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Outline
• World Energy Scene

• What is fusion and Why we need it

• ITER

• Fusion Nuclear Technology (FNT)

– Principles

– Concepts

– Issues

• Facilities for FNT Development

– ITER Test Blanket

– CTF/VNS

• Framework for FNT Development



Global Economics and EnergyGlobal Economics and Energy
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Carbon dioxide levels over the last 60,000 years - w e are 
provoking the atmosphere!

Source:
University of Berne and 
US National Oceanic and Atmospheric Administration



Energy Situation

• The world uses a lot of energy
– Average power consumption = 13.6 TW (2.2 KW per person)
– World energy market ~ $3 trillion / yr (electricity ~ $1 trillion / yr)

• The world energy use is growing
- to lift people out of poverty, to improve standard of living, and to             
meet population growth

• Climate change and debilitating pollution Concerns a re on 
the rise
– 80% of energy is generated by fossil fuels
– CO2 emission is increasing at an alarming rate

• Oil supplies are dwindling
– Special problem for transportation sector (need alternative fuel)



Solving the Energy Problem Requires a 
Diversified Portfolio and 

Pursuing Several Approaches

• Develop major new (clean) energy sources                             
(e.g. fusion )

• Expand use of existing “clean” energy sources                  
(e.g. nuclear, solar, wind )

• Develop technologies to reduce impact of fossil 
fuels use (e.g. carbon capture and sequestration)

• Improve energy efficiency

• Develop alternate (synthetic) fuels for 
transportation



Incentives for Developing FusionIncentives for Developing Fusion
Fusion powers the Sun and the stars

� It is now within reach for use on Earth

In the fusion process lighter elements are “fused” tog ether, 
making heavier elements and producing prodigious amoun ts 
of energy

Fusion offers very attractive features:
� Sustainable energy source

(for DT cycle; provided that Breeding Blankets are successfully 
developed)

� No emission of Greenhouse or other polluting gases

� No risk of a severe accident

� No long-lived radioactive waste

Fusion energy can be used to produce electricity and 
hydrogen, and for desalination
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JAEA DEMO Design

Cryostat Poloidal Ring Coil

Coil Gap 
Rib Panel

Blanket

Vacuum
Vessel

Center Solenoid Coil Toroidal Coil

Maint.
Port

Plasma

The World Fusion Program has a Goal for a 
Demonstration Power Plant (DEMO) by ~2040



ITER

• The World is about to construct the next 
step in fusion development, a device 
called ITER

• ITER will demonstrate the scientific and 
technological feasibility of fusion energy 
for peaceful purposes

• ITER will produce 500 MW of fusion power
• Cost, including R&D, is 15 billion dollars



ITER Objectives

Programmatic
• Demonstrate the scientific and technological feasibility 

of fusion energy for peaceful purposes.

Technical
• Demonstrate extended burn of DT plasmas, with steady 

state as the ultimate goal.

• Integrate and test fusion technologies

• Demonstrate safety and environmental acceptability of 
fusion.



ITER is a collaborative effort among Europe, 
Japan, US, Russia, China, South Korea, and India



ITER Design - Main Features

Divertor

Central 
Solenoid

Outer Intercoil 
Structure

Toroidal Field Coil

Poloidal Field Coil

Machine Gravity Supports

Blanket 
Module

Vacuum Vessel

Cryostat

Port Plug (IC Heating)

Torus Cryopump



ITER Magnet System
The magnet system for ITER consists of 18 toroidal field (TF) coils, a central 
solenoid (CS), six poloidal field (PF) coils and 18 correction coils (CCs).

The magnet system creates 
a doughnut-shaped 
magnetic field to confine 
charged particles plasma.



Schedule

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

ITER IO
LICENSE TO 
CONSTRUCT

TOKAMAK 
ASSEMBLY STARTS

FIRST 
PLASMA

Bid
Contract

EXCAVATE
TOKAMAK BUILDING

OTHER BUILDINGS

TOKAMAK ASSEMBLY

COMMISSIONING

MAGNET

VESSEL

Bid Vendor’s Design

Bid

Install
cryostat

First sector Complete VV
Complete 
blanket/divertor

PFC Install CS

First sector Last sector

Last CSLast TFCCSPFC TFC
fabrication start

Contract

Contract

2016

Construction License Process



0.033 0.033 0.028 0.0170.0110.0080.0 0.0 
Neutron fluence at TBM 
FW (MW-y/m 2) PER YR

3000 3000 2500 15001000750 1 0 
Equivalent number of 
nominal burn pulses 

300030003000400400400100-200 Flat top pulse length (s)

D-TD-TD-TD-TD-TD-TD-DH-HPhase 

10 9 8 7 6 5 4 1~3 

®®®

ITER Schedule 
1st 10 yrs

Hybrid 
operation

First D-T Burning Plasma in ITER in 2021
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The Deuterium-Tritium (D-T) Cycle

• World Program is focused on the D-T cycle (easiest to 
ignite):

D + T � n + � + 17.58 MeV

• The fusion energy (17.58 MeV per reaction) appears as 
Kinetic Energy of neutrons (14.06 MeV) and alphas (3.52 
MeV)

• Tritium does not exist in nature! Decay half-life is 12.3 years

(Tritium must be generated inside the fusion system to 
have a sustainable fuel cycle)

• The only possibility to adequately breed tritium is through 
neutron interactions with lithium
– Lithium, in some form, must be used in the fusion system



���������	
��
���	���
���������

FNT Components from the edge of the 
Plasma to TF Coils (Reactor “Core”)

1. Blanket Components (includ. FW)

2. Plasma Interactive and High Heat Flux 
Components

3. Vacuum Vessel & Shield Components

4. Tritium Processing Systems

5. Instrumentation and Control Systems

6. Remote Maintenance Components

7. Heat Transport and Power Conversion 
Systems

a. divertor, limiter
b. rf antennas, launchers, wave guides, etc.

Other Systems / Components affected 
by the Nuclear Environment

Fusion Power & Fuel Cycle Technology



Blanket (including first wall)
Blanket Functions:

A. Power Extraction
– Convert kinetic energy of neutrons and secondary gamma rays into heat

– Absorb plasma radiation on the first wall

– Extract the heat (at high temperature, for energy conversion)

B. Tritium Breeding
– Tritium breeding, extraction, and control

– Must have lithium in some form for tritium breeding

C. Physical Boundary for the Plasma
– Physical boundary surrounding the plasma, inside the vacuum vessel

– Provide access for plasma heating, fueling

– Must be compatible with plasma operation

– Innovative blanket concepts can improve plasma stability and confinement

D. Radiation Shielding of the Vacuum Vessel



Plasma

Radiation

Neutrons

Coolant for energy 
conversion

First Wall

Shield

Blanket Vacuum vessel

Magnets

Tritium breeding zone



Blanket Concepts
(many concepts proposed worldwide)

A. Solid Breeder Concepts
– Always separately cooled

– Solid Breeder: Lithium Ceramic (Li2O, Li4SiO4,  Li2TiO3,  Li2ZrO3)

– Coolant: Helium or Water

B. Liquid Breeder Concepts
Liquid breeder can be:

a) Liquid metal (high conductivity, low Pr): Li, or 83Pb 17Li

b) Molten salt (low conductivity, high Pr): Flibe (LiF)n · (BeF2),                         
Flinabe (LiF-BeF2-NaF)

B.1.  Self-Cooled

– Liquid breeder is circulated at high enough speed to also serve as coolant

B.2.  Separately Cooled

– A separate coolant is used (e.g., helium)

– The breeder is circulated only at low speed for tritium extraction

B.3.  Dual Coolant

– FW and structure are cooled with separate coolant (He)

– Breeding zone is self-cooled
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Module box
(container & surface 
heat flux extraction)

Breeder cooling 
unit (heat extraction 
from PbLi)

Stiffening structure 
(resistance to accidental in-box 
pressurization i.e He leakage) He collector system 

(back)

[0.5-1.5] 
mm/s[18-54] 

mm/s

HCLL PbLi flow scheme
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� First wall and ferritic steel structure 
cooled with helium

� Breeding zone is self-cooled 

� Structure and Breeding zone are 
separated by SiCf/SiC composite 
flow channel inserts (FCIs) that

� Provide thermal insulation to 
decouple PbLi bulk flow 
temperature from ferritic steel 
wall

� Provide electrical insulation to 
reduce MHD pressure drop in 
the flowing breeding zone

Self-cooled Pb-17Li 

Breeding Zone

He-cooled steel

structure

SiC FCI

DCLL Typical Unit Cell

Pb-17Li exit temperature can be significantly highe r than the 
operating temperature of the steel structure ��� � High Efficiency



Flows of electrically conducting coolants will 
experience complicated 

magnetohydrodynamic (MHD) effects

What is magnetohydrodynamics (MHD)?
– Motion of a conductor in a magnetic field produces an EMF that can 

induce current in the liquid. This must be added to Ohm’s law:

– Any induced current in the liquid results in an additional body force
in the liquid that usually opposes the motion.  This body force must 
be included in the Navier-Stokes equation of motion:

– For liquid metal coolant, this body force can have dramatic impact 
on the flow: e.g. enormous MHD drag, highly distorted velocity 
profiles, non-uniform flow distribution, modified or suppressed 
turbulent fluctuations
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Main Issue for Flowing Liquid Metal in Blankets: 
MHD Pressure Drop

Feasibility issue – Lorentz force resulting from LM 
motion across the magnetic field generates MHD 
retarding force that is very high for electrically 
conducting ducts and complex 
geometry flow elements

���
c

ww
MHD a

t
VBLLJBp

s
s

s 2»=D

p, pressure
L, flow length
J, current density
B, magnetic induction
V, velocity
ssss , conductivity (LM or wall)
a,t, duct size, wall thickness

Thin wall MHD pressure drop formula
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Large MHD drag results in large MHD 
pressure drop

• Net JxB body force ÑÑÑÑp = cssssVB2

where c = (t w ssssw)/(a ssss)
• For high magnetic field and high 

speed (self-cooled LM concepts 
in inboard region) the pressure 
drop is large

• The resulting stresses on the 
wall exceed the allowable stress 
for candidate structural 
materials

• Perfect insulators make the net 
MHD body force zero

• But insulator coating crack 
tolerance is very low (~10 -7). 

– It appears impossible to develop 
practical insulators under fusion 
environment conditions with large 
temperature, stress, and radiation 
gradients

• Self-healing coatings have been 
proposed but none has yet been 
found (research is on-going)

Lines of current enter the low 
resistance wall – leads to very 
high induced current and high 
pressure drop 

All current must close in the 
liquid near the wall – net drag 

from jxB force is zero

Conducting walls Insulated walls
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Summary of Critical R&D Issues for Fusion Nuclear T echnology



Blanket systems are complex and have many 
integrated functions, materials, and interfaces
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[18-54] mm/s

PbLi flow 
scheme

[0.5-1.5] mm/s



Fusion environment is unique and complex:
multi- component fields with gradients

� Neutrons (fluence, spectrum, temporal and 
spatial gradients)

• Radiation Effects (at relevant temperatures, 
stresses, loading conditions)

• Bulk Heating
• Tritium Production
• Activation

� Heat Sources (magnitude, gradient)
• Bulk (from neutrons and gammas)
• Surface

� Synergistic Effects
• Combined environmental loading conditions
• Interactions among physical elements of components

A true fusion environment is ESSENTIAL to activate mechanisms that  
cause prototypical coupled phenomena and integrated b ehavior

� Particle Flux (energy and density, 
gradients)

� Magnetic Field (3-component with 
gradients)

• Steady Field
• Time-Varying Field

� Mechanical Forces
• Normal/Off-Normal

� Thermal/Chemical/Mechanical/ 
Electrical/Magnetic Interactions

Multi-function blanket in multi-component field env ironment leads to:
- Multi-Physics, Multi-Scale Phenomena Rich Science to Study

- Synergistic effects that cannot be anticipated from simulations & separate effects 
tests. 



Tritium Breeding Blankets must be developed in the near 
term to solve the serious issue of external tritium  supply

� A Successful ITER will exhaust most 
of the world supply of tritium, but 
5-10 kg will be needed to start DEMO

� Any future long pulse burning plasma 
device (including ITER Extended 
Phase) will need tritium breeding 
technology

� The availability and cost of external 
tritium supply is a serious issue for 
FNT development 

� Engineering development and reliability 
growth stages must be done in a small 
fusion power device; only fusion break-in 
stage can be done in ITER
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Tritium Consumption in Fusion is HUGE! Unprecedented!
55.8 kg per 1000 MW fusion power per year
Production & Cost:
CANDU Reactors: 27 kg from over 40 years,

$30M/kg (current)
Fission reactors: 2–3 kg/year
$84M-$130M/kg (per DOE Inspector General*)

*www.ig.energy.gov/documents/CalendarYear2003/ig-063 2.pdf

We cannot wait very long for 
blanket development



Component  Num
ber  

Failure 
rate in  
hr-1 

MTBF in 
years 

MTTR 
for 
Major 
failure, 
hr 

MTTR 
for Minor 
failure, hr 

Fraction of 
failures that 
are Major 

Outage Risk Component 
Availability 

Toroidal  
Coils 

16 5 x10-6 23  104 240 0.1 0.098 0.91 

Poloidal 
Coils 

8 5 x10-6 23 5x103 240 0.1 0.025 0.97 

Magnet 
supplies 

4 1 x10-4 1.14 72 10 0.1 0.007 0.99 

Cryogenics 2 2 x10-4 0.57 300 24 0.1 0.022 0.978 

Blanket 100 1 x10-5 11.4 800 100 0.05 0.135 0.881 

Divertor 32 2 x10-5 5.7 500 200 0.1 0.147 0.871 

Htg/CD 4 2 x10-4 0.57 500 20 0.3 0.131 0.884 

Fueling 1 3 x10-5 3.8 72 -- 1.0 0.002 0.998 

Tritium 
System 

1 1 x10-4 1.14 180 24 0.1 0.005 0.995 

Vacuum 3 5 x10-5 2.28 72 6 0.1 0.002 0.998 
Conventional equipment- instrumentation, cooling, turbines, electrical plant ---  0.05 0.952 

TOTAL SYSTEM 0.624 0.615 
 

Assuming 0.2 as a fraction of year scheduled for re gular maintenance.   
Demo Availability = 0.8* [1/(1+0.624)] = 0.49  (Blanket Availability must be .88)

DEMO Availability of 50% Requires Blanket Availabil ity >85%
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Obtainable Blanket System Availability with 50% 
Confidence for Different Testing Fluences and Test Areas
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Level of Confidence based on Figure 15-2.2 in "FINESSE: A Study of the Issues, experiments and Facilities for Fusion Nuclear
Technology Research & Development, Chapter 15 Reliability Development Testing Impact on Fusion Reactor Availability", Interim
report, Vol. IV, PPG-821, UCLA, 1984.



• Initial exploration of coupled 
phenomenain a fusion environment

• Uncover unexpected synergistic 
effects, Calibrate non-fusion tests

• Impact of rapid property changes in 
early life 

• Integrated environmental data for 
model improvement and simulation 
benchmarking

• Develop experimental techniques and 
test instrumentation

• Screen and narrow the many material 
combinations, design choices, and 
blanket design concepts

• Uncover unexpected synergistic 
effects coupled to radiation 
interactions in materials, interfaces, 
and configurations

• Verify performance beyond beginning 
of life and until changes in properties 
become small (changes are substantial 
up to ~ 1-2  MW · y/m

2
)

• Initial data on failure modes & effects

• Establish engineering feasibilityof 
blankets (satisfy basic functions & 
performance, up to 10 to 20 % of 
lifetime) 

• Select 2 or 3 concepts for further 
development

• Identify lifetime limiting failure modes 
and effects based on full environment 
coupled interactions

• Failure rate data: Develop a data base 
sufficient to predict mean-time-
between-failure with confidence

• Iterative design / test / fail / analyze / 
improve programs aimed at reliability 
growth and safety

• Obtain data to predict mean-time-to-
replace (MTTR) for both planned 
outage and random failure 

• Develop a database to predict overall 
availability of FNT components in 
DEMO

Stages of FNT Testing in Fusion Facilities

Sub-Modules/Modules

Stage I

Fusion “Break-in” & 
Scientific Exploration

Stage II Stage III

Engineering Feasibility 
& Performance 

Verification

Component Engineering 
Development & 

Reliability Growth

Modules Modules/Sectors

D 
E 
M 
O

1 - 3 MW-y/m 2 > 4 - 6 MW-y/m2

0.5 MW/m2, burn > 200 s 1-2 MW/m2,
steady state or long pulse

COT ~ 1-2 weeks

1-2 MW/m2,
steady state or long burn

COT ~ 1-2 weeks

0.1 – 0.3 MW-y/m 2

³



ITER Provides Substantial Hardware Capabilities
for Testing of Blanket System

Vacuum Vessel

Bio-shield

A PbLi loop 
Transporter located in 

the Port Cell Area

He pipes to 
TCWS

2.2 m

TBM System (TBM + TTBM System (TBM + T--ExtracExtrac, , 
Heat Transport/Exchange…)Heat Transport/Exchange…)

Equatorial Port 
Plug Assy.

TBM 
Assy

Port 
Frame

� ITER has allocated 3 
ITER equatorial ports
(1.75 x 2.2 m2) for TBM 
testing

� Each port can 
accommodate only 2 
Modules (i.e. 6 TBMs max)

But fluence in ITER is limited.  We also 
have to build another facility, CTF/VNS, for 

FNT development



What is CTF (VNS)?

• The idea of CTF is to build a small size, low fusion power
DT plasma-based device in which Fusion Nuclear 
Technology experiments (for engineering development 
and reliability growth) can be performed in the relevant 
fusion environment: 1- at the smallest possible scale, cost, 
and risk, and 2- with practical strategy for solving the 
tritium consumption and supply issues for FNT 
development.

- In MFE: small-size, low fusion power can be obtained in a driven, low-Q, 
plasma device. (But the minimum fusion power for tokamak is >100MW.)

• This is a faster, much less expensive approach than 
testing in a large, ignited/high Q plasma device for which 
tritium consumption, and cost of operating to high fluence
are very high (unaffordable!, not practical).



YEAR:  07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

R&D
Experiments in Non-Fusion Facilities: Thermal, MHD, Tritium, Fission, Accelerator Neutron Sources, etc.

Theory, Modeling and Computer Simulation

ITER 
TBM

Machine Construction

TBM Preparation

Phase I: H-H/D-D /D-T

TBM  (Fusion “break-in”)

?? Extended Phase ??

CTF Exploration & Decision Engr. Design Construction
FNT Testing: 

Engineering Feasibility 
and Reliability Growth

System Analysis / Design Studies

Arrows indicate 
major points of FNT
information flow 
through ITER TBM

Major Activities and Approximate Timeline* for 
Fusion Nuclear Technology Development

* Based on FESAC 2003 Panel with adjusting ITER Schedule by 2 years

� R&D Activities are critical to support effective FNT/Blanket 
testing in ITER and CTF

� ITER TBM Provides Timely Information to CTF

H-H
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1. Tritium Supply & 
Tritium Self-Sufficiency

2. High Power Density

3. High Temperature

4. MHD for Liquid Breeders / Coolants

5. Tritium Control (Permeation)

6. Reliability / Maintainability / Availability

7. Testing in Fusion Facilities
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Fractional burn-up [%]

Fusion power 1.5GW
Reserve time 2 days
Waste removal efficiency 0.9
(See paper for details)







Fission (PWR)

Fusion structure

Coal

Tritium in fusion
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Thank You!


