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Note!

* Final exam:
— 6/18 (Closed book, no cheating sheet is allowed.).

— The final exam covers the entire semester's content.




Course Outline

« Magnetic confinement fusion (MCF)
— Gyro motion, MHD
— 1D equilibrium (z pinch, theta pinch)
— Drift: ExB drift, grad B drift, and curvature B drift
— Tokamak, Stellarator (toroidal field, poloidal field)
— Magnetic flux surface

— 2D axisymmetric equilibrium of a torus plasma: Grad-Shafranov
equation.

— Stability (Kink instability, sausage instability, Safety factor Q)
— Central-solenoid (CS) start-up (discharge) and current drive

— CS-free current drive: electron cyclotron current drive, bootstrap
current.

— Auxiliary Heating: ECRH, Ohmic heating, Neutral beam injection.



Breakdown

Collisions play an important role in ionization process
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At the microscopic level, breakdown requires the presence of sufficiently
energy charge particles that have acquired enough energy from the
applied electric field between two energy-dissipating collisions to ionize
the material and to create more charge particles.

Energy > ionization level Gain energy
O o ©
E E E



In most cases, electrons dominate the breakdown
process since its mobility is much larger than that of ions
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Mean free path is important in ionization process

* For an electron to acquire enough energy between collisions, its
mean free path in the material must be sufficiently long.

Mean free path, A
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Electron impact ionization is the most important
process in a breakdown of gases

« Electron impact ionization: A+e- — A*+e +e-

— The most important process in the breakdown of gases but is not

sufficient alone to result in the breakdown.
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Collision cross-sections of elastic, ionizing collisions
between e- and H, and coulomb collisions
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Townsend avalanche process for Tokamak breakdown
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» The first Townsend coefficient a: the number of ionizing collisions madg
on the average by an electron as it travels 1 m along the electric field:
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 Number of primary electrons with energy higher than the
ionization potential:

dn, = —n dx = ne(X) = exp (— ﬁ)
° " A Meo %

#/ ionization collisions

X (#/electron with E > ionization potential)
per electron
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1
a = Ap exp(—Apx;) B =96.6 Vm-'Pa' = 35000 m-'Torr"

AV~ B V*
a = Apexp <— E/p> = Apexp <_E_/p> Xj = T where V* > V;

 The parameters A and B must be experimentally determined.



Paschen-like curve for minimum breakdown voltage
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* Forp=1mPa, 2,~262m ,forlITER, 2nr,~38 m

* For breakdown to happen:
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Perpendicular stray-field (B,) needs to be as small as
possible
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* Forp=1 mPa, 4,~262m ,forlITER, 2nr,~38 m
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Examples or required loop electric fields
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Central solenoid can be used to provide the required
loop voltage for breakdown
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Height Z [m]

Poloidal coils are used to reduce the stray field during

breakdown
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Momentum exchange may be needed to drive plasma

current
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Solenoid can be used to drive the plasma current

I dIsol
Ltora + IR = Vloop =M dt Solenoid—
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Current is initially driven at the surface and then
diffuses into the plasma

Simplified Ohm’s law: E+7xB=nj

Assuming a stationary plasma: px F = —a—B =V X (11 7)

Assuming a constant n:

d
——|7><B 11|7><|7><]

(Va(?‘ 1), 7)

Assuming non-constant n:

W (07) v 7)o

Since n a T3, resistance drops with higher temperature. The typical
limited temperature is ~3 keV.
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Eddy current needed to be considered

Side view (xz plane)
Inner vacuum vessel wall

outer vacuum vessel wall ;
Central solenoid current

(time-varying current)
Eddy current induced in

inner vacuum vessel wall Discharge voltage

induced in the vacuum/
plasma current
induced in the plasma

Eddy current induced in
outer vacuum vessel wall

Side view xz plane
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Chamber is broken into ring elements carrying eddy
currents

Center Line 100 mm 2™, Center Line 188 elements
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The eddy current in each chamber element is solved

numerically
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Eddy current on the chamber wall is induced when the

current of the solenoid changes with time
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Temperature of 100 eV is the threshold of radiation

barrier by impurities

L. [Wm?]

Line and recombination-induced
radiation
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H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Plasma temperature can be estimated using the simple

circuit model

Current Profile
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A banana current is generated when there is a pressure

gradient in the plasma
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Bootstrap current is generated when passing particles
are scattered by the trapped particles

« Scattering smooths the velocity distribution and shifts it in the paraliel
direction, i.e., a current is generated. It is called the bootstrap current.
A V.
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~ « The bootstrap current is vital for
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Charged particles can be partially confined by a
magnetic mirror machine
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« 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 26



The trajectories of charged particles follow the toroidal
field lines
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X. Garbet et al, Nucl. Fusion 50, 043002 (2010) 27



The collisional re-distribution of the ECRH-driven

anisotropy in E, causes some parallel momentum to
flow from e- to ions

« Coulomb collisions are more efficient at lower energies.
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Passing electrons can be trapped if the v, Is increased

by heating

w— kv, =

neB
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Ohkawa (Collisionless™

V. (Collisional region) Vi  region
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Lecture note “Physics and Applications of Electron Cyclotron Heating and Current Drive” by R. Prater from GA at 6t
ITER International School 2012, Institute for Plasma Research, Gandhinagar Ahmedabad, India, December 2-6, 2012
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Comparison of Fisch-Boozer Mechanism and Ohkawa
Mechanism
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Aspect Fisch-Boozer Mechanisml'] Ohkawa Mechanism[?]
: Asymmetric heating of passing Selective de-trappl_ng of bar_e ly
Physical : trapped electrons into passing
electrons with subsequent . . .
Process . . orbits (collisionless
collisional momentum transfer :
mechanism)
Req_u[res Yes (collisional mechanism) No (col_llsmnless pitch-angle
collisions? scattering)
Key Par_tlcle Passing electrons Trapped (or barely trapped)
Population electrons
Wave i Depends o.n Do_ppler-shlfted Usually near edge where barely
absorption |resonance; typically near ;
i : : . i trapped particles are abundant
location magnetic axis or mid-radius

1 N. J. Fisch and A. H. Boozer, Phys. Rev. Lett. 45, 720 (1980).
2 T. Ohkawa, “Steady state operation of tokamaks by rf heating,” General Atomics Report No. GA-A13847 (1976).
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Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor

RESONANT SURFACE
W= weg

MAGNETIC NOZZLE
MAGNETIC TRIM COIL
RESONANCE COIL

TARGET
MATERIAL

CERAMIC
WINDOW

INPUT WAVEGUIDE

—— \\\\\\/

& 8

z m

2 &
it

31



Electron cyclotron frequency depends on magnetic field

only

 Assuming B =Bz and the
electron oscillates in x-y plane

 Therefore

: e
mevx=—szy :
_ e m,v, =0
m.v, = —Bv,
c
2
. eB . eB
V, = — v, =—|—| v
o mec ” mec) *
2
. eB . eB
v, = — Vy=—|—| v
Y mec myc/ 7
eB

w =
ce me c

#® K
& ¢,
5 3
7 F
s &
“, s
W »
T3t

32



Electrons keep getting accelerated when a electric field
rotates in electron’s gyrofrequency

dv e N N N R o
me— =7 UVxB—eE B =B,z FE =Ey[xcos(wt) + ysin(wt)]

: e : e ] .
m,v, = — szy + Egcos(wt) mev, = EBvx + Epsin(wt) m v, =0
v, = — v, — —wsin(wt) = —w v, —— (w w)sin(w

X mec y me ce X me ce
.o eB . EO _ 2 EO
v, =— mecvx + m—ewcos(wt) = —We"Vy + E (wee + w)cos(wt)
eB

Wee =

m,c
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Electric field in a circular polarized electromagnetic
wave keeps rotating as the wave propagates

* Right-handed polarization « Left-handed polarization

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



Only right-handed polarization can resonance with
electron’s gyromotion
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FIGURE 13.5. Basic principle of ECR heating: (a) continuous energy gain for right-
hand polarization; (b) oscillating energy for left-hand polarization (after Lieberman and
Gottscho, 1994).
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Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor
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The collisional re-distribution of the ECRH-driven

anisotropy in E, causes some parallel momentum to
flow from e- to ions

« Coulomb collisions are more efficient at lower energies.
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Neutral beam injector is one of the main heat
mechanisms in MCF
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D. Mazon, etc., NATURE PHYSICS, 12, 14, 2016 lon source
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Varies way of heating a MCF device

Overall Development /
System Frequency/ Maximum power system demonstration
energy coupled to plasma efficiency required Remarks
Demonstrated  og 47 cyp, 2.8 MW, 0.2 s Power somrees
in tokamaks ' " Provides
ECRF 30-40%  and windows, Foais CD
ITER needs  150-170 GHz 50 MW, SS off-axis CD Of-axas L
Demonstra.ted 925190 Ml 22. I}IV\ 3 ; (L-mode);
in tokamaks 16.5 MW, 3 s (H-mode) Provides ion
ICRF 50-60% SE‘E\:H:olerant heating and
ITER needs  40-75 MHz 50 MW, SS ° smaller ELMs
Demonstrated . . 2.5 MW, 120 s;
in tokamaks 1.3 8 GHz 10 MW, 0.5 s Launcher, Provides
LHRF 45-55%  coupling to .
ITER needs 5 GHz 50 MW, S5 H-mode off-axis CD
Demonstrated 80140 keV flO I\-D\; , 2 s
in tokamaks 20 MW, 8s Not
+ve ion 35-45%  None app‘licable
ITER needs None None '
NBI o
Demonstrated 0.35 MeV 52MW, D, 08s
in tokamaks (from 2 sources)
—ve ion

ITER needs

1 MeV

50 MW, S8

Ng?‘%l

System, tests
on tokamalk,
plasma CD

provides
rotation

‘SS indicates steady state

Nuclear Fusion, 39, 2495, 1999
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Neutral atoms are ionized by collisions in the plasma

Energy of hydrogen beam atoms

107" 10 keV 100 keV

L T T T T T

Charge
Exchange (o4,)

T 1T

I

Cross- ~
section ~

(m?)
10 %

Electron ~
ionization ™~

107 | L L a o]

Tonization
byions{g,)

| O

10 keV 100 keV

Energy of deuterium beam atoms

Charge exchange:
H,+H,* — H," + H,
lonization by ions
H,+H*—> H,*+H*+e
lonization by electrons

H, + e-— H,* + 2e-

b: beam
p: plasma

John Wesson, Tokamaks 3™ edition

& Yo
& <
¥ %
7 5
2 &
e i
Teat
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Neutral beam absorption length increases with
tangential injection

« It is more difficult to access through the toroidal field coils with
tangential injection.

Tangential injection

@ Normal injection

field coils

John Wesson, Tokamaks 3™ edition 41



Neutral particles heat the plasma via coulomb collisions

. " Meutral beam Baam Baam Baam
on on . ) Geana@lion  |Meul@lzaiion Tampa
U Acceleration Mentralisation =p u

lons Calkrimalar él?

(los=as)
Heutral Collisional | Dump
»> Tomisation Slowinz-down
beany

PLASKA
Yacuum Ve==al

Fla=ma

Aocaleation

Grid=s
Magnel Coil

High Spaad I
Yacuum Fump hblé'ggr:?d"g

1. create energetic (fast) neutral ions

2. ionize the neutral particles
3. heat the plasma (electrons and ions) via Coulomb collisions
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Negative ion source is preferred due to higher
neutralization efficiency

100
90 -
80 -
70 -
60 -
50 -
40 -
30 A
20 -
10 A

Neutralisation efficiency [%]

10 100 1000
Energy [keV/amu]



There are two ways to make negative ions — surface and
volume production

« Surface production, depends on : H
— Work function @
— Electron affinity level, 0.75 eV for H- H-

— Perpendicular velocity

— Work function can be reduced by covering the metal surface with
cesium

H+e — H™
H* +2e- - H™
* Volume production:

H; + epg(>20 eV) — H, " (excited state) + €fast:

H, (excited state) + egyu(=1 eV) — H™ + H.
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Two-chamber method of negative ions in volume
production with a magnetic filter

Permanent

. Maghet
Extraction S@n Cromber
i (a)

9>09>9>0>@

— G I G WD - - - -
-\ Plasma Grid

P ¢ Arc
— ermanen
H IDn Chamber

( ) Magnet \
i Z/ =]

------- -
\ Plasma Grid

Arc
Chamber

Magnetic Filter Plasma Extraction (c) 8 B

Grid Grid SN P

-
—= lro -\ Plasma Grid




Adding cesium increases negative ion current

Cs-Seeded oo < 'E:.
Source Plasma

...................
...................

..................

o HYH e ¢
" Positive lon ::

Cesium Coverage

Plasma Grid

NEGATIVE ION CURRENT | , - (A)

-t
N

-
L=

Varc=70 V o
Vb=2-3V o ©
Vacc=50 kV o
with Cs o °
PA =1 .0 Pﬂ o]
[ &)
Q
o Q
]
o without Cs
o] Pa=1.4 Pa
Q
© 5 poooo poono@m O
]

J

200 400 600 800
ARC DISCHARGE CURRENT larc (A)
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Electrons need to be filtered out since they are extracted
together with negative ions

Permanent Magnet Cooling Tube

\\
B ©
>
=1 [ ] et ) B0 O
Sonree Aceeleration Neutralisation 1 ©
Negative
(a) ’Ion Beam
) [0 Q
Heutral Collisional B -
> Tomisation Slowing-down -
= ) B G
S N
PLASMA 1 @
\
Elect
Plasma Extraction Sup;:':e;os?on Grounded
b.C>0 —
"Electron > ::‘:'g;g;:}
® D 1 [ ]
-Electron I
B
D [ >0 1]
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Acceleration

- Multi-stage acceleration S . A
- u Y & [
« Single-stage acceleration .- ¢ ‘é.“ &
R o &
é'\Q &@ & CSS' <&

T

SINGAP

SNgle CAP
SINGl= APertured

N
™\
2\
A\

2 e ; ;- NI
S EREEREN L
z o i

X
AT
r‘v%h']\f
AN
Y

Y Y
g e & .
o) % 3 b
€ o & & &Y
& d?a.‘s} r(;)’ .‘5_{-’?

The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni



NBI system of the LHD fusion

machine

=

180 keV and 30 A

Cooling Pipe  Coolin

Grounded
\ Grid

H™ Ion{‘.._..l— -----------

(o) (& 0

ExdractionFlasma
Grid Grid /

Permangnt Mqu

0

Negative lon Accelerator

Single stage accelerator

Arc chamber: 35 cm x 145 cm, 21cm in depth

INSULATOR

mccm.ﬂmma\+

NEGATIVE
ION BEAM

FILAMENT

=3 -
= 5

p FILTER FLANGE

Y. Takeiri, etc., Nucl. Fusion, 46, S199, 2006
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JT60U NBI system

JT-60 (Japan-Torus) is a tokamak in Japan.

550 keV, 22A
 2m in diamete

3-stage accélergtt

el fﬂh P

T s e g&l‘lﬁl‘ﬂtﬂf
AN @ﬁ’“ }/nlkjj

LR SRS Exqractor

D
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Neutralization

« Gas neutralization
— Collisions between fast negative ions and atoms
H +H, -H+H,+e
— Fast ions can lose another electron after neutralized

H+H, > H*"+H,+e"

 Plasma neutralization

— Collisions with charged particles in plasma
H +X(e,Ar,H"  H,") > H+ X+ e~

— The efficiencies reach up to 85% for fully ionized hydrogen plasma
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Beam dump

o xu
one Kuy,
= 3
& <
P H
% i
) 7
3 J
“, 5
v £
e

+ ?
0
Zg - 1.6 MeV D >

(a)

60 A
50 A
40
30

+ -1.58 MV
20 | \
10 A p*

1.6 MeV D°
I _\

(b)

Neutralisation efficiency [%]

Energy [keV/amu]

+1.58 MV

R. W. Moir, Fusion Technology, 25, 129, 1994



NBI for ITER

« beam components (lon Source, Accelerator, Neutralizer, Residual lon

Dump and Calorimeter)
« other components (cryo-pump, vessels, fast shutter, duct, magnetic

shielding, and residual magnetic field compensating coils)

ITER-ITA data

9m

bellows BV e
calorimete N
Gate valve RID

"71‘" .

= 7 e/
neutralise =

MAMuG Source
and accelerator

5m

The ITER neutral beam system: status of the project and review of the main technological issues,

presented by V. Antoni

s Xy
e K,
3 2
& <
P &
H
% F
Y 4
% &
1,
v 4
et
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Neutral beam penetration

- Parallel direction
* Longest path through the densest part of the plasma
« Harder to be built
 Perpendicular direction
« Path is short
« Larger perpendicular energies leads to larger losses
- Easier to be built https://www.iter.org 54



Temperature of 100 eV is the threshold of radiation

barrier by impurities

L. [Wm?]

Line and recombination-induced
radiation

o Y WLy

ABER RN} LW T L W}
oW LU U | N R Y
o AW T\ T WY
o L T L T T Y

_ Bremsstrahlung
| radiation

H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Reference for MCF

- Jeffrey P. Freidberg, Ideal Magnetohydrodynamics
« John Wesson, Tokamaks

- Tokamak Physics by FRER Pzt
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Course Outline

 Inertial confinement fusion (ICF)
— Plasma frequency and critical density
— Direct- and indirect- drive

— Laser generated pressure (Inverse bremsstrahlung and Ablation
pressure)

— Burning fraction, why compressing a capsule?
— Implosion dynamics

— Shock (Compression with different adiabat)

— Laser pulse shape

— Rocket model, shell velocity

— Laser-plasma interaction (Stimulated Raman Scattering, SRS;
Stimulated Brillouin Scattering, SBS; Two-plasmon decay )

— Instabilities (Rayleigh-taylor instability, Kelvin-Helmholtz instability,
Richtmeyer-Meshkov instability)
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Under what conditions the plasma keeps itself hot?

—
& <
3 z
"z m
2 &
%, il
o

- 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

egoN
é .
> %
z m
s &
%, T
e

 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 59



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
_ b
" ug@ My »
T | = ' 4 v [
~4 mm ’ > o < ‘
. ‘ WNL."
Y PR
-
The target is ignited The target
burns
i’ “i
'\ ’B

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

Laser light shines
on the target

The target is ignited
v
1’ \n

&
k 4

U73311

The target
is compressed

The target
burns

Light wave /S g;:'sc:‘;:

pCI‘, nCl’

ns! Y

De

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

—Corona
Isothermal steady state i
expansion Subsonic flow M<1 _ . -
Time-dependent S piewatveiea 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
on the target

v

|
~4{1m >
n ‘.“

The target is ignited
l’ "
A ﬁ? A
u\ ’v

U733]1

The target
is compressed

The target
burns

Spatial profile at stagnation

Pressure

lllllllllllllllll..
A

T

temperature

heat flux

hot spot

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

Imprinting and shock
Laser drive P g

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 64



The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain

and beginning
experiments
at LLNL

K , Ny 1o b
» 3 i _‘-! ‘V
Relative
size

OMEGA experiments are integral to an
ignition demonstration on the NIF.

& Ku,
o ,
R o
< <
P iz
1
z "
£y 5
£ &
v 54
Teat
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Targets used in ICF

200

Power (TW)

100

TC8286J1 Time (ns)

12

http://www.lle.rochester.ed
https://en.wikipedia.org/wiki/Inertial_confinement_fusion
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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Softer material can be compressed to higher density

« Compression of a baseball

P> Pl N r44/a50

« 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/ 67



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

ZL0[0]0) 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 68




Rankine-Hugoniot conditions are obtained using
conservation of mass, momentum and energy
across the shock front

|
shocked I unshocked
p1ul = Pau u, . U,=-Ughock
) 5 P2 I P4
P1+ pru] = p2 + pPaus
P2 | Py
uy (€1 + p1) = ua (g2 + p2) '
Shock front
 |Ideal gas/plasma: In shock frame
gas/p - of reference
3 _ 12
£ = 2p—|—,r_; 5

* With assigned p,, p4, and p,, p,, Uy, and u,=-U, .« can be
obtained using Rankine-Hugoniont conditions
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For a strong shock where p,>>p,, the R-H

conditions are simplified

P2

1

. 4pa

Ushock = —up = 3—

. ,‘_)1

e P2

= 12p1

as  pa/ fJg 1 po

e 5/3 5/4 >>1
v p1/p; 42/ py

|
shocked , unshocked
uZ I < u1_'Ushock
p2 I p1
P> | P4

|

Shock front
in shock frame
of reference

 The adiabat increases through the shock.

SR
4 ‘S
& <
A 3
% F
C3 &
“, s
i S
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In an ideal gas/plasma, the adiabat a only raises when a
shock is present

Pressure pulse applied P2,0lo .

to target surface B shock * Post-shock density
P> Apply / po =2 4py

P2>>2>P;
Py : \ - Adiabat set by the
t shock for DT:
P150 P4 )
Ao, TEE)| o, g T

-~ 2.2 ('—lﬂl,g/cc)

X

« Time required for the shock to reach the rear target surface (shock
break-out time, t )

: - 4po
Al 3,’.')1 1 [-":shock = —up = s
tsh = = A1/ — 2/3 31
Ushock 4}-}2 Yo )4
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Higher laser intensity leads to higher adiabat

* For a cryogenic solid DT target at 18 k:

PMb 15 2/3
= 0.25 ¢/cc y = ——~oar DA~ R —2
1 g/ec =00 p =9 (A#m/o.:}&a)

I ~43x102% w/ecm? = p=22Mbar = a=1
I~12x10¥ w/em? = p=44Mbar = oa=2

I~22x10% w/cm®* = p=6.6Mbar = a=23
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A shock or a rarefaction wave may be formed
depending on the driving force from the piston

(ayt=0

Y

I: Py Ep po

A 4

A 4

A
>

Pressure pulse applied
to target surface

Y

Y
Y

P2
P | .
g
P10
@ A1 [Py
" Ay

A 4
Y

-bupé'ws

1
:|> upl+ Cs1
1
Rarefaction
front

A 4
a4

Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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Multiple shock can be generated with multiple pickets

& Ku,
o ,
3 o
& <
P iz
1
7 "
Y 5
% &
v 2
Teat

37 um CH

First shock Second shock

300 I ; ; = 2000 1 I — T
/Thlrd shock
CHY DT —Main shock
1500 Pagt
i . Inner edge of shell
= 200 (a)4 2 (b)
= E \
) Z 1000 [nner shell edge
A« 100 | - R Leading shock ;\ 1200
500 in DT gas
: \ !- 100
ower
0k I L 1 0 I /\ 1 | 1 o 0
0 2 = 6 8 10 12 0 2 4 6 8 10 12
Time (ns) T Time (ns)

TC8286J1

T. Ditmire, etc., J. Fusion Energy 42, 27 (2023)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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The pressure must be “slowly” increased after the first
shock to avoid raising the adiabat

Laser pulse shape
|ax~1015W/cm?

Flat top

Y

I(t)

\ 4

Foot

- Yo
& <
= %
7 5
2 &
e i
Teat

ts:bl 2 llésb t

« After the foot of the laser pulse, the laser intensity must be raised
starting at about 0.5t_, and reach its peak at about t_,

- Reaching |, at t,, prevents a rarefaction/decompression wave to
propagate back from the rear target surface and decompress the
target.
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Most of the absorbed laser energy goes into the kinetic
and thermal energy of the expanding blow-off plasma

Laser Expanding
energy Pellet blowoff
Imploding
pellet
 The rocket model:
Shell Newton’s law Shell mass decreases p, =ablation rate x
due to ablation exhaust velocity
du dM :
M o = —471']?.2];»3 pral — 47 R?*m, Pa = Malexhaust
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One dimensional implosion hydrodynamics

 What are the stagnation values of the relevant hydrodynamic

properties?

stagnation
implosion
u=implosion
Hot spot
Shell

velocity ’

pR?
P?




What variables can be controlled?

Shell outer radius R, at time t=0

Shell inner radius R, at time t=0

The total laser energy on target

Adiabat a through shocks

Applied pressure p(t) through the pulse shape I(t)

p 4

R 1(1)

oy ~




There are three stages in the laser pulse: foot, ramp,

and flat top

hock traveling
and adiabatic
compression

<

| acceleratlor> ©

»
>

1(1)

| ax Flat top/
— peak power

Shock
launching

Adiabatic
compression

—

/

time

Set the adiabat

v

sb/ 2 sb

J
A A

Coasting > @

stagnation

Peak implosion velocity
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The adiabat is set by the shock launched by the foot of
the laser pulse

I(t)

p1 = Initial density

Shock
break-out ™

Asb
aN ~
p3/3  (4p41)5/3
Mep~41R, 2411 = 4TR\* Ay pav~
A1p1 = AspPsp
3/5
A
Ay = A1ﬂ~A1 P1 1 (pfoot)
pmaX

Psb 4‘P (pmax)3/5 4
1 Ptoot
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The final implosion velocity can be found using IFAR

I(t)
Upax2~IFARX a3/54/15
I 2/5
IFAR = 4-A1< max)
foot "
R,
A = —
1 111

Ifoot

2/5
u ~ I
max,cm/s 107\/0. 7A1a3/5115, ax4/15 ( max)
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There are three stages in the laser pulse: foot, ramp,

and flat top

hock traveling
and adiabatic
compression

<

| acceleratlor> ©

»
>

1(1)

| ax Flat top/
— peak power

Shock
launching

Adiabatic
compression

—

/

time

Set the adiabat

v

sb/ 2 sb

J
A A

Coasting > @

stagnation

Peak implosion velocity
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Summary of phase 2 (coasting phase)

1<A< JAg A < Mach
! 1 < R <1
Ag, 42 R

R \2/3 R \2/3
Mach~Mach, (R_2> ~/ Agp (R_2>

Mach, = Mach,x =~ A, = /A

R 2 2
A = constant = 4,~ ! p = py <&> ~Psb <&>

A4,%3 R R
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How about the 3" phase where A~1 ?

M~[1-(RIRs ]2

« 1stphase: acceleration
« 2" phase: coasting
« 3" phase: stagnation

Asb
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The thin shell model breaks down when A~1

s KL
Ao
& <
B %
7 8
2 4
% &
) w
T3t

Umax I Void closure Stagnation core

Return shock

* When A~1 => A~R, the “void” inside the shell closes and a “return shock”

propagating outward is generated due to the collision of the shell with
itself

« The density is compressed by a factor no more than 4 even if the strong
shock is generated

pPsi~pP3 Where p5 is the density right before the void closure
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Calculation of the burn-up fraction

Umax Void closure  stagnation core
Return shock
p A
Rf - RO - Cst
Burning | | , Expanding 3 2
plasma | K plasma a"" — V. (nw) — "Ti < oV >X 2
| 1 t

»
>

RfR,
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Summary

* Possible fuel assembly for 1MJ ICF driver

Ejaser = 1IM]  Mp = 1%

‘ l Hot spot

My ~20pg (pR), = 0.3 g/cm?
prLx 70g/cm® Ry ~40pm

# Mr _0.01
My,

Compression

®

ppr = 0.25g/cm® R, ;; ~ 2.6mm

Dense fuel
My ~2mg (pR) =~ 3 g/cm?

p ~250g/cm3 R ~ 120um

Convergence ratio ~20

87



Targets used in ICF

a_Cryogenic hohlraum

Tent , LY . - Gold hohiraum

Tent—g ' ) ~Capsule

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
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Nature letter “Fuel gain exceeding unity in an inertially
confined fusion implosion”

a Inner cone

Laser quads

Shot
N130927

D-T ice layer

———— 2263 mm ———————

CH ablator graded

2% Si doped \

T ©V)

entrance hole
100

N130927
3 shock .

>

High foot /

N110914
4 shock

Low foot

.0 5.0 10.0

t (ns)

15.0 20.0

Yield (kJ)

20 T T 1\5 T T . T I, T T : T T T T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T
I2 | @Llow foot 1 | ! : High foot |
= H High foot | l 1 i 1
2 é 1.0—-— I\T1E1_11_9___ [ Yield from fuel compression ‘
.5 E @ 130027 Yield from self-heating 1
i E 0.5F ~wiapepq 1 o NWIS081Z2- - = Energy delivered to D-T fuel
C% Q | i
° N130710. - ‘ |
% 01 02 03 04 05 06 07 08 | T
GLC ; w
10 | | | | | | B
31 ------ BERUEREREREY 11}1 ----------- i ]
L . - Low foot | | |

Shot number

Fuel gain exceeding unity was demonstrated for the first time.

Nature 506, p343, 2014
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The hot spot has entered the burning plasma regime

Hotspot pressure-energy [no-o.]

350 . —

\ \
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T. Ma, ARPA-E workshop, April 26, 2022
Science 370, p1019, 2020
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25

' 0.3 mg/cc
3.64-4mm LEH He

Cylinder

@t=8ns

-Raum with 1100 ym
Capsule@t=9ns

D. T. Casey, etc., Phys. Plasmas, 25, 056308 (2018)
A. L. Kritcher, etc., Phys. Plasmas, 28, 072706 (2021)
H. F. Robey, etc., Phys. Plasmas, 25, 012711 (2018)
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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

1.6

] ICH LF‘
[}
3 o 1.35 MJ

@ HDCBF
B HDC Iraum
B HDC HyE
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Fusion yield (MJ)
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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) o1



“Ignition” (target yield larger than one) was achieved in
NIF on 2022/12/5

Fusion yield (MJ)
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NIF fusion yields versus time
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Max laser energy

3.15 M

(Q=1.54)
2.05MJ

- ai.zuall ?r.f!l|

7 2018 2019 2020 2021

NIF’s ignition achievement in perspective
J Energy in megajoules @ =1

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

lu’n 300MJ 2.05MJ 3.15MJ

2022

3.88 MJ 2.4MJ 3.4 MJ

PRODUCED PRODUCED. PRODUCED

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
The age of ignition: anniversary edition, LLNL-BR-857901 92



A gain over 4 has been achieved

Elghth Ign ition EXperi ment NIF’s ignition achievement in perspective
Sets Record Fusion Yield and Target Gain By Fomegpiios @1
e = —= . e -
)
8
=5 Iy
= ) ese
g 5 ) 800
5, I S 2 oo
p) .
wey 4= i : 300MJ- " 2.08MJ 8.6 MJ
0 - — Energy required from the grid Energy of laser fired upon hohlraum Energy produced via fusion

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)  mmFusion Energy Out (MJ) —NIF Target Gain

M Lawrence Livermore
LA National Laboratory ~ P16073883

* 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/
Skip https://lasers.linl.gov/science/achieving-fusion-ignition 93
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Power (TW)

External “spark” can be used for ignition

« Shock ignition

a)

Compression
wave (b)

Spike shock wave

Return
shock
Picket
shock wave
10 . : . a 20 — T g <
Picket delay 4 z S 5L Spike delay §
== s 10 22
G X Z 5L 1, zZ
5 - 5
0 I 0 E 0 I 1 I 0 =
-1 0 | 2 -1 0 1 2 3 4
Time (ns) E 1613011 Time (ns)

* Fastignition

a) channeling Fl concept

Hole [ '

boring ” Ignition

—| |a—

10 ps

b) cone-in-shell Fl concept

ignition
10ps pulse

J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
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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

213 km 23 km

10m

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

7000 943 282

ZL0[0]0) 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 95




Ignition can happen by itself or being triggered externally

& Ku,
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Teat

Self-ignition External “spark™ for fast ignition
Conventional ICF Fast Ignition Shock Ignition
X ¥
Hot spot Shock
pulse
Fast
|- Injection
T 'y I I P of heat
T Ap A
| &
| | T | R P
= -
= I !1\ » I v » I
Low-density central spot ignites Fast-heated side spot ignites Spherical shock wave ignites
a high-density cold shell a high-density fuel ball a high-density fuel ball
PThot = PTcold (Isobaric) Phot = Peold (Isochoric) PThot * PTeold

P. B. Radha, Fusion Energy Conference,2018 %



Reference for ICF

* Riccardo Betti, University of Rochester, HEDSA HEDP summer school,
San Diego, CA, August 16-21, 2015

* ICF lectures for course PHY558/ME533
« The physics of inertial fusion, by S. Atzeni, J. Meyer-Ter-Vehn

sy
< 3
& <
> %
z m
C3 &
“, S
e

97



“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 (M) == 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
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We are closed to ignition!

23
QM_CF
1 0 ® Tokamak wsa
X Laser ICF 10
% Stellarator )
A MagLIF A % b
21 @ Spherical Tokamak OMEGA\\_\'\ JT-60U —
10 1 | ZPinch U NIF 10-1
7 ¢ FRC Alcator C N
0 LIF
Spheromak OVA \‘ W7-X % TFTR
- — Mirror #LHDS FIREX® 3= 0 DD ey 10-2
~ V RFP Alcator A —sg KSTAR C-Mod - o
p 19 | Pinch NSTX PLT W7-AS "S ASDEX-U
P 10 ASDEX j‘t MAST 103
= TR %ig EAST
St ' GOL-3
~ MST &iobut-M2 FuzE 107
. STy o
= A7 v LSXY
=10 zT-40M ~ST3g  YRFX-mod
< FRX-L Y IPA *0\&
% ,L \’ T-3 § Yingguang-1 C-2w
= ETA-BETA Il ! ZaP ~ 02y
= 15 | 5 X
o 10 PETH *HSX
=] —TMX-U
*Model C
ETA-BETAI Tesu
13 |
10 $TCs
* maximum projected
0.01 0.1 1 10 100

Tio. {Ti)n (keV)

23

10

10

10

10

NioTioTe, N{T)aT (M3 keV s)

10

21 |

19 |

17 |

15 |

13 |

MCF _ o (nTT)ECFhS

og/|c|cp £10 SCi 4&

OSMUCF = NIF
SPARC* ITER*
Y= MagLIF
ETA-BETA Il
ZETA

@® Tokamak FRC
/ X LaserICF Spheromak
/ “ Stellarator Mirror
vETA-BETA | A MagLIF RFP
® Spherical Tokamak Pinch
| ZPinch
» maximum projected | I I I
1960 1980 2000 2020 2040
Year

« Lawson criteria (Ignition condition): Pt > 10 atm-s = 10 Gbar - ns

* P: pressure, or called energy density

 Tis confinement time

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

TRAPPING p—
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
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.
Plasma Plasma
D-T Tritium Neutron chamber
Q)+ () —> @ + @
TOKAMAK
(ITER AND MANY OTHERS)
Multiple coils produce magnetic fields that
hold the plasma in the chamber. A coil
S+ & —> @ +o through the centre drives a current
D 5} Helium-3 n through the plasma to keep it hot.

Deuterium Helium-4 (o)

D-D

D-*He

S+ (& —> @ + 0

D SHe 5 Proton

p-1B Fuel beams
0+.‘$§’0—>..'0+0"o+

Boron-11 X ¢

Central

Plasmoid :
plasmoid

Central
chamber

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

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.

100



Commonwealth Fusion Systems, a MIT spin-out
company, is building a high-magnetic field tokamak
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« Fusion power « B4.
* The fusion gain Q > 2 is expected for SPARC tokamak.

https://en.wikipedia.org/wiki/SPARC_(tokamak) 101



Merging compression is used to heat the tokamak at the

start-up process in ST40 Tokamak at Tokamak Energy Ltd

Inner vacuum
chamber

Quter vacuum
chamber/cryostat

Central

Merging
solenoid

compression
coil

Toroidal

field coil Poloidal

field coils
Divertor
coil

Merging

* High temperature superconductors
are used.
« B;~3T

t=5.2ms t=6.0ms t=7.0ms =14 ms

compression

"oy )

1 15 0 5
R [m] R [m]

1 15: 2% o0& A 15 05 1 15 20 05 Vs 200 08 1 15 2
R [m] R [m] R [m] R [m] R [m]

M. Gryaznevich, etc., Fusion Eng. Design, 123,177 (2017)

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

b A

plasma reconnection
diffusion region
L}

current
layer

magnetic

f‘llngsbots

https://www.youtube.com/watch?v=7sS3Lpzh0Zw
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Merging compression is used to heat the plasma

T
0.5

t=7.0ms t=14 ms

ol

z [m)

A
N

T
vt
o

h‘ L

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) 104



A strong magnetic field reduces the heat flux

® "L
= ° o
[ B} 'k\\ Juo § q; =-5,V,T -, V,T
o
RL \. ~ Q‘ P K” — K0T5/2
} o ° K” Imfp
x, =—, forlarge Hall parameter y oc — >>1
(o] " (5 o y 4 RL
- o o o

* Typical hot spot conditions:
R, ~40 pm, p ~ 20 g/cm3, T ~ 5 keV:

B >10 MG is needed for 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 ,.-/)

®=rxr’B,=rr’B

M. Hohenberger, P.-Y. Chang, et al., Phys. Plasmas 19, 056306 (2012). 106



Plasma can be pinched by parallel propagating plasmas
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Voltage Magnetic Field lon

https://en.wikipedia.org/wiki/Pinch_(plasma_physics) 107



Plasma can be heated via pinches

Z pinch Theta pinch
V4 Z
159 159
S N t st 4 B
2 U SUU N -
<—F> ;5 dt < F /5 dIcoil
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

109



Z machine

o “@E A PART OF Z
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Z machine

« Stored energy: 20 MJ
 Peak electrical power: 85 TW

Peak current: 26 MA
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



Promising results were shown in MagLIF concept
conducted at the Sandia National Laboratories

t=0ns t=100 ns t=150 ns
Laser entrance hole I‘;:tshel(':tlnft;?lnce hole :;::fnr 2(0, 2 kJ, 2 ns L\xi.al ﬁeld'compressed CR 20
y implosion :

with CHfoil

Compressed o
fuel at fusion :

temperature \

Compression

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.

(b) (b) 4
20 B on Temp
E TS Electron Temp 110"
< 15 EE S I DD yield
= 1268 > | DT yield
1 S 88 a2 0
- 5 A £ ”
] O 5 115 & i 10
= c @© "' 110
3 —= 1 ]
J 0 0 I | .
2950 3000 3050 3100 j 110
Time [ns] 0N~ m o O o o
© ¢ _ o O m m m
d & © N ®© ¥ = o
N N ¥ © © © O
NI
™ o N N N N

M. R. Gomez et al Phys. Rev. Lett. 113 155003 (2014) 146



Sheared flow stabilizes MHD instabilities

m = 0 (sausage)

Perturbation o @™ **2*" m =1 (kink)

T e By TR e
L_,_—-b A/v)
L g d L
qy—b - 2is increasing <\\\}/}/

=D = =) =) =)

dv
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 17
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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
]

& Outer Gas Valve

»

° s - a - > . - 2 <
e ——
| - “ < > 2 -
. .
. .

o >

: €& Outer Gas Valve Z

Inner Gas Valve —————3) =

- 1

'
L}
]

0 Z=15¢cm

cecsnenneen
ceeee---

Outer Electrode Observation Side-Window

Acceleration Region € Assembly Region ==
(100 cm) I (50 cm)

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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B. Levitt, etc., Phys. Rev. Lett. 132, 155101 (2024)

120



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 H
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 122



Field reverse configuration is used in Tri-alpha energy

cusp
mirror segmented
coils theta-pi\nch coll

separatrix
\
\ X

\

open \— . quartz tube
magnetic | closed poloidal toroidal

A SRR ey 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
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Neutral-Beam Injectors

Plasma Gun

(inside)

Confinement Chamber
DC Magnets

http://trialphaenergy.com/
Zhe Gao, Matter Radiat. Extremes 1, 153 (2016) 124



NBI for Tri-Alpha Energy Technologies

https://tae.com/media/ 125



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%83 126



FRC sustain longer with neutral beam injection

hg20160914.tae.2
Cc-2u
508 #43833
T 06 (w/ ~10 MW NBI)
L U Cc-2u
% #42411 15 keV H
g 04 Cc-2 (w/ ~5 MW NBI)
5 Cc-2 HPF14, #34913
= 0.2 #6359 (w/ ~4 MW NBI)
0 {No IGun!NIB} L L L 20 kev H L L L L L L L L
150
¢ o ] 0
__1oor 1 I Q c-2u
% 1 (w/ ~10 MW NBI)
2 | ] y C-2HPF14
~ 5ol (w/ ~4 MW NBI)
0 | 1 | 1 | | | | | 1 | | | | | 1 1 |
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10
Time (ms)

H. Gota, efc., Nucl. Fusion 57 (2017) 116021 127



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 128



A spherical tokamak is first generated

Fast CHI Spherical Tokamak devices

SPECTOR
A _ |
T =
M T e PI3
g m
3

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

129



Plasma injector for the spherical tokamak

K. EPP, etc., 60 APS-DPP, CP11.00192 130



A spherical tokamak is generated in a liquid metal
vortex
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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
®17J

—~ o .
b1 1 o ' Ty
jermmm i

Uik Lo S T L R N N 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 133



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/ 134



Two FRCs are accelerated toward each other

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

https://www.helionenergy.com/ 135



Two FRCs merge with each other

ctricity"Recapture

t, which is directly recaptured as electricity. This

usion electricity is used to power homes and

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

https://www.helionenergy.com/ 136



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/ 137




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

"\ @) (b)

: |n>enc5hock A et
5 % .\7. Cavity/ @

t o R (0 (d)

« Stored energy: 2.5 MJ @ 200 kV
(Ciot=125 uF)
lpeak=14 MA W/ T, .~2us.

« High pressure is generated by
the colliding shock.

https://firstlightfusion.com/
B. Tully and N. Hawker, Phys. Rev. E93, 053105 (2016) 138
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A gas gun is used to eject the projectile

https://www.youtube.com/watch?v=JN7lyxC11n0
https:/lwww.youtube.com/watch?v=aW4eufacf-8



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 « 2030 to power grid
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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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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 « 2030 to power grid
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Formosa Integrated Research Spherical Tokamak (FIRST)

Central

Poloidal Solenoid <I>c!-m= 21.6
field coil o Toroidal field coil
\ A \ ‘ h St -
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. | :
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Unit: cm

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.

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

- BHEEE @ ERRTFAENKHRER
- Site
REFER @ HMWAR AEEERNEHERR

- System design and development/diagnostics

0] 52 588 [ @ RLINKE BIREE RSN
- Theoretical design
TR
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- Diagnostics
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- Diagnostics
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10 e 33 B X

- Simulation
oR 1748 B X @ BEARE YHEHA
- RF startup

We welcome anyone interested in fusion research to join us!
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