sz S EE
Practical course on proton-boron nuclear fusion

Po-Yu Chang ( pchang@mail.ncku.edu.tw )

Institute of Space and Plasma Sciences, National Cheng Kung University

2025 summer break

7/14(Mon.) — 7/18(Fri.) 14:00-17:40

Lecture 1

https://capst.ncku.edu.tw/PGS/index.php/teaching/

2025/7/14 updated 1



ERENEE  HERAGERIRMREEXRBASZ o BXHERREF
NZEFEHAT -
ISERERMEE | SEARAZEMONEZEREAT -

N
)

ﬂ')

[ B I AR s A ] S i

| pammaism

| AEEE




Alpha-E provided by Alpha Ring will be used to
demonstrate the proton-boron nuclear fusion
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https://alpharing.com/alpha-e/
Allan Xi Chen, etc., Physics Open 21, 100234(2024)
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Particle Accelerator Technology, by Dr.
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Final report and introduction to different NCKU

schemes of nuclear fusion energy generation.



We will visit Alpha Ring’s laboratory located in Shalun
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« Alpha Ring @ Shalun

 Meet at Tainan Station at 12:40.

« Train 373, departing at 12:55.

« Walk to Alpha Ring arriving at 13:40.



Grading

* Homework 60 %
(Tue. 10 % +
Wed. 40 % +
Thur. 10 %)

* Final 40 %
presentations
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One homework per day from Tuesday
to Thursday. If missing the class in the
previous day, the score of the
homework submitted on that day will
be zero.

On Tuesday, data analysis technique
will be introduced. Students will be
asked to analyze the data.

Students will be grouped in several

groups. Students in the same group
need to work together analyzing the
experimental data on Thursday and

give a presentation on Friday.



Course Outline

 What is Plasma?

* Nuclear fusion
— Basic
— Magnetic confinement fusion (MCF)
— Inertial confinement fusion (ICF)

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan
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Plasma is the 4th state of matter

Solid

3 States of Matter
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http://tetronics.com/our-technology/what-is-plasma/

https://en.wikipedia.org/wiki/Neon
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Plasma is everywhere
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Charged particles are accelerated due to Lorentz force
under electromagnetic fields

« Lorentz force: F=qFE+q7xB
* Force under electric fields * Force under magnetic fields
+ -
3 =
> V
q>0e— o—> >
> q q= 0
©
> q > () B

(® Kl
< o
3 2
5 3
7 F
> &
“, 3
' »
153t



In plasma, there are ions, electrons, and neutral gas

t £(v)
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A plasma is a gas in which an important fraction of
the atoms is ionized so that the electrons and ions

are separated freely .
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http://ocw.mit.edu/courses/nuclear-engineering/22-611j-introduction-to-plasma-physics-i-fall-2003/lecture-notess



A plasma can be created when the ionization rate is
higher than the recombination rate

lonization rate/Recombination rate (cm ™ 3/sec)
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 What is Plasma?

* Nuclear fusion
— Basic
— Magnetic confinement fusion (MCF)
— Inertial confinement fusion (ICF)

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan
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World energy consumption is dominated by the use of

dwindling fossil fuels

TW

E15657

Fossil fuel Estimated reserve (2003;2::5;::2::;:;“&)
Oil 1,277,702 million barrels 32 years
Natural gas| ~6,500,000 billion cubic ft 72 years
Coal 1,081,279 million tons 252 years
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While predictions about
the exact number of
remaining years vary,
fossil fuels will run out.

Hydro-electric

Energy Information Administration (EIA) 2006 Annual Report,

U.S. Department of Energy, Washington, D.C.
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*from Laboratory for Laser Energetics, University of Rochester, Rochester, NY
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Nuclear (fission) energy has the highest energy density
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Nuclear fusion as an energy source is being developed

& X,
o ,
& o
& <
P iz
z
z 1
Y T
£ &
v 5
Teat

* Magnetic confinement fusion (MCF) - Inertial confinement fusion (ICF)

Laser light shines The target

Inner poloidal field coils on the target is Compressed
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

(for plasma positioning and shaping)

The target is ignited The target

burns
l’ Sn

71c
Resulting helical magnetic field Toroidal field coils %

Plasma electric current Toroidal magnetic field o \ ' w

(secondary transformer circuit)

U73311

https://www.euro-fusion.org/2011/09/tokamak-principle-2/
Inertial confinement fusion: an introduction, Laboratory for Laser Energetics, University of Rochester
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Nuclear fusion as an energy source is being developed
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* Magnetic confinement fusion (MCF) - Inertial confinement fusion (ICF)

https://www.iter.org
https://zh.wikipedia.org/wiki/ B 22 2 K & hff 19



Significant breakthrough is achieved recently
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« Magnetic confinement fusion (MCF) - Inertial confinement fusion (ICF)
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* On 2024/2/(8), record-breaking « National Ignition Facility (NIF)
69.26 megajoules of sustained demonstrated a gain grater than 1
fusion energy in Joint European for the first time on 2022/12/5. The
Torus (JET) facility in Oxford yield of 3.15 MJ from the 2.05-MJ
demonstrates powerplant potential input laser energy, i.e., Q=1.5.

and strengthens case for ITER.

https://ccfe.ukaea.uk/resources/#gallery
https://www.science.org/content/article/historic-explosion-long-sought-fusion-breakthrough 20



Binding energy per nuclear
particle (nucleon) in MeV
1Y
1

The “iron group” of isotopes are the most tightly bound
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http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html 21



Cross section measures the probability per pair of
particles for the occurrence of the reaction

x1+x2—>x3 +x4_

| o o
 The hard sphere cross section: X,
o = mR?where R = 5x10-1° m is the nuclear radius, i.e., X1
0=0.8x10%2m2 =1 barm. (barm = 1022 m2)
F s
« Classical cross section: Vot
Coulomb potential
D @ > . T /
VUp Ut £3 approaching nucleus
8 El----4-------02 <
myp mry e ' >
—vp? +—-vp = " '
2 2 4me,R
 Let V= |vD - vT| - + _ nuclear well
mT mD _L.TU ———
Vp = v T — v ] ] ]
myp + mry myp + mry « Classical kinetic energy
m e’ mpmsy required for fusion is

2 ¥V = ame,R - mp +myg K., > 288keV !!!
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The cross section is a measure of the probability that a
specific process will take place in a collision of two particles
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n = particle number density

J A = mean free path between collisions

----------- — - - - == s

o = 7u(2r)? cross section

https://zh.pngtree.com/so/%E5%8D %A1%E9%80%9A%ES%B0%84%E7 %AE%AD
https://en.wikipedia.org/wiki/Cross_section_(physics)
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Cross section of fusion reaction is much larger than the
classical approach
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Classical kinetic energy required for
fusionis K., > 288 keV !

DT cross section has a peak of ~5
barns at 120 keV.

opr = 1000, @ 20 keV.

A
Vy t--
Coulomb potential
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T Sl R <
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: >
"y T'p 7
e T nuclear well
Uy

https://i.stack.imgur.com/wXQD5.jpg
Santarius, J. F., “Fusion Space Propulsion — A Shorter Time Frame Than You
Think”, JANNAF, Monterey, 5-8 December 2005. 24



Fusion in the sun provides the energy

* Proton-proton chain in sun or smaller

Particles are confined by the gravity.
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https://en.wikipedia.org/wiki/Sun
https://en.wikipedia.org/wiki/Nuclear_fusion

o xu
oS Kuy,
« o
s <
P %
H
7 F
3 i
%, &
“’b r;
rear

25



In heavy sun, the fusion reaction is the CNO cycle

Q Neutron Gamma ray ¥

Positron Neutrino D

https://en.wikipedia.org/wiki/Nuclear_fusion



The cross section of proton-proton chain is much
smaller than D T fusion

D+T—a+n 2.72x10-2 3.43

D+D—-T+p 2.81x10+4 3.3x10-2 0.06 1250
D+D—3He+n 2.78x10+4 3.7x10-2 0.11 1750
T+T—a+2n 7.90x10 3.4x10-2 0.16 1000
D+3He—a+p 2.2x107 0.1 0.9 250
p+éLi—a+3He 6x10-10 7x10-3 0.22 1500
p+1"B—3a (4.6x10-17) 3x104 1.2 550
p+p—D+e*+v (3.6x10-26) (4.4x10-29)

p+12C—13N+y (1.9x10-26) 2.0x10-10 1.0x10.4 400
12C+12C (all (5.0x10-193)

branches)

« “()” are theoretical values while others are measured values.

The Physics of Inertial Fusion, by Stefano Atzeni and Jurgen Meyer-Ter-Vehn



A “hot plasma” at 100M °C is needed
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* Probability for fusion reactions to occur is low at low temperatures due to
the coulomb repulsion force.

0 (4 =@

 If the ions are sufficiently hot, i.e., large random velocity, they can collide

by overcoming coulomb repulsion

D T D T

*R. Betti, HEDSA HEDP Summer School, 2015 28



A temperature describes the randomness of particles
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 Distribution functicm;rnir:

Probability

VUpeople = 0

1_7people >0

https://ydweb.yuda.tyc.edu.tw/Page/YDW/School/Home/Post?id=13286&BoardName=%E6%A1%83%E8%82%B2%E6%B4
%BB%E5%8B%95%E7%85%A7%E7%89%87&Board_PartialViewName=&Post_PartialViewName=&Page=60&PageSize=3

https://www.freeimages.com/tw/premium/school-playground-with-children-1496555
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Fusion doesn’t come easy
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https://i.stack.imgur.com/wXQD5.jpg
Santarius, J. F., “Fusion Space Propulsion — A Shorter Time Frame Than You
Think”, JANNAF, Monterey, 5-8 December 2005. 30



Nuclear fusion and fission release energy through
energetic neutrons

rrrrr

Fission
Neutron
Uranium Radioactive Q/
daughter atoms Neutron/Y
> O -+ g dh 200 MeV
O Neutron\;
Fusion
Deuterium Tritium Helium 4

O = O > O L NEqu} 18 MeV

(3.5MeV) (14.1MeV)

31



Nuclear fusion provides more energy per atomic mass
unit (amu) than nuclear fission

Q 200 MeV

« Fissi 235- — = = 0.85 MeV
Fission of %3°U: A~ (235 + Damu eV/amu

Fusion of D+T: Q_ 17.6MeV _ . 5 Mev
usion o : A~ Z+3amu > eV/amu

- Half-life (years) 10*

U235 7.04x108
U238 4.47x10°

10* 4

107

o /barn

Tritium 12.3 7

e Tritium breeding: 10725
n+S%Li > a+T+4.86 MeV | I e
n+ 7Li o+ T +n-— 287 MeV 10! 10- 108 IEJ‘E f,'(._\rmd 10° 10° 10°

* Neutron multiplier

n+ °Be > 2*He +2n

https://scipython.com/blog/breeding-tritium-for-a-fusion-reactor/ 32



Nuclear fusion power plant proposed by
Commonwealth Fusion Systems (CFS)

Steam Line

Cooling
Towers

https://news.mit.edu/2018/nas-report-right-path-fusion-energy-1221

33



What could you do with 1 kg DT?

1 kg DT -> 340 Tera joules

— You can drive your car for ~40,000 km (back and forth between
Keelung and Kaoshiung for 50 times).

— You can keep your furnace running for 8 years.

— You can blow things up! 1 TJ = 250 tons of TNT.

*R. Betti, HEDSA HEDP Summer School, 2015 34



Enormous fusion fuel can be produced from sea water

Total energy
= of world oll
reserve

*R. Betti, HEDSA HEDP Summer School, 2015
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Fusion is much harder than fission
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. Fission: n+ 235U - 235U - 3tBa + 32Kr + 3n + 177 MeV
* Fusion: p 7T %He(3.5MeV) + n(14.1 MeV)

 Most charged particles do not collide but are @_\«—»;.

scattered with each other.

- Particles are confined and heated so that they collide eventually.
P 7 N ———

104,“‘“HWHH‘HH“H”HH“
100
N
001
10 |

10%10° 104 001 1 100 10
-

Projectile/Neutron Energy (keV) e T T M0 000
Deuteron Energy (keV)

OI
N

6L
Coulomb Scattering -

|
N
0

D-T Fusion -

Cross—Section (m?)
o

s
o
|
W
o
T

Cross section (barns)

« D-D Fusion

 Beam particles lose their energy before making a fusion reaction, i.e.,
they only thermalize the fuel. Therefore, beam fusion does NOT work!

https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php#x1-10096
https://www.16pic.com/photo/pic_3815585.html



Fast neutrons are slowed down due to the collisions

* A moderator is used to slow down fast neutrons
but not to absorb neutrons.

* For my~m,, the energy decrement is higher.
Therefore, H slows down neutron most efficiently.

* However,H+ n — D, i.e., H absorbs neutrons.

Neutron @ ==) @ Atom

my My,

* The best option is the D in the heavy water (D,0).

Energy Neutron scattering | Neutron absorption
decrement cross section (o,) | cross section (0,)
(Barns) (Barns)
H 1 49 (H,0) 0.66 (H,0)
D 0.7261 10.6 (D,0O) 0.0013 (D,0)
C 0.1589 4.7 (Graphite) 0.0035 (Graphite)

https://en.wikipedia.org/wiki/Neutron_moderator#cite_note-Weston-4
https://energyeducation.ca/encyclopedia/Neutron_moderator#cite _note-3 37



Nuclear power plant

Nuclear power plant

containment structure

control
rods

pressure

'””lln vessel

M
11111
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nuclear reactor
© 2013 Encyclopeaedia Britannica, Inc.

intake from lake or river

steam transmission lines

electric
generator

-

turbine

nonradioactive

warm water vapour

condenser water

warm
moist air

—— ]

condenser

cool condenser water o £
cool water basin

cooling tower

_ —

https://www.britannica.com/technology/nuclear-power
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Comparison between nuclear fission and nuclear fusion

_ Nuclear Fission | Nuclear Fusion

Chain reaction Yes No
Melt down Possible Impossible
Nuclear waste High radiative Low radiative / None
* Nuclear fission power plant * Nuclear fussion power plant

Nuclear power plant

control

i

nonradioactive
water vapour

Cooling
Towers

¥
enerator
o= l
r

https://www.britannica.com/technology/nuclear-power
https://news.mit.edu/2018/nas-report-right-path-fusion-energy-1221 39

warm
moist air

water

- condenser

cool condenser water

cooling tower

nuclear reactor . i > —
© 2013 Encyclopzedia Britannica, Inc. intake from lake or river




Fusion doesn’t come easy

Temperature (Mk)
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*NRL Plasma Formulary, Naval Research Laboratory, Washington, DC 203785-5320 40



It takes a lot of energy or power to keep the plasma at
100M °C

* Let the plasma do it itself!

@ The neutron leaves
because is neutral
Tritium

O + @
e o Helium (alpha particle)

Deuterium 'Q ® stays in the plasma because
® is charged and collides with

®  the electrons

 The a-particles heat the plasma.

*R. Betti, HEDSA HEDP Summer School, 2015

Ry
< ‘S
& <
" 3
7 F
° ;
“, s
o »
153t

41



Under what conditions the plasma keeps itself hot?
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- Steady state 0-D power balance:
S, +S,=Sg+S,
S,: a particle heating
S,: external heating
Sg: Bremsstrahlung radiation

S,: heat conduction lost

Ignition condition: Pt > 10 atm-s = 10 Gbar - ns

« P: pressure, or called energy density
* Tis confinement time



We are closed to ignition!

QMCF
1 0 ® Tokamak mso
X Laser ICF 10 (a)
#  Stellarator '?y
A MagLIF 1
21 @ Spherical Tokamak OMEC':'A\ JT-60U_~
10 1 | ZPinch NONF 10~
m ¢ ;R: . Alcator C Ml
=) p eroma W7 TETR
% —  Mirror FIREX‘:*‘ » DIII- D i
~ - V RFP AIca,t\j)Sr_i‘_\X* KSTAR C- Mod S
| Pinch ASDEX-U
T 10 ASDEX j:.” MAST 103
£ w7 MR oS o
- - GOL-3
MST >k 104
r‘E g?ié ST \%bui‘rz leUZE
= 17 : S
A N %\.J
c ! IPA
% LL \ T-3 § Yingguang-1 C-2w
=4 ETA-BETA Il —>¥| ZaP —~ 8020
= 15 mCTX
o 10 iy *HSX
c —TMX-U
*Model C
13 ETA-BETA | Tesu
10 "< ¢Tes
* maximum projected
0.01 1 100

Spheromak

Mirror
Samuel E. Wurzel and Scott C. Hsu, Phys. Plasmas, 29, 062103 (2022) 43

MCF

Large aspect ratio
(Standard tokamak)

!
I
I
i
T
i

1
Low aspectradio !
(Spherical tokamak)

(Spherical)
tokamak

ICF

Laser ICF

Axsal field comprossed

Sheared-flow Z pinch



We are closed to ignition!

n(T),T (M3 keV s)
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Samuel E. Wurzel and Scott C. Hsu, Phys. Plasmas, 29, 062103 (2022)
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Laser ICF
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(P)Tg (atm X s)

We are closed to ignition!
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Ignition condition: Pt > 10 atm-s = 10 Gbar - ns

A. J. Webster, Phys. Educ. 38, 135 (2003)
R. Betti, etc., Phys. Plasmas, 17, 058102 (2010) 45



To control? Or not to control?

o x
S,
« S
o <
P %
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3 3
3 &
% K
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rast

« Magnetic confinement fusion (MCF) < Inertial confinement fusion (ICF)

Laser light shines The target
on the target is compressed
| v LY,
N e, sl= p WSS '4 - L‘
\T‘T = (U ez ) EWM — “‘Tm » - 0
s |
4 NI » 4 % “ 7N ',
The target is ignited The target
burns
; {
uﬁ 'w

u733)1

- Plasma is confined by toroidal - ADT ice capsule filled with DT
magnetic field. gas is imploded by laser.



Course Outline

 What is Plasma?

* Nuclear fusion
— Basic
— Magnetic confinement fusion (MCF)
— Inertial confinement fusion (ICF)

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan
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Charged particles gyro around the magnetic fields

WS Ky,

_mv,
|q|B

(b)

48



Charged particles can be partially confined by a
magnetic mirror machine

Ry
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o »
153t

« Charged particles with small v, eventually stop and are reflected
while those with large v, escape.

5 Mv" =5my +Emvl Invarient: u = > R

= 1 — cin?
. . . = = sin“0,,
* Large v;, may occur from collisions between particles. B,, R,

 Those confined charged particle are eventually lost due to collisions.

https://i.stack.imgur.com/GlzGZ.jpg 49



“loffe bars” are added to stabilize the Rayleigh-Taylor
instabilities at the center of the mirror machine

loffe bars

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 50



A “baseball coil” is obtained if one links the coils and
the bars into a single conductor

& X,
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z
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« Baseball coil * MFTF-B mirror machine

————

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 51



Plasma can be confined in a doughnut-shaped chamber
with toroidal magnetic field

« Tokamak - "toroidal chamber with magnetic coils” (ToponpanbHas

Kamepa C MarHUTHbIMM KaTywlkamu) |

Relatively Constant Electnic Current

Nature

F s

== DO
-tECEwnl Toroidal Field ‘ \\K/\<</\<\/\<<<\\<<<\\<<<<\\

H

L ,L Toroidal
= S _ Fiald
216 - con

i,

= /' R
= "-.,. o
-. ’I‘)“ RIS
- BN 7.3
- N LSS )

Measurement of the Electron Temperature by Thomson

Scattering in Tokamak T3

by

N. J. PEACCCK
D. C. ROBINSON
M. J. FORREST
P. D. WILCOCK

UKAEA Research Group,

Culham Laboratory,
Abingdon, Berkshire

V. V. SANNIKOV

I. V. Kurchatov Institute,

Moscow

T, =100 ~ 1 keV

/ n,=1-3 x 10" cm3

Electron temperatures of 100 eV up to | keV and densities in
the range I-3 x 10" cm= have been measured by Thomson scattering
on Tokamak T3. These results agree with those obtained by other
techniques where direct comparison has been possible.

https://www.iter.org/mach/tokamak

https://en.wikipedia.org/wiki/Tokamak#cite_ref-4

Drawing from the talk “Evolution of the Tokamak” given in 1988 by B.B. Kadomtsev at Culham.
N. J. Peacock,et al., Nature 224, 488 (1969)
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Charged particles drift across field lines

« ExB drift « Grad-B drift
@ E -~ @ .
O]:; |
|
ION ELECTRON

Axial
magnetic
field

http://www.geocities.jp/tomoyahirata417/fusion/gennkou.htm 53



Charged particles drift across field lines

ION

Grad-B drift

VB

ExB drift
E ———t—

OX:

l -
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J. P. Freidberg, ldeal Magnetohydrodynamics
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The particle drifts back to the original position if a smali
poloidal field is superimposed on the toroidal field

Magnetic line
Pressure

contour

Magnetic axis

(RS Ky
& ..
5 %
Z F
s &
" i
Te31

Guiding center
trajectory

Nested
surfaces

e Points with no drift
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A poloidal magnetic field is required to reduce the drift
across field lines

Inner poloidal field coils

Toroidal (Primary transformer circuit)

Direction Poloidal magnetic field Outer poloidal field coils

(for plasma positioning and shaping)

JG055371¢

WV 4 3
‘\ v lon gyro-motion A, 3 -

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.davidpace.com/keeping-fusion-plasmas-hot/
https://www.euro-fusion.org/2011/09/tokamak-principle-2/ 56



A poloidal magnetic field is required to reduce the drift
across field lines

~

Outer poloidal field coils
or plasma positioning and shaping)

[ —

- 4

| T—

ﬁ‘lzv >
=
-
.

Id Toroidal field coils

oidal magnetic field
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The outward force can be compensated by externally
applied vertical fields

- Externally applied vertical field

Z
%@d )
i Vertical field
Finite conductivity
J X Bvert

58



Coils in a tokamak

Inner poloidal field coils

(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

« Toroidal field coils (in poloidal direction) — generate toroidal field for
confinement.
« Poloidal field coils — generate vertical field for plasma positioning and
shaping.
« Central solenoid - for breakdown and generating plasma current (in
toroidal direction) and thus generating poloidal field for confinement.
https://www.euro-fusion.org/2011/09/tokamak-principle-2/
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D-shaped tokamak with diverter is more preferred
nowadays

« Make the plasma closer
to the major axis

« Adivertor is needed to remove impurities
and the power that escapes from the plasma

Closed magnetic
surfaces

Open
magnetic
surfaces

~
&

82
Scrape-off layer

Strike points X-point

Divertor plates Penate plasma

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen
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Spherical tokamak is formed when the aspect ratio of a
tokamak is reduced to the order of unity

* NSTX @ Princeton « MegaAmpere Spherical Tokamak
(MAST) @ Culham center for
fusion energy, UK

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 61



A diverter is needed to remove impurities and the power
that escapes from the plasma

Closed magnetic
surfaces

Open
magnetic
surfaces

N
&

&4
Scrape-off layer

Strike points X-point

Divertor plates Private plasma

https://www.euro-fusion.org/newsletter/divertor-concepts/ 62



ITER ("The Way" in Latin) is one of the most ambitious
energy projects in the world today

https://www.iter.org 63



ITER ("The Way" in Latin) is one of the most ambitious
energy projects in the world today

Gravity supports
18 required, 11 installed

=6.2m .+ T=150M °C
=2.0m . P =500 MW
=118 T .+ Ez=51GJ
- Ty=4K
=15 MA - Q210

Dec 2025 First Plasma
« 2035 Deuterium-Tritium Operation begins

https://www.iter.org/ 64



Joint European Torus (JET) facility has a record-
breaking 59 megajoules of sustained fusion energy

s Ku
AN
& <
" %
7 8
2 4
% &
) v
T3t

Record-breaking 59 megajoules of sustained fusion energy in Joint
European Torus (JET) facility in Oxford demonstrates powerplant potential
and strengthens case for ITER.

https://ccfe.ukaea.uk/resources/#gallery 65



Stellarator uses twisted coil to generate poloidal
magnetic field

Tokamak Stellarator

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.euro-fusion.org/2011/09/tokamak-principle-2/
https://en.wikipedia.org/wiki/Stellarator 66



A figure-8 stellarator solved the drift issues

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 67



A figure-8 stellarator solved the drift issues

68



Lyman Spitzer, Jr. came out the idea during a long ride
on a ski lift at Garmisch-Partenkirchen

https://www.snowtrex.de/magazin/skigebiete/garmisch-classic-zugspitze/ 69



Concept of figure-8 stellarator

CLAMPING SWITCHING
IGNITRON IGNITRONS
CONFINING ! @
INTEGRATING e FIELD
CIRCUIT |, SIGNAL CONFINING |,
- FIELO I
CAPACITOR [__l
- BANK L
——

T. Coor, et al., Phys. Fluids 1, 411 (1958)
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Figure-8 stellarator with ohmic heating apparatus

PLASMA CONFINED IN FIGURE EIGHT GEOMETRY

OPTIONAL
CONSTANT CURRENT
RESISTANCE

SWITCHING
IGNITRON

HEATING
CAPACITOR +

BANK =
'—-——.-T < CROWBAR |GNITRON

T. Coor, et al., Phys. Fluids 1, 411 (1958)



Schematic diagram of B-1 stellarator

RF
BREAKDOWN
OSCILLATOR
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(

MEASUREMENT SYSTEM
AND NOISE RECEIVER

STAINLESS STEEL
VOLTAGE
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_ RESIS TANCE
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INSULATING —
SECTION X-RAY < “ o
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3 E S~
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GAUGE APERTURE
‘ LIMITER
OBSERVATION PORT ASSEMBLIES
MICROWAVE PHASE-SHIFT OPTICAL AND
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T. Coor, et al., Phys. Fluids 1, 411 (1958)

72



Figure-eight (Princeton Model A) — 1953-1958

LEAK VALVE FOR
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Model A stellarator
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Model A stellarator

https://www.autoevolution.com/news/stellarator-reactors-the-once-
forgotten-all-american-approach-to-nuclear-fusion-209478.html#agal_2 75



Exhibit model of a figure-8 stellarator for the Atoms for
Peace conference in Geneva in 1958

( T\\'_;:."é. " g
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Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen
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Racetrack Stellarator (Project Matterhorn)

FIG. 4: SCHEMATIC “RACETRACK"” STELLARATOR

OHMIC HEATING MAGNETIC PUMPING

TRANSFORMER colL .
ADDITIONAL "CORKSCREW

REGULAR MAGNETIC FIELD WINDINGS ADD.TW'STANBO
COILS PRODUCE MAIN FIELD ‘ MAGNETIC FIELD
XN : IMPROVE STABILITY

N

CURRENTS IN ADJACENT
WIRES FLOW IN
*DIVERTOR" SKIMS OFF OUTER

ITE DIRECTIONS
LAYER OF IONIZED GAS, T0 VACUUM OPPOS

REDUCES CONTAMINATION PUMPS

5 B \‘\l”»*,ﬂ N Ve  Divertor

SEPTEMBER 19 1938 & 9

https://twitter.com/quantumwriters/status/1724959216966775270
L. Spitzer, Jr., Phys. Fluids 1, 253 (1958)
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Racetrack Stellarator

https://www.autoevolution.com/news/stellarator-reactors-the-once-forgotten-all-
american-approach-to-nuclear-fusion-209478.html#agal_2
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B-65 stellarator

== PRINCETON

| ] e
‘

== ALUMNI WEEKLY

Vol. LIX « SEPTEMBER 19. 1958 - No. 1

STELLARATOR ...

https://www.pppl.gov/timeline
Elizabeth Paul, An introduction to stellarators,
Princeton Alumni Weekly, Sep. 19, 1958 79



Racetrack (Princeton Model C) — 1962-1969

https://www.autoevolution.com/news/stellarator-reactors-the-once-
forgotten-all-american-approach-to-nuclear-fusion-209478.html#agal_2
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Different types of stellarators

« Original Stellarator: — « Torsatron:

Field cancels
out on axis

 Helias:

81



Auburn torsatron — winding of both helical and
poloidal coils can be seen

https://www.energyencyclopedia.com/en/glossary/torsatron
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Construction of a pair of helical magnetic coils for the
Advanced Toroidal Facility torsatron

https://www.energyencyclopedia.com/en/glossary/torsatron
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LHD stellarator in Japan (Heliotron)

https://en.wikipedia.org/wiki/Compact_Toroidal Hybrid
https://www.energyencyclopedia.com/en/glossary/heliotron
https://en.wikipedia.org/wiki/Large_Helical_Device
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Twisted magnetic field lines can be provided by toroidal
coils with helical coils

toroidal

. coill

SN TR

‘\

=

< |

—

¥ e 4
flux surface - \helich
and A coil
plasma field line

Wagner, F., Fusion energy. MRS Energy & Sustainability, 5, E8 (2018) 85



Heliac (Helical Axis stellarator)

rrrrr

Centrail Conductor
&  TJ-Il (Spain’s National Fusion
| - Laboratory):

{
Magnetic Flux
Surfaces

* H-1 (Australian Plasma Fusion
Research Facility):

A. H. Boozer, Phys. Plasmas, 5, 1647 (1998)
https://wiki.fusion.ciemat.es/wiki/TJ-II
B. D. Blackwell, et. al, 23rd IAEA Fusion Energy Conference, 2010
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Wendelstein 7-X is a (Helias) stellarator built by Max
Planck Institute for Plasma Physics (IPP)

outer vessel ports and domes
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Course Outline

 What is Plasma?

* Nuclear fusion
— Basic
— Magnetic confinement fusion (MCF)
— Inertial confinement fusion (ICF)

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan
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Under what conditions the plasma keeps itself hot?

K
2 3
& e
> 1
z m
2 &
“, 5
) £
et

- Steady state 0-D power balance:
S, +S,=Sg+S,
S,: a particle heating
S,: external heating
Sg: Bremsstrahlung radiation

S,: heat conduction lost

Ignition condition: Pt > 10 atm-s = 10 Gbar - ns

« P: pressure, or called energy density
* Tis confinement time



Significant breakthrough was achieved in ICF recently

g,
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rea

 Inertial confinement fusion (ICF)

« National Ignition Facility (NIF) demonstrated a gain grater than 1 for the
first time on 2022/12/5. The yield of 3.15 MJ from the 2.05-MJ input
laser energy, i.e., Q=1.5.

https://zh.wikipedia.org/wiki/ B 2% 2 K & hff
https://www.science.org/content/article/historic-explosion-long-sought-fusion-breakthrough 9



Don’t confine it!

Solution 2: Inertial confinement fusion (ICF). Or you can say it is confined
by its own inertia: P~Gigabar, T~nsec, T~10 keV (108 °C)

Laser light shines The target
on the target is compressed
4
" ug@ My«
-~ 4mm » > QD ¢
' ‘ NLr
QY Pn
-
The target is ignited The target
burns
q’ \g
!\ 'l

U733J1

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester



Compression happens when outer layer of the target is

heated by laser and ablated outward
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Laser light shines
on the target

The target is ignited
v
l’ \n

&
k 4

U733J1

The target
is compressed

The target
burns

Light wave /S g;:'sc:‘;:

pCI‘, nCl’

nst Y

De

| Sonic point M=1 |
conduction zone —i M=Mach # = V/C,

—Corona
Isothermal steady state i
expansion Subsonic flow M<1 i : ;
Time-dependent S Sbiowatveisai v,=Ablation velocity
Supersonic flow b= v
M>1 H

T

2 blatiop‘fr‘unt

Heat flows by

Laser energy S
conduction

deposited near
critical surface

Ablated plasma
Light

T pmgcpl-lﬁg/cc

< Xc " I
X gri_t_ifgzlztscl‘:ff:ﬁe -g=acceleration in the lab frame
e L
0.35um light

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
R. Betti, HEDSA HEDP Summer School, 2015
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Plasma is confined by its own inertia in inertial
confinement fusion (ICF)

Laser light shines The target
on the target is compressed

n"sn

Spatial profile at stagnation

"q

F L '4 iy,
~4mm > o 4 @ A ;
l n WLF T i/\
’ﬁ"' temperature E
i density
The target is ignited The target § %
burns heat flux <
" ‘{ hot spot 5
‘ % éhs

uﬁ 'w

U733]11



A ball can not be compressed uniformly by being
squeezed between several fingers

Rayleigh-Taylor instability

P1

P2

”,

P2

« Stages of a target implosion

(a) Early time (d) Peak compression

X Imprinting and shock
Laser drive

Feedout Core—shell mix

Propagating burn

Fusion neutrons, charged
particles, and x rays

Plasma formation
and laser—plasma
interactions

Hot-spot ignition

Rayleigh—Taylor growth, —
mitigation, and saturation

Shock convergence

Rayleigh—Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E9886J1

P.-Y. Chang, PhD Thesis, U of Rochester (2013)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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A spherical capsule can be imploded through directly or
indirectly laser illumination

Direct-drive target Indirect-drive target

Capsule

Laser beams

Diagnostic hole

Hohlraum using
a cylindrical high-Z case

*R. Betti, HEDSA HEDP Summer School, 2015 95



Rochester is known as “The World's Image Center”
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There are many famous optical companies at Rochester
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Laboratory for Laser Energetics, University of Rochester
is a pioneer in laser fusion

« OMEGA Laser System « OMEGA EP Laser System

uR ¥
60 beams * 4 beams; 6.5 kJ UV (10ns) “-E7"
« >30 kJ UV on target « Two beams can be high- FS€
* 1%~2% irradiation nonuniformity energy petawatt
* Flexible pulse shaping « 26 kJIRin 10 ps
« Can propagate to the
OMEGA or OMEGA EP

target chamber

OMEGA target

OMEGA EP
target
chamber

» Main

e _amplifiers
Compression

chamber

o & %o Booster
! i f g
'3 P amplifiers
L

OMEGA EP Laser Bay
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The OMEGA Facility is carrying out ICF experiments
using a full suite of target diagnostics

Imaging x-ray UR
LLNL flat streak camera LL*E
crystal x-ray Target X-ray pinhole FS€
streak in TIM #1 positioner camera

X-axis target-
viewing system

X-ray pinhole
cameras = KB x-ray
‘microscope
#2 (GMX1)
Indium _
activation X-ray pinhole
camera
Copper
activation KB x-ray
microscope #1
KB x-ray X-ray framing A-ray Plasma
microscope camera #1 pinhole calorimeter
#3 in TIM #3 cameras

E8012b Photo taken from port H11B
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The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain
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Targets used in ICF

200

Power (TW)

100

0E | 1 !
10 12 http://www.lle.rochester.ed
Time (ns) https://en.wikipedia.org/wiki/Inertial_confinement_fusion
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015) 101

TC8286J1



Softer material can be compressed to higher density

« Compression of a baseball

P> Pl N 1447450

« Compression of a tennis ball

https://www.youtube.com/watch?v=uxlldMoAwbY
https://newsghana.com.gh/wimbledon-slow-motion-video-of-how-a-tennis-ball-turns-to-goo-after-serve/ 102



A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: 10.6 km

213 km 23 km

10m

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282

4000 713 213
{0[0]0) 504 151
200 159

10

10 36

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
av C., shock

v P Ozp
Cs ~ - \/7401!3
P P

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 103




Targets used in ICF

a_Cryogenic hohlraum

Tent X S ~Gold hohiraum

Q_a'psule

https://www.lle.rochester.edu/index.php/2014/11/10/next-generation-cryo-target/
Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen
https://www.lInl.gov/news/nif-shot-lights-way-new-fusion-ignition-phase 104



Nature letter “Fuel gain exceeding unity in an inertially
confined fusion implosion”
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for the first time.

Fuel gain exceeding unity (scientific breakeven) was demonstrated

Nature 506, p343, 2014
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The hot spot has entered the burning plasma regime
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The hot spot has entered the burning plasma regime
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National Ignition Facility (NIF) achieved a yield of more
than 1.3 MJ from ~1.9 MJ of laser energy in 2021 (Q~0.7)

Generalized Lawson Criterion
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National Ignition Facility (NIF)
achieved a yield of more than 1.3
MJ (Q~0.7). This advancement puts
researchers at the threshold of
fusion ignition.
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THE ROAD TO IGNITION

The National Ignition Facility (NIF) struggled for years before achieving a
high-yield fusion reaction (considered ignition, by some measures) in 2021.
Repeat experiments, however, produced less than half the energy of that result.

On 8 August 2021, a laser shot
produced more than 1.3 megajoules
of fusion energy.

B The NIF’'s original
goal was to achieve
W ignition by 2012.

Fusion yield (megajoules)

| I I.l- I-‘ | I
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

« Laser-fusion facility heads back to
the drawing board.

T. Ma, ARPA-E workshop, April 26, 2022

J. Tollefson, Nature (News) 608, 20 (2022) 108



A gain over 4 has been achieved

Elghth |gniti0n Experiment NIF’s ignition achievement in perspective
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* In recent attempts, the team at NIF increased the yield of the experiment,
first to 5.2 megajoules and then again to 8.6 megajoules, according to a
source with knowledge of the experiment.

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
https://lasers.lInl.gov/science/achieving-fusion-ignition
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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)
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External “spark” can be used for ignition

« Shock ignition
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J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
T. Ditmire, etc., J. Fusion Energy 42, 27 (2023)
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A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: 10.6 km
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« Acoustic/compression wave driven by a piston:
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http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 112
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Power (TW)

External “spark” can be used for ignition

« Shock ignition
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Ignition can happen by itself or being triggered externally
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P. B. Radha, Fusion Energy Conference,2018 114



Course Outline

 What is Plasma?

* Nuclear fusion
— Basic
— Magnetic confinement fusion (MCF)
— Inertial confinement fusion (ICF)

 Formosa Integrated Research Spherical Tokamak (FIRST), the first
Tokamak in Taiwan
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Development of Formosa Integrated Research Spherical
Tokamak (FIRST), the first Tokamak in Taiwan
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« Ohmic heating
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* Duration: 100 ms

* First plasma: 2026.




Temperature of 100 eV is the threshold of radiation

barrier by impurities
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H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Teams

- BHEEER @ BREREFERRMHER

- Site

REFER @ KNINIAKE XZEBRABMEMR

- System design and development/diagnostics
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We welcome anyone interested in fusion research to join us!
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The system will be built in National Atomic Research
Institute (NARI, B X R FEERI Xt 5 bx) at FEE
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https://www.sipa.gov.tw/home.jsp?mserno=201001210037&serno=201001210041&menud
ata=ChineseMenu&contlink=content/introduction_4 1.jsp&serno3=201002010023
https://www.nari.org.tw/newsdetail/activity/353.html 118



Formosa Integrated Research Spherical Tokamak (FIRST)
aiming for the first plasma in 2026
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« We welcome anyone interested in fusion research to join us!
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