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DoE Office of Science will support facilities in 2014-2024 
that contribute to world-leading science   

Charge to Office of Science Federal Advisory Committees, 
Dec. 20, 2012 

“Goal Statement: Prioritization of scientific facilities to ensure optimal benefit from 
Federal investments. By September 30, 2013, formulate a 10-year prioritization of 
scientific facilities across the Office of Science based on (1) the ability of the facility to 
contribute to world-leading science, (2) readiness of the facility construction, and (3) an 
estimated construction and operations cost of the facility.” 
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Alcator DX white paper submitted to FESAC subcommittee on future facilities:  
http://www.psfc.mit.edu/research/alcator/program/Alcator_DX_white_paper.pdf   

Alcator DX – a new facility, unique in the world, pioneering the 
science of advanced divertors, ‘pushing the envelope’ of high-
performance plasmas under reactor-relevant conditions. 

Alcator DX targets critical science missions for MFE 
           (a) absolutely central  
using existing Alcator technology 
           (a) ready to initiate construction 
in a timely manner on an affordable research platform.  

DoE Office of Science will support facilities in 2014-2024 
that contribute to world-leading science   

Charge to Office of Science Federal Advisory Committees, 
Dec. 20, 2012 

“Goal Statement: Prioritization of scientific facilities to ensure optimal benefit from 
Federal investments. By September 30, 2013, formulate a 10-year prioritization of 
scientific facilities across the Office of Science based on (1) the ability of the facility to 
contribute to world-leading science, (2) readiness of the facility construction, and (3) an 
estimated construction and operations cost of the facility.” 
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Magnetic fusion is facing a potential 
power-handling roadblock 

Recent results from a multi-machine database (JRT2010+ITPA)  
project to extremely narrow heat flux channel widths in a reactor  
(caveat: low divertor recycling, H-mode conditions*) 

Eich, et al., IAEA, 2012 

Heat flux power channel width appears to be  
independent of machine size – depends only on Bpol 

λq ~ 1 mm in ITER? (!) 
       1/5 of ‘planned’ value  

λq ~ 1 mm also in DEMO?  
     with x4 power exhaust!  

Even if ELMs are eliminated, standard 
divertor solutions, employing high 
poloidal flux expansion, do not look 
credible for a reactor – just on power 
density considerations alone. 

Scaling implies that C-Mod has the same λq (Bp) as ITER and DEMO. 

ITER, DEMO? 

Motivation 1:  

*result inconsistent with critical-gradient/pedestal-scaling arguments, suggesting λq ~ a.  	
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Even if the power handling challenge could be met with a 
conventional divertor, SS reactor requirements for material 
erosion/redeposition control (FNSF/DEMO) are nearly 
impossible to meet. 

Magnetic fusion is facing a potential 
material erosion roadblock Motivation 2:  

~10 MW/m2 SS heat removal requires  < ~5 mm thick armor plate. 
This restricts net tungsten erosion < 1 mm/year (ΓW ~ 2x1018/m2/s). 
But plasma ion flux is high (Γi,⊥ ~ 1-2x1024/m2/s) requiring  ΓW/Γi,⊥ < 10-6. 

D.G. Whyte, APS 2012, B. Lipschultz, PSFC IAP 2013  
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Even if the power handling challenge could be met with a 
conventional divertor, SS reactor requirements for material 
erosion/redeposition control (FNSF/DEMO) are nearly 
impossible to meet. 

Magnetic fusion is facing a potential 
material erosion roadblock Motivation 2:  

Factor of < 10-6 net yield requires: 
- Efficient prompt redeposition > ~ 99% 
  (but redep. material is probably crud!) 
        or 
- Fully detached divertor with ion 

energies below sputtering threshold, 
i,e., Te < ~5 eV (with impurity ions)        
      or 

- Liquid metal targets? …  

K. Krieger, JNM 266-269 (1999) 207 

Γw/Γi,⊥ vs Te,div 
measured in AUG 

maximum allowed Te	


~10 MW/m2 SS heat removal requires  < ~5 mm thick armor plate. 
This restricts net tungsten erosion < 1 mm/year (ΓW ~ 2x1018/m2/s). 
But plasma ion flux is high (Γi,⊥ ~ 1-2x1024/m2/s) requiring  ΓW/Γi,⊥ < 10-6. 

D.G. Whyte, APS 2012, B. Lipschultz, PSFC IAP 2013  
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A: The ‘thermal front’ of divertor detachment is unstable;  
     it ‘jumps’ to the X-point region leading to 

Q: Why not just operate with a conventional divertor 
     in a fully detached regime? 

- reduced radiation in divertor volume 
- reduced screening of impurities 
- increased radiation in X-point region 
- cooling of LCFS and pedestal region 
- reduced plasma confinement 
- thermal collapse (H-L transition,  
  density limit disruption)  

Lipschultz, FST 51 (2007) 369, Goetz, PoP (1996) 1908. 

Attached 
Divertor 

Partially Detached 
Divertor 

 Peak 
Emissivity 
~ 35 MW/m3 
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A: The ‘thermal front’ of divertor detachment is unstable;  
     it ‘jumps’ to the X-point region leading to 

Q: Why not just operate with a conventional divertor 
     in a fully detached regime? 

- reduced radiation in divertor volume 
- reduced screening of impurities 
- increased radiation in X-point region 
- cooling of LCFS and pedestal region 
- reduced plasma confinement 
- thermal collapse (H-L transition,  
  density limit disruption)  

Fully-detached conventional divertor operation must be avoided. 

Current approach (conventional divertors): 

This is the strategy for ITER. 

- Produce a controlled, partial detachment using feedback on impurity 
  seeding and gas puffing to reduce divertor heat fluxes to tolerable levels 

- Take the hit on core Prad increase, confinement degradation and Zeff increase 

Lipschultz, FST 51 (2007) 369, Goetz, PoP (1996) 1908. 

Attached 
Divertor 

Partially Detached 
Divertor 

 Peak 
Emissivity 
~ 35 MW/m3 
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A: The ‘thermal front’ of divertor detachment is unstable;  
     it ‘jumps’ to the X-point region leading to 

Q: Why not just operate with a conventional divertor 
     in a fully detached regime? 

- reduced radiation in divertor volume 
- reduced screening of impurities 
- increased radiation in X-point region 
- cooling of LCFS and pedestal region 
- reduced plasma confinement 
- thermal collapse (H-L transition,  
  density limit disruption)  

Fully-detached conventional divertor operation must be avoided. 

Motivation 3:  Develop robust, power-handling solutions 
that require little or no impurity seeding 
  Open up access to enhanced core 
  plasma regimes, otherwise inaccessible 

Lipschultz, FST 51 (2007) 369, Goetz, PoP (1996) 1908. 

Attached 
Divertor 

Partially Detached 
Divertor 

 Peak 
Emissivity 
~ 35 MW/m3 
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http://fire.pppl.gov/EU_Fusion_Roadmap_2013.pdf 

Motivations 1, 2 and 3 are impacting fusion development plans. 
Solving the heat exhaust/erosion problem is ranked as #1 after 
demonstration of a burning plasma (ITER) … 

High-level magnetic fusion roadmaps are calling 
for aggressive research on innovative divertors 
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We don’t like what we are finding! 

Independent of the recent λq results, ‘taming the plasma-material 
interface’ is widely recognized as one of the most critical research 
areas for magnetic fusion energy development. 

High-level magnetic fusion roadmaps are calling 
for aggressive research on innovative divertors 

(What are we going 
 to do about it?) 

Tokamak demonstration at reactor- 
level power densities is required. 



LaBombard - Alcator DX 3-7-2013 

Recent ‘Rosner Panel Report’ prioritizes ReNew thrusts 
9 and 10 as among ‘highest priority thrusts’ (of 18)  
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Mission of Advanced Divertor Test Facility  

The ultimate divertor solution is one that produces a 
controlled, fully-detached divertor condition (~no plasma 
sputtering) while maintaining high plasma temperatures 
‘upstream’ at the last-closed flux surface – at the parallel 
heat flux density of an FNSF/DEMO. 

The Alcator platform – compact, high-field, high power density – is the 
ideal R&D platform for an Advanced Divertor Test Facility 
   - Reactor level heat fluxes and divertor conditions (n, Te, n0) 
   - Small size ($), rapid turn-around times for innovation 
   - World-class US pedestal/boundary/divertor and RF physics teams 
   - Capitalize on existing Alcator C-Mod infrastructure (~$200M) 

Alcator DX will allow the US to take the lead 
in this critical science area. (If not, others will.) 

Identify and demonstrate solutions to these problems! 
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Some advanced divertor concepts are well developed. 
Potential high-performers have not yet been tested.  

Snowflake 
Divertor 
(SF) 

X Divertor 
(XD) 

Super X 
Divertor 
(SXD) 

X-point 
Target 
Divertor 
(XPT) 

D. Ryutov, PoP 14 (2007) 064502. M. Kotschenreuther, PoP 14 (2007) 072502. 

B. LaBombard, PSFC Brainstorming Session, Jan. 2013. 

Operated on 
TCV, NSTX, 
D3D 

Not officially tested 
(but SF variants are 
actually very 
similar) 

Not yet tested 
(MAST 2015) New concept, 

Not tested 
P. Valanju, PoP 16 (2009) 056110;  
M. Kotschenreuther, NF 50 (2010) 035003. 
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Snowflake divertor (SF) 

TCV NSTX F. Piras, PPCF 51 (2009) 055009. V.A. Soukhanovskii,  
PoP 19 (2012) 082504. 

Advantages: 

Disadvantages: 

Poloidal flux expansion; increased L||; multiple strike points; 
increased x-pt shear (stabilizes BMs?); lower detachment threshold; 
ELM resilient?  Easy to implement 

PMI near core plasma; full detachment not allowed? (X-pt MARFE) 

DIII-D 
S. Allen, IAEA, 2012. 
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X divertor (XD) 

Advantages: 

Disadvantages: 

Poloidal flux expansion; increased L||; lower detachment threshold? 

PMI near core plasma; full detachment not allowed? (X-pt MARFE); 
Not easy to implement. 

M. Kotschenreuther, PoP 14 (2007) 072502. 
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X divertor (XD) 

M. Kotschenreuther, PoP 14 (2007) 072502. 

Note:  
     Poloidal flux expansion using PF coils is 
similar to the poloidal flux expansion obtained 
by a tilted target plate (but with no L// 
increase). 

For attached plasmas, 
field line angles must be 
> ~1 degree, otherwise 
shadowing will occur. 
This sets maximum flux 
expansion. 

Advantages: 

Disadvantages: 

Poloidal flux expansion; increased L||; lower detachment threshold? 

PMI near core plasma; full detachment not allowed? (X-pt MARFE) ; 
Not easy to implement. 
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Super X divertor (SXD) 

Advantages: 

Disadvantages: 

Increased L||; reduce target q|| & T; increased target n; much lower 
detachment threshold expected; PMI away from core plasma. 

Not easy to implement; dedicated facility required. 

P. Valanju, PoP 16 (2009) 056110;  
M. Kotschenreuther, NF 50 (2010) 035003. 

Key concept: Major radius of target 
plate is increased; B at target plate is 
decreased; heat flux density at target 
decreases. 2-point model yields: 

Stangeby 
notes, 
2011 

Increased L|| also helps. 

Questions: 
Operation with completely detached divertor plasma?   
Stability against X-pt MARFES? 

Idea of possibility operating with a fully 
detached, radiative divertor not developed. 
=> field line angle (>10) requirement? 
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MAST will operate with a SXD (2015) 

S. Lisgo, EPS, 2009. 

But MAST has λq ~ 7 mm (~5x C-Mod) 
with a similar major radius. 

Increased L|| 

Anticipated 
Tdiv, q|| reduction 

MAST will not be able to test the SXD at reactor-level q// values. 

Input power upgrade (NBI) to be  
7.5 MW (stage 1) => 12.5 MW (stage 2) 
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X-point target divertor (XPT) 

B. LaBombard, Jan. 2013. Employ all tricks: 
  - Increase radius of target plate (~SXD) 
  - Set L|| to infinity (via target X-point adjust) 
    on flux tube carrying peak heat flux. 
  - Tight baffling for high neutral pressures of 
     fuel plus seed gases (gas cushion concept) 
  - Feedback control (via seeding, gas 
      puffs, power,…) for stable ‘divertor MARFE’ 

Concept: Use a remote X-point to produce a fully detached, 
                 radiating plasma (X-point MARFE) as a virtual target. 

Potential Advantages: 

Disadvantages: 
Dedicated facility required. 

Stability against X-pt MARFES? Control requirements? … Questions: 

Increased radius of target X-point 
provides thermal front stability. 

I. Hutchinson,  NF 34 (1994) 1337. 

Fully detached divertor maintained over a large operational space;  
PMI away from core plasma; divertor heat flux & erosion problem solved. 
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X-point target divertor (XPT) 

Potential Advantages: 

Disadvantages: 
Stability against X-pt MARFES? Control requirements? … Questions: 

Keep plasma hot near LCFS (and its X-pt) 
to maintain core plasma performance. 

Put radiating, cold plasma where it 
belongs – in the divertor! 

Note: Kotschenreuther et 
al. (IAEA 2004) advocated 
use of advanced divertors 
for this purpose. 

Fully detached divertor maintained over a large operational space;  
PMI away from core plasma; divertor heat flux & erosion problem solved. 

Dedicated facility required. 

B. LaBombard, Jan. 2013. 

Concept: Use a remote X-point to produce a fully detached, 
                 radiating plasma (X-point MARFE) as a virtual target. 

 Peak Emissivity 
~ 35 MW/m3 
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High Power Density 
Advanced Divertor Test Facility –  Alcator DX 

•  Demountable, LN2 cooled,  
  copper TF magnet 
•  Vertically-elongated VV 

•  extremely strong super- 
   structure 
•  sliding TF joints 
•  coaxial OH/PF coil feeds 
•  electro-formed terminals  
•  PF and OH coils supported  
   by rigid vacuum chamber 

Employs proven  
Alcator Technology: 

•  High power ICRF, 8MW 

•  Reactor-level P/S, SOL q|| 
  and plasma pressures 

•  ‘Divertor cassettes’ 
  (top and bottom) 
  containing advanced 
  divertor PF coils and/or 
  special divertor targets 

•  Inner-wall LHCD 

•  Development platform for 
  Inner-wall ICRF 

Key Elements: 
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Alcator DX’s high field, high power density and small size 
make it uniquely qualified for advanced divertor testing 

Two key figures of merit --- these must match reactor conditions: 
•  SOL parallel heat flux, q|| 

•  Opacity of divertor (nL) to atomic physics (neutrals, photons) 

•  Small size and cost = ability to try new ideas;  short turn-around times  

From: (1) low-recycling λq multi-machine scaling / (2) λq ~a scaling; 
both normalized to q|| ~  1 GW/m2 for C-Mod  

Parameter shown is Greenwald density times major radius. 
Alcator DX is the best simulator for reactor divertor conditions. 
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Advanced Divertor concepts are easily realized  
with ‘divertor cassettes’ containing PF coils 

•  1 MA plasma equilibrium 

Vacuum vessel extended by 
0.5 meters compared to C-Mod 

Reasonable PF coil currents 
(amp-turns shown in MA) 

•  Inner-wall launch LHCD waveguides 

X-point target divertor case 

•  Double-null topology 
•  X-point divertor targets - outer 

Example equilibrium from ACCOME/Selene Grad-Shafranov solver 

•  Flux-expanded vertical plates - inner 

VV major radius similar to C-Mod 
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•  1 MA plasma equilibrium 

Vacuum vessel extended by 
0.5 meters compared to C-Mod 

•  Inner-wall launch LHCD waveguides 

X-point target divertor case 

•  Double-null topology 
•  X-point divertor targets - outer 
•  Flux-expanded vertical plates - inner 

VV major radius similar to C-Mod 

Divertor cassettes configured off-line, 
assembled into rigid VV structure 

Variety of divertor ideas may be tested,  
including liquid metal targets. cassette 

cassette 

Advanced Divertor concepts are easily realized  
with ‘divertor cassettes’ containing PF coils 
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•  What is required to maintain a stable fully-detached divertor? 
  Over what ‘upstream’ operating conditions can it be maintained? 

Key issues to address for Advanced Divertors 

Major radius of target; Field line lengths; Poloidal flux expansion;  
Target geometry; Neutral gas compression and impurity seeding;  
Parallel heat flux densities; Upstream plasma conditions (density, pressure); 
Influence of x-point as a virtual divertor target; Core conditions (L, H, I-mode) 

We may need to learn how to operate a tokamak all over again. 

•  What is needed to provide adequate helium pumping? 

•  Build/test accurate predictive models to encapsulate essential physics 

•  How do advance divertors respond to off-normal events? 
Loss of detachment feedback control, disruptions, ELMs, … 

•  How do advanced divertors affect tokamak operation? 
Plasma fueling; Density limit; Access to H-mode, I-mode  

•  Can advanced divertors enhance core plasma performance? 
Hotter (lower collisionality) pedestals; reduced Prad, Zeff; …   
Synergies with I-mode and LHCD regimes 
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Alcator DX is not ‘just a divertor experiment.’ 

It is the means to do the high-priority plasma science  
required to demonstrate integrated, high-performance,  
reactor-relevant solutions, using reactor-relevant technologies.  

•  Disruption avoidance and mitigation 

•  Pedestal physics: H-mode, I-mode 

*http://burningplasma.org/web/fesac-fsff2013/whitepapers/Marmar_E.pdf 

•  Core transport physics at reactor conditions 

•  ICRF heating and flow drive at reactor conditions 

•  Lower Hybrid current drive at reactor conditions 

Alcator DX will extend the world-leading science of Alcator C-Mod* 
utilizing its excellent infrastructure of plasma diagnostics & tools … 

•  Scrape-off-layer physics and plasma material interactions 
SOL turbulence & flows; q|| mitigation; high-Z, hot wall PMI; erosion/retention; …  

Pedestal formation, high-performance ELM-free regimes, physics model validation, …   

Equilibrated ions/electrons, no particle & momentum sources, multi-channel 
transport (heat, momentum, impurities), physics model validation, …      

Reactor-level plasma pressures and opacity, physics model validation, … 

Advanced low PMI antenna designs, ICRF physics, physics model validation, …  

… supporting ITER and paving the way for FNSF/DEMO. 
LHCD physics, advanced launcher design/optimization, physics model validation, …   
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Alcator DX will use the proven ICRF Heating 
technologies demonstrated on Alcator C-Mod 

•  8 MW ICRF (10 MW source) supplied 
  by three four-strap ICRH antennas 
  located on low-field side 

C-Mod Field-aligned ICRF antenna 

•  Alcator DX will have an integrated 
  vacuum vessel design to place RF  
  coaxial feedthrus at optimal 
  positions for antenna straps 

•  Field-aligned antenna for reduced PMI 
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Another 
Challenge 

PMI-tolerant antennas/launchers must be 
developed that scale to reactor conditions 

•  High-field side SOL is quiescent 
   Radial transport is ~zero, no ‘blobs’ 

Potential game-changer – locate these  
components on the high-field side 

•  High-field side SOL profiles can be 
  controlled by near double-null 
  X-point flux balance 

Reactor designs are 
considering this option  
for PMI-tolerate LHCD 
launchers. 

Also a ‘knob’ 
for optimizing 
LH coupling 

ReNew (p. 123): RF ANTENNAS AND LAUNCHERS	

Can innovative concepts be developed that move sensitive front-end 
components far from the plasma edge?	
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Alcator DX’s Integrated VV design will 
provide for inside-launch LHCD and ICRF 

Inside-launch  
ray trajectories are  
favorable for LHCD 

Lower-Inside-launch as envisioned 
in ‘Vulcan’ reactor study [1] 

Splitter and 
multi-junction 
launch 
structures can 
be employed 

[1] Podpaly, et al., FED 87 (2012) 215. 

C-Mod Test Case 

Reduced-power inside-launch ICRF 
antenna prototypes will also be tested. 

Syun’ichi Shiraiwa, 
Feb. 2013 
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Cost and Schedule 

Construction period: 4.25 years 

•   Alcator DX will utilize the extensive infrastructure at MIT presently  
   supporting Alcator C-Mod – a $200M facility. 

Construction Cost: $93M 
•  $48M for hardware, not including contingency (superstructure, magnets, 
   power supplies, RF systems, upgrades to prime power/buildings) 
•  $45M over five years for engineering, design and construction team 
•  Estimates are based on procurements and staffing for construction of  
  Alcator C-Mod. 
Annual Operating Cost: $30M total research facility operating cost 
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•  Develop robust divertor solutions to power exhaust 
and material erosion challenges for steady-state 
plasma fusion reactors 

•  Explore enhanced core plasma performance in 
regimes otherwise inaccessible using conventional 
divertors 

•  Develop and test reactor relevant ICRF and LH 
drivers that minimize plasma-material interactions 

•  Inform the conceptual development and accelerate 
the readiness-for-deployment of next step devices 
(pre FNSF, FNSF, DEMO) in a timely manner on an 
affordable research platform 

Mission of Alcator DX 


