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Tokamak Machine Technology

Tokamak related components
and system technology

Superconducting coil technology |

| Center solenoid coil ‘

Toroidal field coil

Plasma

Centar
axis

| Poloidal field coil |

Remote maintenance technology |

[ Reactor structure technology ]

Yacuum vessel

| Tritium engineering /safety technology |

[ Blanket technology |

components technology

Auxiliary heating/current drive ‘

Blanket

‘ Plasma measurement technology ‘

Plasma facing

components technology

Diverter

‘ Fuel injection and exhaust technology |

Safety standard/safety evaluation ‘

Demo reactor Tritium Breeding blanket R&D }

Material R&D




Development of component technology
for tokamak type fusion reactor

® Technologies of tokamak component

= Blanket Technology:
to develop the blanket that surrounds plasma and converts the kinetic
energy of neutrons and other particles into heat and also shields
the superconducting magnets from radiation

= Plasma Facing Components Technology:
to develop the divertor that captures the high-energy particles and
absorbs the heat load from plasma

= Reactor Structural Technology:
to develop the vacuum vessel and support structures that will sustain
the high vacuum for generation of plasma and contain the blanket
and divertor

= Superconducting Magnet Technology:
to develop the superconducting magnet that provide magnetic field to
confine plasma, which is a magnetohydrodynamic fluid, and induces
a current in the plasma by varying the magnetic field

4
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' Development of component technology
for tokamak type fusion reactor

® Component technologies related to the tokamak

= Auxiliary Heating and Current Drive Equipment Technology:
to heat the plasma and drive the plasma current

= Plasma Measurement Technology:
to measure the temperature and density of plasma
to form and control the plasma

= Fuel Injection and Exhaust Technology:
to inject and exhaust fuel

= Tritium Engineering /Safety Technology:
to recycle tritium safely, which is radioactive and
do not exist naturally

= Remote Maintenance Technology:
to remotely maintain and repair the components
that are radio-activated by neutrons generated from
the plasma. Furthermore, toward the safety review
for licensing and the future power reactor
development

(Z)){'()RD TECHNOLOGIES®
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Development of component technology
for tokamak type fusion reactor

® Component technologies related to the tokamak

= Preparation of safety standards required for safety review for licensing,
and data and evaluation methods required for safety evaluation

= Research and development of the Tritium breeding blankets for the
future power reactors

= Development of first wall materials are required.




Fusion Plasima Technology
Reactor Technology

Blanket and Materal Tednnologyy
Saifetty Technologyy
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Superconducting magnet technology

For ITER For Demo Reactor
Maximum magnetic field Maximum magnetic field
Nb.Sn (13T) (16.5T)
3 Maximum 120%
120% ol protection
o~ T Maximum
; 100% voltage 100%
Dperﬂlgﬁ :{'"Bm (15k%) Operating’Curgeht coil protection
80% (80k A voltage
50% (20kV)
A0 ’
. 20% \ "/ 20%
.~ Maximu i }‘
\_ tempe al
S (6.5
Ma)i?n’?ge roa;iﬁrreatln / Magnetic field ﬂi%geengggﬂ
change speed
(6.5K) (_5.: Tfs‘; (<-1Tre)

Large-scale refrigerator

thermal efficiency
(1 /7 400)

Large-scale refrigerator
thermal efficiency
(17200}




Magnetic Resonance Imaging (MRI) or
Nuclear Magnetic Resonance Imaging (NMRI),

http://www.thefullwiki.org/Magnetic_resonance_imaging




‘ Superconducting magnet technology

100
90 |-| FY1999-2002 Demo reactor TF coil
1 Niobium Aluminum Conductor development
2 Development of 20-K operation high (16.5T, 80KA)
80 [| temperature superconductor ()
3 Optimization of design technique from
70 F limitation experiment results of CS model
coll
—
< 60 [
= ITER-TF(12.5T, 60KA)
g 50 i CunenxDje:sity.J
S b KSTAR-TF (35 kA/7.2T) @ S———
> ITER-CS(13T, 40kA)
O 4l 8s-orc
DPC-U @ Target for Demo reactor
20 DPC-EX <4 LHD @ Demonstration in model coll —
L
Coll for ® Current status
10 [ magnetic ° T™C e
. .Iewtalllon tralln Torel Supr% TI\.IIIC TF?IAM I. I ' ' I I I o Magnetic Field, H
5 6 /7 8 9 10 11 12 13 14 15 16 17 18 21 22

Magnetic field (T)

http://en.wikipedia.org/wiki/Superconductivity
http://www.amsc.com/aboutus/about_super.html/
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http://upload.wikimedia.org/wikipedia/commons/3/3c/Stickstoff_gek%C3%BChlter_Supraleiter_schwebt_%C3%BCber_Dauermagneten_2009-06-21.jpg
http://upload.wikimedia.org/wikipedia/commons/3/3c/Stickstoff_gek%C3%BChlter_Supraleiter_schwebt_%C3%BCber_Dauermagneten_2009-06-21.jpg

Superconducting magnet technology

100
9l |* DC coils After ITER-EDA
" | 2 Pulsed coils \
| TF Model Coil @ ai
(2002) Target
70 (Advanced NbAl)
S
= 'Sl .
S Before ITER-EDA
E 50 Nb3A! Insert \
2 !
> 40 R A CS Model Coil (2000)
g !
‘ A
o 30} Japan a A reosc NbsA! coil (2003)
20] “ e
: GefmJanyo Gemlany . . .
apan a Japanl perating points of superconducting
101 Japan® s £y Japan \.U.S:‘_ coils constructed so far and the target
Mag-lev | Swiss N gJapan for fusion demo plant,
0 "Franceg ) NbsAlJapan(1994) ], |, |, | N. Koizumi, et al., 20t IAEA FEC

23456 7809101M121314151617 181920 /IO (2009

Magnetic field B (T)




Detail B
Scale 20.0

Insulation Thickness :
2090 03730-0 Turn insulation : 0.81 mm
1085.0 ' Ground wrap : 7.6 mm
>@ Coil Cross Section (Scale 2.0)
PF1 PF2 PF3 PF4
T (20x9) (16x9) @©x9) (12x9)
2306
~ ~
570.0 N = = S 5
~ @ Q ™
% Sl o g & 230.6
0 ¥ 230.6
(2] .
o Bk 08
- < \ 230.6
Q. o 230.6 |\ )
:r' g o o See Detail B
AN | D 3
— § g 7 Coil Assembling § PF5 PF6 PF7
2] with Vertical Offset (16 x 14) (16 x 8) (12 x 6)
(Thermal Contraction Compensation)
o - » N
SE/A & & °
| 158.8
f
Insulation between CS Coils 350.2 206.7
; 4 mm (GFRP)
v,
S Jacket 22.3x22.3

Turn insulation : 0.81 mm
(Kapton 0.05 x 2 + S-glass 0.1778 x 4)

Ground Wrap : 7.6 mm
(S-glass 0.254 x 30)




Superconducting magnet technology

ITER conductors in 2007

CS Conductor,
Nb,Sn

TF Conductor,
Nb,Sn

PF Conductor,
NbTi




NbTi PF conductor

= ( 0T 77N /S i
=y / N \
i \}x,\\ SN ' ) e | AT
I[ '] ): 43.7 :“ 'i:j j 49.0 |I\ = /,r'l 523 I'\\ ! /-" ll\ k:‘; J'Il
I'\j I \‘H-..__ - h S ., .f/
TF CS PF2/3/4 PF5 PF1/6
Top (kA) 68 40 (IM) ] g
Aion | [Hop (kA) 4 45 4
Bmin — Bmax (T) 105-11.8 12.4-13.0 IM) Bpeak (T) 4 5 6
12.0-12.6 (EOB) | | Top (K) 5.0 5.0 5.0
Top (K) 5.0 4.7 . e daloa e Aalav a o
€ (%) 077 70.69 T discharge (s) 14 42s delay | 14425 delay | 14 425 delay
T discharge (s) 11+ 2s delay 7.5 + 2s delay
sc¢ strand diam. 0.73 0.72 0.73
sc strand diam. (mm) 0.82 (.83 (mm)
sc strand Cu:nonCu | | -
cabling layout ((2sc+1Cu)x 3x | (2sc+1Cu)x 3x 4 s¢ strand Cu:nonCu 6.9 44 1.6
_ J X J teore) X 6 x4x6 cabling layout (Bx3x44D)x | (Bx3x4+1) | 3x4x4x35x
core in 4" stage 3x 4 Cu wires na - , ) )
0.8 mm 441) x 6 x5+1)x6 6
Cu strand in st triplet 1 1 Cu core diam 2/3/4 0.0/1.8/3.5 0/1.2/2.7 0.0/0.0/0.0
sc strand Nr 900 576 S“lge (nnn)
local Vf (%) 33.2 332 — - x
cable diam. (mm) 40.5 32.6 SC str dllC‘l Ni 864 1080 1440
central spiral 0x7 0x7 local Vi (%) 342 343 34.5
od x id {(mm) y At 45 15 3
flow area in annulus 406.5 252.3 cable di m]' (mm) 34 354 582
(mm?) central spiral 10x 12 10x 12 10x 12
total flow area (mm-) 445.0 290.8 od X id (mm)




 TF model coil (Nb;Sn)

- 80 kA at 9.7 T (4.5 K liquid He)

= 720 Nb5Sn strands in 6 bundles
(0.82 mm diameter)

= Cable diameter: 37.5 mm




@) Preparation for ITER Procurement — Superconducting Magnets

1usion ooty

1. Development of NbsSn Strands

her than that in the model coils.

* Increase of production capability
from 29 tons in the model coils t
0 540 tons in ITER.

Results of fabrication demonstration

* Improvement of critical currentd  Nb;Sn strand
ensity (Jc) to 1.3~1.5times hig (0.82 mm dia.)

Resultslolyc
> Internal tin >~
g x 1000 process &, ]
cC N
JORRNY
o, - Spec. of internal
*GE) N tin proc.
O T 800 Spec. of e |
S E bronze proc. { ®
= I Results of
= bronze process
600 - ' - ' -
0 400 800 1200
Hysteresis Loss (mJ/cm3) for £3T
N J

-

. Development of Structures for TF Coi

BN Yield strength|  TF coil uses several ki

R

nds of structural mate
rials depending on th
e requirements of me
chanical strength.

o
Nb
»

& =1,000MPa

Yield strength
=700MPa

316LN forging 316LN hot rolled plat/

“Japanese fusion proaram and future DEMO reactor issues” S. Matsuda. Sept 23. 2011. SNU



Production of Super-Conducting Conductor

* Building and facilities for jacketing of SC cables was complete
in January 2010.

A 760m trial conductor with dummy copper cable has been
successful.

* The first SC conductor is now under fabrication.

760m copper
dummy cable

A 760m copper twisted cableis Compressed forming of a dummy

being inserted into a stainless conductor on to a 4m diameter bobbin
steel jacket.

“Japanese fusion program and future DEMO reactor issues”, S. Matsuda, Sept 23. 2011, SNU 17



ITER Jacketing Line Facility

Shipping Storage

= . T
e e

'%.‘;:: ]

™ -
-

'.c;;'.t:"f " -
Jacketing Line [
e T

-

a4 Conductor Stor
) age Bldg

4‘}2;-‘; Q
NS

- “‘ :
.

4 (Wakamatsu Plant of Nippon Steel
Conductor Leak Testing Engineering Co., Ltd, January 2010)

“Japanese fusion program and future DEMO reactor issues”, S. Matsuda, Sept 23. 2011, SNU




For ITER

Assembly Tolerance
(within + 5mm)

Mechanical strength
to support EM load
(100%)

Remote weldi
cutting

15 m height
100% . !
_. — 9 m width
Weighthectu Dimension Life time
(350 ton) _4 \, (15m) (100%)
Maximum '
operation Assembly/ Low actve
temperature re-assembly (100%)
(200°C) by remote handling
(100%)

ng/

Vacuum vessel technology

For Demo Reactor

Assembly Tolerance
(within = 5mm)

100%

Development
of electrical
insulation
structure
(100%)

Assembly/re-assembly
by remote handling
(100%)

Maximum operation temperature
(250°C)
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Divertor and high heat-flux component
technology

® ITER divertor requirements

= heat load: 5-20 MW/m?

= Coolant temperature: 100-150 °C
= Neutron influence: 0.1 MWa/m?

For ITER For Demo Reactor
Steady-state Heat Load Steady-state Heat Load
(5MW/m?2) (5MW/m 2) Thermal
Transient Transient 1ppe, Faligue
Heat Load Heat Load Lifetime
(20 MW/m?) Thermal  (20MW/m? P SIS (3B00cycles)

Fatigue
Lifetime
(3900cycles)

Safety Faciy Coolant  Safety Facty

for Burnout emperature  for Burnout mperature
1.3 100°C 1.3
(1.3) (100°C) (1.3) (300C)
Neutron Load Neutron Load energy

(0.1 Mwa /m?) (10MWa /m?) generation

22




= Minimisation of the maintenance time
= Development of radiation-resistant components
(radiation-resistant battery, signal transmitter for wireless control)

Radiation
hardness

(10MGy)

Positioning
accuracy
(Z2mm)

For ITER

4 tons for blanket,
15 tons for divertors

Maximum handling weight
(4 tons)

Wireless operation
(15%)

Maintenance Radiation
hardness

(100MGy)

Time for
Blanket

(1 year)

Weight Ratio
(0.3)

{Max. Handling

wiedght fweight of

Positioning
accuracy
{(2mm)

remote handling system)

—~ —~

For Demo Reactor

Maximum handling weight
(4 tons)

100%
Maintenance
BO%
Time for
60% Blanket
0% (2 months)

Weight Ratio

(0.5)
{Max. Handling

weight [weight of
ramate handling system)

Wireless operation
(60%)




Blanket Remote Maintenance

Handling accuracy of 4 ton module : 0.25 mm

4 2 I
: S (4 ton) —_—

R 4 P \ . .,~ 7 a ' ;
: , uu l Il-
SR Mampulator i
s = Al g Il o ;{ A‘"‘

“Japanese fusion program and future DEMO reactor issues”, S. Matsuda, Sept 23. 2011, SNU



Remote handling technology

Large module Remote handling machines

V 1 - 7;:':)_:;.&.._;,*‘, }\
Blanket elements g = = N
10 tons S

4 support beams

4 manipulators

Modification of the
ITER in vessel

machine for
DEMO

R=8.6m

“"Fusion Technology Development for DEMO in Forschungszentrum Karlsruhe (FZK)”,
G. Janeschitz, Toki Conference 2005




Remote handling technology

Race’s planned facilities will
be used to develop remote-
controlled robotic handling

equipment.

http://www.drivesncontrols.com/news/fullstory.php/aid/4565/Remote_handling_centre_opens_for_business.html
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Heating and CD system technology

® RF heating and CD technology in DEMO

- Frequency of 300 GHz heat load: 5-20 MW/m?

= Resonator enabling higher frequency oscillation, diamond window,
frequency variable oscillator, etc.

For ITER For Demo Reactor
Frequency Frequency
(170GHz) (300GHz)

RE AF 0%
Generation Generation
; Technology %
Technology Output Window
(1MW) Technology (1MW) % Output Window
Technology
] Ou."rb‘
/ an‘ﬂnfo
|
Py1s
~H s
- 0s
" Os
19003
Eificiency ¥ Efficienc
. ¥
(60%) Pulse Duration (50%) Pulse Duration
(60s) (1000s)
Voltage/Current Voltage/Current

(100kV / 50A) (100kV 1 504) 57




Heating and CD system technology

® NBI technology in DEMO
= Beam energy of 2 MeV
= Maintenance-free negative ion source, plasma neutraliser with higher efficiency

For ITER For Demo Reactor
Beam Eneray Eeam Energy
{(1MeV) (2MeV)

Current .
Current Pulse Density Pulse Duration
Density Duration | BGﬂNmZ}H (Steady

(200A/mM2) (1000s)

MNegative
lon Current
(404)

Operating Prresure
(<0.3Pa)

Beam
Divergence
{<5mrad)

MNegative
lon Current
(40A)

Operating Prresure
(<0.2Pa)

Beam
Divergence
{(3-Bmrad)

28




Tritium processing and safety technology

= Reliable tritium processing for steady and continuous long-term operation
= Safety for the power generation plant

= Production and security of necessary amounts of tritium

= Efficient tritium removal/recovery from contaminated wastes

For ITER For Demo Reactor
container for Fuel Processing Cycle Technologies Fuel Processing Cycle Technologies
(Impurity Processing, Isctope (including Tritium Production for Initial
250 g of Separation Storage ete ) Loading Blankat Tritiurm Recovery)
tritium System Integration )
Technologies 120
System Integration (Systern Contro g -
Technologiegs relaaly) B
{Syeter'r! Cgptrol B0% Amount of Handling
and Reliability) Amount of and Processing
Andling and 0% ) \Tritium
decessing ) =
m 2>\ /

L
b \ \ONED

\Waste Processing

Tritium Inventory

Wasts Processing Balance Contral

Technologigs . Technologies
(DchorﬂamlnlaltIDn (including E!Ianket
and Disposal) Reprocessing)

Confinement and Removal Technologies
(including safety Technolegies for Blanket
and Power Generation Systern) 29

Confinement and
Remaoval Technologies




Fuelling and vacuum pumping technology

For ITER For Demo Reactor

* development of gas puffing technique * development of centor fueling technique

*+ development of pellet injection technique

Fueling Rate
gas puffing:100~500 Pam3/s

Pellet injction:50~100 Pam3/s
Pellet Injection Technique

Fueling Rate
Pellet injction:50~100 Pam3/s
Compact Toroid injction:several 10 Pam3/s

Fueling Tim Response
Fueling Tim St : Pellet Injection:
>10,000 Fu‘f:in Repetition Rate=2~50 Hz

pact Toroid Injection:
epetition Rate>10 Hz

Long Life Ti

(>10,000) Long Life Time

h Reliability (parts exchang e\
petiod > 2 year

High Reliability,
Durability

Cryogenic Property,

Heat Resistance Establishment of Fueling

Control Technology

(-278~150 C)
Magnetic Shielding(~0.2 T)

HW: compact toroid injection?

30




‘ Fuelling and vacuum pumping technology

® Mechanical pump: metallic rotors requring magnetic shield,
low tritium inventory
® Cryopump: not disturbed by a magnetic field, operation has to be stopped

periodically for regeneration of the cryopanel.
For ITER For Demo Reactor

Mechanical Pump

Cryo-pump

Throughput
(10 Pa m3s) Outlet Pressure
——-\\ for Hydrogen
0% {Compression

ing Time Characteristic)
Pumping Tim
(Continuous) _ o (1000 Pa)
Outlet Pressure '
for Hydrogen
(Compression

Characteristic)
(200 Pa)

Throughput
(5 Pa m3/s)

Radiation B Radiation
Magnetic Fie Proof < Proofe
Proof . .
0.17T) Maintenance Maintenance
Interval : ) Interval : )
10,000 h 40,000 h
Heat Proof Heat Proof
Operating Temp. : 400 K Operating Temp. : 400 K
( Baking Temp. : 475 K ) Baking Temp. : 475 K )
. Assumin rami mp driven
vacuum leak detection method ssuming a ceramic pump driven by a

compressed gas in a Demo reactor. 31




Diagnostics technology

For ITER

* Development of Diagnostic Elements
Ceramics Insulatotion,

Optical Elements (Mirror/Reflector, Windw Materials,

Optical Fiber),
Sensors (Magnetic Probe, Bolometor,
Pressure Gauge, etc.),
Electric Cable
* Development of Prototype

Sensors, Vacuum Seals for Diagnostic Window,
Optical fiber/ Electric Cable Feedthroughs, etc.

Radiation Resistance
(<3M‘Wafm2 : Neutron, Gamma-ray)
glitron,

Electrical F oﬁe(ty
(Insulating Property)

(conductivity<10™ .

Small RIC, RIED, RIEMF
Development of

New Diagnostic Techniques
(alpha-particles, q(r), ny/np ratio)

" Tefperature

Resistance(>200C) (Insulating

For Demo Reactor

* Development of Diagnostic Elements/Prototype

Development of Advanced Materials,
Heavy Irradiation Tests with <20 dpa

Radiation Resistance
(:-severalMWafm2 : Neutron, Gamma-ray)

:gggrz;gib' Long Life Time

(parts exchange
period>2 years)

pact Resistance
Proof Pressure(15 G/

/ 5~2 MPa)
- Temperature
Resistance(>several 1007C)

Development of
New Diagnostic Techniques
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= Improvement of the safety system reliability for abnormal events of
the cooling system due to high coolant temperature, high heat flux,
and high neutron flux for power generation, and the improvement of
social receptivity of the programme by rationalisation and passiveness.

For ITER

Thermal hydraulic analysis

Clean-up g

isolation

Data base for
radiation exposure

Superconduct

ing coil

tructural design

For Demo Reactor

I hermal hydraulic analysis

Clean-up
system 128 Structural design
100%  “gtandard
_ including
N welding
! and
inspection
methods
Safetaof safety technology of

Demo-bspket

Superconducting coil

Data base for probabilistic safety




For ITER
(Austenitic Steel)

Ductility

Fabricability

(Strengths of the joint ant
base metals are at
Comparable Levels)

g, (RT-300°C 1000 cycles of
start up and shut down)

rrosion Resistance
(IASCC: Fraction of Ductile
Failure 100% in 32ppmDO in
300°C water)

For Demo Reactor
(Reduced Activation Ferritic
/ Martensitic Steels)

Fracture Toughness
(DBTT < 80°C)

Strength
20%
(0%
g80%

bjﬂ

Cofrosjon Resistance
(PWH condition10g/m2h)

Strength
Ductility ife > 1000 cycles of

(Larger tha o

Fabricab
(Strengths X the Msjnt and
base metals 2xg at
Comparable Levs(s)

Reduced Activation

(Impurity levels of N, Mo, Nb, etc., need to be
lower than 1-10 ppm Enabling of =100t Reduced
Activation Heat is necessary)00
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1. Shield Blanket for ITER 2. Blanket for Power Reactor

(Tritium Breeding and Power Generation)
Double Layered Structure with Replaceable and Permanent Blankets

ITER Crosssection R&D ltems: Development of a blanket structure capable of tritium
breeding and high heat generation for power generation,
under high heat load and neutran wall load

B Requirements and Structure

1) Withstand High Thermal Stress
2) Withstand High Electromagnetic Force
3) Provide High Shielding Capability

<

Copper Alloy for Heating Surface
Stainless Steel for Structure and
Cooling Tubes i

Cooling Water(Outlet)

Permanent
Blanket

Cooling Water(Inlet)

Replaceable
Blanket

First Wall
Cooling Channel

Blanket Structure

Plasma Side {Reduced Activation Ferritic Steel)

Stainless Steel Cooling Tube ‘:’g 0 Tes IDEMO e DTMD
= | Test
© 1 Test —
= Module ol ’
W Technology Challenge 2 ol Modulg™y (1~2 orderg)
§ (1order) | Prototype| a4 oiare ,
Simultaneous Hot Isostatic Pressing (HIP) bonding of = 0ok — }Q;c"iﬁq";em
SS/SS, Cu/Cu, and SS/Cu has been successfully 3 0001 'EUT_F;_”E Tast
developed at 1050°C,150MPa, and 2 hours holding w 0 (2orderg) Facility @
time, and a prototype blanket module has been LR
completed. E M Present mm—m— B cent
o
= 1 1 1 1 L 1
0.01 aAi 1 10 0.01 041 1 10 100
First Wall Surface Heat Flux (Mw/m2]  Neutron Fluence (Mwa/m?)




Blanket technology

For ITER For Demo Reactor
(Reduced Activation Ferritic Steel)
Fabricability/
Structural Dimensions Fabricability/Structural Dimensions
(~1.6 mx~1m x ~0.4m) (~1.6mx~1mx~0.4m)

Heat Removal Capabili

100%
Surface Heat Load Radiation Proof/ 028 BBV - Radiation Proof/
(0.5 MW/m2) Neutron Fluence Hegt Load 7 Neutron Fluence

(~3 dpa) (>100dpa)

( ~1MW/m2)

Mechanical  Heat Removal Capab
Fatigue/ I Neutron Wall Load
Disruption Proof ~ (3~5 MW/m? )

(~1 MPa x 103)

Tritium Breeding Ratio
(=>1)

Thermal Fatigu
(0.5 MW/m?2 x 104)

Shielding Capability Shielding Capability
( Neutron Flux Attenuation ( Neutron Flux Attenuation
by 2~3 order of Magnitude ) by 2~3 order of Magnitude )
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