8 @ 60keV
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Because the probabillity of scattering dominates fusion for all fuels, thTs FC
fuel must be arranged to allow many fusion attempts with fuel loss!

A Coulomb scattering provides a fundamental The bane of fusion energy

challenge to getting enough fusion reactions
-24

10

-26

o

" Coulomb Scattering

-28 )
i Fusion

Cross—Section (m?)
o

o|
W
o
)

i a s aabaal o o s aaaia e L L LA
1 10 100 1000
Deuteron Energy (keV)
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Because the probabillity of scattering dominates fusion for all fuels, thTs FC
fuel must be arranged to allow many fusion attempts with fuel loss!

. No confinement:
A Particles scatter and are lost

A Overcoming Coulomb scattering requires
A No fusion occurs

keeping fuel around long enough to get
many chances. We call thisonfinement.

-y
- -~

\ .
\ Ideal confinement

' A Who cares if particles scatter-
I:' A Fusion occursventually

———————

29
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Because the probabillity of scattering dominates fusion for all fuels, thTs FC
fuel must be arranged to allow many fusion attempts with fuel loss!

A Confinement of particles at these energies
creates the conditions of a plasma
A lonized gascfluidst of electrons and ions)
A Dominated by collective behavior
A Energy of the system is best described
as a temperature
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Only 4 fusion fuels are considered practical for energy production. PS FC
Thelr feasibility rank depends most strongly on required temperature

Rank Fuel Exhaust Energy gain  Peak reactivity =~ Temperature
(Input) (output) (MeV) [m=s] [K/C/F]
1 D+T “He +n 17.6 1x10% @ 15keV | 175,000,000
2 D+D 3I-—Ire++pn(5(g?)/g)o) 3.7 1x102° @20keV | 232.000.000
3 D +3He “He + p 18.3 2x10%° @ 50 keV
4 p +11B 34He 8.7 3x10%t @|150keV | 1,740,000,000

Primary condition:the required temperature must be practically achievable
A This turns out to be so important as to determine the ranking
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Only4 fusion fuels are considered practical for energy production. PS FC
Thelir feasibility rank depends most strongly on required input energy

Rank Fuel Exhaust Energy gain  Peak reactivity
(Input) (output) (MeV) [m-3s?]
1 D+T “He + n 17.6 1x108|@ 15keV
2 D +D 3I-—Ire++pn(5((5)?§f)’)o) 3.7 1x1029@ 20 keV
3 D +3He “He + p 18.3 2x1029@ 50 keV
4 p +11B 34He 8.7 3x10%! [@ 150keV

Secondary conditionthe reactivity and energy gain must be large
A These conditions are necessary but not sufficient

7 A v A
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

> 8

' T ANeutronic
% fuels

T
/ '\

4He @n

o
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

oNeutronic
D . ' T The neutron fﬂels !
% f generates heat
Y '\
vl o
@

| e

Turbine Generator

Heat conversion and
fuel generation
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

' Te— MNeutronic

\ / fuels
S

% % The neutron

enerates fuel
el o |

s 0=

Turbine Generator

Heat conversion and
fuel generation
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

Helium nuclei D . ' T oNeutronic
transfer energy \ / fuels

toDand T %

e \Q‘\n

s =

Turbine Generator

Heat conversion and
fuel generation
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

D ' ' T éNeutronic
\ / fuels

Photons % &

radiate

Turbiné—) ‘1’\1

<

Turbine Generator

Generator T |
Heat and particle Heat conversion and
exhaust fuel generation
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

> 8

' 3He Aneutronié
/ fuels

T

Y '\
“He @0

o
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

Product nuclei D ' ' SHe AdAneutronic
transfer energy \ / fuels
toDand T %
Photons &
radiate 4 .
power He ®r

=2

Heat and particle
exhaust
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The exhaust products of the viable fusion fuels determine how fusion Ps FC
energy Is converted to electricity.

D ' ' 3He GAneutronié
\ / fuels

Photons f %

radiate aH
e @p
power‘%LL ‘
\,:::1’1 Direct
| energy +
Turblné—) ‘11’1 conversionp v
Generator  — !_l_\ 1
Heat and particle
exhaust
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PSFC

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

Rulel
Fuelchoice fundamentallgets the
difficulty of any approach to fusion energy

D-Tfuel isthe easiest by far.
D-D and 3*He increasingly difficulty.
p-11B possibly infeasible; other fuels are not viable.

Questions you should ask:

OWhatfusion fuelare they using Do they acknowledge difficulties?
oHow do they propose conversion to electrizgty
oHow mature and demonstrated is this technology?
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PSFC

AQ2: What are the physical conditions required to achieve net fusion energy?
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The conditions for burning wood (net chemical energy release) are Ps FC
roughly analogous fdourning a plasma (net fusion energy release)

\ N ?
- \ . N -

ood denéit

Wood temperature Energy confinement

SPARC UndergrouqdAP2017 CdzaAzy SYySNH@ FyR aL¢Qad LI GKgle G2 | O0OStSNIYGSR RSY2y®i



The conditions for burning wood (net chemical energy release) are Ps FC
roughly analogous fdourning a plasma (net fusion energy release)

Plasma density Plasma temperature Energy confinement

l rr
Nx | x

¢CKS OUKNBS GKAYy3Ia NBIdzANBR F2NJ
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

19, N_E= o6 mEiIEamd 6o

§ U ¢ 1 v Y r ’ \

density x 1) | Oe Qi "(Mun) 0 0
confinement time
(nv) 0.1.
[10%° s/m?] §
0.01)
0.001.
0.0001.

T
ion temperature (T,) [keV]
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

Moving into the upperright corner
has been the primary goal of fusion
energy research for almo80 yearsX
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

Beverywary of extrapolation
AY GKA& aLl OS X

10

This turns out to be enormously difficult
A Moving orders of magnitude in
dimensional, absolute parameters

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

List of plasma hatabibties

density x 1
confinement time

(nT) 0.1
[10%° s/m?]

0.01

0.001

v e List ofknown oo
0,001\ % oo plasma instabilities:
0.1 1 10 100 oo from Wikipedia [
ion temperature (T,) [keV] o
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions
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0.01

What does this mean for
fusion energy concepts?

[ SGQa YIS | &AYL
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

10

density x 1
confinement time

(n7) 0.1
[102° s/m?]
0.01
0.001
0.0001
0.1 1 10 100

ion temperature (T) [keV] Fusion energy: The Ride!
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

10

density x 1
confinement time

(n7) 0.1
[102° s/m?]

0.01

I’ Fundamental physics is not yet viable
Reactor engineering is wasted effort
Grandiose reactor claims are exploitati
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Visualizing the Lawson criterion is a powerful way to assess how cIoseP s F C
a particular fusion concept is to achieving the necessary conditions

Physics is nearing full demonstratic

Reactor engineering seems justifie
Reactor claims are reasonable
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