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OUTLINE	



•  Introduction to fusion reaction and plasmas	


•  Environmentally attractive features of fusion	


•  Magnetic confinement of hot plasma	


•  Scaling to the ignited plasma regime	


•  ITER particulars	


•  Supporting R&D for ITER	


•  Beyond ITER- plans toward the reactor	


•  Summary	
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Basic Fusion Reaction of Interest in the Laboratory	



E = mc2	
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-High temperature plasma is the 
medium in which controlled fusion 
reactions can best be achieved ���
���
- Plasma responds to electric and 
magnetic fields,  and is typically 
dominated by collective effects 
such as instabilities which saturate 
as turbulent fluctuations of density 
and EM fields ���
���
- The driving force underpinning 
instabilities is gradients in density 
and temperature as well energetic 
particles	



High Temperature Plasma, the “4th State of 
Matter” is Typically a Fully Ionized Gas	
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99% of the Visible Matter in the 
Universe is in the Plasma State���

	



Discharge tube 
temperatures: 	


Te = 1 eV= 10,000 K	


	


Fusion temperatures:	


10 keV = 10,000 eV=	


108 K = 100 million K	





Generator	

 Turbine	



Deuterium	



Tritium	



Fusion	


Plasma	



Heat Exchanger	



Lithium	


n	



Fusion Power System Concept	



(or hydrolysis system	


for H2 production)	



Magnet	
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Fusion Fuel is Abundant in Nature���
	



• Raw fuel of a fusion reactor is water and lithium*	



• Lithium in one laptop battery + half a bath-full of ordinary water (-> one 
egg cup full of heavy water) 	

⇒    200,000 kW-hours 	


	



•  	

deuterium/hydrogen = 1/6700 	

	


•              tritium from: neutron (from fusion) + lithium ⇒ tritium + helium	
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Enormous Amount of Energy from 
Fusion Fuel	
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Courtesy of M. Wade, General Atomics 	





Fusion Is an Attractive Energy Source	



•  Abundant fuel, available to all nations	


–  Deuterium and lithium easily available for thousands of years	



•  Environmental advantages	


–  No carbon emissions, short-lived radioactivity	



•  Can’t blow up, resistant to terrorist attack 	


–  Less than 5 minutes of fuel in the chamber	



•  Low risk of nuclear materials proliferation	


–  No fissile or fertile materials required	



•  Compact relative to solar, wind and biomass	


–  Modest land usage	



•  Not subject to short term or regional weather variation	


–  No large-scale energy storage nor long-distance transmission	



•  Cost of electric power estimated similar to fission	
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Comparison of Fission and Fusion	


Radioactivity After Shutdown	
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Courtesy of 	


R J Goldston	





The Sun Confines Hot Plasma: 
Can We Do It in the Laboratory ? 	



Gravitational Confinement! also Magnetic Confinement!

§  In Inertial Fusion Energy intense 
laser beams rapidly compress and 
heat fuel pellets which burn while 
their inertia holds them together 
(National Ignition Facility, LLNL) 

•  Toroidal magnetic traps in the 
laboratory can confine plasma 
which can then be heated with 
energetic ion beams or intense 
RF (microwave) power  
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���
 Magnetic  Confinement	



Charged particles have helical orbits 
in a magnetic field; they describe 
circular orbits perpendicular to the 
field with gyro-radius rl=v⊥/Ω, where 
Ω=qB/mc���
	



BT=5 T; T=10 keV; n=1020 m-3;  	



“TOKAMAK”	



(Russian abbreviation for “toroidal 
chamber” with magnetic fields); 
includes an induced toroidal plasma 
current to form, heat and confine 
the plasma;	



	



	


	





Magnetic Plasma Confinement Concepts	



Spherical Torus !
High fusion power density 
at low magnetic fields 
(copper magnets, high 
circulating power) ; 
extrapolation to reactor 
scale problematic; OK for 
component test facility"

Compact Stellarator!
Passive stability and 
steady-state operation; 
complexity of fabrication 
of superconducting 
magnets; Transport at 
reactor scale parameters 
remains an issue!

Advanced Tokamak!
Driven steady-state by ion 
beams, RF waves and 
pressure driven plasma  
currents; Requires 
superconducting magnets; 
Disruptions and MHD 
stability at the edge remain 
issues!
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DIII-D Tokamak	


GA	



NSTX	


Spherical Torus	


PRINCETON	

 LHD	



SC Stellarator  	


JAPAN	



WENDELSTEIN 	


SC Stellarator – 	



EU	



KSTAR	


SC Tokamak  	



KOREA	



EAST  	


(SC  Tokamak)	



CHINA	



JET Tokamak 	


EU	



A Wide Range of Toroidal Magnetic Configurations ���
is Being Studied Worldwide	



SC Tokamak	


JAPAN	





New Superconducting Tokamaks in Asia	



EAST (China) 
l  R = 1.7m, a = 0.4m, Bt = 3.5T, Ip = 1MA. 
l  First plasma on September, 2006. 
l  First full superconducting tokamak. 

SST-1 (India) 
l  R = 1.1m, a = 0.2m, Bt = 3.0T, Ip = 0.22MA. 
l  Fabrication and assembly completed. 
l  SC magnets cooled down for charging 

tests. 

EAST 

JT-60SA (Japan/EU) 
l  R = 3.06m, a = 1.15m, Bt = 2.7T, Ip = 5.5MA. 
l  Conceptual design is in progress. Fabrication 

to start in 2007. 

KSTAR (Korea) 
l  R = 1.8m, a = 0.5m, Bt = 3.5T, Ip = 2MA. 
l  Assembly will be finished and 

commissioning will be started in middle of 
2007. 

KSTAR 

SST-1 

Both DN and SN configurations 
are possible in all four tokamaks	



JT-60SA 

Courtesy J. Jacquinot 	
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Fusion Power Has Increased Rapidly as 
Increasingly Larger Machines Were Built	
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The fraction of alpha particles in a fusing 
plasma is a measure of  Fusion Energy Gain  

Courtesy of A. Hubbard	





Significant Fusion Power Was 
Produced in D-T Plasmas in the 1990s 
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Q = 0.65	



Q = 0.2	





Fusion Performance Increased Rapidly 
with Machine Size and Heating Power 

Progress has been 
determined by scientific 
advances and larger, 
more powerful facilities	
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For D-T Ignition, require	



NiτETi = 4x1021m-3 sec keV	





Large Database for Confinement Time 
Provides Optimism for ITER’s Success  
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•  Nevertheless physics 
uncertainties remain: 
Much of the high 
performance  data was 
obtained in beam heated 
plasmas where ion 
transport dominates 

•  In ITER (and Reactor)  
scale devices electrons and 
ions will be equilibrated 
and electron transport will 
dominate; its scaling is not 
as well understood as that 
of ions  
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ITER’s Goal is to Demonstrate the Scientific 
Feasibility of High Gain (≥10) Fusion Burn	



Science Benefits:!
Extends fusion science to burning 
(self-heated) plasmas.!
!
Technology Benefits:!
Fusion-relevant technologies.!
High duty-factor operation.!
!
!
!

!
	



Pfusion !500 MW!
Pheat!! !73 MW!
Gain !Q  ≥ 10!
Pulse Length !300 - 3000s!
Major Radius !6.2m!
Minor Radius !2.0m!
Plasma Current 15MA!
Toroidal Field!5.3T!
Heating/Current Drive Power 73MW!
Cost ($2000) !$4.6B !

(Person 
for scale)	



US contribution: 1/9 of total cost;  (EU: 45%)	





ITER will Demonstrate Long Pulse Burning Plasma 
Regimes and Dominant Alpha Particle Heating	



M. R. Wade, General Atomics, at GA Tech Fusion Symposium, Nov 2012	





ITER is the Largest Scientific 
Enterprise Ever Undertaken	
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The Tokamak Core	
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US ITER Scope 	
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US ITER Diagnostics Development 	
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 INSTITUTIONAL  INVOLVEMENT:	


PPPL, ORNL, LLNL, GA, UCLA,  
UMd, UC Davis, MIT, NOVA Photonics, 
U Texas, TNO	





ITER Construction by the EU ���
 is Well Underway	
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Ongoing Research Worldwide is Aimed 
at Optimizing ITER’s Operation	
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Confinement Modes in Tokamak Depend 
on Complex “Self Organization”	



Courtesy of Jean Jacquinot, Fr	
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Internal Transport Barrier	



Instabilities specific to H mode (Edge 
Localized Modes, eg ELMS) 	



Edge transport Barrier	



L Mode	



H Mode	
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r/a (normalized minor radius)	





Physics Issues for ITER being addressed by 
coordinated worldwide R&D program	
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Amanda Hubbard, AAAS 2013	





J Jacquinot, IAP Cambridge January 2010 31 

Experiments : ���
 è Core Transport is Turbulent	



~102-103 s-1
	



~105 s-1	



Heat flux equation: 

Tn

STn

TT

Tt

∇−=

=⋅∇+∂

χφ

φ
2
3

Tore Supra  measurements typical 



First-Principles Models of Core Transport are 
being Validated with Sophisticated Diagnostics  	
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Turbulent Core Transport Model Predictions ���
 for Ions Good, for Electrons not Always	



A. Hubbard, AAAS13, Boston	
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Our understanding of turbulent transport has been 
improving rapidly  because of implementation of 
gyrokinetic theories on supercomputers	



The radial correlation 
length of turbulent eddies is 
found to be broken up by 
strong ExB shear flow (self 
generated “zonal flows”) 
which then reduces 
transport by factors of two 
or more (High confinement 
or H-mode; experimentally 
discovered more than a 
decade ago in Asdex);	



Similar to zonal flows in 
rotating fluids such as found 
on the surface of Jupiter;	



Courtesy of J. Candy, GA	





Edge Pedestal Height a Determining Factor in 
Central Temperatures but Susceptible to ELMS 	



J. Jacquinot, IAP, MIT	
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Mitigation:	


•  Pellet pacing	


•  Ergodization of the surface	





New Theoretical Model Predicts Barrier 
Pressure Limit via Stability Calculations 	



A. Hubbard, AAAS 2013, Boston	





Methods Have Been Developed to���
 Suppress or Mitigate ELMS	



A. Hubbard, AAAS 2013, Boston	





New High Confinement Regimes Naturally Free of ���
Large Scale Instabilities Have Been Discovered	
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Plasma Heat Flux to Material 
Surfaces will be a Challenge	



A. Hubbard, AAAS 2013, Boston	



è ITER needs to radiate much of the 
heat in the divertor without 
contaminating the burning core plasma	





ITER will Provide a Power Plant Scale Test of the 
Extraction of Heat From an MFE Fusion Plasma	
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Four Thrust Areas are Required for���
	

Practical Magnetic Fusion Energy	



Burning Plasmas (ITER)!

Fundamental Understanding!

Configuration Optimization!

Materials and Technology	


Cost-Effective!

Fusion  
Energy	





Proposed Next Step in the US Fusion Program: FNSF 
Fusion Nuclear Science Facility, a Low Gain, Long Pulse 

Burning Plasma Experiment for Materials Study 	



H. G. Neilson, PPPL, AAAS 2013, Boston	
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EU Fusion Energy Development Path	



H.G. Neilson, PPPL, AAAS 2013, Boston	





Chinese Fusion Energy Development Path	



H. G. Neilson, PPPL, AAAS 2013, Boston	





H. G. Neilson, PPPL, AAAS 2013, Boston	
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Summary and Conclusions	


•  Fusion is an attractive energy source, available on a 

timescale to help address global climate change 
 

•  There is a timely opportunity for international 
collaboration (ITER) to advance fusion energy  
 

•  A strong domestic program in parallel with ITER is a 
must if  fusion is to succeed - there are too many 
complex physics questions that remain to be answered 

•  Materials and advanced technology research will be 
comparably difficult and time consuming 

•  Fusion is a long range R&D program and education 
must be an essential element for its success  

 


