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(Recent) His’r of Fusion

N

Fusion community
comes together —
historic success

Strategic Workshops | ~ Community Planning Workshops
2018 e 2019 2020 s o 2021 ¢ >
National Accdemies/ APS-DPP-CPP / FESAC ./ National A%ccdemies
Dec 2018 Mar 2020 Dec 2020 Feb 2021

A Community Plan for Fusion Energy Powering the Future
and Discovery Plasma Sciences
rt of the 2019-2020 American Physical Society Division of

Final Report of the Commit Strategic Plan for U,

BRINGING

TO THE U.S. GRID

S

We've advoncgd a Ip’r - Here's what we Hey DOE: do what Get going! We need
let’s make a fusion pilot need to do! they said! (but here's design by 2028,
plant by the 2040’s! how much it costs) electricity by 2035!



Outline

* Infroduction to Needs, Potential, and Conditions for Fusion
» Progress Towards Fusion Energy

* Challenges in Developing in Fusion Energy

 Exciting New Era for Fusion Energy Development
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The Future of Our Civilization Depends on Energy
| 'Projgc.tef:i Glf)blall Enelrg.y Il\leecljsl

" 15

Energy Source Needed to Maintain .
< 2°C Mean Temperature Rise ° PrOJeCTed need for ~ 25,000 GW

from non-CO, producing sources

!

25,000 T GW-e plants !l
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We urgently need
carbon-free energy!
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« By 2050, annual global energy
Investment would need o reach
$0.66 T ($23 T cumulative)

N
(=)
N

Producing Sources
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— GDP (2018): US: $21T, China: $14T, UK: $2.9T
— Global cell phone market: $0.55T

Required Electricity Capacity (1000 GW)

CO9 Producing
1 1 1 1 1 1 1 Slources 1 1 l 1 1 1 0
2020 2040 2060 2080 2100

Year

Source: IPCC AMPERE Project, AMPERE-450-FullTech-OPT Scenario

o

Source: IRENA, Global energy transformation, 2019
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Reward of Developing Fusion Energy
Is Well Worth the Risk of Investment

~uel for thousands of years...
No global warming

No high level nuclear waste

No risk of nuclear accident
Available to all nations
Available on-demand

Minimal l[and use
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Fusion Produces Energy By Combining 2 Nuclel Info |

To fuse, two positive charges must have

Helium enough energy to overcome electric repulsion.

Neutron

Deuterium

o

Tritium

/ Potential well:
short-range nuclear
force attracts
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Fusion Produces Energy By Combining 2 Nuclel Info |

To fuse, two positive charges must have

S ~ Helium enough energy to overcome electric repulsion.
/ Potential well:

short-range nuclear
force attracts

Deuterium

« The fused nucleus is in a lower energy
‘ \ state than its isolated components

— The total mass of the product is less than the
sum of the masses of the separate particles

- Energy released depends on binding energy
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Fusion Creates a LOT of Energy

To produce 1000 megawatts electricity for 1 day (enough for a maijor city)

18 million Lb
coal Fuel
Consumed
80

railroad cars
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Fusion Creates a LOT of Energy

——

‘%,

— ———

18 million Lb 1.0 Lb D,
coal Fuel 1.5LbT,
Consumed
80 3
railroad cars water bottles

61 million Lb 2.0Lb
greenhouse Waste helium
gases Produced

28,000 400

33 foot balloons
spheres

To produce 1000 megawatts electricity for 1 day (enough for a maijor city)
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Fusion Creates a LOT of Energy

T S T

To produce 1000 megawatts electricity for 1 day (enough for a major city)

It takes a forest of
15 miillion trees
(~536 square mile areaq)
to absorb this much waste gas!

18 million Lb
coal

80

railroad cars

61 million Lb
greenhouse
gases

28,000
33 foot
spheres
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Fusion Creates a LOT of Energy

To produce 1000 megawatts electricity for 1 day (enough for a major city)

T S T

- The 5" et

e - 74‘_ = o
= _— R e —
e S e e e ]
T e T e N e b i ]
L Ty T R |

D-T Fusion Plant

Energy Density Comparison
DT Fusion: 339 GJ/g DT
Fission: 82 GJ/g U-235

Methane: 20kJ/g CH,
/

Fusion is a million times larger!

20Lb
helium

400

balloons
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Awesome! How Do We Make A Fusion Power Plante

steam turbine generator electrical power distribution

heat source
(burning coal)
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Awesome! How Do We Make A Fusion Power Plante

steam turbine generator electrical power distribution

heat source
(fusion)
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Deuterium-Tritium Fusion is the Main Focus of Research

Reaction cross section

times total energy released
1079

b — —
Ol O' o
’
N N N
» = [

Total reactivity Q. <ov> (MeV m® s7')
=
&

—t
<
N
La
—

5 10 50 100
lon temperature (keV)
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Deuterium-Tritium Fusion is the Main Focus of Research

Reaction cross section

times total energy released
107"%,

* First thing to note, this is hof!
—— — electron-Volt (eV):

o energy imparted to an electron by
passing through a potential of 1V
107%
- 1eV~11,600K
107

— fusion reactors must achieve
temperatures ar least
10x hotter than the Sun!

Total reactivity Q. <ov> (MeV m® s7')
=
x

-h
o
|
~N
&

> 10 o0 1o >Matter is a plasma at these temperatures
lon temperature (keV)

=
—
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Deuterium-Tritium Fusion is the Main Focus of Research

Reaction cross section

times total energy released
107"%,

* D-Tis the “easiest”

— * Fuel cycles like D-D, D-*He, p-''B

— Produce less neutrons, reduces the
requirement for neutron-tolerant
materials in a fusion pilot plant

— Removes need for tritium breeding

— BUT require higher temperatures
than D-T, require novel surface
energy removal fechnology and
configurations

ek —_— —
o - o
J |
N N N
— S

Total reactivity Q. <ov> (MeV m® s7')
=
x

-h
o
|
~N
&

5 10 50 100
lon temperature (keV)

=
—
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DT Fusion Fundamentals

80% of the energy
collected to
generate electricity

"'t Energy Flow

~0.01 MeV
Tritium

Helium

3.5 MeV
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DT Fusion Fundamentals

~0.01 MeV
Tritium

" Helium
80% of the energy  Neutron /
collected to ) @
generate electricity  14.1MeV

.~ 3.5MeV

Deuterium
~0.01 MeV

alpha particle heating:

20% of the energy
stays to sustain
the reaction
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DT Fusion Fundamentals

Fusion reactor would need 1o "breed” tritium

Lithigm

pr

_____
-
S~

Tritium

, " Helium
‘/ Neutron ‘
./ e ‘\9 :'
| 14.1 MeV S SE eV
Helium T

Deuterium

o < Energy Flow

----- >
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DT Fusion Fundamentals

Fusion reactor would need 1o "breed” tritium

1 Tritium

" Helium

14.1 MeV

Deuterium

* Enough deuterium in the ocean to supply 60 billion years
* Enough lithium in land to supply 16k years
—t Particle Flow — atleast 12x more energy than all uranium, thorium, coadl,

—> ooy Floy oil, and natural gas supplies
| * Enough lithium in ocean to supply 30 million years
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Outline

* Infroduction to Needs, Potential, and Conditions for Fusion
* Progress Towards Fusion Energy

* Challenges in Developing in Fusion Energy

 Exciting New Era for Fusion Energy Development
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There Are a Lot of Fusion Concepts Out There

(rough map)
Steady-state
Magnetic Electrostatic :
Confinement Confinement MiEgINELEe
Tokamak Fusor Z, © Pinches
Stellarator Penning trap Solid-liner MTF
Spheromak, Polywell Mag LIF
FRC, RFP General Fusion
Mirrors/GDT Helion
Hyper Jet
(yes, tokamak, others could be ‘pulsed’) Plasma Focus

Pulsed

Inertial
Confinement

Indirect Drive
(NIF)

Direct Drive
(LLE, NRL)

Heavy-ion-beam
driven (LBNL)

Fast/shock
ignifion
Magnetized ICF

Increasing Density

a
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There Are a Lot of Fusion Concepts Out There

Steady-state

Magnetic Elec

Confinement Con
Tokamak

Stellarator Pen

Spheromak, x|
FRC, RFP

Mirrors/GDT m

(yes, tokamak, others could be ‘pulsek

Increasing Density

JQF

TVIAIT L

a
»
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Tokamaks Have Been The Best Performing —
We've Built Over 200 Tokamaks in All of Timel

Start, E O D MAST, E
PBX, UsAY) ToV.E '
NSTX

spherical g D Usa

B stongly shaped Doublet Il, USA 0 —
I divertor JET,E (G0, Py
p isxsusaff) AR
B righ-field T6.R
B superconductive JFT2M, J ' @ JFT-2MU, J
: Diva (JFT-2a), J o
I compression sox. usa & @ RS
]
' DT operation Alcator-A, USA asoex, e © S2/JT60,J  Alcator C-Mod, USA ITER
° 0
o FL.E Alcator-C, USA ;
Pulsator, E o m.ECotnplu-D. g
TRE @ @ DitekE @ reqore
JFT-2, ) ® 1A E
sk o o ‘ PLT, USA SST1, IND .
y @ Ormak, USA
mall Russian devices ’
. we @ T4, RO @r10.r ‘ Tore Supra, € - .
T3,R '
© ATC, USA TFTR, USA KSTAR, S-KOREA

Start of
operation 1960 1970 1980 1990 2000
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There Are a Lot of Fusion Concepts Out There

Steady-state

Magnetic Elec
Confinement Con

Tokamak

Stellarator Per
Spheromak, A 4 7! SENT Y

FRC, RFP v/ ¥ 4 A PR .t
Mirrors/GDT N € " m

(yes, tokamak, others could be ‘pulsek /
AN AT L .aned ICF

a
»

Increasing Density
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There Are a Lot of Fusion Concepts Out There

Pulsed

Inertial
Confinement

Indirect Drive
(NIF)

Direct Drive
(LLE, NRL)

Heavy-ion-beam
driven (LBNL)

Fast/shock
ignifion
Magnetized ICF

Increasing Density

a
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The Triple Product is a Fundamental Figure of Merit

» Self-sustaining fusion reaction requires high fusion gain

* Triple product (Lawson criterion): energy released in fusion
products must exceed the sum of the energy applied 1o heat

nTtg > 2x10%! m3-keV-s (for Q=10)

TN

(enough particles) Temperature
n~2-3x1020 jons/m3 (enough energy)
T~100-200 million K Tg ~1-2 seconds

Confinement
(enough time to collide)
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Triple Product Progress

Triple
Product

23 i
10 — _~ Gain Confours
oo (max. projected) —/ Qi\g.cp =00
- = 10
QT =2
1021 JT-60 — Qi\glcp -1
7‘ 1990°s g QMCF = 0.1
Alcator C\). o TFTR QMCF 0.01
- DIII- D p JET QMCF _ 0,001
® Alcator A C-Mod QMCF 0.0001
101 *ASDEX:U\TFSTX\  @KSTAR 1980’s
TFR —>e * epLr Glo%lslg M2
® EAST
STy 1970°s
17 |
10 T3
S
- Tokamaks have almost
10 reached breakeven (Q=1)
1013 .
T T

Tio, (Ti)n (keV)
lon Temperature

[Wurzel, preprint arxiv.org/abs/2105.10954]



35

Triple Product Progress

1023 — _~ Gain Confours
(max. projected) —1 Qi\g.cp =0
. Qi =10
QT =2
102! b Q=1
0 7\ 1990°S g QMCF = 0.1
Alcator C\). o TFTR QMCF ool
—~ W7-X JET sei T Y
z HD ~&F PP QMCF — 0,001
% @ ®|Alcator A C-Mod Q;ZICF—OOO(H
c’j*" 1019 ASDEX-U NSTX dra AS 1980°s sel T
e o, o
IE TFR —>q ®TLL Gloki vz
. \l—\/ *VV\;X ® EAST
Triple = Ty 1970’s
17 |
Product =" "
e
&~ - Stellarators are
s 10 * HSX catching up
1013 ,
T [ I

Tz‘O; <Tz>n (keV)
lon Temperature

[Wurzel, preprint arxiv.org/abs/2105.10954]



Triple Product Progress

102 — _~ Gain Confours
(max. projected) —1 ngcIlCF 00
QT =10
......... QI\ICF =9
” OMEGA .Y — QMOF — |
10 A\ ........................ 199098 :I QI\ICF_Ol
Alcator C < Ma e
— NOVA e WX QMF = 0.01
2 W LHDY| FIREX S QYCF — 0,001
D @ Alcator A C-Mod S QMCF = 0.0001
221019 ASDEX-U NSTX  oTRgran A5 1980°s o
| e e, @ MAST — Qi =00
g TFR —>¢ ®PIT GlobusM2 | QISF = 0.01
. T: o EAS’f‘ GOL-3
Tiple = o705 = Pinh
\&/ 1017 START ® Tokamak
P rO d U CT Q_\ FRX L - e T{’ \ 401\[ FUZE General Fusion? RFP
*[Eq Yingguang-1 C 2W  RFX-mod * Stellarator
o
= ETA-BETA 11,y 7aP -GDT -  Mirror
2 .5 | et Many recent
S 10 * ZETA  HSX Spheromak
e starfups have FRC
TCSU a ways to go ¢  Spherical Tokamak
ﬁA-BETAI 1 Z Pinch
10" 4 TCS x  Laser ICF
4 MagLIF
1072 107 10° 10 10°

36

Ti07 <Tz>n (keV)

lon Temperature

[Wurzel, preprint arxiv.org/abs/2105.10954]



But Making Electricity Is More Than Just Triple Product

Fusion Triple Product vs. Plasma Duration

10 | .
| | e
S, I =l
(g) 1 ITER|TER I I: 1 ?'
c Long-Pulse 1 I GRS | =
1 | | I | I B
3107 | | I | ! I | -
— I I I I I I =
Y L 1 I I | I I s
o 10 E @ :JT60 | I [ I [ I |
b 10-3 ® TFTR I . I [ I I I =
=) 4 DD 1 | | 1 I Day tMonth | ! [ear | 3
NP W EAST ! | | ! ! ! LlJ =
=10 ¥ - KSTAR : I I : : : : -
= M : Tore Supra ! | [ 3
=, : I TRIAM-1M (5 hours) | I I 3
Stosflewn L1 [Remees
@ W7 X 1 | I [ 1 | | [ I -

% :NSTX

01 1 10 100 1000 104 105 10® 107 108
t (duration) (s)

Significant progress is needed to demonstrate high gain AND
long-duration (or high rep rate?¢) to be relevant for cost-effective,
uninterrupted fusion power production

37
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Why Steady-Statee

Power Plant Optimization Motivates

Steady-State Tokamak Operation

Tokamak

* Efficient conversion of heat to
electricity requires a constant
heat source

— Lifetime of heat exchangers
limited if temperature deviates
by more than a few degrees

— Time without fusion power

Heat Exchanger

WMVAVAVATAYS

between tokamak pulses is too
long (>100 s) for a thermal
reservoir to be practical

— Probability of unscheduled
outage must be very small
-> high reliability needed

133-09/jy 2009 APS Meeting/TCL/2009

Turbine/
Generator

[Tim Luce, APS 2009]
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Why Steady-Statee

Power Plant Optimization Motivates

Steady-State Tokamak Operation

Tokamak

e Efficient conversion of heat to
electricity requires a constant
heat source

— Lifetime of heat exchangers
limited if temperature deviates
by more than a few degrees

Heat Exchanger

— Time without fusion power
between tokamak pulses is too
long (>100 s) for a thermall
reservoir to be practical

Turbine/
Generator

— Probability of unscheduled
outage must be very small
->» high reliability needed

* Pulsed tokamaks can be used in
pairs to yield constant heat
source = capital cost increases
for fixed power

133-09/jy 2009 APS Meeting/TCL/2009

[Tim Luce, APS 2009]



40

Outline

* Infroduction to Needs, Potential, and Conditions for Fusion
» Progress Towards Fusion Energy

* Challenges in Developing in Fusion Energy

 Exciting New Era for Fusion Energy Development



Generating Electricity from Fusion Energy Requires Meeting Three
Scientific/Technological Challenges

Control, sustain, and predict
a high temperature “burning”
1 Tritium plasma to produce neutrons/heat

Helium
Neutron ‘3
9 — —2 gj
14.1 MeV S Mo
Deuterium

""t Particle Flow

= % Energy Flow
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Generating Electricity from Fusion Energy Requires Meeting Three
Scientific/Technological Challenges

Lithium Triium

—r ()

- 2.74 MeV

2.06 MeV

Find materials
that can handle extreme >
conditions of reactor

= X Energy Flow

“4 1 Tritium

Control, sustain, and predict
a high temperature “burning”
plasma to produce neutrons/heat

" Helium
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Generating Electricity from Fusion Energy Requires Meeting Three
Scientific/Technological Challenges

Control, sustain, and predict
a high temperature “burning”
plasma to produce neutrons/heat

Tritium
—r (%

)

7 274 MeV
Neg}ron

A . @ —i
o 14.1 MeV

‘n

2.06 MeV

Find materials
that can handle extreme
conditions of reactor

Harness fusion power
by capturing the energy,
breeding sufficient tritium, and
reliably producing net electricity

—t Particle Flow

- X Energy Flow
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Generating Electricity from Fusion Energy Requires Meeting Three
Scientific/Technological Challenges

Control, sustain, and predict
a high temperature “burning”

/ plasma to produce nevtrons/heat

Much of fusion research has been focused on this ‘first’ step,
so I'll go into a bit more of an overview here (tokaomak-centered).

But achieving fusion energy is critically dependent on
finding the integrated solution to all challenges:

significant, urgent research is needed here
Find materials / (more to come in materials, fuel cycle talks in this course)
that can handle extreme
conditions of reactor

Harness fusion power
by capturing the energy,
breeding sufficient tritium, and
reliably producing net electricity
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Integrated Research Necessary to Produce and Optimize Burning Plasmas

Control, sustain, and predict

Harness fusion power

Find materials
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Integrated Research Necessary to Produce and Optimize Burning Plasmas

Control, sustain, and predict

 Core:

- Generate
heat/neutrons from
fusion reactions

- Contain energy as
long as possible

— Produce optimize
state w/ weak control

Harness fusion power

Find materials
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Integrated Research Necessary to Produce and Optimize Burning Plasmas

 Core:

Control, sustain, and predict

- Generate
heat/neutrons from
fusion reactions

- Contain energy as
long as possible

— Produce optimize
state w/ weak control

Edge/Scrape-Off Layer:

— Mediate core and
divertor coupling

—  Minimize effect of transients
— Screen impurities

Harness fusion power

Find materials
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Integrated Research Necessary to Produce and Optimize Burning Plasmas

Control, sustain, and predict

 Core:

- Generate
heat/neutrons from
fusion reactions

- Contain energy as

long as possible

— Produce optimize
state w/ weak control

Edge/Scrape-Off Layer:

Mediate core and
divertor coupling

Minimize effect of transients
Screen impurities

Find materials

e Divertor:
— Dissipate heat

Harness fusion power

— Shield eroded materials from core
— Exhaust helium “ash”
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Integrated Research Necessary to Produce and Optimize Burning Plasmas

Harness fusion power

Control, sustain, and predict

. e Blanket:
* Core: — Breed fritium
- Generate — Extract heat

heat/neutrons from
fusion reactions

- Contain energy as
long as possible

— Produce optimize
state w/ weak control

— Shield magnets
from neutrons

Find materials

 Edge/Scrape-Off Layer:
— Mediate core and

divertor coupling  Divertor:
— Minimize effect of transients — Dissipate heat
- Screenimpurities — Shield eroded materials from core

— Exhaust helium “ash”
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Some General Considerations About Burning Plasma Access

* Physics of turbulent fransport and
large scale MHD instabilities constrain Bihat's the Imiis '. . |
pressure and temperature gradients @ 2x |

ﬂTTE | |
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Some General Considerations About Burning Plasma Access

* Physics of furbulent transport and |
large scale MHD instabilifies constrain What's the imit2 " .
pressure and temperature gradients @ vax y

HTTE |

Maximum pressure limited by plasma stability:

B =N T/ (B\2 /QHO) < Blimi’r

magnetic field
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Some General Considerations About Burning Plasma Access

» Physics of furbulent tfransport and
large scale MHD instabilities constrain
pressure and temperature gradients

What's the limite

ﬂAX
HTTE

Maximum pressure limited by plasma stability:

B =N T/ (B\2 /QHO) < Blimi’r

magnetic field

Global energy loss time scale:

Tg "'/CI2 /Y
minor radius plasma fransport coefficient

Leading order plasma physics tferm in
fransport scalings is plasma current (l,,):

X~ 1/
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Some General Considerations About Burning Plasma Access

» Physics of furbulent tfransport and
large scale MHD instabilities constrain

What's the limite

pressure and temperature gradients @ 2x
Maximum pressure limited by plasma stability: _ nTTE
B =nT / (B\Q /QHO) < Blimi’r
magnetic field Combining all these:

Global energy loss time scale: NTTg~ B, (aB)?

Tg ~ Q2 /X - /

/ N Rewrite with normalized beta

minor radius plasma transport coefficient BN — B / (lp / q B)
Leading order plasma physics tferm in
fransport scalings is plasma current (1) Hence,

X~ 1 nTTE"BMpQOB
(Bn is limited by plasma stability)
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Burning Plasmas Designs Typically Have
I, > 8 MA, By > 5 T and High Thermal Energy Density

« Design approach: Adopt physics and technology limits for
Bn. Ip, and B; Adjust device size for desired n T ¢

> By >2 I,~815MA; B~59T;, a~1-5m

—1

Q. 1200 : —_— L
Z ACTA, BTN Q>30 i)

= - B=625T
I;é-' F Q ~ 10-25 __
2 B FIRE, Bﬂo} s :
é:- o kgl ACT 4‘8 i +gnitor, B=13T ]
g s0f FDF, B=5Q_4 T< —|5— ~TCrETR, B =54T ITER,B=53T -
L!é — O TR _
g :C-Mo? * gET :
Z o QQ <1 | -

0 Plasma Current (MA)
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What Makes a Burning Plasma Unique?

a-Heating Lo :
S ey Scientific Frontier
. Pfusion . Pa
Q_ Pheat fa_Pa+Pheat
Scientific Q=1 179 Alalr s ’r
Breakeven - o pNha confinemen

___________________________ \

plasma transitions from endothermic to exothermic

Endothermic Exothermic

THe. “\.

Highly non-linear
bbehavior can result



Alpha Parficle Heating has Been Observed in D-T Experiments on
JETand TFTIR at Q < 1

TFTR

ekt [ a—
oy JET
TFTR

i Srn S:J o 45 (1987)
{1994}

10 N
, 1

JET

| | N\
! A, (1987) e
Ve i
| I". | X » ',
! l = I J5
1.1 A 5.0 G. -

=

56



Alpha Parficle Heating has Been Observed in D-T Experiments on

JETand TFTIR at Q < 1

"
(]

TFTR
i ) - D'T. p'l_':, = 5 "\’11:"'
10 e (6 Plasmas)
Te
S5r D Onl
i (17 Plasmas)
ol G. Taylor, J. Strachan |, =
1 1 ] I
Te(DT)‘Te(D)
Measurement
>
o -°
v .
TRANSP -

Fusion power (MW)

n

Prediction ———
1 1 1 1 1 e —

26 28 3.0 3.2
Major Radius (m)

* In both cases, results were consistent with expectations...

TFTR
(1994)

|
|

al h

JET

Te(0) (keV)

)

0

Time (=)

m DT Pulse

* Pulse No: 43011

< ICRH

(0%)

1
0

« What happens as fusion power becomes dominante

(75%)\Tol—4 (50%)
o

—_
*

(92%)

1
1

Pu (Of PICRH) (MW)

But, Q << ]

N JG98.90/7c



Energetic particles interacting with
Alfvén Eigenmode instability in ITER

b -

What Makes a Burning Plasma Unique<

a-Heating
Fraction

Scientific Frontier

B?g;ekn:\f,u:n Alpha confinement N
_ Alpha heating; Alpha effectson  —
=8 0% energefic particle instabilities
5 N — ITER's research goal
Burni _ . rong alpha heating; Non-linear
P:g;‘::\‘g Q=10 67% coupling effects )
HEEhTE Q=20 80% Burn Control; potentially strong
° non-linear coupling
Q=00 100% Ignition




Presence of Alpha Heating Leads to Non-Linear Response of
Plasma Energy to Applied Heating

30 ‘ ]
- ITER 7
- Br=53T |
-~ l,=15MA O
25 — E =6.2m o <O —
R S H-mode D-T o> ]
% - B 24 < |
@ = O A + |
£ O + .
S | S + ]
— 5 e +
— - : % : + H-mode D-D ]
= 0 L O + .
< - O + .
- QO + -
B : + ]
- <<>> - L-mode A B
5 L Ok A
N Yo . v A ]
B N\ i
0. | QA? | | | | | | | ***ignoring impact‘ of L-H ?nd H-LTransiti?n*** i
0 20 40 60 80

Auxillary Heating Power (MW)



Presence of Alpha Heating Leads to Non-Linear Response of
Plasma Energy to Applied Heating
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In a burning plasma, increase in plasma temperature - more alpha production - further increase temperature
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Burning Plasma Access Will Enable Frontier Research in the
Physics of Fusion Plasma Cores

Core physics enabled by burning plasmas .
« Alpha particle physics |

- Will alpha parficles heat as expected in high Q plasmas?
- Will non-linear coupling to instabilities cause significant losses?
- Will new, unexpected phenomena emerge at high alpha power?

- Energy & Particle transport:

- How will burning-plasma-specific conditions (smaller p*, electron heating,
low rotation) affect confinement at high Q¢

- Wil helium ash be fransported efficiently o edge for exhauste

 Self-organization and plasma control

- Will the plasma self organize to an optimal state for confinement & stability?

—If not, how effective will control tools be in producing optimized state?



Fundamental Challenge: Fusion Conditions in Core
Compatible with Edge/Materials

Radial Profile of Density and
Temperature in Plasma Core

100.000 ¢ 1 « Need high core nT for fusion
_ Te core ]
10.000 ¢ T~ =
Core: [ ]
- T~10-30 keV 1.000 n =
P~200-2000 kPa 5 L 5
: 0.100 ¢ : : E
= Closed Field Lines :
(Confined Plasma) i
__ Separatrix: Ll = E
; 1~0.1 keV E j

1 ¥ bort P~0.3-2 kPa 0,001
A B L ST 0_0 0.5 1'0

Normalized Radius (r/a)
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Fundamental Challenge: Fusion Conditions in Core
Compatible with Edge/Materials

Radial Profile of Density and
Temperature in Plasma Core

100.000 - 1+ Need high core nT for fusion
T [ “>need high pedestal height
_ p— < iy /' >(of course) it's limited by stability
Core: L S o meRmosang
: T~10-30 keV 1.000 £ Na rola < 0
P~200-2000 kPa : ’ Q 500
i 8 400
: 0.100 S
" F  ClosedFieldLines /] 2%
(Confined Plasma) Z Y 3@ s
] == e T e ke
: Separatrix: Ui - Ul Edge Ze;estal height
; T~0.1 keV : ) y
1wt port \ P~0.3-2 kPa oot [ . . . ., redestal
B 0.0 0.5 1.0

Normalized Radius (r/a)
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Fundamental Challenge: Fusion Conditions in Core
Compatible with Edge/Materials

Relative Length Along Open Field Line

0.0 0. 5 1.0
100.000E " F ~ 3100.000
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s o
- 0.100 & o 24 0.100
- Closed Field Lines SR ==
(Confined Plasma) I ”'mf’SOL |
_ Separatrix: 0.010 E3 e = 0.010
' E H-mode T i
1~0.1 keV [ “Pedestaln 1 S,
E P~O. 3 2 I<Po 0001 L . . . . . . . . ]0.001
"""""""" 0.0 0. 5 1.0
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7~0.0001 keV
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1M Dorf \

Fundamental Challenge: Fusion Conditions in Core
Compatible with Edge/Materials

Relative Length Along Open Field Line

Core:
T~10-30 k
P~200-20

Separatrix:
T~0.1 keV
P~O. 3 2 I<Po

Mo’renols
T~0.0001 keV

Normalized Radius (r/a)
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Key next step for tokamaks is to find | &
the ‘core-edge’ solution 'é
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Handling the Power Flowing Out of the Plasma is a Serious Challenge

» Best fokamak performance found when hot
particles escaping main plasma are
channeled to a separate region

- Region known as the divertor

 Heat fluxes on material surface can exceed
those of a rocket nozzle

- > 10 MW/m?

» Long time-scale operation (> 30 s) only
possible with effective mitigation measures
and excellent surface cooling
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Handling the Power Flowing Out of the Plasma is a Serious Challenge

» Best fokamak performance found when hot
particles escaping main plasma are
channeled to a separate region

- Region known as the divertor

 Heat fluxes on material surface can exceed
those of a rocket nozzle

- > 10 MW/m?

» Long time-scale operation (> 30 s) only
possible with effective mitigation measures

and excellent surface cooling
Fusion=hard

Q
o
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Outline

* Infroduction to Needs, Potential, and Conditions for Fusion
» Progress Towards Fusion Energy

* Challenges in Developing in Fusion Energy

- Exciting New Era for Fusion Energy Development



Early Rapid Progress Fueled by Abllity to Increase
Facllity Size ...Unfil a Limit was Reached

Required level for fusion energy

Pace of progress
constrained by
required investment
& tfime scale for
new, larger focil/i’ry

Fusion Power
Achieved

Tremendous progress
enabled by bigger,
more capable devices
designed empirically

1970 1980 1990 2000 2010 2020 2030 2040 2050



Lull in Progress Towards Fusion Energy Goal Accompanied by
Tremendous Advances in Physics Understanding

Required level for fusion energy

Fusion Power
Achieved

Tremendous progress in
predictive capabilities,

0‘6

Modest leading to new,
improvements improved approaches
through empirical :
observation ’ Physics
@5 Understanding

1970 1980 1990 2000 2010 2020 2030 2040 2050



Can We Leverage New Capabilities to Accelerate the Timeline?

Required level for fusion energy

+New Technology

Fusion Power
Achieved

Physics
Understanding

1970 1980 1990 2000 2010 2020 2030 2040 2050



ITER Is on the Horizon

Largest scientific _ | | Construction towards 1+
experiment ever built = -~ - plasmais 73% complete

2
B R i
S —— Tl

T e e— TP o




ITER — A Infernational Partnership to Demonstrate the Scientfific
and Technologicol Feasibility of Fusion Energy

DeS|gned 16 produce

500 MW for 400 s
B |

4 1 plasma in 2025
N e————




74

Recent Years Have Seen A Significant Increase in Investment and
Interest in Fusion Energy by the Private Sector
« $2B of investment in last 5 years

» Leveraging DOE programs through
cost-share programs

\ = =il ~
i A v z
i y If Y
Py =
g b, 4 “

SR | 2 i | ——

SN -/ | W ——
™1

CAN A oa i ~

| e

- Have established industry tfrade Sty W'
group to promote common interests & Gotiie

)

okamak
fuse D545 N HPERET
IFTa comeacT ’ PROTON
M r FUSION SYSTEMS . FUSION 9 SCIENTIFIC
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“Creating a Sun on Earth” is a Grand Challenge for the 215" Century

National Academy of Engineering listed Fusion Energy among
14 Grand Challenges for Engineering in the 215 Century

Provide ener
fusion

Human-engineered fusion has been
demonstrated on a small scale. The challenge
is to scale up the process to commercial
proportions, in an efficient, economical, and
environmentally benign way. :

il - ’

75 http://www.engineeringchallenges.org/challenges.aspx
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“Creating a Sun on Earth” is a Grand Challenge for the 215" Century

National Academy of Engineering listed Fusion Energy among
14 Grand Challenges for Engineering in the 215 Century

[/

Thank youl!
| hope you too are thinking...

We need to build a
fusion pilot plant.

Provide energy frm
fusion

Human-engineered fusion has been
demonstrated on a small scale. The challenge
is to scale up the process to commercial

proportions, in an efficient, economical, and
environmentally benign way.

http://www.engineeringchallenges.org/challenges.aspx



Extra Slides
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Fusion is Expensivee Cost in Perspective

ITER construction cost
estimated EUR 17 billion

single B-2 Spirit: $737 million

A

A T

single CV—8cId$$ ircf’r carrier:
$9.8 billion

In fotal, the F-22 Raptor cost
$79.2 billion to develop
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Why is Fusion Taking So Long to Achievee¢

Cumulative global production (TW)

? Let’s have a look at how any new energy source is developed

Saturation:
> 1TW energy production

Linear:
90% of the growth
Need at least 20 billion S/year for
20-30 years to get herel
Exponential: No energy production
Research & Development No money return
Investment for future

Time (y)



World Investment Needed to Reach
EXPONENTIAL GROWTH Phase of Energy Sources
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