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- Solves heat/PMI for inner divertor legs 
- Sends heat to outer legs that can take it 
- Creates low-PMI, high-field SOL for 
  LHRF launchers and ICRF antennas 

Mission:	  Develop	  and	  demonstrate	  plasma	  exhaust,	  plasma-‐material	  interac7on	  and	  RF	  current	  drive/hea7ng	  solu7ons	  that	  scale	  to	  long	  pulse	  at	  FNSF/DEMO	  parameters	  
ADX:	  a	  high	  field,	  high	  power	  density,	  Advanced	  Divertor	  eXperiment	  

R. Vieira, B. LaBombard, E. Marmar, J. Irby, S. Shiraiwa, J. Terry, G. Wallace, D.G. Whyte, S. Wolfe, S. Wukitch, for the ADX Team 

ADX is a proposal for a next-step experiment, utilizing the high 
field technology and infrastructure of Alcator C-Mod.    

[http://www.burningplasma.org/resources/ref/fspp/whitepapers/FESAC-
SPpaperInitiatives-LaBombard.pdf] 

ADX: Configure internal PF coils to test and develop a range of high performance divertor concepts.  

Equilibria from ACCOME3 

 
X-point target is a ~snowflake 

Splitter and bi-junction fabrication techniques produce 
compact LHCD waveguide/launchers that fit on the inside wall.   

In addition to outside-launch, ADX will 
develop and test moderate-power (~2 MW) 
inside-launch ICRF antenna concepts. 

ADX simulation6: FW mode conversion to IBW 
with efficient heating and flow drive: 

B = 5.4 tesla, f = 80 MHz, 15% H in D plasma, nφ = -10,  
40% to electrons, 30% to H 1st harmonic and 30% to D  2nd harmonic 

ADX: Develop advanced divertor solutions for DEMO divertor parameters – eliminating 
target material erosion/damage while being compatible with core plasma. 

ITER – more difficult than originally planned. 
 

Eich, et al., NF 53 (2013) 093031 

PSOLB/R is scale parameter for q//  into divertor!

ITER 

λq ~ 1 mm? 

=> 1/5 of ‘planned’ value  

λq is independent of size (R) 
  ...depends only on Bpol 

“If ITER shows that the baseline strategy [with a conventional divertor] 
cannot be extrapolated to DEMO, the lack of an alternative solution would 
delay the realisation of fusion by 10-20 years.” http://fire.pppl.gov/EU_Fusion_Roadmap_2013.pdf 

“A reliable solution to the problem of heat exhaust is probably the 
main challenge towards the realisation of magnetic confinement 
fusion ... an aggressive programme on alternative solutions for the 
divertor is necessary ...” 

“Since the extrapolation from proof-of-principle devices to ITER/DEMO based 
on modelling alone is considered too large, a dedicated test on specifically 
upgraded existing facilities or on a dedicated Divertor Tokamak Test (DTT) 
facility will be necessary.” 

DEMO:  
       Extreme PSOLB/R But H98 > 1 requires PSOL> ~ PLH 

Max demonstrated PSOLB/R  
(with qtarget < 5 MW/m2) 
is only ~1/2 of ITER PLHB/R Power handling of divertor must be improved by factor of 3 to 10 for FNSF/DEMO. 

Divertor demonstration experiments  
(H98 > 1, qtarget < 5 MW/m2, ITER-like div.)  
 AUG: Psol B/R =18 
 C-Mod: Psol B/R =25 

Kallenbach, NF 52 (2013) 122003 

Loarte, PoP 18 (2011) 056105 

                   Experiments are seeking a mix 
                   of  core & divertor radiation to 
demonstrate a power-handling solution. 

frad,core PSOLB/R 
ACT1 33% 260 
   with PSOL=PLH 85% 57 
ACT2 33% 380 
   with PSOL=PLH 80% 114 

frad,core PSOLB/R 
ITER, QDT=10 33% 90 
   with PSOL=PLH 66% 45 

http://aries.ucsd.edu/ARIES/DOCS/bib.shtml 

ACT1, ACT2 from ARIES 
design studies 

Conventional divertor will not work for DEMO. 

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

Γw/Γi,⊥ vs Te,div 
measured in AUG 

suppress sputtering: Te < 5 eV	


Steady state DEMO operation imposes a new 
challenge, even more demanding: 

D.G. Whyte, APS 2012; Stangeby, NF 51 (2011) 063001 

G. Wright, NF 52 (2012) 042003 

Tungsten nanotendrils in C-Mod; 
formation at Tsurf > 1000 K  

To avoid “fuzz”: EHe+< 20 eV,  Te < 7 eV	


- Gross sputtering yield on tungsten divertor 
target must be suppressed to less than 10-6  
for survival (< 1mm/year erosion rate) 

PMI Erosion 

PMI Damage 

Solutions? 

•  Ion impact energies 
below sputtering and 
damage thresholds  

   => cold (‘fully detached’)  
     divertor plasma required 
 

              and/or 
 •  Liquid metal targets 
 

- Helium impact energies must be 
kept low (EHe+ < 20 eV) 

Advanced materials alone will not solve these problems. 

Nearly complete suppression of 
all erosion  and damage from  
plasma-material interaction (PMI) 

Promise of Advanced Divertors 
λq 

∼10xλq 

∼1000xλq 

ITER DEMO 

λq 

Integrated tokamak performance testing at high power density is required: ADX 

 	
 Limitation of Conventional Divertors 

Divertor detachment evolution – Fundamenski, JNM 390-391 (2009) 10.  

Key divertor conditions can be matched (Te,div, ndiv, λdebye/λion, ρz/λion, …) 
only if q//, B and divertor geometry are matched. 

Question: What is required to develop a divertor solution for a DEMO? 

Reactor-like divertor regimes are already 
being accessed by C-Mod -- high-field, 
compact, high power density. 

A similarly constructed ADX would 
be cost-effective platform for an 
advanced divertor test experiment. 

World Tokamak 
 (q// , B) space 

Answer: A tokamak that produces DEMO-like q// , B and geometry -- ADX.  

Stangeby, NF 51 (2011) 063001; Whyte, FED 87 (2012) 234. 

First-principles simulation of edge + divertor plasma physics is out of reach. 
Reliable extrapolation to reactor conditions is not possible. 
Divertor test experiment must match divertor physics regimes of a reactor.    

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

Lower Hybrid ray penetration and current drive 
efficiency is greatly enhanced by inside launch, 
as noted in VULCAN3 and ARC4 studies. 

� High B-field 
  => penetrating rays 
    => lower n//  
     => broader J// 
     => higher CD  
          efficiency 

[2] McCracken, et al., PoP 4 (1997) 1681. [1] GENRAY modeling by Syun'ichi Shiraiwa: n//=1.6, Alcator C-Mod I-mode. 

Re(E!)

[6] TORIC modeling by Yijun Lin 

� High B-field side ICRF 
    => Reduced energetic ion loss 
         on antenna structures 
� Quiescent SOL 
    => Reduced load variation 
    => Low PMI 
    => Low neutral pressures, 
         increased voltage limits 
    => Excellent impurity screening 

Double Null 
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ADX: Inside-launch ICRF – a low PMI solution 
for efficient RF heating and flow drive. 

ADX: Develop high-efficiency, low PMI RF current        
          drive and heating actuator technologies  
          that scale to steady state operation. 

ADX: Inside-launch Lower Hybrid waves – a 
game-changer for steady-state RF current drive. 

Critical for the development of fusion. 

ITER: 
‘Power handling gap’ is too extreme. 

ADX 

New results from multi-
machine database: 

Plasma pulse lengths of 3-5s are ideal for this mission. 

ADX: Double Null Topology + Inside RF 

LaBombard 
NF 44 (2004) 1047. 

=> the ultimate solution for RF actuators   

High-field side SOL is quiescent. 
Radial transport is ~zero [Smick NF 53 (2013) 023001] 
No ‘blobs’, ELMs or energetic ion loss. 

Q: Why not just operate conventional divertor in a fully detached regime? 
A: The cold ‘thermal front’ tends to intrude into the X-point region (‘X-point    
     MARFE’) cooling pedestal region, destroying core confinement (H98 < 1). 

- Stable, fully detached divertor = ~ zero erosion 
- Hot separatrix and pedestal regions  
     => good core performance 
- Excellent synergy with liquid metal target concepts  

Long-leg divertors (SXD and XPT) place 
outer target zone at large major radius in a 
closed chamber promoting: 
 

[4] Sorbom, et al.,, http://arxiv.org/pdf/1409.3540. 

ADX vacuum vessel is purpose-built for 
inside-launch RF systems. 

ADX 
simulation1 

 � Quiescent SOL 
  => Low PMI 
=> Excellent impurity 
      screening2 

Example: FDF case5 
40% increase in CD efficiency 

[5] Wallace, et al., EPS 2014. 

‘ASDEX’  Vertical Target Super X1 X-point Target2 

[3] Tani et al., J. Comp. Phys. 98 (1992) 332.  [1] P. Valanju, PoP 16 (2009) 056110. [2] B. LaBombard, Bull. Am. Phys. Soc. 58 (2013) 63. 

SF 
 

XD 
 

SXD 
 

XPT 
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Key Elements: 

•  Extremely strong super-structure 
•  Sliding TF finger joints 
•  Coaxial OH/PF coil feeds 
•  Electro-formed terminals 
•  PF and OH coils supported 
   by rigid vacuum chamber 
•  Reactor-relevant RF heating & 
   current drive systems 

Field aligned 
ICRF antenna 
 

 
 

•  Demountable, LN2 cooled, 
   copper TF magnet 

 
 

TF  finger joints 
 

 
 

 
•  Vertically-elongated, jointed vacuum vessel 
•  Configurable upper & lower sections containing   
  advanced divertor PF coils and/or special targets 
•  High field, 6.5 Tesla (8 Tesla with power upgrade) 
•  High power ICRF, 8MW net 
•  Reactor-level P/S, SOL q|| and plasma pressures 
•  Development platform for low PMI RF actuators: 
     - Inner-wall LHCD, 2 MW net 
     - Inner-wall ICRF (< ~2 MW proof-of-principle) 
 
 

 
 

ADXADX 
Major/Minor 

Radii 0.73 / 0.2 m 

Elongation 1.7 

Magnetic 
Field 

6.5 Tesla 
(8 Tesla) 

Plasma 
Current 

1.5 MA 
(2 MA) 

PAUX  
10 MW ICRF 
4 MW LHCD 

Surface 
Power 

Density 
~ 1.7 MW/m2 

 PAUX B/R 125 MW-T/m 

Advanced 
Divertor 

Concepts 

Vertical target; 
Snowflake; 
Super-X; 

X-point target; 
Liquid metal 

target 

Divertor 
and first-

wall 
material 

Tungsten/
Molybdenum 

Pulse 
Length at 
max field 

3s, with 1s flat-
top 

Inside Launch 
ICRF Antenna 
 

 
 

Inside 
ICRF Feeds 
 

 
 

Inside LHRF 
Waveguides 
 

 
 

Inside Launch 
LHCD Grill 
 

 
 

Advanced 
Divertor  
PF Coils 
 

 
 

X-point 
Target 
Divertor 
 

 
 

Proven Alcator Technology 

PF coils may also be configured to implement Snowflake4, X-divertor5, and other advanced concepts. 
[4] D. Ryutov, PoP 14 (2007) 064502. [5] M. Kotschenreuther, PoP 14 (2007) 072502. 

See Bonoli et al., poster TP8.00003 
and invited talk Y1.00001  – this meeting 

See Beck et al., Poster TP8.00004 – this meeting 


