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| want to help
design a fusion
pilot plant.



Fusion community
comes together —
historic success

Sirqiegic Workshops Community Planning Workshops

o 2019 2020 _» -~ 2021 2022
N « o
National Academies APS-DPP-CPP FESAC

Dec 2018 Mar 2020 Dec 2020

Powering the Future

ssssssssssssssssssss A Community Plan for Fusion Energy

and Di y Plasma Sci
rt of the 2019-2020 American Physical Society

BURNING PLASMA
RESEARCH

Hey DOE: do what
they said! (but here’s
how much it costs)

We've advanced - Here's what we
let’'s make a fusion need to do!
pilot plant by the
3 2040’s!
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| joined ORNL because of its potential o execute the community plan
Our vision: Fusion energy will be an electricity source for this generation.
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Outline

« Moftivation for magnetic fusion energy

« Challenges and frontiers in developing fusion energy
— Burning plasma and fast-ion physics (focusing on tfokamak)
- Handling reactor conditions
— Capturing the energy

» Progress in enabling more rapid fusion pilot plant design



The Future of Our Civilization Depends on Energy
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Energy Source Needed to Maintain .
< 2°C Mean Temperature Rise ° PrOJeCTed need for ~ 25,000 GW

from non-CO, producing sources
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« By 2050, annual global energy
iInvestment would need to reach
$0.66 T ($23 T cumulative)
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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 Slourcgs 1 1 I 1 1 1 0
2020 2040 2060 2080 2100

Year

Source: IPCC AMPERE Project, AMPERE-450-FullTech-OPT Scenario
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Source: IRENA, Global energy transformation, 2019



Awesome!l How Do We Make A Fusion Power Plante

steam turbine generator electrical power distribution

heat source
(fusion)



Deuterium-Tritium Fusion is the "Easiest”

Reaction cross section

times total energy released
1019, .
« 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
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DT Fusion Fundamentals

~0.01 MeV
Tritium

alpha particle heating:

20% of the energy
stays to sustain
the reaction

80% of the energy  Neutron

collected to O —

generate electricity 141 Mev

Deuterium
~0.01 MeV

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

1.0 Lb D,

2.0Lb
1.5lb T, helium
3 400

water bottles

A balloons
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There Are a Lot of Fusion Concepts Out There

Magnetic Fusion Energy Inertial Fusion Energy

-2 &

IEC

(torsatrons
heliacs)

Direct

. . Lightion beams
LT E 'farl/—f’l- e

Tokamal X Belt F "{E"' Indirect Heavy ion beams

ET . .
. o~ Projectiles
n t "&9‘ @ Fast -

OHTE  Compact \ |iner-fast
Stellarator L(nus slow s Jets CTs
5 J Clusters e S

‘ .Open @ sta-pinch // HE
ion ring
7SS\ electron ring “ ay
Other Uses spheromaJk \ il
i - Z-pirch, hard core
Explosives detection === —==, ,
Me’:ﬁcal Isotopes Sem——3 Dioles EBT Staged, Focus
Fission-fusion -~ - Mult_poles Flow-stabilized

VNS, Transmutatio Toroidal Cusps _
UnerCUSP‘SJQ/ @: Mirrors, GDT, muliple

Propulsion
LENR

2
—

Sono-
Luminescence

Coulomb Barrier
Circumvention

Muon catalysis
Anti-proton catalysis

{cold fusion)

Increasing Density

S. Woodruff, Journal of Fusion
Energy, 23 (2004) 27-40



12

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)



Progress Toward Energy Gain

S.E. Wurzel and S. C Hsu, Physics of Plasmas 29, 062103 (2022)
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Progress Toward Energy Gain

1023 S.E. Wurzel and S. C Hsu, Physics of Plasmas 29, 062103 (2022)
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Making Electricity Is More Than Just Triple Product (or Gain)

Fusion Triple Product vs. Plasma Duration
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e Significant progress is needed to demonsirate high gain AND long-duration
(or high rep rate) to be relevant for cost-effective, uninterrupted power production

— NASEM '21 (informed by utility co.)

Phase 1: =50 MWe peak electricity generation for 23 hours with Qe > 1, closed fuel cycle
Phase 2: Demonstrate heat removal, material erosion, and tritium loss is managed for ~year
Phase 3: Fully define lifetime, availability, and manufactured components of commercial plants
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Outline

« Challenges and frontiers in developing fusion energy
— Burning plasma and fast-ion physics (focusing on tfokamak)
- Handling reactor conditions
— Capturing the energy
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Generating Electricity from Fusion Energy Requires
Meeting Three Scientific/Technological Challenges

SOLENOID COIL

TOROIDAL FIELD COIL

POLOIDAL FIELD COIL

VACUUM VESSEL

HEATING & CURRENT DRIVE ‘ DIVERTOR

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

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

SOLENOID COIL

TOROIDAL FIELD COIL

POLOIDAL FIELD COIL

VACUUM VESSEL

HEATING & CURRENT DRIVE ‘ DIVERTOR

Control, sustain, and predict

a high temperature
“burning” plasma to
produce neutrons/heat

Find materials

that can handle extreme
conditions of reactor

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

MAINTENANCE I} .

\ /
A /

VACUUM VESSEL

=
HEATING & CURRENT DRIVE

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

produce neutrons/heat

I

TOROIDAL FIELD COIL that can handle exireme

.

|D+T + ASHES

PUMPING

5 —-

Find materials

conditions of reactor

ISOTOPE SEPARATION

Harness fusion power
by capturing the energy,
breeding sufficient tritium, and
reliably producing net electricity
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Generating Electricity from Fusion Energy Requires
Meeting Three Scientific/Technological Challenges

S

Let's start here

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

produce neutrons/heat

Find materials
that can handle exireme
conditions of reactor

Harness fusion power
by capturing the energy,
breeding sufficient tritivm, and
reliably producing net electricity
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It’s an exciting time for magnetic fusion energy

Sept 2021

CFS and MIT successfully tested
new, high-field magnet
:%ﬁ";" -3 {’;m'."; ‘«::::‘e,:g Frs f i‘\Jv’

Feb 2022

JET fokamak
announced new record
59 MJ fusion energy
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It’s an exciting time for magnetic fusion energy

Sept 2021

CFS and MIT successfully tested
new, high-field magnet
: ‘R | e LTSS s

Febb 2022

JET fokamak
announced new record
59 MJ fusion energy

The runway was
a tokamak!

Fusion Energy Inspired
Chloé Spring 2023 Collection

FUTURE FUSION  DEC 2022/JAN 2023 ISSUE

How Chloé’s Gabriela Hearst Turned Her Climate

Obsession Into High Fashion



Experiments, along with tremendous progress in predictive
capabilities, are paving the way to a burning plasma

Public Private International

DIlI-D Tokamak (San Diego, CA) SPARC

no plasmgal

£, . i,
v A"' i ,
o I

image credit: CFS/MIT-PFSC

DT, Q=10 for 400 s, 2035¢
power plant scale nuclear facility
35 nations collaborating

DT, Q>1 for 2s,
planned 2025

no DT (so humans can enter)
tons of diagnostics, upgradable

Key point: None of these devices will operate in the conditions
envisioned for a compact fusion pilot plant 2 we must extrapolate

23
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Recent JET DT fusion results in broad agreement predictions

Hybrid scenario DTE2

20Ty BRLRESLE S R R S 2% VR A LR
Modelling performed
I before the experiment
15} CRONOS-TGLF -
JINTRAC-BGB
JINTRAC-QLK
101
Experimental data | /
5 B K g% | 7
O
- O B
i OO Modelling data from J. Garcia et al, |
0 @9 i Nucl Fusion 59 (2019) 086047
0 10 20 30 40

P. [MW]

e But, Q<1

« What happens as fusion
power becomes
dominante
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What Makes a Burning Plasma Unique?¢

a-Heating L :
e 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
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What Makes a Burning Plasma Unique?¢

a-Heating
Fraction

Scientific Frontier

Scientific
Breakeven

Burning
Plasma
Regime

Alpha confinement

Alpha heating; Alpha effects on
energetic particle instabilities

Strong alpha heating; Non-linear
coupling effects

Burn Control; potentially strong
non-linear coupling

Ignifion

— [TER, SPARC




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

30 [ .

i ITER ]

= Br=53T g

- 1,=15MA O

25— R=g62m o oS |

B a=2m _

% =175 ) H-mode D<>T O
x 20 — e < . | b
: - Ko 5 MW Increase in Heating )
% - O A Power Leads to Factor 5 +
B 0 1 1 + B

o 15 S i increase in Energy Content + ]
S > 4 ]
A - : O + )
~— - O 4 H-mode D-D i
o100 O + E
< - O - ]
B < + ]

- S + i

_ <O+ L-mode A i

> L Ok A -

L VQ-',«Y A ]
e ® %

0L @ | ‘ **gnoring impact‘of L-H and H-L Transition** |

0 20 40 60 80

Auxillary Heating Power (MW)

In a burning plasma, increase in plasma temperature - more alpha production - further increase temperature
28



We've made huge progress in understanding tokamak physics
... but there are some outstanding issues

Vertical Displacement Event
Disrupﬁons Plasma Current

instability causes rapid
loss of control,
plasma slams intfo wall

Z (m)

Edge Localized Modes
inherent to ‘high confinement’
(H-mode)
repetitive bursts of plasma

hit the wall

29
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We've made huge progress in understanding tokamak physics
... but there are some outstanding issues

Vertical Displacement Event

Plasma Current

Disruptions

instability causes rapid .
loss of control,
plasma slams intfo wall

A/mf

0.0

Z (m)

Edge Localized Modes

inherent to ‘high confinement’
(H-mode)
repetitive bursts of plasma
hit the wall

power density [MW/m#4]

Transients are very bad for reactors...

105
irreversible
104 disruptions mate-rial
degradation [N
melting,
10° 1 | VDEs coolant leaks,
expensive repairs,
102 downtime
\ ELMs: 1 GW/m?2, 0.5 ms, n >> 10
10
divertor: 5-20 MW/m?, 450 s, n ~ 104
100 | I | | 1 | 1

104 10° 102 10" 10° 10" 102 10°
duration of event [s]
J. Linke, Matter. Radiat. Extremes 4 (2019) 056201



We've made huge progress in understanding tokamak physics
... but there are some outstanding issues

Tearing Modes

VerTigoIYDispIopemenT Event
Disrupﬁons i Plasma Current
. . o o/t cause local

instability causes rapid ’rronspor’r/coolir\g,
loss of control, T o decreased fusion

1x10° perfOrmOnCe
(or worse, grow

& cause disruptions)

plasma slams intfo wall

lon Trajectory =——3»
Fast-Particle
Instabilities

electromagnetic
waves disturb orbits,
cause redistribution
or loss of alphas,
reduce plasma
performance

¢ T — Edge Localized Modes
¥ inherent to ‘high confinement’
(H-mode)
repetitive bursts of plasma
hit the wall

31
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We've made huge progress in understanding tokamak physics
... but there are some outstanding issues

We may be able to control or mitigate, but it increases cost > avoidance is ideal

Vertical Displacement Event

Install coils |
in the walls |

¥~ Edge Localized Modes

. . Plasma Current
Disruptions
¢ 1 ’
- YT

lon Trajectory

Tearing Modes

inject microwaves to
control plasma profiles

Fast-Particle
Instabilities



Example: Fast-ion instabilities can limit performance &
affect requirements for (expensive) external control systems

* In DIII-D, Alfvén Eigenmode induced fast ion transport limits our ability to
achieve steady state scenarios [Holcomb, PoP 22 (2015)], [Heidbrink, PPCF 56 (2014)]

Neutron Rate x1E14

neutrons are volumetric proxy

for fast-ion confinement

classical prediction
(TRANSP)

measured
neutron rate

1000
Time (ms)

—>deficit due to AE’s tfransporting fast ions

2000 3000 4000 5000

Pne (MW)

Neutral Beam Power
Required to Reach By~4.6

s

16 -
Need more power
14 L if fast-ion transport

[Park PoP Q:T 12506 (2018)]

12

10 L 1 1
0.0 03 06 09 1.2
D, (m?/s)

Assumed Fast-lon Transport

In DIII-D we've done experiments to control AEs (by changing current and fast-ion profiles)
and improved fusion performance (By) by 15 % [Collins, IAEA (2021)]

... but do you need/want to control AEs in a reactor?
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Basics of Energetic Particle Transport

EPs are best treated as single particles: collisions are rare, distribution function is complicated

Map of Orbit Topology Spoce
1.4} ]
1.2}

.:/ Fast-ions from neutral beams

Magnetic Moment
unB/E
o
(o)

-20 -1 5 -1 0 -05 00 0.5
P¢/ lI"wall

Toroidal Canonical

Angular Momentum



Basics of Energetic Particle Transport

EPs are best treated as single particles: collisions are rare, distribution function is complicated

Map of Orbit Topology Spoce Trapped orbit

1.4}
1.2}

Magnetic Moment
unB/E
o
oo

0.6
Passing orbit
0.4 —
0.0L ;
-20-15-10-05 00 0.5 '

P¢/ lI"wall
Toroidal Canonical
Angular Momentum



Basics of Energetic Particle Transport

EPs are best treated as single particles: collisions are rare, distribution function is complicated

Small change in E, P, can

36

Map of Orbit Topology Space

lead to big change in orbit _ 2
14} -
« 1.2} -
=
@ [
1.0 -
§ [
om’
L
e o.
o
©
= 0.
0.2
Projection of 80 keV 0.0 L. | . < PR
D* orbit in DIII-D -2.0 -1.5 -1.0 -0.5 0.0 0.5

P¢/ lI"wall
Toroidal Canonical
Angular Momentum
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AEs are driven by gradients in phase space

drive
E d E d
JEP ﬁEP(i_ If 4 If
w f

Growth rate
driven by gradients
in space and energy

Map of Orbit Topology Space

L

1.2

Magnetic Moment
nB/E

-2.0

1.4]

-15 -1.0 -0.5 0.0 0.5
P(I)/"I’wall

Toroidal Canonical

Angular Momentum

:/ Fast-ions from neutral beams

Locations of possible wave-particle
energy exchange (single AE mode)
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Transport occurs when AEs resonate with fast ions

Whether or not AEs
cause significant
transport depends on
number of fast ions in
that part of phase space.

Magnetic Moment
nB/E

Map of Orbit Topology Space

L

LA L B B I B B B B |

1.4

1.2

.
()

-2.0 -1.5 -1.0 -0.5 0.0 0.5
I:’(I)/"I"wall
Toroidal Canonical
Angular Momentum

1~ Fast-ions from neutral beams

Locations of possible wave-particle
energy exchange (multiple AEs)

A lot of AEs = a lot of
transport of fast ions
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Many overlapping AEs cause ‘stiff’ critical gradient transport

[Collins PRL 116 (2016)]
Fast lon Density Measurements

- ‘Stiff’ Profiles
v

G ¢
0 O N
© O O
o O O

600 -
400 -

200 -
ol t=1030 ms

00 02 04 06 08 1.0
Minor Radius ( p )

Density (ph/s-sR)
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Many overlapping AEs cause ‘stiff’ critical gradient transport

[Collins PRL 116 (2016)]
Fast lon Density Measurements

St Profiles.

'

N G — |
0 O N
© O O
o O O

600 |
400 -

200 -
- t=1030 ms

Density (ph/s-sR)

00 02 04 06 O
Minor Radius ( p,

« Ciritical gradients are ubiquitous phenomenon in nature:
- gradients drive instabilifies
- particles are transported which limits the gradient
—> instabilities stop growing (‘marginal stability’)
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The frontier for energetic particle physics:
Predict the impact of fast ion fransport in fusion pilot plant design

Increasing complexity, physics fidelity, computational cost '\
7 7
Critical gradient models Kick model MEGA model Fully nonlinear, first-principles
TGLF-EP+ALPHA RBQ-1D Podestd et al., Todo et dl., fransport model. Not yet

Bass and Waltz, Gorelenkov et al.,  PPCF 56 055003 (2014)  NF 52 033003 (2012) successfully implemented.

PoP 24, 122303 (2017) NF 58 082016 (2018) ‘ , J
preserve velocity space dependence
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The frontier for energetic particle physics:
Predict the impact of fast ion fransport in fusion pilot plant design

Increasing complexity, physics fidelity, computational cost '\
7 /!

Critical gradient models Kick model MEGA mode| Fully nonlinear, first-principles
TGLF-EP+ALPHA RBQ-1D Podestd et al., Todo et al., lzocnéggmﬁel{ewézgd
Bass and Waltz, Gorelenkov et al.,,  PPCF 56 055003 (2014)  NF 52 033003 (2012) vy imp ‘
PoP 24, 122303 (2017) NF 58 082016 (2018) ‘ , /

/ preserve velocity space dependence
Fast, can check Precise, can check

Will modes be unstable?
« How much impact will transport
have on the scenario?

« Will lost fast ions cause hot spots on the wall?
« How much is current drive and torgue affected?

Good for initial reactor design. Good for fully vetting an operating point.
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The frontier for energetic particle physics:
Predict the impact of fast ion fransport in fusion pilot plant design

Increasing complexity, physics fidelity, computational cost

A

Critical gradient models

ﬁ?alculate Critical Gradienh

(Adjust 0p,/or until y20)
1

Relaxed
B Profile

B fast

!

0 T r, 1
\ Radius /

Calculate EP diffusion

- A 4
Calculate impact on

thermal profiles

~

(10'8/m?3)

< 0.1 E—transport

oo: ..................
00 02 04 06 08 1.0

o.3§-

0.2k

04—

Alphas

Models have predicted significant
fast-ion transport in ITER
[E.M. Bass, IAEA (2018)]

classical
Ewith

r/a

« Pilot plant studies have not traditionally

included physics-based EP transport!
- Need to know alpha heating efficiency, losses

(3.5 MeV alphas to walls will probably destroy stuff)
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Handling the power flowing out of the plasma is a serious challenge

* Plasma particles and energy leak out of the core
plasma and interact with plasma-facing components
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Handling the power flowing out of the plasma is a serious challenge

* Plasma particles and energy leak out of the core
plasma and interact with plasma-facing components

« Escaping particles channeled to a divertor significantly
Increases fusion performance

— Reduces contamination of core plasma by impurities

— Allows better control of the plasma density and
removal of He ash by pumping

I\ 4 /
\ E by . Y /
s 1/ \

7
Ve t
\
7
¥

divertor

.
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Handling the power flowing out of the plasma is a serious challenge

* Plasma particles and energy leak out of the core
plasma and interact with plasma-facing components

« Escaping particles channeled to a divertor significantly
Increases fusion performance

— Reduces contamination of core plasma by impurities

— Allows better control of the plasma density and
removal of He ash by pumping

divertor “

 BUT heat fluxes on material surface can
exceed arocket nozzle (>10 MW/m?)

* Long fime-scale operation (> 30 s)
only possible with effective mitigation
measures and excellent surface cooling



Issues need 1o be solved in an infegrated way, not in isolation:
The plasma scenario & compactness will be limited by engineering

Control, sustain, and predict

Harness fusion power

Blanket:

\ — Needs to breed tritium

) (so don't want too
many holes for heating
& current drive)

— Extract heat

— Shield magnets
from neutrons

e Core:

- Generate
heat/neutrons from g N
fusion reactions

- Contain energy as
long as possible 2 9

-~ Produce optimized
state w/ weak control

Find materials

« Edge/Scrape-Off Layer:
— Don’t melt the (thin) wall
— Don't pollute the core e Divertor:
— Exhaust helium “ash”
— Dissipate heat
B ¥OAK RIDGE — Shield eroded materials from core

National Laboratory
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We are working to find better tokamak operating points

Fusion Power

Luce APS 2009

CUI' rep t lelt

onventiona

a

State

0g5 =19

Gg5=6

Steady Pysg

BN=3

Equilibrium Limit

Bootstrap Current Fraction




We are working to find better tokamak operating points

Luce APS 2009
Qg5 =3
Qo5 =4 The Amazing Bootstrap Current:

- | Due to gradients in density and
g Advanged = temperature, more frapped
S | Inducfive . Qo5 = 9 | g particles move in the toroidal
o %0 | direction, driving current.
S 3 % - E
@ | 3 S, 995=6 Z
> = ¢ b=
LL o a3

- s : E

S |
onventiona Steady By=g
a State
BN - 3
| | |
Bootstrap Current Fraction —
i Tokamak top view of
(Plasma creates its own currentl) trapped ion orbits




50

We are working to find better tokamak operating points

B :
ratio of thermal/magnetic
pressure

q.
ratio of field line
toroidal/poloidal furns

(high current 2 low q)

Fusion Power

Luce APS 2009

CUI' T ent le[t

onventiona

a

State

dg5 =9

Qo5=6

Steady BPysg

BN=3

Equilibrium Limit

Bootstrap Current Fraction




We are working to find better tokamak operating points

Luce APS 2009

Fusion Power

Equilibrium Limit

pulsed: ramp
central solenoid

l.e. ITER, SPARC

steady-state: all current is
externally applied or self-
driven (no ohmic current
induced by solenoid)

BN=3

Bootstrap Current Fraction
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We are working to find better tokamak operating points

Luce APS 2009 !
Ggs =3 |
high fusion power, but =4 |
. . Qo5 = |
prone to disruptions because |
near plasma current limit @ | Advanced L
\%\ Inducfive 2, dos5=9  E
. o %0 N =
" Per-shot disruptivity (%) (DIH-D) S o~ <, - E
T ) =
" T S N O
Disruption S o w
free oriventiona Steady Py=s |
‘ a State |
1 - ] [))N = 3
3 4 5 6 0
Qo5 (at peakpy) . T .

“safety factor” Bootstrap Current Fraction
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We are working to find better tokamak operating points

high fusion power, but
prone to disruptions because

near plasma current limit \

Fusion Power

" Per-shot disruptivity (%) (DIH-D)
i Disruption
free
1 - ]
3 4 5 6 °

Luce APS 2009

onventiona

a

o5 =3
Qo5 = 4
2 0g5 =19
0%‘
(,,',’/? dos

State

Steady Pysg

BN=3

Equilibrium Limit

_—— Here, it's hard to get to
high plasma pressure (Bn)

But steady state could lead
to a more reliable reactor
-less input power

-avoids cyclic stress

Qo5 (at peakpy)
“safety factor”

Bootstrap Current Fraction




Ring for OB-1 & 11

Example: Pulsed or Steady-State Tokamake ...

= He Manifolds

Divertor

» Pulsed operation not trivial for engineering aspects

— First Wall/Blanket/Vacuum Vessel/Magnets:
many interfaces + extreme thermal and irradiation gradients

o Cyclic stress - Have to survive thermal

expansion/contraction : o
» Material fatigue - Materials properties vary with o
temperature, irradiation W suiing

Pb-Li -~
Access Pipes Structural
for IB Blanket Plug

He Access Pipes
for IB Blanket

Tungsten temp-dependent
recrystallizing, cracking displacement  a:a

example blanket concept

Helium
Manifolds

/ Grid Back T
g Plates  Plate

Heat flux —»

no damage regime

Temperature —»
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Example: Pulsed or Steady-State Tokamake

» Pulsed operation not trivial for engineering
— First Wall/Blanket/Vacuum Vessel/Magnets:

many interfaces + extreme thermal and irradiation gradients

o Cyclic stress - Have to survive thermal
expansion/contraction

aspects

« Material fatigue - Materials properties vary with

temperature, irradiation

- Thermal exchange systems cannot tolerate
temperature fluctuations

He or Pbli fluid loop

large

blanket

Extraction processing

Tokamak

Heat Exchanger

WVAYAYAYAYS

Turbine/
Generator

Isotope Separation  Storage and delivery

turbine G

Recuperator

Gas handling |

- . | Liquid handling |
Tritium Extraction Heat Exchanger Cleanup/Control

Solid handling |

Heat Sink

-

Compressor




Example: Pulsed or Steady-State Tokamake

» Pulsed operation not trivial for engineering aspects

- First Wall/Blanket/Vacuum Vessel/Magnets: . Tokamak

Heat Exchanger

Pulsed operation not trivial for plasma aspects either

Grid
Ultimately, we need to do full system-design studies
(plasma + engineering) to evaluate the true optimal pulse length
(steady state vs. pulsed) y
He or Pbli fluid loop
Exfraction processing | Isotope Separation  Storage and delivery
blanket
} furbineg .

T T Recuperator Heat Sink
Tritium Extraction Heat Exchanger Cleanup/Control I T ETeRETReR Cogpressor

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

Find materials
that can handle exireme
conditions of reactor

J

Control, sustain, and predict

a high temperature Harness fusion power
“burning” plasma to by capturing the energy,
produce neutrons/heat breeding sufficient tritium, and

this was the easy part! reliably producing net electricity




Material inferactions are complex atomic + plasma processes

Heat flux Particle flux Neutron flux

' ‘ -
neutralization e H_ e He e Impurites Neutrons 2
o .+ o o o & 3
Q

desorption  gection + co-deposition

6. 2) ® o' o
dUS * k\ A’ ~ ‘ /, SPU"e"nQ .
ocbOG'Mttooo\0f0000 --------- S .0%0 T000000
00‘00.00 0000000000

OQQQQQOCCOO:L ~

ceeesosVens

00000000 00

oooo ooo’ooooo‘oocoooooo
ooooooooooo XV XX 0000
@9 oo Qoo oo‘oooo&‘ggo’,‘;\;
ooooooooooo‘ ooo 00900 WFP 0000000000600
ooooo.oooo o0 o 000 o‘oooooo.oooo.goooo
interstitials 1/He frapping neviron damaging

<
Q
—
@
Q

vacancies bubbles

image credit: J. Guterl 2021 SULI
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The frontier: incorporating materials data into design/assessment to say
when and where failure might occur

Materials challenges span multiple-extremes ) )
ges S p Ideal fusion-materials:

[ High Tempera’rure

& High Stress o Good for fusion plasma

- won't melt or degrade
too quickly

- won't contaminate plasma

a [+ g Stress-corrosion
. cracking

LA TR Chemical
mmmemay EVTONMeN

At .
Dlsplqocrzl:1ent « Sustainable

- low decay heat when
activated by neutrons

- reduced-activation to
ensure waste is not long-lived

— economical/scalable

Irradiation-assisted
stress-corrosion cracking




The fronftier: utilize national resources to develop fusion materials

Advanced Manufacturing

Iradiation =
Engineering =

*
S~

Material
Development

Alloy
Development

Nuclear
Evaluation

' High
Temperature
Materials
Laboratory

Analysis Interface &

Laboratories Fusion
) Environment
Performance . =

Corrosion

Science

Laboratory

= ‘ ‘ ;‘?g 7o
lifetime plasma exposures
OAK RIDGE ( b P

National Laboratory Of mOTenGlS iﬂ 2 WeekS)
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Generating Electricity from Fusion Energy Requires
Meeting Three Scientific/Technological Challenges

S

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

produce neutrons/heat

Find materials
that can handle exireme
conditions of reactor

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




Examples of required (multi-discipline) blanket assessments

Neutronics

volumetric
energy
deposition

material
activation,
damage

(sweep or slice)

shutdown
dose rate
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Examples of required (multi-discipline) blanket assessments

(sweep or slice)

volumetric
energy
deposition

shutdown
dose rate

Neutronics

material
activation,
damage

Thermo-mechanics

with irradiated
property evolution

displacement

blanket
temperature

20 magnet
heating
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Examples of required (multi-discipline) blanket assessments

(sweep or slice)

Neutronics

volumetric
energy
deposition

material
activation,
damage

shutdown
dose rate

Thermo-mechanics

with irradiated
property evolution

displacement

blanket
temperature

20 magnet
! I]0 heating
3

e 0:1 L 1 0

Thermal Hydraulics

Tritium Migration

Tritium in ceramic
breeder grains

Sink
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Technology Advances Are Critical to the Delivery of
Cost-Attractive Fusion Energy

o Cost sensitivity analysis for
fusion power plant identifies
risk/reward of potential R&D

(or lack Thereof)/. —

e Critical R&D

-~ Plasma : core + edge solution

— Blankets: thermal exchange,
shielding, tritium breeding...

— Materials: nuclear & interfaces,
characterization, irradiation,
corrosion, heat flux, advanced
manufacturing ...

Tokamak Core

~ Confinement Quality (H98) -

Tritium Breeding Multiplier

Thermal Efficiency
Neutron Wall Loading (MW/m2) |

Divertor Heat Flux (MW/m?2) |

TF Bucking Solution

Blanket Power Multiplier -

Density Limit|

Magnet Type

Pulse Length |-

Tritium Processing Time (hr) |-
Scaled CD Efficiency |-
Reactivity Multiplier

Stress Limit (MPa) -
‘20 more parameters 3

Stability Limit |

Material Technology Magnet Technology

Blanket Technology Power Production/RAl

1.7

\

.20

050 Baseline Case
o.eoy////////Ao-25

50 5
1.20 0.60
Plug Bucked Unbucked
1.3 1.0
(V)
(D 1.2 0.8
=
‘E REBCO Z‘ Nb3;Sn
43 2 :I 100000
O 1 :|24
Q.
QO 15 :Io.s
O 1.5|: 1.0 Wade, Fus. Sci. and Tech.,
osoflsoo 77:2,119-143, (2021)
4 5 6 7 8 9

Estimated Capital Cost ($B)
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Outline

» Progress in enabling more rapid fusion pilot plant design
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Rapid progress is needed to reach a fusion pilot plant

Control, Sustain, and
Predict Burning Plasma

Relevant Conditions

@

SCIENCE DRIVERS

Harness Fusion Power ‘

Imaginable Plausible Feasible Practical Approximate

Technical Readiness .
| Level (TRL) o e e a e e e 0 9 O technical

readiness today



Why is simulation heeded for fusion reactor designe

« We NEED to build things, we have a wishlist

Portfolio Elements Scenarios
- Remarkable progress has led to construction of constant "5 U ines
net energy gain devices such as ITER and SPARC e S e L T T el
...but these are still far from FPP regime (extrapolation required) g gielié%uémgmy T ——
- Rapid iteration takes time & money & people 2 Lo DBy Yo
...still waiting for new facilities from FESAC Mid Sele Selareo : o e

e Simulations can save time

- Catchissues with integration (to succeed when building/testing full systems)
- Guide design decisions (de-risk options with physics-based prediction and uncertainty)
- Expedite innovative solutions (freedom to experiment in a virtual testbed)

e Simulations are needed for safety, economics/scalability
- Many concepts will need evaluation of shielding, fritium management,
materials activation and lifetimes before you build

68
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The Fusion REactor Design and Assessment (FREDA) Project
aims to speed reliable fusion power plant design

FREDA
« FREDA is a new 4-year SCIDAC project;
— Oak Ridge National Laboratory (lead) — General Atomics
— Lawrence Livermore National Laboratory — University of California San Diego

— Sandia National Laboratories

o Mission: Develop an unprecedented capability to perform routine,
multi-fidelity, self-consistent integrated assessment of the fusion-plasma
and the required fusion-engineering components.
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The ability to perform rapid infegrated assessment and iteration before
proceeding to detailed reactor design is a fundamental rate limiter

Control, Sustain, and
Predict Burning Plasma

multi-
physics Handle Reactor

Relevant Conditions

SCIENCE DRIVERS

Harness Fusion Power

Traditional Fusion Reactor Design Studies

1. Systems code couples large set of simplified plasma
+ engineering relations to find target design point

2.Humans spend time

drawing geometry/CAD

3. Feasibility is checked with
complex high-fidelity simulations
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The ability to perform rapid infegrated assessment and iteration before
proceeding to detailed reactor design is a fundamental rate limiter

Control, Sustain, and
Predict Burning Plasma

multi-
physics Handle Reactor

Relevant Conditions

SCIENCE DRIVERS

Harness Fusion Power

Traditional Fusion Reactor Design Studies

1. Systems code couples large set of simplified plasma

+ engineering relations to find target design point

2.Humans spend time
drawing geometry/CAD

3. Feasibility is checked with
complex high-fidelity simulations

Issue:. Empirical scaling misses connections between
plasma (e.g. actual profiles) and the machine design
—>design point not necessarily feasible or optimum




FREDA is a purpose-built framework for multi-fidelity, iterative optimization

multi-fidelity R
Systems Code Design Optimization Digital Twin
low-fidelity medium-fidelity high-fidelity
generic dimensions de-risk components, sub-systems full systems, plant demonstration

* Aim to catch and solve ‘show-stoppers’
at the appropriate fidelity level using
self-consistent assessment & design optimization

Control, Sustain, and
Predict Burning Plasma

multi-
physics Handle Reactor

Relevant Conditions

SCIENCE DRIVERS

Harness Fusion Power
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Approach: flexible component-based framework & data structure

Framework & Workflow

Capable of integrating swappable modules with diverse CPU/GPU requirements

| System State File

Plasma State File Geometry State File Engineering State File
] ! ]
I | Structural
Mechanics
FASTRAN = EFIT  NUBEAM C1 First Wall Blanket MCNP Eimer
TGLF  DCON  TORAY o2 SHIFT DIABLO openFOAM
Divertor CS cail
NCLASS GATO  GENRAY SOLPS
PF coil TF coil H-;g?;m?cls CFD
/ I % ‘ openFOAM
I / I | \
/ Driver |/ Driver Driver \
/ l / l l \
/ Driver \ |
\
Fusion-Plasma Parametric Geometry Fusion-Engineering
* Based on the open-source  Includes systems codes * Includes multiphysics simulation
IPS (Integrated Plasma Simulator) and parameterized tools based on Fusion Energy
developed in AToM SciDAC geometry representation Reactor Models Integrator (FERMI)
(developed over a decade) (used in ARIES, ACT (developed in past 3 years)

fusion reactor studies)
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FREDA will focus on key tokamak challenge problems
...expecting that the capability developed will apply to other concepts

SCIENCE DRIVERS

Control, Sustain, and
Predict Burning Plasma

Handle Reactor
Relevant Conditions

Harness Fusion Power

Systems Code /\ Design Optimization /\ Digital Twin
low-fidelity | medium-fdelity high-fidelity
generic dimensions de-risk components, sub-systems  full systems, plant demonstration

Core burning plasma scenario
+ required heating & current drive
———

Plasma interactions with wall Core
(impurity production, impact, mitigation)
—_—eee

Time-dependent mechanical analysis SOL

(cyclic fatigues, transient loading, damage) e —

Hydraulics

Magnet coil placement, mechanical stresses, shielding
——

First wall and divertor cooling with Elasma Ioading

Optimization of blanket breeding, shielding, cooling

First wall and vacuum vessel lifetime
(erosion, nuclear damage, activation, swelling, creep, cracking)

Tritium cycle (transport and inventory)




75

FREDA will help us see how each of the physics/engineering
components and uncertainties impacts the full system

00pPs, magnets plasma + parametric geometry
foo hof, fry again .. . | I

geometry clean-up,
automated meshing

structural mechanics,

: YN,
thermal hydraulics, 2 Sim r
electromagnetics, ’

CFD Temp (K) "
s oeee Energy Deposition [W/cm?3]
550 I 1100 Rl [
> 400 . Cfﬁ%‘ 5
S, 450 900 e T
350 200 TBR & 0 =
| Fixioe
S0 7 2
-5x109 " E
,,,,,,, i
-2x107 -

neutronics, tritium breeding & transport

Even if predictions for an FPP regime are not yet validated, this ability allows
progress in assessing feasibility of engineering requirements and tolerances.



“Creating a Sun on Earth” is a Grand Challenge for the 21" 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. :

3 fr == ’
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Why is Fusion Taking So Long to Achievee¢

Cumulative global production (TW)

Linear:
90% of the growth

Exponential:
Research & Development

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

Saturation:
> 1TW energy production

Need at least 20 billion S/year for
20-30 years to get herel

No energy production
No money return
Investment for future

>

Time (y)

[Cardozo, J Fusion Energy (2016) 35:94-101]
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World Investment Needed to Reach
EXPONENTIAL GROWTH Phase of Energy Sources

Installed Effective Power [GW]

—h
o
.

—k
o
N

World Prlmary Ener 92 L e wem wm e = Em=EA
/ ___________ ]
- .
r -
"_--"--_l'7 —————————————— ; = ——
Fission / .
] - / GEN2 -
500 BS/Y i “5'0'”/ /15 8Wy
GEN1
// ~30 $/W
O/DEMO -
500 BS/Y /80 SIW
7 v / eff
/ : /
Solar PV FUSION receives 2 BS/Y
50 BS/Y | : /
. S/Y | | ®'ITER | N
1960 1980 2000 2020 2040 2060 2080
Time [yr]

[Cardozo, J Fusion Energy (2016) 35:94-101]



Closing Thoughts

 There are many challenges in fusion reactor design
— Probably makes your head spin
— But great job security/career option

 Our best plasma+engineering modeling tools need to be
utilized and integrated to make progress faster

« ORNL is committed to fusion pilot plant success, addressing key issues
with the most leverage on performance and cost

. . . .. copy of this talk
- join us! www.ornl.gov/division/fed

- %OAK RIDGE

National Laboratory




