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Outline 
•  Fusion power is the ultimate, zero carbon, clean energy source. 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
Alcator C-Mod and ADX 

• Magnetic fields can be used to hold and compress hot 
plasma -- like the sun -- in a device called a tokamak. 

•  This process is well understood: 
         high magnetic field => hot, dense plasma => magnetic fusion 
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•  Fusion power is the ultimate, zero carbon, clean energy source. 

Alcator C-Mod and ADX 

•  This process is well understood: 
         high magnetic field => hot, dense plasma => magnetic fusion 

•  Recent advances in high-magnetic field superconductors 
may make possible the construction of a compact, high-
field tokamak-based fusion pilot plant 

   – the fast track to fusion electricity.  

Breakthrough:  

Outline 

• Magnetic fields can be used to hold and compress hot 
plasma -- like the sun -- in a device called a tokamak. 

J. Minervini - IAP 

D. Whyte - IAP 

MIT's High-Field Research on the Fast Track to Fusion Electricity 

http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/whyte.pdf
http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/whyte.pdf
http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/minervini.pdf
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•  Fusion power is the ultimate, zero carbon, clean energy source. 

Alcator C-Mod and ADX 

•  Recent advances in high-magnetic field superconductors 
may make possible the construction of a compact, high-
field tokamak-based fusion pilot plant 

   – the fast track to fusion electricity.  

•  This process is well understood: 
         high magnetic field => hot, dense plasma => magnetic fusion 

Alcator C-Mod and ADX are high-field, compact tokamaks 
  – charting the pathway forward: 

Breakthrough:  

•  Fusion power exhaust handling 
•  Sustainment by radio-frequency waves 
•  Optimizing fusion power output 

 

Outline 

• Magnetic fields can be used to hold and compress hot 
plasma -- like the sun -- in a device called a tokamak. 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
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1D2 + 1T3 => 0n1 +2He4 + 17.6 MeV 

Fusion – the ultimate power source 

Image from NASA's Solar Dynamics Observatory  

• Abundant, high energy density fuel (D + Li), available to 
all nations (D from seawater) 

• No greenhouse gases (nor NOX, SOX, particulate 
emission) 

• Safe – no chain reaction, ~1 sec worth of fuel in device at 
any one time 

• Nuclear reaction product is helium – stable, not 
radioactive (in contrast to fission) 

• Minimal “afterheat”, no nuclear meltdown possible 
• Residual plant radioactivity small; products immobile and 

short-lived 
• Minimal material proliferation risks (no fissile material) 
• Minimal land and water use 
• Always on – baseload energy – no energy storage issues 

1D2 
1T3 

0n1 + 14.1 MeV 

Fusion powers the sun and the stars – balls of hot plasma in which light nuclei 
fuse to form heavier elements.  

2He4 + 3.5 MeV 

‘Easiest’ fusion reaction: 
MeV 
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Fusion Electricity – urgently needed! 
spectrum.ieee.org/energy/renewables/what-it-would-really-take-to-reverse-climate-change 

                  What It Would Really Take to Reverse Climate Change 
 

Today’s renewable energy technologies won’t save us. So what will? 
By Ross Koningstein & David Fork          Posted 18 Nov 2014 | 20:00 GMT 

http://spectrum.ieee.org/energy/renewables/what-it-would-really-take-to-reverse-climate-change
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Today’s renewable energy technologies won’t save us. So what will? 
By Ross Koningstein & David Fork          Posted 18 Nov 2014 | 20:00 GMT 

But then stopped. ‘Best case’ 
is still not good enough 

Hansen pointed out that CO2 
overshoot must be brief – otherwise 
“possibility of seeding irreversible 
catastrophic effects” 
[“Target Atmospheric CO2: Where Should Humanity Aim?” 
James Hansen et al., 2008]  
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Fusion Electricity – urgently needed! 

               was investing in renewables 
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                  What It Would Really Take to Reverse Climate Change 
 

Today’s renewable energy technologies won’t save us. So what will? 
By Ross Koningstein & David Fork          Posted 18 Nov 2014 | 20:00 GMT 

But then stopped. ‘Best case’ 
is still not good enough 

Hansen pointed out that CO2 
overshoot must be brief – otherwise 
“possibility of seeding irreversible 
catastrophic effects” 
[“Target Atmospheric CO2: Where Should Humanity Aim?” 
James Hansen et al., 2008]  

Others are recognizing this also 
We Need A Climate Miracle. Could 'New 
Nuclear' Provide It?	

http://www.forbes.com/sites/hbsworkingknowledge/2014/09/24/we-
need-a-climate-miracle-could-new-nuclear-provide-it/ 
 
                          fission breeder	

                        ‘traveling wave’ reactor’ 	

  

http://terrapower.com/      Bill Gates 

http://spectrum.ieee.org/energy/renewables/what-it-would-really-take-to-reverse-climate-change
http://arxiv.org/abs/0804.1126
http://terrapower.com/
http://www.forbes.com/sites/hbsworkingknowledge/2014/09/24/we-need-a-climate-miracle-could-new-nuclear-provide-it/
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Fusion Electricity – urgently needed! 

               was investing in renewables 
 ‘RE < C’ to attain ‘best case scenario’  

spectrum.ieee.org/energy/renewables/what-it-would-really-take-to-reverse-climate-change 
                  What It Would Really Take to Reverse Climate Change 
 

Today’s renewable energy technologies won’t save us. So what will? 
By Ross Koningstein & David Fork          Posted 18 Nov 2014 | 20:00 GMT 

But then stopped. ‘Best case’ 
is still not good enough 

Hansen pointed out that CO2 
overshoot must be brief – otherwise 
“possibility of seeding irreversible 
catastrophic effects” 
[“Target Atmospheric CO2: Where Should Humanity Aim?” 
James Hansen et al., 2008]  

- CO2 must be removed from air 
                          +  
- Fission breeder reactors scattered 
all around the globe? 
- Fusion? 

Others are recognizing this also 
We Need A Climate Miracle. Could 'New 
Nuclear' Provide It?	

http://www.forbes.com/sites/hbsworkingknowledge/2014/09/24/we-
need-a-climate-miracle-could-new-nuclear-provide-it/ 
 
                          fission breeder	
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Fusion Electricity – let’s do it! 

1D2 
1T3 

0n1 + 14.1 MeV 

2He4 + 3.5 MeV 

Step 1 - Heat a Deuterium (D)  - Tritium (T) mixture 
to very high temperatures, forming a plasma 
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Fusion Electricity – let’s do it! 

1D2 
1T3 

0n1 + 14.1 MeV 

2He4 + 3.5 MeV 

Step 1 - Heat a Deuterium (D)  - Tritium (T) mixture 
to very high temperatures, forming a plasma 

Step 2 -  Use very strong magnetic fields to hold D+T 
plasma inside a ‘magnetic bottle’ – Magnetic Fusion 

Wrap magnetic field lines into a torus 
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Fusion Electricity – let’s do it! 

1D2 
1T3 

0n1 + 14.1 MeV 

2He4 + 3.5 MeV 

Step 3 - At sufficiently high density/temperature,  
D + T fusion occurs – a self-sustained nuclear 
reaction, producing a ‘sun on the earth’!  

Step 4 -  Boil water, spin turbines, make electricity  
               – a fusion power plant 

Lithium compound 

n 



LaBombard - IAP Seminar, Jan. 16, 2015 

Magnetic Fusion – How does that work? 
Strong magnetic field is the key: 
  - compresses plasma – pressure 
  - confines it away from container walls – confinement time 
  - provides thermal insulation – plasma temperature  
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Magnetic Fusion – How does that work? 
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Magnetic Fusion – How does that work? 

Employ closed 
magnetic field  
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Strong magnetic field is the key: 
  - compresses plasma – pressure 
  - confines it away from container walls – confinement time 
  - provides thermal insulation – plasma temperature  

Tokamak 

Stellarator 

Two promising strategies 
to create this configuration 

Requires method to 
drive plasma current 

Intrinsically steady state 
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Magnetic Fusion – How does that work? 

Employ closed 
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structure 

Strong magnetic field is the key: 
  - compresses plasma – pressure 
  - confines it away from container walls – confinement time 
  - provides thermal insulation – plasma temperature  

Tokamak 

Stellarator 

Requires method to 
drive plasma current 

Intrinsically steady state 

A tokamak is the best 
‘magnetic bottle’ for 
plasma confinement 
ever devised. 

Two promising strategies 
to create this configuration 
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Magnetic Fusion – How does that work? 

Employ closed 
magnetic field  
structure 

Strong magnetic field is the key: 
  - compresses plasma – pressure 
  - confines it away from container walls – confinement time 
  - provides thermal insulation – plasma temperature  

Anatomy of a Tokamak 

A tokamak is the best 
‘magnetic bottle’ for 
plasma confinement 
ever devised. 
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Magnetic Fusion – Does it work? 

TFTR 

JET 

Yes!  MWs of DT fusion have been 
demonstrated in two tokamaks... 

... but, not yet producing net 
power (Q > 1) or net electricity. 

Q !
Fusion power
Input power
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High density:                          (air / 300,000) 
 
 

−= 20 310n m

=15T keV

τ =2 sec

n T τE ≥ 3x1021 [keV s m−3] 

Magnetic Fusion – Conditions needed 

Plasma Pressure (nT) times Energy Confinement Time (τE) 

In plasma physics, we measure temperature in eV, where  1 eV = 11,600 °K               

High temperature:                      (air x 600,000) 
                                                   (174 million K)  

Energy Confinement Time: 

For a sustained fusion plasma: 

Plasma pressure  
~ 4 atmospheres 

Magnetic fields are used to compress plasma to that pressure. 
 
 



LaBombard - IAP Seminar, Jan. 16, 2015 

Good confidence in  
τE for ITER 

Fusion Electricity – How can we get there? 
Fusion power performance increases with device size and magnetic 
field strength – plasma is hotter, confinement time is longer...  

ITER 
500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

JET 
16 MW fusion 
Q ~ 0.65 
B = 2.5 T, R = 3 m 
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from: Kaname Ikeda,  Nucl. Fusion 50, 014002 (2010). 
 

Fusion Electricity – How can we get there? 
Increase in device size helped to facilitate rapid 
progress in magnetic fusion over 3 decades 

ITER 
500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

n T τE 

JET 
16 MW fusion 
Q ~ 0.65 
B = 2.5 T, R = 3 m 
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JET 
16 MW fusion 
Q ~ 0.65 
B = 2.5 T, R = 3 m 

500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 
m 

 	


from: Kaname Ikeda,  Nucl. Fusion 50, 014002 (2010). 
 

Fusion Electricity – How can we get there? 

ITER 

But large size = high cost, increased risks, long development time...  

ITER 

n T τE 

Increase in device size helped to facilitate rapid 
progress in magnetic fusion over 3 decades 
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Fusion Electricity – How can we get there? 

ACT1 
1800 MW fusion 
Q ~ 50 
~1000 MWe 
B = 6 T, R = 6.2 m 

500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

ACT1, ACT2 -- Kessel, C.E. and Tillack, M., 2nd  IAEA DEMO Program Workshop 2013. 

ITER 

• Push core plasma physics to extreme values – (not yet attained) 
      - Increase β (plasma pressure / magnetic pressure) 
      - Achieve enhanced confinement time ... 
      - Increase shaping for higher current ...	
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Fusion Electricity – How can we get there? 

ACT2 
2600 MW fusion 
Q ~ 25 
~1000 MWe 
B = 8.75 T, R = 9.75 m 

• Make it bigger! 

• Push core plasma physics to extreme values – (not yet attained) 
      - Increase β (plasma pressure / magnetic pressure) 
      - Achieve enhanced confinement time ... 
      - Increase shaping for higher current ...	


500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

ACT1, ACT2 -- Kessel, C.E. and Tillack, M., 2nd  IAEA DEMO Program Workshop 2013. 

ITER 



LaBombard - IAP Seminar, Jan. 16, 2015 

Fusion Electricity – How else can we get there? 
Push to very high magnetic field using new technology 
– high-temperature superconducting magnets 

J. Minervini - IAP 

500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

ITER 

http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/minervini.pdf
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Fusion Electricity – How else can we get there? 

Commercially 
available	


Yttrium barium copper oxide superconducting tape	

	


J. Minervini - IAP 

Push to very high magnetic field using new technology 
– high-temperature superconducting magnets 

500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

ITER 

http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/minervini.pdf
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Fusion Electricity – How else can we get there? 

ARC 
500 MW fusion 
Q ~ 14 
~200 MWe 
B = 9.2 T, R = 3.3 m 

ARC -- an ‘affordable, 
robust, and compact’ 
approach to a fusion 
pilot plant. 

J. Minervini - IAP 

Sorbom, B.N., et al.,  
Submitted to Fusion Engineering Design  (2014)  

Push to very high magnetic field using new technology 
– high-temperature superconducting magnets 

D. Whyte - IAP 
500 MW fusion 
Q ~ 10 
No electricity 
B = 5.3 T, R = 6.2 m 

ITER 

http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/minervini.pdf
http://www.psfc.mit.edu/library1/catalog/online_pubs/iap/iap2015/whyte.pdf
http://arxiv.org/abs/1409.3540
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New Vision: a high-field, fast-track to fusion electricity 

Goal: Pilot plant based on ARC idea 

Compact, 
High-Field 
Pilot Plant 

• 9.25 tesla!
• ~200 MWe!
• size of JET!

ARC 
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Core plasma performance ~ good enough! 

Compact, 
High-Field 
Pilot Plant 

• 9.25 tesla!
• ~200 MWe!
• size of JET!

ARC Goal: Pilot plant based on ARC idea 

-- Operates well within established limits. 

New Vision: a high-field, fast-track to fusion electricity 
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• High-field, high temperature, 
demountable superconducting 
magnets 

•  Immersion blanket for heat 
removal & tritium breeding 

• Plasma power exhaust 
solutions 

• RF current drive and 
  heating solutions  

Compact, 
High-Field 
Pilot Plant 

ARC 

• 9.25 tesla!
• ~200 MWe!
• size of JET!

Goal: Pilot plant based on ARC idea 

Core plasma performance ~ good enough! 

Focus is now on critical R&D for support systems: 

•  Integrated performance 
at high power density 

New Vision: a high-field, fast-track to fusion electricity 
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• size of JET!

Goal: Pilot plant based on ARC idea 

Core plasma performance ~ good enough! 

Focus is now on critical R&D for support systems: 

•  Integrated performance 
at high power density 

New Vision: a high-field, fast-track to fusion electricity 
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ADX 

Alcator C-Mod 

ARC 

Compact, 
High-Field 
Pilot Plant 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
Alcator C-Mod and ADX 

• 9.25 tesla!
• ~200 MWe!
• size of JET!

• Plasma power exhaust 
solutions 

• RF current drive and 
  heating solutions  
•  Integrated performance 

at high power density 
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https://www.youtube.com/watch?v=HFT7ATLQQx8 
Medium-size solar flare, July 19, 2012 -- posted by NASA Goddard Space Flight Center 

“The objective of magnetic fusion is to create a ‘star in a bottle’. It seems intuitively 
obvious that the most challenging practical aspect of this undertaking will be avoiding the 
destruction of the bottle by the star.”   
-- P. Stangeby, Nuclear Fusion 51 (2011) 063001.  

The plasma-wall interaction challenge 

https://www.youtube.com/watch?v=HFT7ATLQQx8
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ADX Alcator C-Mod 
MIT's High-Field Research on the Fast Track to Fusion Electricity 

Operating since 1992 
 
Highest magnetic field of any ‘diverted’ 
tokamak in the world : B = 2.5 – 8 tesla 
 
Holds world record for plasma pressure 
and exhaust power densities 
 
Directly simulates conditions projected 
for ITER  -- same magnetic field and 
similar power densities in boundary 
 
Has produced seminal plasma science 
advancements in many areas  
 
 
 

Proposed new experiment 
 
High field: B = 2.5 – 8 tesla 
 
Purpose-built to take advantage of cutting-
edge innovations learned from C-Mod 
 
Mission: test and develop advanced power 
handling, RF technologies and operational 
regimes needed for an ARC-class device 
 

Advanced Divertor and  
RF tokamak eXperiment 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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Alcator C-Mod’s World Leading Research Capabilities 
Flow From Its Unique Magnet Technology 

•  Dome: 26” thick steel, 
65,000 lb.  

•  48 drawbars 
•  each tensioned to 

500,000lbs -- stretch 
about 1/8” 

•  Cylinder: 6” thick 
steel, 44,000 lb.  •  Vacuum Vessel  

8 tesla – Highest toroidal field in the world for a diverted tokamak 

•  Copper magnet finger Joints  
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Alcator C-Mod is pioneering high power density solutions for  
plasma-wall interactions, plasma heating and current drive 

• 20 years of experience with high-Z, refractory 
metal plasma-facing components 

Required in a reactor; adopted for ITER divertor 

• C-Mod uses radio-frequency technologies 
exclusively for heating and current drive 

Lower-Hybrid Current Drive (LHCD) 

Ion-Cyclotron Range-of Frequency heating (ICRF) 
These are the technologies required for a reactor; 
Alcator C-Mod is testing the conditions that will 
be found in a reactor (field, density). 

Field-‐aligned	  ICRF	  
Antenna	  

Toroidally-‐aligned	  ICRF	  
2-‐strap	  Antennas	  

LHCD	  
Launcher	  

•  7,000 solid molybdenum 
and tungsten tiles  
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The ‘vertical target plate’ divertor (planned for ITER), was invented 
in C-Mod. C-Mod is continuing to test/improve its limits.  

Vertical target 
plate divertor  

• The divertor accepts heat and particle exhaust 
from the core plasma 

• C-Mod invented the ‘vertical target plate’ divertor 
and demonstrated is ability to handle high power 
densities, attaining a ‘partially-detached’ state 
(cold plasma near target plate) 

• This design was adopted by ITER 

• However, it is not good enough for fusion reactors. 
More advanced techniques will be needed => ADX 

View of Alcator C-Mod vertical target plate divertor  

Heat and 
particles 
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Image source: JAEA 

ITER 
divertor 

• The divertor accepts heat and particle exhaust 
from the core plasma 

• C-Mod invented the ‘vertical target plate’ divertor 
and demonstrated is ability to handle high power 
densities, attaining a ‘partially-detached’ state 
(cold plasma near target plate) 

• This design was adopted by ITER 

• However, it is not good enough for fusion reactors. 
More advanced techniques will be needed => ADX 

The ‘vertical target plate’ divertor (planned for ITER), was invented 
in C-Mod. C-Mod is continuing to test/improve its limits.  

View of Alcator C-Mod vertical target plate divertor  



LaBombard - IAP Seminar, Jan. 16, 2015 

Externally driven 
plasma current 

•  In order for a tokamak to operate in steady state, the 
plasma current must be driven continuously. 

Lower Hybrid Current Drive (LHCD) is considered essential for a 
tokamak reactor (~ARC).  C-Mod is defining the technology required. 
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Lower Hybrid Wave Launcher 
4x16 phased waveguide array Externally driven 

plasma current 

• RF waves can do this by ‘pushing’ on the electrons, in 
effect, making the electrons ‘surf the wave’. 

•  In order for a tokamak to operate in steady state, the 
plasma current must be driven continuously. 

 LHCD Launcher 

Lower Hybrid Current Drive (LHCD) is considered essential for a 
tokamak reactor (~ARC).  C-Mod is defining the technology required. 
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• RF waves can do this by ‘pushing’ on the electrons, in 
effect, making the electrons ‘surf the wave’. 

Lower Hybrid Wave Launcher 
4x16 phased waveguide array 

• Alcator C-Mod is the only experiment in the world that 
can study Lower Hybrid Current Drive (LHCD) 
(frequency ~ 4.6 GHz) at the ITER field, plasma 
density and magnetic geometry. 

• LHCD has successfully 
demonstrated full 
current drive at 
moderate densities. 

• At high density, 
interactions with 
edge plasma limit 
LHCD performance. 

• C-Mod research is pointing the way to new techniques that will provide 
the performance needed for reactors – These will be tested on ADX. 

•  In order for a tokamak to operate in steady state, the 
plasma current must be driven continuously. 

 LHCD Launcher 

Lower Hybrid Current Drive (LHCD) is considered essential for a 
tokamak reactor (~ARC).  C-Mod is defining the technology required. 
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Ion Cyclotron Range of Frequency (ICRF) is very effective for plasma 
heating.   C-Mod is driving physics and technology development.  

•  ICRF is an efficient and essential technique for 
heating reactor plasmas to thermonuclear conditions 

Field-aligned antenna 

 ICRF Antenna • Research on C-Mod has yielded fundamental advances 
in antenna development and physics understanding. 

• 50-80 MHz, 6 MW delivered, power densities > 10 MW/m2 
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• Research on C-Mod has yielded fundamental advances 
in antenna development and physics understanding. 

• 50-80 MHz, 6 MW delivered, power densities > 10 MW/m2 

•  ICRF is an efficient and essential technique for 
heating reactor plasmas to thermonuclear conditions 

Field-aligned antenna 

B

B

Field-aligned antenna 

Classic Antenna 

 ICRF Antenna 

• Field-aligned antenna breakthrough – dramatic reduction in local 
impurity sources; demonstrates that an ICRF antenna can use 
reactor-compatible materials.  

• Further innovations have been identified for an ARC-like reactor. 
These will be tested on ADX. 

Ion Cyclotron Range of Frequency (ICRF) is very effective for plasma 
heating.   C-Mod is driving physics and technology development.  
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An ‘ELM’ event is like a solar flare for 
a tokamak – results in damage to 
first-wall and divertor components 

Transient plasma loss events (ELMs) must be eliminated in a reactor. 
   C-Mod is uncovering operational regimes that are naturally stable. 
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Formation of ELMs seen in KSTAR 

G.S. Yun PRL 107, 045002 (2011) 

Time 

ELM fingers 

An ‘ELM’ event is like a solar flare for 
a tokamak – results in damage to 
first-wall and divertor components 

Transient plasma loss events (ELMs) must be eliminated in a reactor. 
   C-Mod is uncovering operational regimes that are naturally stable. 
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An ‘ELM’ event is like a solar flare for 
a tokamak – results in damage to 
first-wall and divertor components 
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Formation of ELMs seen in KSTAR 

G.S. Yun PRL 107, 045002 (2011) 

• At high magnetic field, C-Mod has discovered 
a new stable operational regime with no ELMs 
– called the I-mode  

Time 

ELM fingers 

• Access window opens up at high field – ITER, ARC, ...            
This will be explored in MIT’s proposed new experiment, ADX. 

Operating space 
for I-mode 

High performance 
without ELMs 

 

Transient plasma loss events (ELMs) must be eliminated in a reactor. 
   C-Mod is uncovering operational regimes that are naturally stable. 
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• Mission: perform next-step R&D 
needed to help realize the vision 
of fusion electricity from a 
compact, high-field tokamak -- 
as embodied in ARC 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
ADX Advanced Divertor and RF tokamak eXperiment 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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MIT's High-Field Research on the Fast Track to Fusion Electricity 
ADX Advanced Divertor and RF tokamak eXperiment 

• Alcator technology – access to 
magnetic fields up to 8 tesla 

• Mission: perform next-step R&D 
needed to help realize the vision 
of fusion electricity from a 
compact, high-field tokamak -- 
as embodied in ARC 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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X-point 
Target 
Divertor 

Advanced 
Divertor 
PF Coils 

• Alcator technology – access to 
magnetic fields up to 8 tesla 

• Next generation, advanced 
magnetic divertors 

• Mission: perform next-step R&D 
needed to help realize the vision 
of fusion electricity from a 
compact, high-field tokamak -- 
as embodied in ARC 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
ADX Advanced Divertor and RF tokamak eXperiment 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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Outside 
Launch 
ICRF 

• Alcator technology – access to 
magnetic fields up to 8 tesla 

• Outside-launch ICRF (field-
aligned antennas) to produce 
reactor-level power densities 

• Next generation, advanced 
magnetic divertors 

• Mission: perform next-step R&D 
needed to help realize the vision 
of fusion electricity from a 
compact, high-field tokamak -- 
as embodied in ARC 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
ADX Advanced Divertor and RF tokamak eXperiment 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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RF feeds 

Inside 
Launch 
LHCD 

Inside 
Launch 
ICRF 

• Alcator technology – access to 
magnetic fields up to 8 tesla 

• Next generation, advanced 
magnetic divertors 

•  Inside-launch RF current drive 
(LHCD) and heating (ICRF) 
systems 

• Mission: perform next-step R&D 
needed to help realize the vision 
of fusion electricity from a 
compact, high-field tokamak -- 
as embodied in ARC 

• Outside-launch ICRF (field-
aligned antennas) to produce 
reactor-level power densities 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
ADX Advanced Divertor and RF tokamak eXperiment 

http://www.psfc.mit.edu/~labombard/ADX_NF_paper_2014_v1.pdf
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    Pexhaust !
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∼10xλq
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Challenge: exhaust power densities in fusion reactors 
will greatly exceed that of present experiments and ITER 

C-Mod, ITER 
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will greatly exceed that of present experiments and ITER 
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Power exhaust parameter space 
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Challenge: exhaust power densities in fusion reactors 
will greatly exceed that of present experiments and ITER 

C-Mod, ITER 
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Of all the world’s tokamaks, only C-Mod and ADX 
access reactor-level power exhaust conditions.  

Power exhaust parameter space 

Fusion 
reactors 
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    Pexhaust !
λq

 

∼10xλq
 

qsurface
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Solution: develop divertor systems that can 
spread power exhaust over large surface areas 

λq
 

∼1000xλq
 

C-Mod, ITER ADX, ARC     Pexhaust !

q//	


- Cold, fully detached divertor = ~ zero erosion 
- Hot separatrix and pedestal regions = good core performance  
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ADX will test and develop advanced divertor technologies 
to solve power exhaust challenges for fusion reactors 

Advanced divertor concepts such as Super-X and X-point Target (an MIT 
innovation) will be explored. Liquid metal target ideas may also be tested. 
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Challenge: RF systems are required in a reactor. But how can 
RF antennas possibly survive in this environment?  

 LHCD 
Launcher 

 ICRF 
Antenna 



LaBombard - IAP Seminar, Jan. 16, 2015 

Solution: Employ ‘double null’ topology and take advantage 
of ‘quiescent boundary layer’ that forms near inside wall. 

 LHCD 
Launcher 

 ICRF 
Antenna 

• Experiments on C-Mod 
show that a quiescent 
boundary layer naturally 
forms near the inside wall. 

=> Low heat/particle fluxes; 
ideal conditions for RF wave 
coupling 

• Moreover, impurities 
launched at the inside wall 
do not penetrate into the 
plasma – an ideal situation 
for this technology 
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LH launchers
4 row x 8 column, phased waveguide arrays

WR187
waveguides

LH waveguide
vacuum
windows

two-strap
ICRF antenna

ICRF coaxial
vacuum 
feedthrough

toroidal
field coils

ADX will be purpose-built for RF systems on the inside wall 
– the only viable approach for a fusion power plant 

• No experiment exists in the world (nor is any being planned) that can test 
this revolutionary idea for application to a fusion power plant 
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ADX will be purpose-built for RF systems on the inside wall 
– the only viable approach for a fusion power plant 

• RF waveguide splitter and bi-
junction techniques produce 
compact LHCD launchers 
that can fit on the inside wall. 

• A potential game-changer for 
RF current drive technology 

• Not only is plasma-wall 
interaction reduced, RF wave 
physics is highly favorable 
for efficient current drive, 
deep into the plasma. 
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ADX will be purpose-built for RF systems on the inside wall 
– the only viable approach for a fusion power plant 

• RF striplines can be used to locate an ICRF antenna on the inside wall 

=> another potential game-changer for successful deployment of RF technology 

• ICRF wave physics is also very good – excellent absorption and no generation 
of excessively high energy ions 
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ADX 

Alcator C-Mod 

ARC 

Compact, 
High-Field 
Pilot Plant 

• 9.25 tesla!
• ~200 MWe!
• size of JET!

Recent advances in high-magnetic field superconductors 
may make possible the construction of a compact, high-
field tokamak-based fusion pilot plant 

Alcator C-Mod and ADX are high-field, compact 
tokamaks – charting the pathway forward – physics 
and technology solutions for fusion energy 

MIT's High-Field Research on the Fast Track to Fusion Electricity 
Alcator C-Mod and ADX 



Alcator C-Mod Tour 
Time: Today at 1:00 PM 
Guide: Dr. Ted Golfinopoulos 

•  Magnetic field 8T (>100,000 x Earth’s surface magnetic field) 
•  Plasma temperature ~90 million K (6x hotter than sun’s core) 
•  Plasma pressure ~2 atmospheres (world record) 

•  Plasma exhaust density  ~1 GW/m2 (20x higher than arc welder) 
•  Performing critical R&D on the pathway to fusion electricity... 
 

Alcator C-Mod 

Arc Welder 




