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 Topics

1) Effect of newly discovered SOL physics on reactors and burning plasmas (will write up for FED first draft fairly soon)

2) LM directions for ITER, CTF, reactor which could be more near term (but still have crucial benefits)

3) Am trying to write-up magnetic separatrix extraction concept for FED, but 1) has been absorbing most of my effort

What is 1) ? Why do I think it is important?  Why do I think it’s so important at this instant in time?

Let me answer the first two questions at length, and then answer the last question.

Newly Discovered SOL Physics

Quote from abstract of recent paper on SOL physics from the MIT group:

“contrary to the ideal picture of divertor operation, a tightly baffled divertor may not offer control of the neutral density in the main chamber such that charge exchange heat losses and sputtering of the main chamber walls can be reduced”

Labombard et. al., Nucl. Fusion Vol 40, no. 12, pg 2041 (2000)

Since then, DIII-D has found similar SOL physics 

Obviously this development impacts PF chamber technology for burning plasma experiments and reactors.

What follows is the first significant attempt within the community to examine the impact of recently discovered SOL physics on the first wall of reactors and burning plasma experiments.

Effects appear likely to be substantial.

The sputtering concern 

In the conventional picture of a divertor, main chamber 

sputtering/erosion  is primarily due to high energy neutrals (E > 100’s of eV) generated from high temperature regions of the plasma near the edge

Some neutrals recycled from the wall penetrate to these high temperature plasma regions regions 

They are return to the wall after their energy has been greatly increased by an atomic process called “charge exchange”

A major thrust in the divertor program over the past 15 years is the development of baffled divertors to reduce this erosion of the first wall

Plasma convection leads to increased recycling from the wall, which cannot be controlled by divertor baffling

Plasma convection increases this erosion mechanism by increasing the neutral recycling

Thus, recent physics developments could imply that conventional divertor/first wall approaches have high erosion

An advantage of liquid walls is that structural erosion concerns are greatly reduced

What is this new physics?

C-mod and DIII-D have found turbulent transport in the SOL has a large convection toward the outboard side

Some of the plasma near the separatrix is carried toward the wall in “blobs” (~ 1 cm across B and highly elongated along B) which move very rapidly (> 100 m/s)

Krasheninnikov has given a theoretical framework of blobs

Density profiles in the SOL (outboard side) are consistent with a bulk plasma convection which goes from ~ 2-10 m/s at the separatrix to ~ 50 – 100 m/s near the wall. 

The convection gets stronger as the plasma density is increased

Sufficiently near the Greenwald limit, it is suspected that the convection can get extremely large, with most particles near the separatrix hitting the chamber wall before they enter the divertor

Concerns:

    Obvious: first wall erosion & bulk plasma contamination

    Less obvious: helium exhaust degradation

Before now, convection has never been included in simulations of reactors/burning plasmas

Pigarov, Krasheninnikov and Rognlien et. al. previusly included such convection in UEDGE simulations of a series of DIII-D ELMy H-modes with highly radiative divertor 

(relevant to reactors/ITER)

Found that such convection was needed to match: 

measurements indicative of plasma recycling at the outboard wall (wall D, gas pressure)

far SOL density and ion temperature profiles

impurity levels needed to obtain the observed radiation fraction

these parameters determine main chamber sputtering

C-mod finds similar results- similar anomalous convection is needed to match the data 

Thus, we argue that an assessment of wall/plasma interaction for a reactor should include such convection

How to extrapolate this convection to a reactor?

There is no theoretical understanding to enable extrapolation of this convection

(The beginnings of a theoretical understanding of the convenetional diffusion is just emerging)

The diffusion coefficients used for reactors have been determined on the basis of experience from matching present experiments

There was not a great deal of variation in these values among present experiments, values for ITER/reactors have also been taken to be the same as present experiments

We can do no better for the anomalous convection:

we use a convection (as in DIII-D and C-Mod)

rises from ~ 2-15 m/s at the separatrix 

to 

  ~ 100   m/s near the wall 

Further physics investigations will hopefully clarify the situation and enable better extrapolation

Divertor simulations have proceeded without theoretical insight into extrapolation for diffusion, because of the pressing need for guidelines for engineering designs

We motivate the convection prescription above similarly

UEDGE Results

With such a convection profile in UEDGE, Tom has been able to run a small number of cases in the past week without impurities

Convection increases the plasma flux impinging on the wall by an order of magnitude or more

Plasma temperature (a crucial parameter determining sputtering) at the wall is very sensitive to the assumed wall recycling coefficient.

For a case with separatix density ~ 5 x 1019/m3:

With recycling coefficients similar to those used to match present experiments (R = .9 ) :



plasma boundary temperature ~ 15 eV



plasma wall flux 


~ 5 1021 m2 sec


=> 
HIGH sputtering 

With recycling coefficients which are expected in long pulse operation (R =.999):



plasma boundary temperature ~ 5 eV



plasma wall flux 


~  1022 m2 sec


=>  
LOW sputtering

Power detachment near the wall from impurities

The combination of impurities together with high wall recyling will probably lead to a further reduction in 

temperature near the wall 

This is like power detachment in divertors 

Sputtering by direct plasma interaction can probably be reduced to negligible values

Power detachment has been seen in past UEDGE simulations with evaporated liquid impurities without high wall recycling

Higher recycling should increase chances for this, just as in a conventional divertor

(However, past UEDGE simulations indicate such buffers can be unfavorable for plasma contamination wall generated impurities (e.g. evaporation, other sputtering))

Power detachment for solid walls

Solid wall designs (and Sn and LiSn) presume a small amount of seeded Ne or Ar

Levels which are consistent with divertor radiation also appear sufficient to produce detachment near the wall

Example:   
0.2% Ar (as in ARIES AT)

With recycling = .999,  estimated radiated power from Ar (coronal) in the outer half of the SOL for UEDGE profile is

~ 20 kw/m2
The energy flux convected into the outer half of the SOL in the UEDGE run is 

~ 24 kw/m2
Though not self-consistent, the possibility of power detachment is clear

with recycling = .9, the Ar radition is reduced by about an order of magnitude=> probably no power detachment

Thus, long pulse operation (unlike present experiments) could lead to a qualitatively different SOL

A power detached SOL would further increase neutral concentrations in the 

hot plasma region
The ionization front for most DT neutrals recycled from the wall would move closer to the plasma

The residual neutrals would thus penetrate more deeply into the region of the plasma which produces energetic neutrals

Since neutral penetration is an exponential decay process, the neutral density in the plasma could increase by an order of magnitude or more by shifting the front ~ 2 cm 

· high energy neutrals hitting sputtering the wall would likewise be increased by an order of magnitude

Thus, the increased erosion resulting from anomalous convection could be even larger than it appears at face value

The full magnitude of the erosion increase only becomes apparent for recycling near 100%, which is probably not found in present experiments

This effect, which will arise in reactors, will require simulations for clarification

How to calculate the high energy neutral flux?

The fluid neutral treatment in UEDGE describes bulk neutrals, but not high energy neutral “tails” of neutrals which are responsible for erosion.

Thus, I have written a code to compute this tail from UEDGE output for the plasma parameters and neutral density.

Result:

Anomalous convection increases the high energy neutral flux on the wall by about an order of magnitude

However, the case without anomalous convection starts out an order of magnitude lower than the ITER estimate

(This might go up considerably with larger computation domain and a kinetic neutral algorithm)

For the present calculations, anomalous convection, sputtering attains levels similar to those in the ITER estimates assuming W walls

With a cold plasma buffer, sputtering levels might greatly exceed this. 

I will work to quickly improve this part of the calculation

Helium exhaust reduction due to anomalous convection

Helium is exhausted in the private flux region 

Unlike deuterium, it does not travel downstream along the separatrix to get there

Why? a “thermal force” pushes He upstream where the temperature is high, i.e. near the separatrix

He can only flow downstream toward the divertor where the temperature is lower- further out in the SOL
But this is where the anomalous outward convection dominates the parallel convection

Thus He may be recycled off the wall rather than transported to the divertor

I believe a cold plasma buffer in the outer region could further reduce helium exhaust in the far SOL

Questions which need to be addressed by simulation:


How serious is this reduction?


Can it be compensated be greater pumping?

Evaporation limits will be changed

The evaporation limits for flibe/flinabe and LiSn are based on plasma temperature collapse near the boundary

Anomalous convection alters the power balance near the wall in two ways:

    Convects more energy to the edge 

(favorable)

    Raises e density and thus radiated power
(unfavorable)

    Leads to higher recycling power losses
(unfavorable)

The balance of these is not clear at present

But, since convection is found to considerably reduce the plasma boundary temperature by 2-4 x, the net effect appears negative

Further effects (briefly)

1) There could be large erosion and heat loads by direct plasma interaction on structures which “stick out” from the wall, e.g. RF antennas, corners or lips of ports, etc. For suchstructures, local erosion and heating rates could be 1 – 2 orders of magnitude higher than on flush surfaces

2) Plasma redeposition is a crucial process in determining net erosion (and thus also plasma contamination) and it has substantial 3-d effects as well

a) It can be proven on very general grounds that the plasma in between the blobs is experiencing a convection inward, toward the main plasma

b) impurities ionized in this region (but outside the sheath) will similarly experience inward convection

c) the regions in between the blobs is colder and less dense, so sputtered impurities travel more deeply into the plasma between blobs before ionization (avoiding rapid redeposition in the sheath)

d) simple diffusion models of impurity behavior are not valid on space scales of the order of the turbulent convection cell.  This scale appears to be ~ a few cm for blob transport.  Impurities ionized closer to the wall than this scale will not diffuse back to the wall as fast as diffusive models would predict

Summary of effects of convection

Plasma flux hitting the wall is increased by an order of magnitude, increasing recycling

Increased recycling is most pronounced during long pulse operation, when wall recycling coefficient => 100% (unlike present experiments)

Increased recycling together with impurity radiation will probably produce a power detachment in the SOL =>  low sputtering from direct plasma interactions

But high energy charge exchange neutrals hitting first wall are increased by an order of magnitude, or possibly much more with power detachment

I believe He exhaust can be significantly reduced, especially if power detachment occurs

The blob transport process has features which make it difficult to reliably calculate within present 2d models; these features are generally unfavorable.

Plasma shielding of impurities originating at the wall (including evaporation) might be reduced by power detachment

Evaporation limits are affected by plasma convection, and may be reduced

Low Z plasma facing materials may be required

For erosion due to neutral D in the several 100 – 1000 eV range, low Z materials have major advantages in terms of plasma contamination

This is one major reason ITER chose Be PFCs

Though low Z sputtering is higher by ~ 30, allowable low Z concentrations in the plasma are higher by ~ 300

(Note that for plasmas with an internal transport barrier, the relative contamination advantage of low Z materials could increase by another factor of several)

However, the erosion rate of low Z materials is structurally unacceptable

However, liquid materials such as LiSn (with segregation) and flibe/flinabe provide a low Z plasma facing option without structural erosion concerns

If sputtering rates are sufficiently high that high Z materials lead to unacceptable contamination, low Z liquid materials may be the only acceptable option

Technology Consequences 

Experimentally, convection effects depend strongly on edge density ( ~ density squared)

If sputtering OR helium exhaust is simply unacceptable with the high levels of convection attendant to high edge densities:

plasma scenarios with low edge densities may be required

Examples include low recycling options (e.g. Li and field line extraction)

Low plasma edge densities may imply lower radiated power fractions (at acceptable plasma impurity levels) => novel power exhaust strategies, for example

Liquid limiter options (e.g Leonid Z.)

Novel divertor field line geometries (e.g. Mike K.)

Turbulent liquid divertors to accept large heat fluxes (does the concept of active turbulence generation in LM divertors to allow high heat fluxes warrant greater consideration?)

Nearer term LM divertor concept relevant to ITER

The ITER divertor concept appears likely to suffer unacceptable erosion in H-modes with type I ELMs
Projected ELM transients show a large chance the all solid materials will suffer unacceptable structural erosion

A major focus of physics programs on present tokamaks is finding an acceptable operating mode without these ELMs

The ELM erosion problem is recognized to be substantially more severe for a reactor

Obvious solution: liquid divertors

 I think it is unlikely that ITER would consider a liquid metal divertor based on jets

If a more evolutionary LM option could be devised which would be acceptable to ITER,  as a “backup” which could replace their primary divertor design, it would provide a large boost in the perception of the near term value of LM research

“Static” Thin LM film concept with electromagnetic restrainment

This leads me to the concept: 

 a conventional divertor with a thin semi-static film of LM for erosion protection on top of a conventionally cooled substrate 

The film is held in place by j x B forces from a poloidal j (“restrained”) as in Bob Wooley’s concept

Numerical example is for liquid Sn:

1 mm thick Sn at the plasma temperature limit ~ 1300 C on the one side 

With  ~ 17 MW/m2 flux, T is 800 C on the substrate side

Substrate: W or CFC at 800C

The substrate could have a backing which is water cooled for ITER

The Sn erosion can be made up by slow re-addition

With a sufficiently strong j x B force, this design could also be highly tolerant of cracks in the substrate- liquid metal would slowly leak toward the coolant, rather than having coolant leak into the vaccum

The Sn would solidify when it reached the low temperature zone close to the water temperature

Is this something which is sufficiently close to ITER’s present divertor design that it might be considered?

Ga and Li are also possibilities, (but with inert coolant for Li) 

Ga would have a somewhat higher heat flux capability but possibly more severe compatibility problems

Li would give ITER a low recycling physics capability, but would require an inert coolant other than water (out of the question?)

For a reactor design, the self-sealing leak feature would also improve the reliability against cracks 

Sn itself would be a logical reactor coolant

Flibe could also be used, with a filtration system to eliminate Sn from small leaks  (?)

Magnetic field line extraction concept

Richard Nygren has been kind enough to offer to put a short section on this concept in his divertor section

I have been spending some effort to write up a more complete version of this myself for the FED paper

But most of my time has been consumed by developing the implications of SOL convection

My belief is that the latter could have the greatest impact within the physics community to motivate support for novel technology concepts, hence my prioritization

