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Abstract.

This paper introduces the concept of plasma-wall self-organization (PWSO) in

magnetic fusion. The basic idea is the existence of a time delay in the feedback loop

relating radiation and impurity production on divertor plates. Both a zero and a one-

dimensional description of PWSO are provided. They lead to an iterative equation

whose equilibrium fixed point is unstable above some threshold. This threshold

corresponds to a radiative density limit, which can be reached for a ratio of total

radiated power to total input power as low as 1/2. When detachment develops and

physical sputtering dominates, this limit is progressively pushed to very high values

if the radiation of non-plate impurities stays low. Therefore, PWSO comes with two

basins for this organization: the usual one with a density limit, and a new one with

density freedom, in particular for machines using high-Z materials. Two basins of

attraction of PWSO are shown to exist for the tokamak during start-up, with a high

density one leading to this freedom. This basin might be reached by a proper tailoring

of ECRH assisted ohmic start-up in present middle-size tokamaks, mimicking present

stellarator start-up. In view of the impressive tokamak DEMO wall load challenge,

it is worth considering and checking this possibility, which comes with that of more

margins for ITER and of smaller reactors.

Keywords plasma-wall interaction, self-organization, sputtering, density limit, radiation
Submitted to: Nucl. Fusion

1. Introduction

The existence of a density limit in magnetic fusion plasmas is a concern, since it

limits the operational domain of experiments and contributes to the definition of a

minimum size of fusion reactors because of Lawson criterion. For the tokamak and the

reversed field pinch a simple estimate of this limit, the Greenwald density limit [1], was

considered reasonable during two decades. However, this is now strongly challenged.

The abstract of a 2013 JET paper [2] states: “In contrary to the well known ‘heating

power independent Greenwald limit’, the L-mode densities limit increases moderately

with rising heating power (∼ P 0.4) independently on the wall material”. The same

scaling with the total heating power P was already present in five papers published

between 1986 and 1999 [3, 4, 5, 6, 7]. Furthermore, figure 10 of the recent [8] shows

with a database of 5 tokamaks that a scaling like (IP/a4)4/9, with a the small radius

and I the total current, organizes much better the data than Greenwald’s one in I/a2;

especially device per device.

The new (IP/a4)4/9 scaling is a part of those derived in [9, 8, 10], which are in much

better agreement with the tokamak and RFP databases. They describe the density limit

as a radiative one, and therefore include naturally a clear explicit dependence on P . The

theory and good agreement with experiments extends to the stellarator [9, 11, 12, 10],

which provides a unified view of density limits in magnetic confinement.

A large part of the radiative density limit comes from the radiation of impurities

[9, 8, 10]. Therefore, one may try to push this limit toward higher values by increasing

the plasma purity. The latter is governed by plasma-wall interaction. A lot is known
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about this interaction, but it has not yet been considered self-consistently with the

whole plasma. This is the purpose of this paper, which introduces the concept of self-

organization of the plasma-wall system by simple zero and one-dimensional models.

The basic idea of the theory is the existence of a time delay in the feedback loop

relating radiation and impurity production on divertor plates. It yields an iterative

equation for radiation whose fixed point corresponds to the plasma-wall equilibrium.

This equilibrium can be unstable for a ratio of total radiated power to total input power

as low as 1/2.

Most of this paper is devoted to the tokamak, but the stellarator and the reversed

field pinch are considered too. Section 2 deals with the sputtering of divertor/limiter

targets due to plasma ions. Section 3 deals with the density and radiation of impurities

originating from these targets. Section 4 introduces a 0-dimensional description of

plasma-wall self-organization (PWSO), and its extension to a 1-dimensional one is

provided in Appendix C in order not to interrupt the flow of the article. Section 5

provides elements of experimental support to the theory. Section 6 provides a discussion

of the results. Section 7 discusses start-up in the stellarator and the tokamak. Section

8 makes experimental proposals in order to increase the density limit in the tokamak,

the stellarator, and the RFP by an appropriate tailoring of gas injection and electron

cyclotron resonance heating (ECRH). Then comes the conclusion.

2. Sputtering of the targets due to plasma ions

We consider the targets of a divertor or the edges of a limiter connected to the plasma

by a SOL with a temperature Tt at these boundaries, called targets in the following. In

front of a target, there is a Debye sheath of height γTt, with γ a few units (see equation

(25.46) of [13], γ ' 7 for hydrogen, vanishing secondary electron emission, and Tt in

eV). Therefore, a plasma ion with a velocity v at the sheath entrance impinges it with

an energy E = cv2 + γTt, where c = M/2, with M the ion mass. Let Y (E) be the

yield function for the compound chemical and physical sputterings of the target by an

ion with energy E. Interpolating functions for Y (E) at normal incidence are provided

in [14] for physical sputtering, and figure 3.8 of [13] provides this yield for the chemical

sputtering of carbon. In reality, the yields should be corrected for the slanting and

roughness of the targets implying a non normal incidence; also for self-sputtering. The

number of sputtered atoms per unit time on the two divertor targets is

s =
Pt
Tt
I(Tt), (1)

with Pt the power reaching the target and

I(Tt) =

√
c

πTt

∫ ∞
0

Y (cv2 + γTt) exp
−cv2

Tt
dv, (2)

where the lower boundary in the integral takes into account the fact that only velocities

directed toward the targets are active.

For carbon, according to section 3.3.2 of [13], for incident energies E0 “of hundreds

eV chemical sputtering yields are comparable to or larger than physical sputtering
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yields”. Furthermore, the “strong dependence on substrate temperature is one of the

key signatures of chemical sputtering, [...] with a peak yield occurring at a substrate

temperature which depends on E0, but generally lying in the region of 700 K”. The

dependence of Y on E0 is weak according to figure 3.8 of [13]. Typically, the substrate

temperature grows with the incident heat flux, and therefore with Tt. So does I(Tt).

For simplicity, we assume I(Tt)/Tt almost constant in the following for carbon.

Since the density limit corresponds to rather high collisionality, it is natural for its

description to assume parallel heat conduction to dominate over parallel heat convection

(see sections 4.8 to 4.11 of [13]). Problem 4.12 of [13] yields a table showing that in

this regime, for a heat flux going from 108 to 109 W/m2, Tt goes from 27 to 317 eV.

Appendix A shows that for physical sputtering of tungsten by deuterons, I(Tt)/Tt is

almost constant for the part of this interval above 100 eV. The precise meaning of

“almost” is discussed at the end of section 4.1.

3. Density and radiation of target impurities

We introduce a simple model of thermonuclear plasma. It deals with a magnetized

cylindrical plasma of length L with axial and azimuthal symmetry bounded by a

cylindrical wall of radius a with the same axis. There is a scrape-off layer (SOL) of width

λSOL � a in contact with the edge targets of a limiter or the targets of a divertor, which

sets the last closed flux surface (LCFS) at a−λSOL. We call Tt the plasma temperature

at the targets. It is in units of energy as all other temperatures in this paper. We

consider the SOL to provide the main loss of ions reaching the LCFS. Indeed, because

of the ambipolar drift it induces [15], the particle collection by a localized limiter is not

efficient.

We assume that some fraction f of the sputtered atoms reaches the main plasma and

is ionized at a distance λi inside the LCFS. Keeping in mind the cylindrical description as

a background reference, we further restrict it to a slab model, and we use the Engelhardt

and Feneberg one, as described in [13], to compute the density of impurities. This yields

nip = fsλ
2πaLD⊥

(equation (6.6) of [13]), where D⊥ is the perpendicular diffusion coefficient

of target impurities, and

λ = λi + λSOL. (3)

Combined with equation (1), this yields

nip =
fλPt

2πaLD⊥Tt
I(Tt). (4)

Then, the total radiation due to target impurities is

A =
fλPt
aD⊥Tt

I(Tt)
∫ a

0
rn(r)Rad[T (r)]dr, (5)

where Rad(T) is the target impurity radiation rate coefficient, and n(r) and T (r) are

respectively the density and temperature profiles.
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4. Zero dimensional description

When describing a complex system, there is always a trade-off between economy of

means and explanatory power. In this section, we first chose the economy of means and

introduce a 0-dimensional description of PWSO. Appendix C provides a 1-dimensional

one, which makes more explicit the physical mechanisms underlying the 0-dimensional

description. It couples an impurity transport equation and a heat transport equation,

which are respectively of the kind used in the Engelhardt and Feneberg, and in the

Zanca et al. models.

4.1. Simplest version

Let us assume, for a given total injected power P , the existence of a stationary state for

the plasma-wall system with density and temperature profiles neq(r) and Teq(r). In the

following, we will consider states of the system close to this equilibrium. Then, in (5)

Tt depends on Pt in various ways depending on the SOL regime of interest, as will be

discussed later. Therefore, we consider A as a function of Pt only, A(Pt).

Let R be the total radiated power at time t. Then the power landing on the targets

is P −R. This produces sputtered atoms, which need a finite time of flight to reach the

ionization position a− λ. Then they start radiating after a diffusion/propagation time

for impurities. This radiation is felt by the targets after a diffusion/propagation time

for heat. The sum of these three times defines a delay τdelay for setting a new value R+

of R.

The simplest version of our iterative model for radiation considers R as due to A

only. Then, setting Pt = P −R yields

R+ = A(P −R), (6)

We consider R as close to Req the equilibrium value of R, which corresponds to R+ = R

in this equation.

We further assume I(Tt)/Tt to be almost constant, as was shown to be reasonable

at the end of section 2 for tungsten at temperatures in the range 100-300 eV, and for

carbon. Therefore, we first consider the case where

α =
A(Pt)

Pt
, (7)

is a constant. Then the iterative equation (6) becomes the linear relation

R+ = α× (P −R). (8)

Req is the fixed point of this iterative equation. Equation (8) implies

α =
Req

P −Req

=
µ

1− µ
, (9)

where µ = Req/P . If α > 1, the fixed point Req of equation (8) is unstable, since

R+ − Req = −α (R − Req). Equation (5), shows that for I(Tt)/Tt almost constant, α

is a growing function of the density in the radiating region. Therefore, the just found

instability threshold corresponds to a density limit.
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Equation (5) contains several parameters whose value is not well known in

experiments. However we now give two estimates showing that α takes values in the

right ballpark. First, for tungsten by setting in (5) f = 1, λ = 10−2m, D⊥ = 1m2/s,

Tt = 100eV, the ratio of I(Tt) to its maximum value Ymax, I(Tt)/3 10−3 = κ where κ is

a number smaller than 1, and the integral is computed by assuming n(r) = 1020m−3,

and Rad[T (r)] = 10−28Wm3 over a length l = 10−2m about a and 0 outside. This

yields α ' 2 102κ, which provides α = 1 for κ = 0.5 10−2. This ratio of I(Tt) to its

maximum value necessary to reach a density limit at n(r) = 1020m−3, is a reasonable

order of magnitude estimate in view of the large uncertainty on the above parameters.

The value of Ymax used in this estimate are provided at the end of Appendix A, and

those for Rad[T (r)] are in Appendix A of [8].

Second for carbon. We keep the same numerical values, except Rad[T (r)] =

10−32 Wm3 and I(Tt) = 3 10−2. This yields α ' 0.2. From this level, α = 1 can

readily be obtained by reasonable variations of the parameters in (5) used above for

tungsten, in particular l and λ. Therefore, α = 1, as provided by (5), is a reasonable

threshold for present density limits with both carbon and tungsten targets. The value

of Ymax used in this estimate are provided in figure 3.8 of [13], and those for Rad[T (r)]

are in Appendix A of [8].

α is a growing function of µ, and becomes larger than 1 if µ > 1/2. Therefore, the

simplest version of our iterative model for radiation opens the prospect of a radiative

density limit occurring for a fraction of radiated power as low as 1/2. After the outcome

of [9] recalled in the introduction, this is another prediction of a radiative density limit

without necessarily a very high fraction of radiated power.

In reality, the above assumption of constant I(Tt)/Tt and α means the dependence

of A(Pt) on Pt is dominated by the explicit coefficient Pt in (5). Appendix B shows that

if A(Pt) departs from a linear dependence on Pt, but keeps being a growing function of

it, the above fixed point and stability analysis can still be performed. This is important

for tungsten at low Tt, where I(Tt)/Tt varies a lot, as shown at the end of Appendix

Appendix A.

If there is detachment, there is a strong neutral radiation in the SOL, and Tt
decreases (see figure 5a of [16], quoted as figure 29 in [17]). This implies a vanishing

I(Tt)/Tt in A(Pt) if physical sputtering dominates, since I(Tt) decreases very fast at low

Tt. This pushes the radiative density limit to very high values, in particular for tungsten.

Vanishing sputtering at low Tt is more visible in the one-dimensional description of

Appendix C, since it takes into account the power radiated in the SOL, which diminishes

both Pt and Tt when approaching detachment.

Therefore, our simplest model predicts a very high density limit for targets where

physical sputtering dominates, if the system is initially set at a high enough density.

Therefore, the simplest model of PWSO comes with two basins for this organization:

the usual one with a density limit, and a new one with density freedom.
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4.2. Other contributions

In reality, there is a lot more radiation than that due to target impurities, especially

with impurity seeding. In particular, neutral particles are strong contributors. They

are highly localized both radially (in the SOL) and poloidally (in the limiter/divertor

region). Therefore the modelling of their radiation is more problematic. Reference

[18] introduces the ratio Q∗ between the powers radiated by neutrals and impurities in

the peripheral region, and shows it to be between 1 and 5, according to experimental

measurements. This ratio can be used to account for the radiation of neutral particles

by adding a factor 1 + Q∗ to the previous expression for A, which does not modify

qualitatively the above analysis, and keeps the µ = 1/2 threshold.

Instead of a radiation of neutrals proportional to that of impurities, one can also

consider neutrals whose radiation does not depend on P−R. This can be accommodated

by adding a constant term R0 in the right hand side of equations (6,8). The previous

threshold in µ becomes µ > (1 +R0/P )/2. It increases with R0, since the weight of the

feedback contribution is decreasing in equations (6,8).

For heavy impurities, both neoclassical and turbulent pinch velocities can lead to

their accumulation in the plasma center [19]. If this accumulation is slow with respect

to τdelay, the corresponding radiation can also be accommodated by adding a constant

term Racc in the right-hand-side of equations (6,8). The previous threshold in µ becomes

µ > (1 + Racc/P )/2. The same technique can be used if a part of the impurities does

not originate from the targets.

The last two paragraphs describe cases where the density limit threshold sets in for

µ > 1/2. Experimentally, most experiments correspond to this case.

In the regime of plasma detachment at high density with a low target temperature,

one might reach a regime with µ = 1 where the whole input power is radiated in the

SOL by neutrals. Then, neutral radiation would be produced very close to the targets

where recycling is occurring. This would make irrelevant the finite distance and delay,

which are essential in the iterative model, and no unstable feedback would be present.

The same might exist with impurity seeding, but the above calculation of sputtering

should be revised accordingly. So the existence of other contributions to radiation than

the one due to target impurities does not preclude that of a basin of density freedom if

their radiation level stays low.

4.3. Helical systems

In [9], [11], and [12], it was found that a cylindrical description of the stellarator yields

a good description of its density limit as a radiative one. References [9] and [10] show

the same property holds for the reversed field pinch (RFP). Therefore, it is natural to

extend the 0D and 1D models of PWSO to these two devices as well.
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5. Experimental support

According to (8), when α > 1, R − Req has an exponential growth with a growth rate

τ−1delay ln(α) and with alternating positive and negative values. Some experimental results

suggest the existence of such an oscillating instability.

In particular figure 2 of [20], which displays large oscillations of the radiation for the

JET belt limiter in the non evaporated beryllium case, with a time scale of 1 s typically.

Also in figure 13 of [21], which corresponds to a similar experiment and displays two

alternations of R, followed by a decrease of P . Furthermore, at page 527 of [5], which

deals with the density limit in W7-AS, it is stated: “Whenever a rather strong collapse

is observed, pictures of tangentially viewing video cameras show, near the inner plasma

edge, the sudden appearance of a bright area which changes with time. Correlated with

this observation are discontinuous reductions of the Hα signals from the limiters and a

sudden rise in the C III radiation, indicating a transition to very low temperatures”.

To the contrary, the avoidance of the unstable regime might explain why disruptions

can be avoided in the JET-ILW [2]. This avoidance would come from plasma detachment

and a consequent vanishing of sputtering on the targets. Reference [20] reports :“in the

[beryllium] evaporated case the radiation did not normally symmetrise and persisted at

100 % radiation, usually without disrupting”. The reason for this can be understood in

the frame of our theory, since at the density limit, chlorine produces the whole radiation,

which quenches A(Pt).

Regimes with a subdominant A(Pt) can be inferred for W7-AS in [22]. There is a

collapse occurring when total radiation and input power are balanced. In these cases,

the plasma density and radiation profiles were peaked, with a dominant core radiation

from higher Z elements.

6. Discussion

We found that the radiative density limit due to PWSO can be reached for a ratio of

total radiated power to total input power as low as 1/2. Such a possibility was already

found in [9], which used a prescribed amount of radiators. This is important, since the

fact that the density limit is not always associated with a very high radiated fraction was

used as an argument against the radiative origin of this limit (see section III.E.1 of [23]).

The density limit in [9] corresponds to a threshold for the occurrence of non monotonic

temperature profiles. Such a threshold had been found previously in [24] as that where

Bessel-like oscillations of the temperature profile become unstable. Therefore, there are

at least two different radiative density limits. One due to the feedback of plasma-wall

interaction on impurity radiation, corresponding to PWSO, and the other one due to

the instability of monotonic radial profiles in the simple power balance model (PBM)

of [9, 8, 10].

For the disruptive limit of the tokamak [9, 8, 10] and for the radiation collapse for the

stellarator [9, 11, 12, 10], the PBM predictions are in good agreement with experimental

measurements, with a small scatter of experimental points about the theoretical curves.
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A precise PWSO threshold is difficult to estimate from its definitions (7) and (C.13).

However, the fact that both PBM and PWSO models give a threshold in R/P between

1/2 and 1 suggests that their density thresholds are close, and is in agreement with the

fact that α = 1, as provided by (5), was found to be a reasonable threshold for present

density limits with both carbon and tungsten targets in section 4.1.

In [9, 10], the PBM estimate for the RFX-mod RFP is an upper bound of the

plasma densities of a large set of discharges. The experimental points become scarce

in the vicinity of this bound. This suggests the PWSO threshold might be reached in

this device with carbon walls. This is possible, since section 4.1 found that α = 1 can

be reached with a reasonable choice of parameters for carbon impurities. Even more, if

the sublimation of carbon under strong irradiation is taken into account. Indeed, in the

multiple helicity state of the RFP, there is a strongly localized interaction of the plasma

with the wall.

As indicated in section 5, the PWSO threshold might have been reached in devices

with metallic walls in the past. Indeed, section 4.1 found that α ' 2 102I(Tt)/Ymax with

a reasonable choice of parameters for tungsten, which makes α = 1 very easy to reach.

This motivated the passage to more compliant carbon walls.

If its threshold is not reached, PWSO defines the plasma-wall equilibrium and its

corresponding amount of target impurities. Then, the self-consistency of the impurity

and heat transport equations of Appendix C can be neglected and a thermal equilibrium

can be computed as in [9, 8, 10], or the stability analysis of this equilibrium can be

performed as in [24]. If the plasma-wall system is in the basin of density freedom defined

by PWSO, then this freedom is kept by the PBM, since the radiation of target impurities

vanishes. Indeed, scaling (20) of [8] for the density limit for the tokamak incorporates a

factor Z
4/9
eff [f0(%) + Zeff − Zi]−5/9, which becomes large when the effective charge Zeff

comes close to Zi, the main ion one (f0(%) is the percentage of neutral concentration).

We now address the role of thermal transport in PBM and PWSO. In the case of

PBM, its effect is included in the global quantity of the scalings. For the pinches, it is

only present in a factor (τE)−1/9, in a form factor depending on the conductivity radial

profile, and in the loop voltage Vloop, which is present by the term P/(VloopIp)
0.5 [8].

Anyway, Vloop has limited variations for the tokamak with respect to those of Ip and

P . For the stellarator, the effective diffusivity has a larger exponent, but the use of

the International Stellarator scaling 95, or of the scaling law for the effective thermal

diffusivity established in the low temperature region of LHD yields scaling laws for

the density limit, which are in good agreement with experiments [9]. For PWSO, the

effective diffusivity is present in (C.13) by a small effect in the definition of λrad and

indirectly through Tt.

We end this discussion by quoting approaches to the density limit relying on

different physics than those used in the PBM and PWSO. Two works appeal to the

excess of radiation of thermal structures produced by magnetic islands for the tokamak

[25] and the RFP [26]. This does not preclude the density freedom predicted by PWSO,

since this radiation is bound to vanish if the impurity density does. Another approach

shows the existence of an edge shear layer collapse for a density scaling like plasma
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current in the tokamak [27, 28]. An experiment in HL-2A showed accordingly that

when the density increases toward Greenwald estimate, the turbulent particle transport

increases drastically [29]. Therefore, as stated in [9], several mechanisms might be

occurring at the density limit. More work is necessary to make a detailed comparison

of the predictions of theoretical models with experiments. However, as yet only the

approach of [9, 8, 10] has provided scalings for the density limit in good agreement with

a broad database for the tokamak, the stellarator, and the RFP. This gives confidence

in the leading role of radiation in the density limit and in the importance of PWSO.

7. Start-up

The simplest model of PWSO in section 4.1 took only into account the feedback on

radiation due to target impurities. Then, a very high density limit can be predicted,

if the system is initially set at a high enough density. In subsection 4.2, we considered

other sources whose radiation does not depend on P − R. They may impose a finite

density limit, but it may be a high one. Furthermore, a strong radiation in the SOL can

help reaching low temperatures on the targets, and thus their low sputtering. Therefore,

a high enough initial density can be maintained in the frame of the above PWSO. By

initial density, we mean the one reached at the end of start-up. The maximum possible

density at this moment is bounded by the amount of impurities, which are produced

during start-up. The next subsections address the issue of how to decrease this amount.

7.1. Stellarator start-up

In stellarators, plasma breakdown is generally performed with waves, often ECRH ones.

In W7-X, after an initial phase where ECRH start-up was performed at low neutral

density and low ECRH power, they went to high values of these quantities reaching

plasma densities above 1020 m−3 with almost fully absorbed 6 MW ECRH heating

power (see section 3 of [30]). This came with several benefits: (i) an efficient heating

of ions by the electrons, leading to almost thermal equilibration; (ii) a fully detached

divertor and a drop of the power load on the divertor targets. These high densities were

reached thanks to boronization. Then, “low-Z impurities in the plasma were significantly

reduced, resulting in a profound effect on increasing the density limit (at a given heating

power). The critical density increased by about a factor of 3, corresponding to a decrease

in the low-Z impurity concentration by factors between 5 and 10. At a heating power

of 5 MW, this meant that the line-averaged densities of 1020 m−3 became accessible”

(bottom of page 7 of [31]). It is remarkable that in 100 ms of 2 MW ECRH injection,

a density of 2 1019 m−3 (an order of magnitude higher than in tokamak breakdown) is

reached with a single gas puff, right before injecting waves; then 1020 m−3 is reached by

increasing ECRH power to 4 MW without any further gas puffing [32].
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7.2. Traditional ohmic start-up of the tokamak

In order to ease plasma breakdown, the traditional ohmic start-up of the tokamak is

usually performed at a density much lower than the one targeted during the current

plateau. Close to the wall, there are hot plasma zones directly linked to the magnetic

separatrices (see fig. 10 of [33]). Because of the low density, the plasma interacts strongly

with the walls, by means of ExB drifts and secondarily of open magnetic field lines [33].

This direct interaction with the walls lasts till the formation of closed magnetic surfaces

and produces a lot of impurities, in particular during the burn-through phase. “In

this phase, low-Z impurities, usually originating from the walls surrounding the plasma

column, radiate and can limit the temperature and the current ramp-rate so that the

discharge fails” [34].

7.3. Two opposite regimes of start-up for the tokamak

If the density during start-up is on the low side, there is a vicious circle: (i) there is

no screening of the targets by neutrals and a high temperature favorable to sputtering;

(ii) no plasma detachment from the walls can occur, and even no help to decrease the

heat and particle loads leading to sputtering. Therefore, a high level of impurities is

maintained, leading to the usual density limit at flat top. A high level of impurities is

even more maintained, whenever they accumulate in the plasma center. This scenario

corresponds to the traditional ohmic start-up of tokamaks: the maximum possible

density, which can be reached by later gas puffing or pellet injection at the end of

the start-up, is bounded by the amount of impurities, which are produced during this

initial period.

To the contrary, a high density during start-up would trigger a virtuous circle: with

a high plasma density, the walls would be screened by neutrals and temperature might

be kept low during current ramp-up, up to the formation of closed magnetic surfaces.

This would produce few impurities, maintaining a high density limit, and would ease

current penetration, enabling a faster current ramp-up. When closed magnetic surfaces

would form, heat and particle loads leading to sputtering would be low, and even

plasma detachment from walls and targets could occur. Again, this would produce

few impurities, keeping a high density limit. We show below that a strongly ECRH

assisted start-up might enable reaching this high density scenario.

The above vicious and virtuous circles are two basins of attraction of a second

aspect of PWSO. Unfortunately, usual tokamak operation is trapped into a bad basin

of PWSO for this second aspect. As yet, PWSO leads to better basins of operation in

stellarators, with a higher density limit than in pinches [9].

We would like to stress that the above vicious circle is independent of the particle

confinement time. Indeed, start-up determines an initial density limit. If this limit is on

the low side, no plasma detachment from the walls can occur, even no help to decrease

the heat and particle loads that lead to sputtering. So, a high level of impurities is

maintained, which leads to the usual density limit estimate. The high level of impurities

is even more maintained, whenever they accumulate in the plasma center. So the issue
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is not the memory of the plasma, but that of the plasma-wall system: the trapping of

operation into a bad basin of PWSO.

The hope that a strongly ECRH assisted start-up described below might enable

reaching the above high density scenario is especially strong for walls with high-

Z materials. Indeed, the lower sputtering yield for such materials at low plasma

temperature make them less a problem at start-up. Reference [34] brings some support

to this: “Also, the radiated power at the time of burn-through is a steep function of

density for the carbon wall but weakly dependent on density for the ILW. The latter

point is likely due to the much reduced radiative cooling from Be compared to C [...] as

well as chemical sputtering of C from the graphite wall. Furthermore, on JET with the

ILW, there were no failures of the start-up during the burn-through phase or failures due

to deconditioning events, such as disruptions or excessive gas puffing on the previous

shot, unlike with the graphite wall”.

8. Experimental proposals

Since the density limit is due to impurities, one may try to push this limit toward higher

values by increasing the plasma purity. For tokamaks, the passage to tungsten walls

and producing divertor detachment at high densities is already an important step in this

respect [2]. Improving the start-up of the discharge might bring a new strong benefit.

This is suggested by the just described higher density limit in stellarators when the

start-up is performed by using high power ECRH [30, 31]. This higher limit might be

not intrinsic to the stellarator, but only to its mode of plasma breakdown: the massive

use of ECRH with high neutral density.

In the tokamak, till now, for assisting ohmic start-up by easing breakdown and

increasing the power available to burn through impurity radiation, ECRH was used at

a low level, and with densities an order of magnitude lower than those reached during

the flat top. The general motivation for this procedure was the difficulty for fully

superconducting tokamaks to produce the high loop voltages necessary for breakdown.

However, a more strongly ECRH assisted ohmic start-up might alleviate the unpleasant

constraints of ohmic start-up (low density, slow ramp up) leading to strong impurity

production. Indeed, fortunately, ECRH assisted start-up was not acrobatic at all.

Therefore, there are margins for using higher powers with higher initial neutral densities,

possibly similar to those in the recent experiments in W7-X quoted above. This could

be checked by increasing progressively these two quantities in tokamaks equipped with a

high ECRH power. Several tokamaks have an available ECRH power much higher than

that necessary for an assisted ohmic start-up. For instance, TCV has an installed ECRH

power of 4.5 MW, while only 0.4 MW were used to start the plasma and sustain the

plasma current (section 3.3 of [35]). This tokamak and other middle size ones might try

a higher power assisted breakdown scenario, without suffering from bad consequences

of possible disruptions during the experiments. It is worth noting that the results on

the range of possible prefill pressures observed on several experiments show that it may

be increased by high power EC assist by a factor of two or three, without attempting
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any optimization [36].

In contrast to the stellarator, closed magnetic surfaces are not present during a

large part of the plasma start-up in a tokamak. However, in an ECRH assisted ohmic

start-up, the walls are more shielded than in an ohmic one, since the plasma is produced

far from the walls close to the EC resonant layer (in reality at the upper hybrid layer

[37, 38]). This is quite visible by comparing figures 2 and 3 of [39]; the discharge limits

on the inner wall only after the formation of closed magnetic surfaces.

A higher neutral density should decrease plasma temperature and increase the

shielding of the wall from the plasma. This should decrease the production of impurities

before the formation of closed magnetic surfaces. However, for machines with carbon

walls, it would be advisable to perform boronization or a similar wall conditioning to

avoid chemical sputtering. As quoted above, this was crucial for the above quoted good

W7-X results, even though good magnetic flux surfaces are present from the outset in

the machine.

In tokamaks able to perform an ECRH assisted ohmic start-up, it would be

interesting to compare the Zeff in this case and in the ohmic one. An improvement

might already be present. In tokamaks having an available ECRH power higher than

that necessary for an assisted ohmic start-up, one could try an ECRH assisted breakdown

with a density larger than the one used till now, since there might be some margin in

density with respect to the cutoff one. It would then be interesting to check whether

the Zeff at flat-top decreases, after increasing the density at the end of the ECRH

assisted phase. Even without having a density limit lower than that of cutoff, it would

be interesting to get the largest possible density after ECRH breakdown. This might

provide a cleaner plasma during flat-top, after the subsequent gas puffing or pellet

injection, and might push the density limit above the usual one. Even without reaching

density freedom, higher density limits might be reached.

Other benefits might result from this new scenario: (i) saving more volt-seconds

than in the traditional ECRH assisted breakdown, since the current plateau density

would be reached right away; (ii) reaching divertor detachment earlier, in particular

because one would avoid the hollow neutral density profile coming with gas puffing [2];

(iii) fulfilling more easily Lawson criterion. Other benefits might come like an easier

transition to H mode, taming some instabilities, a less crucial divertor design, less

disruptions, etc... Fulfilling more easily Lawson criterion is the most exciting benefit.

Indeed, this might lead to more margins for ITER and fusion reactors smaller than

expected presently. A first version of this experimental proposal is already available in

[40]. Indeed, it could be motivated without the full derivation of the analytical part of

this paper.

As stated in [34], “in general, the start-up phase of discharges gets attention only

when there is a failure”. Start-up is poorly diagnosed, it is largely empirical for each

device, and few papers are devoted to it. The above discussion suggests that tokamak

flat-top operation would benefit a lot from a thorough study of this phase.

As yet, PWSO leads to better basins of operation in stellarators, with a higher

density limit than in pinches [9]. However, as yet there was no attempt to improve upon



Plasma-wall self-organization in magnetic fusion 14

this by an appropriate tailoring of gas injection and ECRH power input. Margins are

available for this, and even more when the full 10 MW ECRH power will be available

in W7-X. A hint is that, on top of the basin described in subsection 7.1, there is even a

better one: the highest performance is achieved in W7-X with pellet fueling [30]. This

fueling sets operation in a basin disconnected from the traditional one where fueling is

coupled to the edge neutral density.

In the RFP, during breakdown the magnetic field is much lower than during the

flat-top, and therefore the electron cyclotron frequency is low with respect to that in

tokamaks. However, ECRH assisted start-up might work as well. As for the tokamak,

separating breakup and current rise might enlarge the operation space, and provide

cleaner plasmas.

9. Conclusion

This paper introduces the concept of plasma-wall self-organization (PWSO) in magnetic

fusion plasmas, and derives a theory describing it. Its basic idea is that there is a time

delay in the feedback loop relating radiation and impurity production on divertor plates.

Both a zero and a one-dimensional description of PWSO are provided. Both lead to a

delay equation whose simplest expression is R+ = α × (P − R), where P is the total

input power in the plasma, R is the total radiated power, and R+ is its delayed value.

This makes the plasma-wall system unstable for α > 1. Since α is proportional to the

density below detachment, this threshold defines a density limit. It can be reached for

a ratio of total radiated power to total input power as low as 1/2. If this threshold

is not reached, the self-consistency of impurity and heat transport can be neglected, a

thermal equilibrium can be computed, and its stability analyzed in the frame of the

simple power balance model.

When detachment develops, the plasma temperature at the targets decreases, which

makes α to vanish. This pushes the radiative density limit to very high values when

physical sputtering dominates, in particular for tungsten. Therefore, PWSO comes with

two basins for this organization: the usual one with a density limit, and a new one with

density freedom. If the plasma-wall system is in the basin of density freedom defined

by PWSO, then this freedom is kept by the simple power balance model. A lot is left

to provide more realistic descriptions of this organization. This will involve computer

calculations of various scales, up to a numerical tokamak.

When α > 1, the deviation of radiation to its equilibrium value starts an exponential

growth with alternating positive and negative values. Some experimental results suggest

the existence of such an oscillating instability.

When physical sputtering dominates, a very high density limit can be predicted,

if the plasma is set at a high enough density at the end of start-up. The maximum

possible density at the end of start-up is bounded by the amount of impurities, which

are produced during this period. This amount is high for the traditional ohmic start-up

of the tokamak, which is performed at low density. This sets the system in a vicious circle

where a low density limit prevents reaching the high densities enabling detachment. To
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the contrary, a high density during start-up would trigger a virtuous circle enabling it.

These vicious and virtuous circles are two basins of attraction of a second aspect of

PWSO.

Unfortunately, usual tokamak operation is trapped into the bad basin of PWSO.

As yet, PWSO leads to better basins of operation in stellarators, with a higher

density limit than in pinches. This is likely due to their ECRH start-up, and suggests

that a strongly ECRH assisted ohmic start-up might enable reaching the high-density

scenario, especially for targets with high-Z materials. This would bring several benefits.

Especially fulfilling more easily Lawson criterion, which might bring more margins for

ITER and lead to smaller fusion reactors than expected presently. A strongly ECRH

assisted ohmic start-up might be beneficial for the RFP as well. Stellarators might take

advantage of improving their present start-up scenarios toward higher initial densities.

The crucial role of the start-up phase in tokamaks suggests to study it more

thoroughly. Indeed, flat top fusion plasmas are like human beings: they are strongly

defined by genetics and education. In order to better understand them, their baby and

teenager states should be studied...

Evolution eased the interaction of birds and of cetaceans with their fluid

environment by the development of feathers and of an intelligent skin. On the

technological side, a similar evolution occurred with the development of ultra-fast and

silent torpedoes bathed in supercavitation bubbles. More pacific, though unconscious, a

similar evolution is in progress in the tokamak. Indeed, motivated by the management

of tritium inventory, the dreaded, but finally marvelous passage to tungsten occurred.

It enabled the production of detached plasmas at high density because they are

cleaner. More studies about start-up might suggest new steps in establishing peaceful

relations between the walls of magnetic fusion devices and their thermonuclear plasma

environment.

If the present density limit could be overcome in present medium size machines,

this would open the prospect of more margins for ITER and of smaller size reactors.

Decreasing the size would also decrease the wall load challenge. This in turn would

decrease the need for impurity seeding in reactors, opening the prospect of another

virtuous circle. While it would be far fetched to take for granted the existence of such a

circle, it is worth thinking about its possibility, in view of the impressive tokamak DEMO

wall load challenge [41]. The above ideas can be checked in medium size machines which

do not suffer from disruptions, and whose experimental handling is much simpler than

in larger devices. Taming fluid turbulence looked like an overwhelming task, but the

development of ultra-fast and silent torpedoes bathed in supercavitation bubbles brought

a large progress toward its cure. Similar good news might be ahead for magnetic fusion.
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Appendix A. Physical sputtering

In order to get a simple estimate of I(T ) in (2), we approximate Y (E) by square

functions equal to Ymax for Em < E < EM and zero outside. Let x =
√
cv,

xm =
√
sup(Em − γTt, 0), and xM =

√
sup(EM − γTt, 0). Then

I(Tt) =
Ymax√
πTt

∫ xM

xm
exp
−x2

Tt
dx. (A.1)

I(Tt) vanishes for Tt = 0, then grows and reaches a maximum almost equal to Ymax for

Tt = Tsputtmax ≡ Em/γ, since typically Em � EM (see [14]); then it decreases to vanish

for Tt = EM/γ.

Figure (A1) and (A2) display respectively I(Tt) and I(Tt)/Tt for physical sputtering

of tungsten by deuterons. The calculation uses data of [14], with Y (E) defined by (15),

its coefficients provided at page 233 (in reality, equation (15) must be multiplied by 10

to recover the curve of figure 256).

Problem 4.12 of [13] yields a table showing that for a heat flux going from 108 to

109 W/m2, Tt goes from 27 to 317 eV. In figure A2, I(Tt)/Tt varies by only 9 % about its

mean value for 100 < Tt ≤ 300 eV, and may be considered as almost constant. However,

for Tt ≤ 100 eV it is a rapidly increasing function of Tt.

Appendix B. Nonlinear A(Pt)

The end of the previous Appendix shows that for tungsten, I(Tt)/Tt is a rapidly

increasing function of Tt for Tt ≤ 100 eV. Therefore, for the values of Pt corresponding

to this range of temperatures, A(Pt) must be considered as a nonlinear function. The
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Figure A2. I(Tt)/Tt for physical sputtering of tungsten by deuterons.

explicit dependence of Tt on Pt is not known, but we can get a rough estimate of A(Pt)

for Tt ≤ 100 eV, by assuming that A(Pt) = βP 2
t , where β is a constant.

Then, (6) becomes

R+ = β(P −R)2. (B.1)

This yields Req = P + [1 −
√

1 + 4βP ]/2β. The linearization of (B.1) for R close to

Req provides R+ − Req = −α′ (R − Req), where α′ = 2β(P − Req). The instability now

corresponds to α′ > 1, that is βP > 3/4, or

α > 3/4
P −Req

P
, (B.2)

by combining (7) and (B.1). This threshold in α is lower than 1, which makes the

instability easier than for a linear A(Pt). This kind of reasoning can be generalized for

any growing function A(Pt). We finally note that the existence of two basins of PWSO

does not depend on the precise dependence of A upon Pt.

Appendix C. One-dimensional description

We now introduce a one-dimensional iterative model of PWSO, which makes more

explicit the physical mechanisms underlying the 0-dimensional instability. It couples an

impurity transport equation and a heat transport equation, which are respectively of

the kind used in the Engelhardt and Feneberg model, and in the Zanca et al. model.

As in many studies about plasma-wall interaction [13], we use a slab model to describe

the radial direction of the plasma.

Appendix C.1. One-dimensional model

Keeping in mind our initial cylindrical picture, the number of plasma ions/neutrals

impacting the target per unit time is

Nt(t) = −2πaLK∂xT (rLCFS, t− τSOL) +RSOL

Tt
, (C.1)
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where

rLCFS = a− λSOL, (C.2)

is the position of the LCFS, τSOL is the propagation time of heat from the LCFS to

the targets, K is a uniform effective perpendicular conductivity, and RSOL is the power

radiated in the SOL, which diminishes both Pt and Tt; it is taken as constant as yet.

RSOL and Tt depend on the SOL regime ([13, 17]). Then, the number of sputtered atoms

per unit time on the two targets is

s(t) = Nt(t)I(Tt(t)), (C.3)

In our slab model, position x is a proxy for the small radius. It spans [0, a] where

a is the wall radius. We assume the plasma density n to be uniform.

In our initial cylindrical model, the produced impurities are distributed over an

area 2π(a − λ)L, where L is the perimeter related to the large radius of the reference

toroidal system. In the slab model this yields an impurity source term

S(t) = f
s(t− τsput)
2π(a− λ)L

δ(x− a+ λ), (C.4)

where δ is the Dirac function and τsput is the flight time of sputtered atoms to the

ionization position a− λ.

We consider a one-dimensional model coupling the impurity transport equation

and the heat transport equation. Taking into account equations (C.1, C.3, C.4), the

impurity transport equation is

∂tni −D∂2xni = Ci[∂xT (rLCFS, t− τdelay) + T ′loss]δ(x− a+ λ), (C.5)

where ni(x) is the impurity density, D is a uniform diffusion coefficient, T ′loss =

RSOL/(2πaLK) corresponds to a decrease of the thermal flux on the targets,

Ci = −f aKI(Tt)

(a− λ)Tt
, (C.6)

and

τdelay = τsput + τSOL. (C.7)

We assume the time evolution to be slow enough for the inductive contribution of the

electric field to be negligible. Using the corresponding simple Ohm’s law, the heat

transport equation is

n∂tT −K∂2xT = CTT
3/2 + padd − nniRad(T) (C.8)

where T is the temperature, padd is the additional power density, Rad(T) is the impurity

radiation rate coefficient, and

CT =
E2

0

η(T )T 3/2
' 6.5102E

2
0

Z
. (C.9)

with E0 the electric field corresponding to the loop voltage, Z the charge number of the

main ion, SI units are used, and η(T ) the transverse Spitzer resistivity, as given in page

29 of [42] where the Coulomb logarithm was taken as equal to 15, as in [8, 9].
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Appendix C.2. Iterative equation

We consider a state of the system defined by equations (C.5) and (C.8) close to an

equilibrium.

Appendix C.2.1. Large diffusivity limit We first assume D and K to be large enough for

the time derivatives to be negligible. Integrating equation (C.5) over the interval [0, x]

and assuming ∂xni(0) = 0, then integrating again over the interval [x, a] and assuming

ni(a) = 0 yields

Dni(x, t) = −Cil(x)[T ′(rLCFS, t− τdelay) + T ′loss], (C.10)

where T ′ = ∂xT , l(x) = λ for x ≤ a − λ and l(x) = a − x for x > a − λ. Integrating

equation (C.8) over [0, rLCFS], using equation (C.10), and assuming ∂xT (0) = 0 yields

−K∂xT (rLCFS) =
∫ rLCFS

0
[CTT (x)3/2 + padd(x)]dx (C.11)

+
nCi
D

[T ′(rLCFS, t− τdelay) + T ′loss]λλradRadmax,

where we assumed for simplicity radiation to be localized at a − λ with a width λrad
and an amplitude Radmax. As a result,

PLCFS(t) = P + αRSOL − αPLCFS(t− τdelay), (C.12)

where

α = n
Ciλ

DK
λradRadmax =

faλλrad
(a− λ)D

nI(Tt)

Tt
Radmax, (C.13)

PLCFS = −a′LKT ′(rLCFS) is the power flowing through the LCFS, and

P = a′L
∫ rLCFS

0
[CTT (x)3/2 + padd(x)] dx, (C.14)

is the total input power, with a′ a distance of order a corresponding to an extension of

the plasma perpendicular to the x axis, introduced to produce volume integrals. In the

integral, T (x) is taken equal to its equilibrium value.

Let

R = P − PLCFS(t) +RSOL, (C.15)

be the total radiated power. Then, (C.12) is equivalent to

R+ = RSOL + α (P −R), (C.16)

where R+ is R at time t + τdelay. We recover the equation obtained in section 4.2 for

radiating contributions independent from the target impurities. The simplest case is

recovered for RSOL = 0. If RSOL is not constant, but may be considered as a function of

P − R, one enters the generalized models already discussed in section 4.1 where A(Pt)

departs from a linear dependence on Pt. One can also add it a term like R0 as done for

other contributions in this section.

Making the same assumption for the radiation in equation (5) as in equation

(C.12), the ratio of the one-dimensional α (C.13) to the zero-dimensional one (7) is

a2D⊥/D(a − λ)2. It is close to 1 by taking identical diffusion coefficients in the two
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models, and by accounting for λ � a. Therefore, the same instability threshold is

predicted by both descriptions. Vanishing sputtering at low Tt is more visible in the

second one, since T ′loss increases when approaching detachment. In the second one, the

instability bears upon T ′(rLCFS), i.e. the thermal flux at the LCFS, but total radiation

is slaved to it and becomes unstable concomitantly.

Appendix C.2.2. Moderate diffusivities A moderate value of the diffusion coefficient

D sets a delay in the establishment of the stationary profile of equation (C.10). Since

it involves the boundary condition ∂xni(0) = 0 at x = 0, a delay time (a − λ)2/D is

involved to get the new stationary profile. Similarly, if heat diffusivity χ is moderate,

a delay time (a− λ)2/χ is involved to get the new stationary profile. These two delays

require substituting equation C.7 with

τdelay = τsput + τSOL +
(a− λ)2

χ
+

(a− λ)2

D
. (C.17)
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