n Reactor Techno

(459.760, 3 Credits)

Prof. Dr. Yong-Su Na
(32-206, Tel. 880-7204)




Introcduction

e Text Book

- B. B. Kadomtsev, "Tokamak Plasma: A Complex Physical System”,
Institute of Physics Publishing, Bristol and Philadelphia (1992)

- L. C. Woods, "Theory of Tokamak Transport - New Aspects for
Nuclear Fusion Reactor Design", WILEY-VCH (2006)

- A. A. Harms, K. F. Schoepf, G. H. Miley, D. R. Kingdon,
"Principles of Fusion Energy", World Scientific Publishing Co. Pte. Ltd.

(2000)
- R. O. Dendy, "Plasma Physics: An Introductory Course", Cambridge U
niversity Press (February 24, 1995)

e Reference
- J. Wesson, "Tokamaks", Oxford University Press, 3rd Edition

(2004)



esentation: 30%
am: 30%




nergetics (Har
Build a Tokamak (Dendy 17 by
amak Operation (I): Startup

. Tokamak Operation (II):

Basic Tokamak Plasma Parameters (Wood 1.2,
k 7-8. Tokamak Operation (III): Tokamak Operation Mod
ek 9-10. Tokamak Operation Limits (I):

Plasma Instabilities (Kadomtsev 6, 7, Wood 6)
eek 11-12. Tokamak Operation Limits (II):
Plasma Transport (Kadomtsev 8, 9, Wood 3, 4)

eek 13. Heating and Current Drive (Kadomtsev 10)

eek 14. Divertor and Plasma-Wall Interaction




ild a Tokamak (Dendy 17
mak Operation (I): Startup

okamak Operation (II):

Basic Tokamak Plasma Parameters (Wood 1.
7-8. Tokamak Operation (III): Tokamak Operation Mo
ek 9-10. Tokamak Operation Limits (I):

Plasma Instabilities (Kadomtsev 6, 7, Wood 6)
eek 11-12. Tokamak Operation Limits (II):
Plasma Transport (Kadomtsev 8, 9, Wood 3, 4)

eek 13. Heating and Current Drive (Kadomtsev 10)

eek 14. Divertor and Plasma-Wall Interaction







To build a sun on earth

Gravitational
Confinement Magnetic Confinement

Magnetic Field

Intense Energy
Beams

Fuel Pellet

Confinement
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magnetic
field

Equilibrium in the sun Plasma on earth
much, much smaller & tiny mass!
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Magnetic confinement
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Open Magnetic Systems

Without magnetic field

Magnetic
field

Magnetic field line

ion 10
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Closed Magnetic Systems

N
S

A

Magnetic
field

ion Donut-shaped vacuum vessel
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Closed Magnetic Systems
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Closed Magnetic Systems
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Closed Magnetic Systems
Toroidal Field (TF) coil

A

Magnetic
field

ion Applying toroidal magnetic field
S 3.5 Tin KSTAR, 5.3 T in ITER




Closed Magnetic Systems
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Magnetic
field

‘ Magnetic field of earth?
0.5 Gauss = 0.00005 T

What kind of drift motions? .
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Closed Magnetic Systems

| Where does the gradient come from?
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Closed Magnetic Systems
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Closed Magnetic Systems




Closed Magnetic Systems
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Closed Magnetic Systems

‘ ExB drift

| Electric
field, E

Pdloidal magnetic field required
Plasma current — Tokamak
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Tokamak

Faraday‘s law
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Tokamak
Central Solenoid (CS)
n
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Tokamak
Central Solenoid (CS)
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% Plasma “or
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Pulsed Operation
Faraday‘s law
Plasma Current d
A v=——|B-ds
dt Js
': » t (S)

CS Coil Current 1

(kA) 4 . Power Supply Limit

» t (S)

Inherent drawback of Tokamak!




/ Steady-State Operation

Plasma Current
(MA) 4

[

CS Coil Current
(kA) 4

| —

t (s)

\—

d/dt — O

Steady-state operatlon
by external current drive

> 1(s)
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Tokamak

Adding vertical (equilibrium)
field coils (PF)

current

current
77
Force > ¢
coil coil
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PF coils

Tokamak

/X

I

o
current current /

Force —» ¢— S Force
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X

Plasma shaping by PF coils
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Tokamak

e The plasma shape can be modified by PF coil currents.
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Tokamak

Adding vertical field
coils (PF)

Plasma shaping by PF coils .
N —



4 3

Tokamak

Invented by Tamm and Sakharov in 1952

Toroidalnaja kamera magnitnaja katushka
Toroidal chamber magnetic coil 31




Tokamak

Invented by Tamm and Sakharov in 1952

[Rugippripn )

el 07
AL .3

Cutaway of the Toroidal Chamber in
Artsimovitch's Paper Research on bl
Controlled Nuclear Fusion in the USSR 3973/\.A.AP’UM‘_MOBMH

Toroidalnaja kamera magnitnaja katushka
Toroidal chamber magnetic coil 32




Relativaly Constant Electric Current

Tokamak

Constant Torgidal Fiald

Transiani
Foloidal
Fimid
—dud 1o

y  plasma
currant

Transient Plasma Current

Plasma
Currgnt

Aasultant
Transient Field

Toroidal Field Trangient
Componant Paloidal
Fiald

http://www.splung.com/content/sid/5/page/fusion 33




Tokamak

JET (Joint European Torus): Rp=3 m, a = 0.9 m, 1983-today
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pDKamak
JET (Joint European Torus): Rp=3 m, a = 0.9 m, 1983-today
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Impurity radiation typically peaks at temperature less than 100 eV, so that
clean, hot plasmas radiates mostly from the peripheral regions.






Tokamak

KSTAR (Korea Superconducting Tokamak Advanced Research):
Ro= 1.8 m, a = 0.5 m, 2008-today

—

Poloidal Limiter
.




Tokamak
KSTAR (Korea Superconducting Tokamak Advanced Research):
Ro= 1.8 m, a = 0.5 m, 2008-today

[

- 1st campaign (2008) 2nd campaign (2009) 3rd campaign (2010)
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Tokamak

KSTAR (Korea Superconducting Tokamak Advanced Research):
Ro= 1.8 m, a = 0.5 m, 2008-today




KSTAR (Korea Superconducting Tokamak Advanced Research):
Ro= 1.8 m, a = 0.5 m, 2008-today
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THE
PHYSICS OF FLUIDS

Vorume 1, WUMBER 4 Jury-Aucuost, 1958

The Stellarator Concept*

Lyneaw Srevzen, Ji.
Project Maiterkorn, Princeton University, Princefon, New fersey
{Received May 27, 195%)

The basic convepts of the controlled thermonuclesr program at Projeet Matterhorn, Princeton
University are diseussed. In particular, the theory of confinoment of a fully ionized gas in the magnetic
configuration of the stellarator is given, the theories of hesting are outlined, and the bearing of
observational results on these theories is described,



Invented by Lyman Spitzer, Jr. in Princeton in 1951
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Stellarator

Wendelstein 7-X,
Germany

3D configuration!

44
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Stellarator

Plasma

Plasma Parameter
R: 5.5 m

<a>: 0.53m

iota: 5/6 - 5/4
Ne(0)max: 31020 m-3
To(0)max: 5 keV
<B>:<5%

45




Stellarator

Divertor

Components inside plasma vessel
10 Divertor units

+ target elements (10 MW/m?2)

+ baffle elements (0.5 MW/m?2)

+ control coils

+ cryo pumps
First wall with B,C coating (0.2 MW/m?)
Diagnostics
- Design for steady state operation -
46
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Stellarator

Plasma
Vessel

Parameter
Volume: 110 m3
Surface: 200 m?
Vacuum: < 108 mbar
Mass: 35t
Tolerances < 2 mm

47




Superconducting
Coils

Coils

NbTi superconductor (> 3.4 K)
Induction on axis: 2.5 T (< 3T)
Induction at coil: 6.8 T at 17.8 kA
Stored magnetic energy: 600 MJ]

Parameter
50 non-planar coils, 5 types
20 planar coils, 2 types,

variation
5 modules, 2 sym. halfmodules48_}




Stellarator

Colil Support
Structure

Parameter

Max. force/coil: 3.6 MN

Max. moments: 0.8 MNm

2 supports/coil

Welded connections between coils

49




Stellarator

Ports

Parameter
299 ports
v 32 Types, 47 shapes
Dimensions
+ 100 -> 400 mm
+ 150x400 -> 400x1000 mm?

50




Stellarator

Outer
Vacuum
Vessel

Parameter
Volume: 525 m3
Surface: 480 m?2
Vacuum: < 1075 mbar
y Mass: 150 t

Appr. 1200 openings

Thermal insulation on all warm
surfaces of the cryostat 51
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Stellarator

Schematic
View

-------

Parameter
Machine height: 4.5 m
Machine diameter: 16 m
Machine mass: 725t
Cold mass: 425 t

Heating power: 15 - 30 MW
Nominal pulse length: 30 min
52




Stellarator

What a complex system it is!

53
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Tokamak .VS. Stellarato
Advantage Disadvantage
- Simple 2D structure :
: ! - Need an external current drive

o reflatlvely SR Gl (inductive or non-inductive)

and fabricate the device .
Tokamak |- The most studied and successful for plasma current generation &

up to now (mainstream in the
roadmap to a feasible fusion
reactor)

steady-state operation
- Subject to plasma current-driven
instabilities and disruptions

Stellerator

- No external current drive
necessary, so inherently
steady-state operation possible
- Relatively free from plasma
current-driven instabilities

and disruptions

- Complicated 3D structure,

so difficult to analyse and fabricate
the device

- Large system size required with
a high aspect ratio

- Subject to large neoclassical
transport at low collisionality

- existence of boostrap current
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Blanket

Coolant

T3

. Deuterium

’ Tritium




' Fusion Power Plant (FPP) System \

. Burning plasma

Breeding Blanket

p— o Poloidal Field Coil

AN
P ¥

LB % Power conversiony

'i Toroidal Field Coil

'
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) e

‘ -‘ :- s “%.  Powey'to the Grid
Fusion react 4
system i
Ny Heat transfer &
i] Fuel cycle system
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Jurning Plasmse

pd
pd

- : - - -
REQUINeiments

(Confinement Improvement)

(Improvement of H factor
output Density) 2.7
Normalized
Beta Value 3.7

(Progress in Output)
1.2 Greenwald
< Density Factor

Commercial

Reactor
Bootstrap ggf—+——+ et 0.95
Current Fraction Total Radiation Power
(Reduction of Total Heating Power
circulation Power) | (Reduction in Divertor
(A-SSTR) Heat Load)

Non-inductive driven 1.0 13
Current Fraction

Total Heating Power
(steady-state 1 External Heating Power
Sustainment)

Sustainment Time (Improvement of Burn
Current Diffusion Time Control Performance)

(Steady-State Sustainment)
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