Introduction to Nuclear Fusion as An Energy Source
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Note!

« 6/10

— Introduction to Formosa Integrated Research Spherical Tokamak
(FIRST), First Tokamak being developed in Taiwan.

— Alternative approaches to achieve nuclear fusion as an energy
source.

« 6/17 Q&A



“Ignition” (target gain larger than one) was achieved in
National Ignition Facility (NIF) on 2022/12/5
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1st(12/2022) 2nd (7/2023) 3rd (10/2023) 4th(10/2023) 5th(2/2024) 6th(11/2024) 7th(2/2025)  8th (4/2025)
Laser Energy In (MJ) s Fusion Energy Out (MJ) —NIF Target Gain

M Lawrence Livermore
LA National Laboratory ~ P16073883

NIF’s ignition achievement in perspective

Energy in megajoules @ =1

300 MJ 2.08 MJ 8.6 MJ

Energy required from the grid Energy of laser fired upon hohlraum Energy produced via fusion

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
https://lasers.linl.gov/science/achieving-fusion-ignition



We are closed to ignition!
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 Tis confinement time

Samuel E. Wurzel and Scott C. Hsu, Phys. Plasmas, 29, 062103 (2022)
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There are alternative

TRAPPING
FUSION FIRE

When a superhot, ionized plasma is trapped in a
magnetic field, it will fight to escape. Reactors are
designed to keep it confined for long enough for

Magnetic field coils

the nuclei to fuse and produce energy.

A CHOICE OF FUELS

Many light isotopes will fuse to release
energy. A deuterium-tritium mix ignites at
the lowest temperature, roughly 100 million
kelvin, but produces neutrons that make the
reactor radioactive. Other fuels avoid that,
but ignite at much higher temperatures.
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Plasma Plasma
chamber

TOKAMAK

(ITER AND MANY OTHERS)

Multiple coils produce magnetic fields that
hold the plasma in the chamber. A coil
through the centre drives a current
through the plasma to keep it hot.

Fuel beams

Central

Plasmoid :
plasmoid

Central
chamber

Liquid metal
vortex

Pistons Plasma

MAGNETIZED TARGET REACTOR
(GENERAL FUSION)

Magnetized rings of plasma are injected
into a vortex of liquid metal. Pistons punch
the metal inwards, compressing the plasma
to ignite fusion.

COLLIDING BEAM FUSION REACTOR
(TRI ALPHA ENERGY)

'Cannons' fire plasma vortices into a
chamber, where they merge into a
stationary vortex. This is suspended in
magnetic fields, and is kept heated by
beams of fresh fuel.

http://www.nextbigfuture.com/2016/05/nuclear-fusion-comany-tri-alpha-energy.html



Commonwealth Fusion Systems, a MIT spin-out
company, is building a high-magnetic field tokamak

« Fusion power « B4.
* The fusion gain Q > 2 is expected for SPARC tokamak.

https://en.wikipedia.org/wiki/SPARC_(tokamak) 6



Merging compression is used to heat the tokamak at the

start-up process in ST40 Tokamak at Tokamak Energy Ltd

Inner vacuum s
chamber

Quter vacuum
chamber/cryostat

Central

Merging
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compression
coil

Toroidal Poloidal
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High temperature superconductors
are used.
B~3T

fiaid.zal field coils

Divertor

coil
Merglng t=52ms t=6.0ms t=7.0ms =14 ms
compression ; : [k
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M. Gryaznevich, etc., Fusion Eng. Design, 123,177 (2017)

https://www.tokamakenergy.co.uk/
P. F. Buxton, etc., Fusion Eng. Design, 123, 551 (2017)



Reconnection

b A

plasma reconnection

current diffusion region
layer

magnetic
slingshots

https://www.youtube.com/watch?v=7sS3Lpzh0Zw



Merging compression is used to heat the plasma

T
0.5

t=7.0ms

z [m)

R [m] R [m] R [m] R [m] R [m] R [m] R [m] R [m]

http://www.100milliondegrees.com/merging-compression/
P. F. Buxton, etc., Fusion Eng. Design, 123, 551 (2017) 9



A strong magnetic field reduces the heat flux
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* Typical hot spot conditions:
R, ~40 pm, p ~ 20 g/cm3, T ~ 5 keV:

B >10MG is neededfor y >1

Magnetic-flux compression can be used to provide the
needed magnetic field.
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Principle of frozen magnetic flux in a good conductor is
used to compress fields

Seed B-field Compression

Conductor
\ _—— R
<N-h o ,.-/)

M. Hohenberger, P.-Y. Chang, et al., Phys. Plasmas 19, 056306 (2012). 1



Plasma can be pinched by parallel propagating plasmas
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https://en.wikipedia.org/wiki/Pinch_(plasma_physics) 12



Plasma can be heated via pinches

Z pinch Theta pinch
V4 Z
159 159
S N t st 4 B
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d 5 B d =D ¢
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Sandia’s Z machine is the world's most powerful and
efficient laboratory radiation source

« Stored energy: 20 MJ
Marx charge voltage: 85 kV
Peak electrical power: 85 TW

Peak current: 26 MA

Rise time: 100 ns

Peak X-ray emissions: 350 TW
Peak X-ray output: 2.7 MJ

14



Z machine
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Z machine

drive field

wd |~

Compressed &
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i : , .

« Stored energy: 20 MJ  Peak current: 26 MA
 Peak electrical power: 85 TW  Rise time: 100 ns
 Peak X-ray output: 2.7 MJ
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Z machine discharge
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Before and after shots

 Before shots .

SAND2017-0900PE_The sandia z machine - an overview of the
world's most powerful pulsed power facility.pdf
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Promising results were shown in MagLIF concept
conducted at the Sandia National Laboratories
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The stagnation plasma reached fusion-relevant temperatures with a
70 km/s implosion velocity

S. A. Slutz et al Phys. Plasmas 17 056303 (2010)
M. R.

Gomez et al Phys. Rev. Lett. 113 155003 (2014)
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MagLIF target
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Neutron yield increased by 100x with preheat and
external magnetic field.
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Sheared flow stabilizes MHD instabilities

m = 0 (sausage)

Perturbation o /™ **2*" m =1 (kink)
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2.0 M. G. Haines, etc., Phys. Plasmas 7, 1672 (2000)
dr U. Shumlak, etc., Physical Rev. Lett. 75, 3285 (1995)
U. Shumlak, etc., ALPHA Annual Review Meeting 2017 22
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A z-pinch plasma can be stabilized by sheared flows

Inner Electrode Neutral Gas Injection Plane Z-pinch plasma Electrode End Wall
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https://www.zapenergyinc.com/about
A. D. Stepanoy, etc., Phys. Plasmas 27, 112503 (2020)
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High-speed camera image of plasma

https://www.powerelectronicsnews.com/zap-energys-vision-for-fusion-power/
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Elevated electron temperature coincident with observed
fusion reactions in a sheared-flow-stabilized z pinch
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Fusion reactor concept by ZAP energy

Vacuum Pumping

Weir Wall

i

Sheared Flow
Stabilized
Z-Pinch in

Reactor
Chamber

Molten Wall

Outer Electrode \

From Steam Generator /
Fuel Recycling System

—
-

To Steam Generator /
Fuel Recycling System

Molten LiPb

https://www.zapenergyinc.com/about
E. G. Forbes, etc., Fusion Sci. Tech. 75, 599 (2019)
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Spherical torus (ST) and compact torus (CT)

« Spherical torus (ST)

(a) Large aspect ratio
i (Standard tokamak)

MinoF

radius
R
ajor A
ius

Low aspectradio |
(Spherical tokamak)

« Compact torus (CT)
« Spheromak * Field reversed configuration (FRC)

Zhe Gao, Matter Radiat. Extremes 1, 153 (2016)
https://en.wikipedia.org/wiki/Field-reversed_configuration
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Field reverse configuration is used in Tri-alpha energy

cusp
mirror segmented
coils theta-pi\nch coll

separatrix
\
\ N

\

open \— . quartz tube
magnetic | closed poloidal toroidal

M) SRR sty LANL.: design, test
field lines magnetic field line Eurrent AFRL: Shiva-FRC

*Magneto-Inertial Fusion& Magnetized HED Physics by Bruno
S. Bauer, UNR & Magneto-Inertial Fusion Community
**https://en.wikipedia.org/wiki/Field-reversed_configuration
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Field reverse configuration is used in Tri-alpha energy

Neutral-Beam Injectors

Plasma Gun

(inside)

Confinement Chamber
DC Magnets

http://trialphaenergy.com/
Zhe Gao, Matter Radiat. Extremes 1, 153 (2016)
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NBI for Tri-Alpha Energy Technologies

https://tae.com/media/ 30



Neutral beams are injected in to the chamber for
spinning the FRC

https://tae.com/media/
https://zh.wikihow.com/%E5%9C%A8%E6%89%8B%E6%8C%87%E4%B8%8A%E8%BD%AC%E7%AF %AE%E7%90%83 31



FRC sustain longer with neutral beam injection
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H. Gota, efc., Nucl. Fusion 57 (2017) 116021 32



General fusion is a design ready to be migrated to a
power plant

Plasma Injectors

Hydraulic Rams i Core Liquid drain

\

/ Heat Exchanger

Injectors —> Steam Turbo-alternator

A

Core Injector Pump

https://en.wikipedia.org/wiki/General_Fusion
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A spherical tokamak is first generated

Fast CHI Spherical Tokamak devices

SPECTOR
i >
. — —=r—
\|
| - T PI3
. Tm

K. EPP, etc., 60" APS-DPP, CP11.00192 34



Plasma injector for the spherical tokamak

K. EPP, etc., 60" APS-DPP, CP11.00192
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A spherical tokamak is generated in a liquid metal
vortex

36



The spherical tokamak is compressed by the pressure
provided by the sournding hydraulic pistons
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BBC: General Fusion to build its Fusion Demonstration
Plant in the UK, at the UKAEA Culham Campus

Nuclear energy: Fusion plant backed
by Jeff Bezos to be built in UK

By Matt McGrath
Environmen t corres, pondent

TSk s S T b R R B GENERAL FUSION

An artist's impression of what the new demonstration plant might look like

A company backed by Amazon's Jeff Bezos is set to build a large-scale
nuclear fusion demonstration plant in Oxfordshire.

(Canada'c Ganaral Fucian ic nne nf the leadinn nrivate firme aimina tn tiirn the

https://www.bbc.com/news/science-environment-57512229
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Helion energy is compressing the two merging FRCs
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Ebsite uses cookies. Read more about our privacy policy & terms of use. Optou

https://www.helionenergy.com/ 39



Two FRCs are accelerated toward each other

e uses cookies. Read more about our privacy policy & terms of use. Optout

https://www.helionenergy.com/ 40



Two FRCs merge with each other

ctricity"Recapture

bsite uses cookies. Read more about our privacy policy & terms of use.

https://www.helionenergy.com/ 41



The merged FRC is compressed electrically to high
temperature

e uses cookies. Read more about our privacy policy & terms of use.

« Similar concept will be studied in our laboratory. .
https://www.helionenergy.com/ 42




Projectile Fusion is being established at First Light
Fusion Ltd, UK

. ‘Stored energy: 2.5 MJ @ 200 kV
(Ciot=125 uF)

|ea=14 MA W/ T, ,~2us

rise

« High pressure is generated by
the colliding shock.

https://firstlightfusion.com/
B. Tully and N. Hawker, Phys. Rev. E93, 053105 (2016) 43



A gas gun is used to eject the projectile

https://www.youtube.com/watch?v=JN7lyxC11n0
https:/lwww.youtube.com/watch?v=aW4eufacf-8
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Many groups aim to achieve ignition in the MCF regime
in the near future

 ITER - 2025 First Plasma  Tokamak energy, UK
2035 D-T Exps « 2025 Gain
2050 DEMO .

]

« Commonwealth Fusion Systems, USA
— 2025 Gain

nen

https://www.iter.org
https://www.tokamakenergy.co.uk/
https://www.psfc.mit.edu/sparc
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Fusion is blooming
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We are closed to ignition!
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Samuel E. Wurzel and Scott C. Hsu, Phys. Plasmas, 29, 062103 (2022)

R. Betti, etc., Phys. Plasmas, 17, 058102 (2010)
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Many groups aim to achieve ignition in the MCF regime
in the near future

 ITER - 2025 First Plasma  Tokamak energy, UK
2035 D-T Exps « 2025 Gain
2050 DEMO .

]

« Commonwealth Fusion Systems, USA
— 2025 Gain

nen

https://www.iter.org
https://www.tokamakenergy.co.uk/
https://www.psfc.mit.edu/sparc
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Formosa Integrated Research Spherical Tokamak (FIRST)

Central
Poloidal Solenoid

®cpy= 21.6
~ Toroidal field coil

field coil o
N \ ‘

|  Oref=280
I ===
XL
dJl \%/% ' R, SR
H, =206 P =
TFC =
Unit: cm

* FIRST is still under detailed designed. Figure here may NOT the final design.

RIalb=45/32/76.8 cm
Aspect ratio=R/a=1.5
k=bla=2.4

6=0.5

B;=01~05T

T=2100 eV

I, 2100 kA

Gas: H,

Ohmic heating

Duration: 100 ms
TFC x16; PFC x12; CS
FIRST is targeted for
 Low aspect ratio
* High beta
* High bootstrap
current

First plasma: 2026.
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Teams
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- Site

REFER @ KINIAE XZEBRPEBMER

- System design and development/diagnostics
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- Theoretical design
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- Diagnostics
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We welcome anyone interested in fusion research to join us!
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