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Scrape-off Width Does not Scale with R

Parallel heat flux in a 2.5 GWth, Q = 25 ITER ~ 18.5 GW/m2 

With no spreading or dissipation, 2o incidence ⇒ 650 MW/m2
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Transient heat fluxes are similarly problematic (Maingi, Thursday)



Neutrons and PMI can First be Studied in Parallel

• Mean-free path for neutrons ~ 10cm 
PMI interactions mainly in first 1 µm 

• 10-5 of neutron interactions in PMI zone 
• Ions recycle > 10x, nuclear burn-up < 1/10 

• Ion interactions in PMI zone > 107 x neutron interactions 
• Neutrons do affect bulk material properties 

• Thermal conductivity, T retention, strength/ductility, swelling 
• Surface is affected as bulk material is destroyed (C) 

• Bulk property changes affect first 1 µm indirectly 
• Change in thermal conductivity mimicked by adjusting cooling 
• Bulk D/T retention has no significant effect on recycling 
• Strength/ductility changes affect response to thermal shock 

• Neutron & PMI studies can first proceed in parallel 
• Material selection depends on success with both neutrons & PMI  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ADX

High Power,  
Hot Walls,  

High Duty Factor 
Confinement Device

Fusion Nuclear 
Science Facility

Liquid Metal PMI/
PFC Test Facilities

Neutron Test Facilities

ITER Q >10

New U.S. Facilities for PMI/PFC Strategy

Strong experimental and theoretical  
surface science program needed in parallel
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Liquid Metal (LM) PMI/PFC Test Facility

• Liquid lithium can handle high heat fluxes 
• Russian e-beam tests: 50 MW/m2, Plasma focus: 60 MJ/m2  in 1 µsec 

• Development is required in specialized facility 
• Physics of radiative & vapor shielding, technology of LM feed & recapture  
• Gas (not water!) cooling, robust to LM coating 
• See Maingi, Jaworski & Allain on LM initiative (Thursday)
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High Heat Flux Confinement Device

• Requirements 
• High parallel heat flux ~ PB/R 

• High poloidal heat flux ~ PBθ/R 

• High upstream pressure 

  

• Poloidal field flexibility to test 

advanced divertor concepts 

• Tightly baffled divertor chamber 

• Ability to accommodate a range of 

metallic plasma-facing materials 

• Pulse length > bulk plasma,  

SOL & PFC surface-heating times  

• Extensive PMI diagnostics 
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ADX meets  
requirements
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ADX Designed to Test Inner-Wall RF Launch

Re(E−)

Test LH & ICRF in low-PMI launch position. 
Test efficient current drive for FNSF & beyond.  

Provide high power for ADX.

PMI key issue for RF launching structures
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ADX Divertor Well Suited for Liquid Metal Tests

Evaporative 
Capillary Porous  
Surfaces

Heat transfer 
by radiation, 

vapor convection

Condensation

Multiple divertor geometries & materials can be tested. 
Small size, short pulse (low activity) ⇒ quick changes

Plasma 
plugging

EAST would provide long-pulse, water-cooled operation  
at lower PB/R, upstream pressure and flexibility.
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NSTX-U plans to perform complementary LM studies.



Final Stages of PMI/PFC Strategy 

High Power,  
Hot Walls,  

High Duty Factor 
Confinement Device

Fusion Nuclear 
Science Facility

Neutron Test Facilities

ITER Q >10

Full tests including steady cooling, wall material migration and 
T retention require high PB/R + hot walls + high duty factor. 
Can decide later if this is stand-alone or first phase of FNSF. 

FNSF integrates results from Neutron + PMI facilities.
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Conclusions 

• PMI problems are worse than we thought even 3 years ago 
• Both steady and transient heat fluxes 

• Neutrons can be addressed in parallel w/PMI 
• Pass both tests, then bring them together for FNSF 

• Liquid metal PMI/PFC test facility needed 
• Complements solid PFC test stands 

• ADX for high power, magnetic flexibility, baffled divertor 
• World-leading parallel heat flux, upstream pressure 
• Excellent test bed for PMI/PFC, inside launch LH & ICRF 

• High power + hot walls + high duty factor still needed 
• Can decide later if this is standalone device or first phase of FNSF

If ADX moves forward, PPPL would partner with MIT, contributing 
to engineering, diagnostic and auxiliary heating development, 

and playing a major role in the scientific research team. 
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Back-Up Slides
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ITER PMI Technologies do Not Extrapolate 

• Requirements << Demo 
• Heat and particle fluxes << Demo 

• Down by factor ~ 4 
• Surface Temperatures << Demo 

• Divertor: 200C – 1200C (at strike point) 
• First wall: 150C – 450C (at peak heat flux) 

• Duty factor << Demo 
• Few % vs. ~75% 

• ⇒ Technologies much different from Demo 
• W divertor with CuCrZr/water cooling 

• Can handle heat flux up to 10 – 20 MW/m2 

• Demo W with He cooling and neutrons ~5 MW/m2 

• Be first wall not considered in reactor design 

• Too low heat flux and transient energy handling capacity
12
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14!FESAC-SP Whyte!

ADX provides a critically needed !
near-term, small-scale step into the ITER/FNSF !

heat exhaust & PMI parameter range  "

q// ~ PheatB / Rqθ ~ PheatBθ / R

pthermal (MPa)

// physics!Projected heat flux!

Atomic &"
PMI!

physics!

Whyte to Panel, June 2014 



Machine Parameter Comparison 
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ADX: a high field, high power density advanced divertor tokamak experiment – A white paper submitted to the FESAC Strategic 
Planning  Panel,  2014.  †Contact: B. LaBombard (617-253-7264, labombard@psfc.mit.edu) 
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19 
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39 
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36 
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[MW/m2] 

0.18- 
0.3 
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0.44 

0.36- 
0.60 
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8- 
13 
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22 
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50 
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69 
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Oq/Oq
ADX (4) 

(Oq ~ Eich) 
4.7 4.2 3.5 2.0 1.8 2.9 2.3 2.1 1.3 1 1.2 1.3 1.6 

q||/q||
ADX (5) 

(Oq ~ Eich) 
0.02- 
0.04 

0.03- 
0.07 

0.21- 
0.34 

0.17- 
0.62 

0.22- 
0.56 0.33 0.24 0.18 0.45 1 0.82 3.1 4.5 

q||/q||
ADX (6)  

 (Oq ~ R ) 
0.03- 
0.06 

0.04- 
0.1 

0.24- 
0.40 
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0.55 
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Table 5.1 – ADX parameters compared to world tokamaks. 
(1) – Total source power from all heating systems, range shows planned or proposed upgrades to facility.  
         In practice, the total input power is restricted by operational beta limits – not accounted for here. 
(2) – Maximum plasma power density flowing through last-closed flux surface (assuming no core radiation). 
(3) – Figure of merit that sets the heat flux density entering divertor (q//), based on Oq  scaling as 1/Bpol. 
(4) – Heat flux channel width (Oq) normalized to that in ADX, based on multi-machine scaling_[8]. 
(5) – SOL parallel heat flux normalized to that in ADX, based on multi-machine scaling of Oq. 
(6) – SOL parallel heat flux normalized to that in ADX, based on Oq scaling linearly with major radius. 
 

 
Fig. 5.3 – (left) Simplified conceptual design of a multi-
junction high-field side LHCD launcher for ADX with 
customized ports for vacuum windows and in-vessel 
waveguides. GENRAY modeling with C-Mod plasma 
conditions (right) indicates excellent ray trajectories and 
enhanced current drive efficiency. 

  

 
Fig. 5.4 – (left) An initial look at vacuum feedthroughs, in-
vessel strip-line feeds and a simplified single-strap high-field 
ICRF antenna concept in ADX. TORIC modeling with a C-
Mod plasma (electric field amplitude shown, right) indicates 
excellent RF absorption and good prospects for flow drive. 

Successful implementation of LHCD would also facilitate cutting-edge research on fully non-inductive 
scenarios in reactor grade plasmas with advanced divertor configurations. Figure 5.3 shows a conceptual 
design for a launcher placed below the inner wall midplane. Initial GENRAY modeling of ray trajectories (n// 
= 1.6, plasma parameters similar to C-Mod) is also shown. As anticipated, favorable ray trajectories and 
efficient off-axis current drive can be obtained. Alcator C-Mod presently has the equipment and 
infrastructure needed to deliver 4 MW LHRF source power (4.6 GHz), which would be ideal for ADX.  
High-field side ICRF: Figure 5.4 shows a highly simplified conceptual design for a high-field side ICRF 
antenna option in ADX. The vacuum vessel would be designed specifically to accommodate RF vacuum 

LaBombard to Panel, June 2014 



Neutron Effects are Separable
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particles introduce vastly different length scales into the 
problem of plasma surface interactions. Several 
fundamental assumptions in basic plasma physics are 
violated – the Debye screening length loses its meaning – 
only one example which will complicate the theory and 
the understanding of those plasmas. This is not only 
interesting for nuclear fusion applications, but also for 
general dusty plasma research and materials synthesis. 
For example, a dense cloud of nanoparticles in a plasma 
might act like a meta-material with completely new 
properties. In the divertor plasma dust particles are 
confined by the magnetic field. The system size and the 
magnetic field strength will determine the concentration 
and the maximum size of the dust particles. Their growth 
rate, in the relevant size range, scales approximately 
quadratically with their concentration. The so generated 
dust in suspension will of course interact with the material 
surface and will get deposited, thereby adding to the 
complexity of the surface morphology in this regime.  
 
 
II.D. The Neutron Irradiation Damage 
 

The neutron irradiation of the plasma facing 
components will strongly affect their performance in a 
progressive manner. It will reduce their thermal 
conductivity to the extent that some materials will not be 
able to exhaust the high power fluxes of 10-20 MW/m2. 
Their chemical composition will be changed in addition to 
the ion implantation at low and medium energies by 
transmutation. This will have consequences in the form of 
helium and hydrogen isotope accumulation. In the fusion 
environment 14 MeV neutrons produce 100 times more 
helium per dpa, when compared to fission neutrons.11 
This will lead to micro-structural changes of the material 
leading to swelling and possibly blister formation. This 
could on the one hand side lead to enhanced erosion, and 
on the other to reduced thermal contact and 
misalignments and hence reduced power handling. The 
mechanical properties will be influenced by changes in 
the DBTT (ductile-brittle transition temperature) directly 
but also by the change in the DBTT due to changes in the 
chemical composition (e.g. changing the alloying 
composition due to transmutation).11,12 Altogether these 
changes could minimize the operation window for an 
acceptable surface temperature of the plasma facing 
materials. The neutron irradiation will lead to interstitials 
and vacancies and their clusters, dislocation loops and 
voids.13-15 These damage mechanisms will increase the 
tritium inventory in the plasma facing materials.16-20 The 
dynamics (mobility and clustering) of the interstitials and 
vacancies will depend on the temperature as does the 
diffusion/permeation of tritium. The understanding of the 
mobility and clustering of the damage sites as well as the 
trapping and de-trapping of hydrogen at elevated 
temperatures including temperature excursions during 

transient events of several GW/m2 during a msec like 
ELMs is a challenge. The role of the grain size might play 
an important role in the understanding of the dynamics. 
Annihilation of vacancies at the grain boundary, transport 
of such trap sites across the grain boundaries in the 
presence of high hydrogen fluxes to the surface and 
diffusion/permeation of it through the material is an 
unexplored area of science. How do the irradiation-
induced damages move during stress? Answering this 
could give important information for the understanding of 
the hydrogenic inventory during disruptions, where high 
thermodynamic and electromagnetic stresses occur. 
 
TABLE I. Irradiation damage and consequences for PMI 

Neutron irradiation 
damage 

Concequences for PMI 

Thermal conductivity Temperature operation 
window, less tolerance to 
transient heat loads, 
erosion yield 

Chemical composition 
(transmutation) 

Hydrogen retention, 
thermal conductivity 
indirectly (see above) 

Interstitials, vacancies, 
dislocations, voids 

Hydrogen retention 

Micro-structural changes 
(swelling) 

Tolerance in PFC 
alignment will become 
larger, hence power 
handling capability lower 

DBTT Reduced temperature 
operation window 

He, H embrittlement Erosion and dust 
production will be 
enhanced 

Synergies of micro-
structural changes between 
neutron and plasma 
irradiation 

To be identified 

 
 
III. NEED FOR ADVANCED PLASMA-MATERIAL 
TEST STANDS 
 

To meet the challenges just described, the use of a 
large variety of facilities is needed: experiments on 
tokamaks and stellarators are necessary since the topology 
of the magnetic field plays an important role and the non-
linear dependence between wall and plasma performance 
must be addressed. Plasma-wall interaction simulators on 
the other hand are important to address questions for 
which magnetic confinement devices are either not 
suitable (e.g. in delivering large fluences at steady state 
conditions) or not available (e.g. because of limited 
operational flexibility and time constraints). In addition, 
better diagnostic access in general allows more detailed 

Rapp et al.         DEVELOPMENT OF PLASMA-MATERIAL INTERACTION FACILITIES FOR FUSION TECHNOLOGY

FUSION SCIENCE AND TECHNOLOGY        VOL. 64        AUG. 2013 239

(No argument for this 
provided in text.)



Neutron Effects are Separable
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Challenge of the Fusion Nuclear Environment 
- Plasma Wall Interaction, Fusion Neutron Transmutation and Radiation Damage - 
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Application of leadership class computing and computational  
materials science are key tools to accelerate fusion materials 
development.  However, as governing phenomenon span decades 
in length and time scale their use involves necessary grand 
challenges. 

plasma 

Wirth to Panel, June 2014 



‹#›G.M. Wright, 55th APS-DPP, Denver, CO, 11/12/2013

Irradiation damage makes no difference in the 
morphology of the nano-tendrils formed on the surface

10 mm 5 m
m

Reactor neutron damage 
simulated by energetic  
heavy-ion beam exposure"
simultaneous with  
He plasma exposure"
!

Tungsten 	


sample

Ion beam

Fuzz region

Peak damage	


10-3 dpa/s

20 dpa/year = 0.6 x 10-6 dpa/s!

17Wright, APS 2013 



• Assume a device ~ size of ITER with  
     Pfus = 2500 MW and Q = 25 

• 4x higher loss power than ITER ⇒ 18.5 GW/m2 

• For 2o field line angle, 10 MW/m2, fpower > 98% (!!) 

• For nsep ~ 1.5x ITER’s ~ 5 1019/m3 , psep ~ 6300 Pa 

• Pressure balance achieved by C-X on Ho  
and Lio + elastic collisions with Ho and Lio 

• 1/2 of pressure can be balanced by Li vapor in 
evaporation/condensation equilibrium with 950o C surface 
                                                             (Jaworski  PSI 2014) 

• H+ MFP = 5mm @ 100 eV, 250mm @ 5 keV 

• Vapor must be well confined to divertor chamber, by a 
combination of geometrical design & plasma flow.  

• Easier with a condensing vapor than with a gas.

Demo will Require Innovation 
Li Vapor-Box Divertor?
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Jaworski	
  –	
  Liquid	
  metal	
  PSI	
  science	
  and	
  component	
  development	
  –	
  
FESAC	
  Meeting,	
  Washington	
  DC	
  –	
  July	
  8-­‐10,	
  2014

Key	
  facilities	
  will	
  address	
  science	
  issues	
  and	
  enable	
  
integrated	
  demonstration	
  within	
  10	
  years

• Dedicated	
  test	
  stands	
  provide	
  fundamental	
  physics	
  and	
  engineering	
  
demonstrations	
  prior	
  to	
  implementation	
  on	
  confinement	
  device	
  
!

• Current	
  long-­‐pulse	
  tokamaks	
  do	
  not	
  approach	
  DEMO	
  parallel	
  heat-­‐fluxes
19

Test%
Stands

High%
Power%
(NSTX5U%
ADX?)

Long%
Pulse%
(EAST)

Issues
Power%and%Momentum%Dissipation%(PMI)

Component%technology%(PFC)
Steady%power%handling
Free5surface%stability%(toroidal)

Confinement%Devices
High5power,%
high%duty5
factor,%hot%

walls

Linear

Fast*flow
Linear

Partial	
  contribution	
  to	
  topic	
  
Major	
  contribution	
  to	
  topic	
  
Full	
  resolution	
  of	
  topic

10-­‐year	
  goal:	
  Competitive	
  PFM	
  with	
  W



Jaworski	
  –	
  Liquid	
  metal	
  PSI	
  science	
  and	
  component	
  development	
  –	
  
FESAC	
  Meeting,	
  Washington	
  DC	
  –	
  July	
  8-­‐10,	
  2014

Modest	
  investment	
  needed	
  to	
  address	
  facility	
  requirements

• Dedicated	
  linear	
  device	
  with	
  integrated	
  
liquid	
  lithium	
  loop	
  can	
  address	
  physics	
  and	
  
technology	
  goals	
  
– Arc-­‐source	
  proposed	
  to	
  provide	
  divertor-­‐

relevant	
  heat	
  fluxes	
  
– Material	
  transport,	
  recapture	
  requires	
  

integrated	
  lithium	
  loop	
  
– Extensive	
  water	
  cooling	
  incompatible	
  with	
  

lithium	
  PFCs	
  
!

• Dedicated	
  toroidal	
  devices	
  can	
  
demonstration	
  basic	
  stability	
  
– Similarity	
  experiments	
  with	
  GaInSn	
  could	
  be	
  

restarted	
  quickly	
  
– Dedicated	
  lithium	
  facilities	
  will	
  address	
  low-­‐

density	
  fluid	
  and	
  hydrogen	
  cycle	
  aspects	
  
directly

20

UCLA	
  MTOR	
  GaInSn	
  Experiment



ss
Illinois Initiatives for Fusion PSI Research 

Nuclear, Plasma, and Radiological Engineering 
June 14, 2014 

HIDRA:  Toroidal Technology Test Bench
● Can test complete axisymmetric 

toroidal liquid-metal flow in a 
tokamak. (40 coils: BT up to 1 T for 3 
minutes or 0.3 T for 30 minutes, 
polloidal coils, 0.44 Volt-sec 
transformer)

21

● Can test transient behavior 
during start-up, plasma-
induced eddy currents, 
runaway electrons, and ramp 
down.

● Can test first wall 
heat flux levels and 
demonstration of 
steady state (30 
minute) first wall 
flowing liquid metal 
systems. 
!

● Can test low-recycling 
feasibility. (D absorption by 
lithium, liquid metal flow 
through field gradients, D 
distillation, D re-introduction)  



ss

Gap #1: Free-surface flowing liquid stability in fusion 
reactor environments

Materials development of hierarchical 
materials (e.g. porous substrates) as 
platforms for LM PFCs
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Nano- to micro-porous 
refractory metal substrates 

(Allain et al.)

Theme: Horizontal layer of dense fluid 
over less dense fluid is unstable (drips): 
Rayleigh-Taylor instability

Study dynamics on the underside of a curved 
surface (model of a tokamak): 
!
Approach: Experiments with model systems, 
numerics and theory 
!
Finding: Film thickness smaller than a critical 
value is STABLE –fluid slides along the wall 
towards the bottom faster than any instability can 
develop 
!
Next step: include MHD effects

Kim, Stone, to be published
1.0 um


