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Abstract

It is shown that the limited thermal power handling capacity of the standard divertors (used

in current as well as projected tokamaks) forces extremely high (∼ 95%) radiation fractions fRad

in tokamak fusion reactors [1–3] with heating powers considerably larger than ITER-FEAT [4].

Independent of how the radiation may be apportioned between the scrape off layer (SOL) and

the core, these enormous values of fRad have profound and deleterious consequences on the core

confinement and stability to the extent that a high power hypothetical fusion reactor operating

with the standard divertor (SD) is not likely to meet the daunting confinement requirements. Even

operation in modes that have an internal transport barriers (ITBs) [5, 6] is not expected to lead

to a dependable fusion power reactor with acceptable economics.

The core confinement and stability problems caused by high fRad are shown to be adequately

addressed by X-Divertors (XD) which, through a flaring of the field lines near the divertor plates,

considerably enhance the divertor thermal capacity. The use of this new class of divertors will lower

the bar on confinement sufficiently that confinement at the level of the routinely found H-mode [7]

could be enough for a fusion reactor. A possible class of experiments that could lay the foundation

for an efficient and attractive path to practical fusion power is suggested.

PACS numbers:
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I. INTRODUCTION

Although the heat loading issues pertinent to an economical tokamak Deuterium-Tritium

(DT) fusion power reactor have occupied some space in the magnetic fusion discourse [1–

3, 8], their seriousness and possible severity has not been critically examined. For the current

large-scale experiments (ASDEX [9], DIII-D [10], JET [11], JT60-U [12], etc), heat loading

puts no severe constraints on the machine operation. In the much bigger planned burning

plasma experiment (ITER-FEAT, fusion power PF = 400MW) [4, 13, 14], the heating power

(PTh ∼120 MW) reaches high enough levels that its appropriate handling can, no longer,

be ignored (a well-recognized fact taken into consideration by the designers of ITER [15]).

For any economically power producing magnetic fusion reactor, however, the heating powers

are significantly larger. The heating power PTh in the conservative European Union fusion

reactor EU-B (PF = 3600MW) [1, 16], for example, is ∼ 990MW which is about 8 times

larger than ITER-FEAT. The problems associated with handling such prodigious amounts

of heat without destroying its components force a fusion reactor into a physical regime

(characterized by high radiation requirements primarily in the core) very different from the

one pertinent either to the current machines or to ITER. Novel solutions will have to be

invented in order to bring the radiation fraction to a manageable level so that the high core

plasma performance required for sustained fusion can be achieved and maintained.

A straightforward assessment (carried out in Sec.II) of the heat handling capacity of the

standard divertor (SD), the divertor configuration used in present tokamaks and the pro-

posed ITER-FEAT [17], reveals that the thermal power loads relevant to a fusion reactor

are about an order of magnitude more than the rather limited capabilities of the SD. The

key measure of the divertor heat rating is Pplate, the maximum thermal power that the di-

vertor plate can handle. It is limited by stringent material and engineering constraints (∼10

MW/m2) and the geometry of the standard divertor (SD), which concentrates the exhausted

power onto the divertor plate. The tendency for the heat flux to become concetrated on the

divertor plate is a fundamental consequence of the transition from closed field lines to open

field lines, together with the very rapid parallel transport in hot plasmas. The concept of a

“magnetic bottle” is to maintain a hot thermonuclear plasma while the material container

of the plasma stays under acceptable conditions. One message of this paper is that these

necessary conditions for a viable magnetic bottle are violated for reactor power levels with

2



the standard divertor (SD) configuration. For the standard divertor, the only way to main-

tain an acceptable condition for the wall is to radiate a huge fraction of the heating power.

We will show that the fraction of the heating power which is radiated fRad must be of order

∼ 95% for a fusion reactor with a standard divertor (SD).

Independent of how the necessary radiation is apportioned between the divertor/scrape

off layer (SOL) and the core plasma, such a high fRad has profound damaging effects on the

core energy confinement and stability of a burning plasma. Working out consequences of

high fRad forms the bulk of the argument in Sec.III against the suitability of the SD for a

fusion reactor, and allows an assessment of what fRad may be tolerable. The analysis in this

paper is based primarily on the existing experimental and modeling results.

The general analysis yields an important positive result (delete:of fundamental impor-

tance): the core plasma confinement and stability will remain “healthy” if the radiation

fraction fRad falls to ∼ 75% or below, and furthermore, the divertor magnetic geometry can

be improved to reduce fRad to the desired range. The substantial changes in the magnetic

geometry of the divertor which are examined here have not been considered possible or

necessary before. The new divertor geometry (which we shall call X-Divertor, or XD, to

distinguish it from the standard divertor, or SD) will, therefore, lead to the substantial, and

probably crucial, improvements in the overall feasibility of fusion reactor.

One major ingredients of our analysis is the demonstration that the main strategy cur-

rently envisaged for handling high power levels, that is, increasing the radiative ability of

the SOL (we include the divertor region in SOL) by seeding it with low Z impurities [17]

probably won’t succeed for a reactor. It will be demonstrated that, when impurity levels are

increased to radiate large reactor-relevant powers in the SOL, one ends up radiating most

of the power from the core. Relative to the total radiation demands in a reactor with SD,

the reactor SOL has a limited radiative capacity (via impurities).

The most spectacular but negative consequence of the limited heat handling capability

of the SD (forcing high fRad ) is the termination of the experimentally demonstrated ro-

bust and consistent favorable scaling (towards self-sustained thermonuclear reactions) with

size, magnetic field and power level. It is this empirical trend that has propelled fusion ad-

vancement from the first tokamak to JET, JT60, and TFTR. When appropriately quantified

and scaled, this trend predicts that ITER-FEAT will achieve high energy gain [4, 14]. We

show in Sec.III that this trend reverses if one persists with the standard divertor (SD) - an
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unfavorable trend in confinement begins for power levels higher than ITER-FEAT.

The damaging effect of the required high radiation on the overall energy confinement

is small and acceptable for ITER-FEAT. Empirical, gyro-Bohm scaling of H-mode plasma

transport from present tokamaks suffices to achieve high fusion gain at ITER-FEAT power

levels [7] (gyro-Bohm scaling refers to the scaling of plasma transport with ρ∗ = the ion

gyroradius divided by the system size, and ρ∗ is the primary dimensionless physics parameter

that distinguishes ITER from present experiments). For reactors characterized with much

higher thermal power than ITER-FEAT, on the other hand, the radiation requirements

become so high that the core confinement is seriously degraded.

Could operation with internal transport barriers (ITBs) [5, 6] attain the high confinement

required for reactors with the standard divertor (SD) and the accompanying high fRad?

Based on available experimental results and theoretical calculations, we show in Sec.IV A

that even ITBs are not likely to rescue the SD reactor; the confinement needs for a reactor

relevant plasma, when compared to what is achieved in present experiments, are rather

severe. In Sec.IVB, we further show that even if it were somehow possible to obtain ITBs

with high enough confinement, the plasma transport will most likely be too low for adequate

helium exhaust - the result will be a radiation collapse of the core inside the ITB.

In Sec.V, we show that a self-heated fusion plasma is thermally unstable in the presence

of a high core radiation fraction fRad,Core. The results are rather sobering; at the high

fRad,Core forced by a standard divertor (SD), the thermal instability is sufficiently virulent

that feedback methods appear unworkable. The instability is even stronger for ITB plasmas.

One expects that a virulent thermal instability is to be avoided for a power reactor.

The challenge, therefore, is to find ways to bring fRad down to a manageable level. The

solution has to be found in the divertor geometry since there is not much play in other plasma

variables. (Note that liquid metal divertors [18–20] with a higher heat flux capacity may also

be used; the liquid metal divertors are compatible with the new geometries discussed. In

fact, the new X-divertor (XD) geometries may make them easier.) From a variety of possible

magnetic geometries recently investigated [21–23], we present in this paper (Sec.VI) a class

of new divertors (which we call X-divertors, or XD) whose power rating is considerably

increased by creating additional X-points to flare the field lines just before they strike the

divertor plates (see Figs.11-12). These new X-divertors lower the bar for core confinement

to an extent that scaling poorer than gyro-Bohm will turn out to be sufficient for a fusion
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reactor. With radiation fraction down to a manageable level, the robust favorable scaling

with machine size and power level becomes available once again even for machines with

power levels much beyond ITER-FEAT.

Clearly, the new X-divertor (XD) needs to be subjected to rigorous experimental tests

before implementation in a reactor. In fact, there is a fortunate symbiosis between the

proposed X-divertor (XD) concept and a Component Test Facility (CTF) [24] (discussed in

some detail in Appendix G). A CTF is recognized as a critical step for developing the fusion

technology necessary for a reactor. It is shown in Appendix G that a CTF is not possible

with a standard divertor (SD), but will become possible with the new X-divertor (XD). A

CTF-XD can also play a critical role in the physics development of fusion, by demonstrating

the workability of new X-divertor under reactor-like conditions. If the new X-divertor does

what it is expected to, it will be relatively straightforward to scale CTF-XD to a reactor -

make it larger, and rely on the favorable scaling with size, field and power.

In Sec.VII, we sum up our findings including our suggestions for future experiments.

II. REACTOR POWER HANDLING LIMITS - HIGH RADIATION FRACTION

The total thermal power capacity, Pplate, of the divertor plate of a reactor is proportional

to the maximum MW/m2 (qmax) that its design can withstand, and the plasma-wetted area

Aw which increases with the major radius R. Out of these controlling factors, the size R is

strongly limited by economics, or equivalently, by the need for adequate wall loading. The

material and engineering constraints (under reactor conditions) set a stringent and inviolate

upper bound on the steady state qmax which must remain below 10-15 MW/m2 [1, 25, 26].

It is considered highly unlikely that this limit will significantly increase in future - even

10MW/m2 is regarded as optimistic, perhaps speculative in the high neutron fluence of a

power reactor [1, 25, 26].

The plasma-wetted surface area Aw at the divertor plate equals [27]

Aw =
4πR

sin(θt)
WSOLFexp (1)

where WSOL is the width of the scrape off a layer at the mid plane, Fexp is the flux expansion

at the divertor plate, and θt is the angle of incidence of the poloidal field with the divertor

plate. For this calculation, θt = 25 degrees (the value used in ITER) will be assumed.
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FIG. 1: SOL width λTe verses major radius R0. Data from Kallenbach, et.al. [31]

Equation 1 optimistically assumes that the heat is distributed evenly between the inner and

outer divertor, though JET experiments show that the power to the inner divertor is much

less than the outer divertor [28]. It should be noted that simulations of partially detached

regimes for ITER scenarios find that a smaller θt gives only small improvements [29] or no

improvement [30] in the heat flux to the plate; Eq.1 is no longer valid for low enough θt.

For WSOL, we use data drawn from [31] and displayed in Fig.1, where the thermal width

λTe of the SOL is plotted against the major radius. This shows λTe ∼ R; its dependence

on other parameters is statistically insignificant in this data set. The width over which the

power flows out (the quantity of direct relevance here) is 2/7 of the SOL temperature width

λTe [27, 31]. Thus the power width at the outboard mid plane of the SOL is ∼ 8× 10−4R.

This can be reasonably extrapolated to reactors with R=5.4-8.6 m. For ITER-FEAT (with

P=400 MW, and total thermal power, Pth=120MW), we find WSOL=0.005 m. The formula

used here yields results that agree with other methods used to project WSOL for ITER.

Comprehensive 2D divertor simulations of the ITER divertor [13] also give a WSOL of roughly

0.005 m. The power width was investigated on JET [28], and the best fit of the experimental

data led to an expected WSOL of 0.0037 m for ITER - fairly similar to 0.005 m.
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Free boundary MHD equilibria using the code FBEQ [32] with the ITER coil set obtain

a flux expansion of 4.3 (which is also typical of equilibrium reconstructions on JET [28]).

Equation 1 then gives Aw=4 m2. For a maximum heat flux of 10 MW/m2, this divertor

plate has a maximum Pplate rating of 40 MW (similar to the ITER-FEAT design based on

older data [33]). Naturally the remaining 80MW (=120-40) MW, constituting ∼ 67% of the

thermal power, must be radiated away before arriving at the divertor plate.

Moving on to reactors, we first consider the European Union design EU-B [1, 16], based on

an avowedly conservative extrapolation of ITER-FEAT H-mode operation. The EU-B has

P=3600MW, R=8.6m, and PTh=990MW, and an estimated cost of electricity ∼ 20− 30%

higher than reactor designs based on Advanced Tokamak (AT) operation studies for ARIES-

RS, EU-C, and CREST [1–3]. Using Eq.1 and Fig.1, Aw=7.7 m2, and Pmax(EU-B)=77 MW.

Notice that the maximum tolerable divertor power, Pmax, has increased only modestly in

going from ITER to EU-B (since the major radius is only ∼ 40% larger) while the thermal

power to be handled has gone from 120MW to a stupendous 990MW. In order to avoid

destroying the divertor, therefore, the EU-B will have to operate at a radiation fraction of

∼ 92%. For other reactor designs, including ARIES RS [2] and CREST [3], the fractions

range from ∼ 92% to 96%, as shown in Table I. The average radiation fraction for these

four studies is ∼ 94%. If most of the power were to go to the outer divertor (consistent with

experimental results on JET [28]), the required radiation fractions would lie in the range

94%−98%. What happens to a reactor when ∼ 95% of its heating power has to be radiated

away is the question that we attempt to answer in the next section.

III. HIGH RADIATION FRACTION - DEGRADATION OF PLASMA PHYSICS

Radiation of excess thermal power (∼ 95% of the total) is essential for avoiding divertor

destruction in reactors. In principle, one could attempt to operate the discharge either by

radiating mostly in the divertor/SOL region, or by radiating in the core. Unfortunately, the

physics of the discharge is very adversely affected no matter which option (or combination

of options) is tried. The deleterious effects of a high radiation fraction are numerous and

can cause damage (loss of confinement, disruptions, core thermal instability, loss of staying

in H mode, pressure profiles with low beta limits, etc.) through many channels. Any one

of these channels could destroy the reactor workability. This section, therefore, has many
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sub-sections in which each of these channels is explored in some detail.

If most of the power could be radiated in the SOL, then one may expect that core

confinement would not be seriously affected and one could extrapolate the core physics from

present experiments and ITER to a reactor. It makes sense, then, to examine if the SOL

can pick up the lion’s share of radiation. In the following three sections, a detailed case is

made for the near impossibility of radiating large fractions of power in the SOL. In Sec.III A,

we show that the current paradigm for creating high radiation fraction in SOL, through a

seeding of the discharge with low Z impurities, is not likely to scale to reactor needs, even

though this approach seems to work for the present machines. Numerous and disabling

problems with the remaining option for radiating a large fraction of the power in SOL (to

have a high SOL neutral density with full divertor detachment) are discussed in Sec.III B.

A. Impurity driven SOL radiation - unfavorable scaling to a reactor

The strategy of preferentially enhancing divertor radiation (without affecting the core)

with impurities has been used with some success in present experiments [34, 35]. The nature

of the underlying physical processes, however, does not allow the impurity driven radiation

to be localized in SOL for devices with larger size, higher temperatures and higher power

levels. For reactors, adding low Z impurities to enhance divertor radiation ends up with

putting much higher amount of radiation in the core plasma than in the divertor. This claim

will be supported by two lines of arguments - from the scaling of the underlying physics,

and from empirical scaling results.

Although the SOL radiation occurs near an optimal temperature (< 30eV) determined

by atomic physics, the radiating efficacy of the SOL in a reactor will be quite different

form present experiments. This happens because a much lower fraction of the divertor

volume is at the optimal radiating temperature in a reactor. The SOL temperature in

contact with the main plasma is too high for optimal radiation (T ∼ 80eV in JET and

> 200eV in a reactor). The fraction of the SOL at temperatures < 30eV is much smaller

in a reactor, hence the useful radiating volume is much less. Using the two-point model

[27], the radiating efficacy of the SOL scales roughly as T−3/2 [Appendix A]. However, the

two-point model ignores convection, and experimentally, convection has been found to be

important for highly radiating divertors [36]. Nonetheless one can derive a scaling procedure
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from current experiments to reactors as follows. By including convection in the two-point

model, the equation for the temperature along a field line can be derived. The structure of

the resulting solution allows (for the same impurity level) the scaling of the impurity SOL

radiation from current experiments to a reactor (See Appendix A). For a given impurity

level, the SOL radiation should scale as

PRad ∼ RWSOLn2
SOL (2)

This yields the ratio of the core radiation from Bremsstrahlung to the SOL radiation

Pcore

PSOL

∼ a2n2
core

√
T

WSOLn2
SOL

(3)

where a is the minor radius, T the core temperature, and ncore and nSOL are the core and

SOL densities, respectively. This ratio increases with machine size and core temperature.

Both of these are larger on a reactor. Recent results indicate that core density peaking

is also expected to be much larger for reactors operating near the Greenwald limit [37–

39] as compared to present experiments near that limit (reactors will have much lower

collisionality). All these factors conspire to make the ratio of the core to SOL impurity

radiation to be over an order of magnitude larger on a reactor as compared to present

experiments (see Appendix A for more detailed comparisons).

In experiments with low Z seeding on JET for ITER-relevant discharges with a total

radiation fraction of ∼ 70%, the ratio of core to SOL radiation can be as low as ∼ 0.4 [34].

For the smaller and cooler DIII-D, Eq.3 predicts the core to SOL ratio to go down by a factor

of about 2. Experiments with a total radiation fraction of ∼ 70% have, indeed, attained a

ratio ∼ 0.25 [35]. The same scaling predicts that for a reactor the core radiation will be

several times the SOL radiation.

The experiments we have discussed so far are not in the fRad ∼ 95% range. One could,

perhaps, expect reaching higher levels of SOL radiation by increasing the impurity fraction.

Experiments on DIII-D (Fig.2), however, show that beyond some level, the SOL radiation

increases much more slowly with increasing impurities than does the core radiation; the

increased radiation shifts to the core at high impurity levels. As indicated in Appendix A,

this is consistent with the two-point model with convection - the SOL impurity radiation

should saturate with increased impurity concentration.

Thus a reactor can be expected to have a substantially higher ratio of core to SOL
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FIG. 2: SOL radiation increases much more slowly with increasing impurities than core radiation.

Data from Wade, et al. [35].

radiation both because of the unfavorable scaling of SOL radiation with size and because of

the very high radiation fractions needed.

Experimental results also indicate that core radiation becomes more dominant as reactor

regimes are approached. As part of the experimental program leading up to ITER, Mathews

[40] examined a large number of discharges with low Z impurity seeding to radiate the

heating power and to reduce divertor heat loads. In most of these experiments, the radiation

came primarily from the SOL, but in some cases it was mainly from the core. An empirical

expression was developed to predict the core contamination for ITER from the radiated

power from all sources

Zeff = 1 + 5.6Z0.19Prad/S
1.03n1.95

e (4)

where Zeff is the core value of the effective ion charge, PRad is the radiated power in MW,

S is the plasma surface area, and ne is the average density. For many present experiments,

Eq.4 is consistent with radiation predominantly from the SOL. However, when applied to

EU-B with radiation equal to ∼ 93% of the heating power (920MW), this formula predicts

very high Zeff with low Z impurities. For seeding species Ne or Ar, the Zeff is 4.3 and 4.7,
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respectively. Using H-mode like profile for a reactor, with the same average temperature as

EU-B (see Appendix C), the core radiation power from this Zeff is high (∼ 100% to ∼ 200%

of the heating power, depending upon the Helium fraction. Numbers in the upper range are

most consistent with quoted EU-B parameters [1, 16]).

This empirical formula may be expected to have significant errors when extrapolated so

far, but nonetheless it indicates that high radiation fractions for reactor parameters will

arise mainly from the core. Some results from DIII-D [35] have roughly half of the Zeff − 1

implied by Eq.4 but even this gives a high core radiation fraction, and, as indicated above,

these results do not extrapolate favorably to reactors with higher radiation fraction.

It is worth noting that the ITER team does not consider cases with large fractions of low

Z impurities because the resulting Zeff is considered unacceptable [13]. However, a large

divertor neutral pressure can cause large radiation in a fully detached plasma even for a

reactor [13]. Full detachment, in which plasma is separated by a neutral gas target layer

from the divertor plate, is considered in the next section.

B. Radiating in the divertor/SOL - Loss of H-mode, Disruptions

Experiments trying to maintain good H-mode confinement along with significant SOL

radiation are found to lie in the partial detachment regime [41]. Although the relatively

modest radiation requirements on ITER-FEAT [33] may allow it to radiate substantially

in the SOL (in the partially detached H-mode phase), this choice will not be available to

devices with higher power (higher radiation requirement).

When experiments proceed beyond partial plasma detachment to full detachment, diver-

tor heat fluxes are greatly reduced and radiation levels are increased. However, the current

experimental results on H-mode discharges that are fully detached are broadly and deeply

discouraging. Experimental results show that full detachment leads to: 1) very poor H-

mode confinement (closer to L-mode), 2) total loss of H-mode, and 3) high disruptivity. In

Appendix B, we present the experimental evidence in more detail. Here, we simply note

that full detachment is not regarded as a viable regime for ITER [13, 42].

We now examine quantitatively how large SOL radiation affects reactor operations. For

this purpose, we will rely on the ITER divertor design team publications based on 2-D sim-

ulations by Kukushkin, et al. [13, 15, 29, 30, 43], which are by far the most extensively
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developed and well-benchmarked calculations currently available for reactor-relevant burn-

ing plasmas. The simulation results clearly indicate that full divertor detachment will be

necessary to maintain the peak heat flux below 10 MW/m2 [13] if excessive power is trans-

ported into the SOL from the core. These investigators also present quantitative results in

a form that is intended for extrapolation to ITER-like reactors.

Device Name, and Heating Major P/R Total Minimum

Type: Reactor/BPX Power Radius [MW/m] fRad Core fRad

Divertor: SD/XD P [MW] R [m] (ITER-like) (Avoid detachmant)

ITER-FEAT (BPX SD) 120 6.2 19 75% 16%

ITER-EDA (BPX SD) 300 8.2 37 87% 56%

EU-B (Reac SD) 990 8.6 115 93% 86%

EU-C (Reac SD) 792 7.5 106 94% 85%

EU-D (Reac SD) 571 6.1 94 95% 83%

ARIES-RS (Reac SD) 515 5.5 94 95% 82%

CREST (Reac SD) 691 5.4 128 97% 87%

ARIES-XD (Reac XD) 515 5.5 94 ∼ 74% 47%

EU-B-XD (Reac XD) 990 8.6 115 ∼ 79% 58%

CREST (Reac XD) 691 5.4 115 ∼ 79% 62%

TABLE I: Necessary radiation fractions for divertor survival (assuming that a good H-mode edge

is required). Only reactors with the new X-Divertor (XD) have total fRad comparable to ITER-

FEAT, and manageable core radiation fractions.

Our quantitative arguments draw on the results of [13] that span a large parameter range,

and have also provided the basis for the ITER divertor design. For ITER, a maximum of

about 120 MW can be lost into the SOL without resorting to full detachment to prevent

divertor damage. Since the major radius of reactors is only slightly different than ITER’s,

the maximum power for reactors is in a similar range, which is far less than the total heating

power. Also, since full detachment has highly undesirable consequences, it would be desirable

to operate slightly below it. Thus, we adopt 100MW as the practical maximum power which

could flow into the SOL and have heat fluxes below 10 MW/m2.

Thus, ITER-FEAT, is roughly at the limit where one can maintain good confinement
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while isolating the required radiation mainly in the SOL. For a higher power device, much

of the radiation burden must be shifted from the SOL to the plasma core if we want to avoid

full detachment and keep a good H-mode and at the same time not subject the divertor plate

to technologically unacceptable heat fluxes. Kukushkin also recommends an approximate

procedure to extrapolate his results to a reactor [13], which is used here to obtain the

quantitative results for various reactor designs shown in Table I.

C. Radiative capacity of SOL - Separatrix density

Since the radiative capacity of the SOL is roughly proportional to density squared, it

suffers a reduction with a decrease in density. Unfortunately, at higher edge density the H

mode is often lost implying an operational density limit. The density limits tends to further

restrict the SOL ability to radiate.

ITER, for instance, is intended to operated with pedestal density nped ∼ 0.85nG [33],

where nG is the Greenwald density limit. However, recent experiments on JET and ASDEX

show that the nped at which H-mode is lost is often much less (Fig.3). Confinement quality

at the level of an H-mode is required for a fusion reactor [1–3, 8]. From the available data,

Borass has arrived at a theoretically motivated scaling law for the maximum pedestal density

[44]. More recent JET results have verified the parametric dependence of his empirical scaling

[45], which also agrees with data for Helium discharges [46]. For ITER and the reactors,

the maximum pedestal density as predicted by the scaling law turns out to be about half

the Greenwald density. This would further decrease the capacity of the SOL for radiation

(below the already small values in Table I) , and thereby increase the need for core radiation.

The main message of Secs.III A-III C is that the radiative capacity of a reactor SOL is

severely limited, falling seriously short of the enormous radiation requirements for reactors

with a standard divertor (SD). To develop an appreciation for the disparity between the large

amounts of thermal power that must be radiated (PRad) and relatively modest capacity of

SOL to radiate (PSOL), we reproduce some numerical examples from actual reactor studies

[1, 2, 16]. For the EU-B, the total plasma heating power PTh is 990 MW with a PRad∼920.

The predicted maximum PSOL for this ITER-like configuration comes out to be 139 MW.

For EU-C, the EU design in the AT (ITB) mode, PTh ∼792 MW with PRad∼744. Present

experimental results show that an H-mode edge is necessary to obtain reactor relevant βN
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FIG. 3: Experimentally determined density limit for H to L transition verses the Greenwald density

limit on ASDEX-U and JET. Note that the H-mode density limit is often considerably below the

Greenwald limit (∼0.5). Data from Borass, et al. [44].

for an ITB plasma. This brings EU-C within the purview of SOL radiation limits which

yield a maximum PSOL∼121 MW. Similarly, we find that for ARIES-RS, the corresponding

values are PTh ∼515 MW, PRad∼490, and PSOL∼90 MW. The (PRad, PSOL) = (920,744,490)

and (139,121,90) exposes a stunning disparity. In contrast, the ITER-FEAT situation is

dramatically different; for this device, PRad∼85 MW is slightly smaller than the maximum

PSOL∼100 MW, so the SOL can radiate most of the power.

D. Radiating in the Core - Loss of Power

Since the thermal power radiated by the SOL/divertor of a reactor cannot be arbitrarily

large (without causing unacceptable confinement degradation), the plasma core must pick up

the slack if the reactor is to function without destroying the divertor. It is natural to expect

that any radiation from the core would adversely affect core energy confinement unless

somehow the energy loss via plasma transport is decreased. In spite of the widespread
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belief that the core radiation reduces the energy confinement, predictive models of the

effects of core radiation on confinement have not been quantitatively formulated. Based on

experimental results and theoretical reasoning, such a model is formulated in Appendix C.

We state the principal elements of the model and then go on to discuss its predictions.

The model is based on the following observations: 1) the core radiation clearly reduces

the transport power flowing through the H-mode pedestal, 2) pedestal pressure is observed

to depend on transport power in many experiments, 3) it is well accepted that the pedestal

pressure strongly affects core confinement in experiments (also predicted by stiff ion tem-

perature gradient [ITG] models of transport [47–49], and 4) thus, a reduction in pedestal

pressure with reduced transport power would lead to lower stored energy. We find that the

effects of core radiation can be incorporated by following the simple rule: when scaling laws

are used to predict stored energy, the heating power should be taken to be the absorbed

input heating power minus the core radiation power. This results in an effective reduction

for stored energy by the factor (1−fRad,Core)
0.31. This is entirely equivalent to adjusting the

confinement enhancement factor HH = τE/τH downward by (1−fRad,Core)
0.31. Here τE is the

confinement time due to plasma transport (i.e., based on the heating power with radiation

subtracted), and τH is the H-mode energy confinement time predicted by the ITER98H(y,2)

gyro-Bohm scaling law [4]. Using the downward adjustment of the stored energy, quantita-

tive prediction of the enhancement factor HH = τE/τH required to compensate for the loss

of stored energy by radiation becomes possible. For high power machines, the calculated

HH is plotted versus the fusion power PF in Fig.4.

The SD devices - the machines that operate with the standard divertor, are the first

objects of attention. Consider a sequence of reactors with increasing major radius R (and

thus fusion power PF ) but with the same dimensionless parameters as ITER (e.g. βN ,

aspect ratio, safety factor q, energy multiplication Q, Impurity fraction, ratio of density to

the Greenwald limit, etc.). The B field is nearly constant, but increases slightly with major

radius R due to engineering considerations quantified in reactor studies (see Appendix D).

We include a nominal minimum core radiation fraction of ∼ 30%, and when necessary, the

core radiation is increased to stay below the maximum tolerable PSOL. Kukushkin et al. [13]

recommend scaling PSOL linearly with R, which allows us to calculate PSOL = (core heating

power core radiation loss power), and hence the required HH , for a given R. The blue line

in Fig.4 shows the required HH versus the total Fusion Power PF for the sequence of SD
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FIG. 4: Necessary confinement improvement HH vs fusion power P. The required HH is lower for

devices with the new X-Divertor (XD) than for devices with the standard divertor (SD) for fusion

power above the ∼ 500 MW of ITER-FEAT (see Table.1).

devices. For low powers, the required confinement is higher than H-mode, and by increasing

the size and power of the device, the required confinement reaches the level of an H-mode (as

predicted by the empirical scaling law). This is the robust experimental trend that “bigger

size and power are better”. Notice that 400 MW ITER-FEAT lies very close to the minimum

of the HH verses PF curve, i.e, the favorable fusion scaling with power persists up to ITER-

FEAT. What is even more striking is that for devices with standard divertors, the trend

reverses at powers higher than ITER-FEAT; the HH requirements become more demanding

and assume very challenging values as we approach a 3000 MW fusion demonstration reactor

(DEMO).

We repeat the same procedure for the corresponding devices with the new X-Divertors

(XD) with considerably enhanced heat handling capability. The maximum tolerable power

into the SOL is about three times higher for the new divertors, as shown in section VI.

The substantial reduction in the amount of excess power wasted via core radiation ends

up reducing the required HH for this class of machines. Consequently, the time-tested

favorable scaling with power, which is denied to SD machines more powerful than ITER-

FEAT, is restored for XD machines that use the new X-divertor (Fig.4).

For H-mode reactors, the XD allows operation for confinement somewhat poorer than
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the nominal H-mode. With the SD, confinement would have to be substantially better

than H-mode. For an AT reactor, confinement marginally better than H-mode is required,

while in contrast, the SD devices have the very challenging task of making sure that their

confinement is considerably better than H-mode. As we will see in section IV, it is unlikely

that operation with an ITBs and a high radiation fraction is possible.

E. High Core Radiation and the L-H threshold

The high core-radiation fraction will often cause the transport power to fall perilously

close to the threshold power PLH necessary to maintain H-mode. In the close vicinity of PLH ,

JET H-modes are poorly confined since Edge Localized Modes (ELMS) of type III [50] occur

near threshold, and are accompanied by confinement degradation [51, 52]. Good H-mode

confinement in JET (i.e. equal to the predictions of the ITER98H(y,2) scaling law [4, 14])

requires transport power > 1.55PLH at high triangularity [51]. Although ITER-FEAT power

is above the current empirical scaling of the PLH threshold by somewhat more than a factor

of 1.55, enhanced radiation fraction will make the corresponding SD reactor (H-mode EU-

B, for example) fall below this requirement. On JET, the consequence of this loss is HH

∼ 0.75 - far below the required HH∼1.2 needed for the EU-B reactor. It is important to

also note that in a predominantly self-heated high-Q reactor, even a tiny shortfall in energy

confinement (HH) causes an unacceptably large drop in fusion power.

In contrast, all reactors with the proposed new X-Divertor (the XD branch in Fig.4) are

well above 1.55 PLH because they are not forced to waste power to save the divertor.

A more urgent and far-reaching consequence of the performance deterioration with a high

core radiation fraction fRad,Core is that the good H-mode ITER-FEAT experiments will not

be able to explore the high radiation regime pertinent to a reactor (fRad,Core ∼ 85%). The

transport power in ITER falls below 1.55 PLH at a core radiation fraction ∼ 40% (yielding

poor H-modes), and below PLH at a fraction ∼ 60%. In this regime, ITER is no longer a

burning plasma experiment, since the confinement is not adequate to result in fusion power

greater than the external heating power. Thus, one cannot expect ITER-FEAT to provide

the data pertinent for a confident extrapolation to a burning plasma SD reactor with the

very high core radiation fractions required to save the standard divertor.
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F. Experiments at high radiation fraction

The phenomenon of confinement degradation caused by high fRad is amply supported by

current experimental results. There do exist experiments in which high radiation fractions

are achieved, but most such experiments do not lead to a reactor-grade plasma (not enough

confinement or low βN). A short summary of the pertinent experiments follows.

When JET plasmas radiate more than ∼ 65% of the input power (total radiation in the

core plus divertor), confinement drops from a good H-mode to halfway between the L and

H modes (HH ∼ 0.75) [34]. Confinement degrades when ELMs change to type III. Ever

since the ITER-EDA identified power exhaust as an issue, JET has encountered difficulty

demonstrating good H-mode confinement concomitant with high radiation. This lack of

success after such a great effort suggests the existence of a fundamental problem that might

need a fundamentally different solution.

JT-60 has demonstrated good H-mode confinement with ∼ 80% total radiation, but with

Zeff ∼ 4 and thus serious plasma dilution [53]. Radiation loss fractions ∼ 95%, still, remain

to be demonstrated on H-modes.

In the RI modes on TEXTOR, extremely high fRad (∼ 95% of the input power) have been

obtained along with H-mode levels of confinement. It has not been possible, however, to

reproduce their equivalent on the larger, more reactor-relevant JET. This was attributed to

a lack of adequate core fueling [54], which will be even more severe in a reactor. In addition,

the TEXTOR RI modes had highly peaked pressure profiles [55] implying poor ideal beta

limits; the experimental achieved beta limit βN∼2 [56] is much below the reactor range.

In conclusion, current experiments do not indicate a credible way of operating a reactor

with a total radiation fraction fRad ∼ 95% in an H-mode with good confinement (HH∼1 or

higher) and acceptable βN .

IV. ARE REACTOR ITB’S COMPATIBLE WITH STANDARD DIVERTORS?

Having shown that the H-mode reactors are not likely to function under the severe con-

ditions brought about by high radiation fraction fRad ∼ 0.95 (imposed by the rather limited

heat-rating of the SD), we move on to explore whether operation in an ITB mode can pro-

vide high enough confinement needed for an SD reactor which must radiate ∼ 95% of its
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FIG. 5: Degradation of confinement with increasing radiation fraction at high density on JET.

Good H-mode confinement is lost for the nominal radiation fraction of ITER-FEAT (∼0.75). Data

from Monier-Garbet, et al. [34].

heating power. It has, of course, been already shown (Table I, Fig.4) that a reactor can

accept energy confinement poorer than H-mode provided large radiation fractions can be

avoided. Avoiding large radiation fractions appears to be the only reactor option, since

present experimental data and theoretical understanding show that ITBs too are not likely

to extrapolate favorably to a highly radiating reactor.

A. High SOL radiation with ITBs

Since an ITB is separated from the edge, it would seem possible that an ITB plasma could

get good confinement despite high SOL radiation. A fully detached plasma can radiate much

more power than a partially detached one, but the price paid is that the H-mode transport

barrier at the edge is lost. Let us now explore if a fully detached ITB reactor is plausible.

The discussion in Appendix B shows that a detached plasma will have either a pedestal
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that is little different from an L-mode edge, or an actual L-mode edge. Experiments on

DIII-D, JET, and JT-60 find that MHD beta limits are very low for ITB plasmas with an

L-mode edge. The plasma disrupts at βN ∼ 2 or below [57–60] - much lower than the values

needed for a power reactor (or even for the proposed AT operation in ITER-FEAT). The

association of pressure peaking and low βN is confirmed by experiments [57, 61] and analysis

[62] that show that plasmas with an H-mode edge (and thus broader pressure profiles) can

attain a larger βN . Ideal stability analysis also finds that wall stabilization causes little

improvement in the beta limit of plasmas with highly peaked pressure profiles [62].

A reactor must have a high βN along with good confinement. The best βN from experi-

ments with an L-mode edge is ∼ half that of the best plasmas with an H-mode edge.

Given the discouraging experimental results for ITB plasmas with an L-mode edge, one

must conclude that reactor grade plasmas will require an H-mode edge, and hence fully de-

tached plasmas are not a viable option even for ITB operations. Thus the severe limitations

on the SOL radiative capacity that forced a large core radiation fraction for the standard

H-mode, pertain even for an ITB operation. There is no escape from large core radiation

fraction if the divertor/SOL region is not fundamentally redesigned.

B. High core radiation with ITBs - No Escape from High Radiation Trap

The next step in the further exploration of ITBs is to investigate whether such a plasma

can remain reactor-relevant if its core is made highly radiating (fRad,Core ∼ 85%), instead

of its SOL. Following the methodology employed for the H-mode reactors, we calculate the

required confinement enhancement factor above the L-mode (we define L-mode confinement

as the prediction of the ITER89P scaling law [64]) for a variety of advanced tokamak reactors

with and without radiation. As in the H-mode analysis, we have subtracted the radiation

power from the heating power to estimate the stored energy.

The required H89P factors for AT reactors EU-C, ARIES RS, and CREST are displayed

in Table II. The difference between the second and third columns is striking - without

subtracting radiation, the required confinement multipliers are rather modest and well within

the range of experiment, but when the radiation is subtracted, the required confinement

enhancements become extremely demanding. It is even more difficult to obtain such large H

factors in an integrated discharge with high βN , high bootstrap current fraction, and with
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FIG. 6: Experimental DIII-D data and analysis showing that βN strongly drops with pressure

peaking for AT shots (even with wall stabilization). Data from Ferron, et al. [63].

reactor relevant ratio of ion to electron temperatures Ti/Te ∼ 1.

Device Heating Power H89P H89P βN

P [MW] for AT Mode Subtracting PRad,Core

ARIES-RS 515 2.1 4.6 4.8

CREST 691 1.6 4.5 5.5

EU-C 792 1.5 3.6 3.7

TABLE II: Requirements for the confinement enhancement above L-mode scaling for advanced

tokamak reactor studies.

From the experimental results for H89P in advanced tokamak operation compiled by Sips

[61] in the multi-machine ITPA database, we display a plot of H89P against Ti/Te in Fig.7.

For a burning plasma, it is well accepted that Ti/Te will be close to unity, and possibly less.

As noted by Sips, there is a trend toward lower H89P as Ti/Te approaches unity. This may

be because the stabilization of ion temperature gradient (ITG) modes is generally regarded
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FIG. 7: Confinement enhancements over ITER89P L-mode scaling vs Ti/Te. Confinement is no

better than H-mode for reactor-relevant Ti/Te =1. Data from Sips, et al. [61].

as the cause for ITB formation, and theory indicates that ITG stabilization is easier when

Ti/Te > 1.

The experimental results show that confinement with ITBs is, in most cases, not much

better than H-mode (H89P ∼2) when Ti/Te ∼ 1. This, as we noted in Sec.III, is quite

adequate without a large core radiation fraction, but with high core radiation fractions,

considerably better confinement is demanded. The need for very high confinement enhance-

ments above L-mode becomes worrisome when one considers that velocity shear is thought

to be important in sustaining transport barriers, and a burning plasma has much less veloc-

ity shear than present experiments. This is true for both the intrinsic velocity shear, which

is proportional to ρ∗ (the thermal gyro radius normalized to the minor radius), as well as

for the driven rotation shear [5].

Radiation removes the transport power which sustains the ITB. In Fig.8, the heating

power per particle for the onset of an ITB is plotted versus 1/ρ∗. For ∼ 80% radiation

fraction, we see that the net reactor heating power is about an order of magnitude below the

threshold indicated by experiments. Without radiation, the heating power is about a factor
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FIG. 8: Heating power per particle (in 10−19 MW) for the onset of an ITB verses 1/ρ∗. ASDEX-U,

DIII-D, JET, JT-60U, and TFTR data for the heating power per particle for ITB onset, from

Connor, et al. [5].

of 2 below the threshold. Experiments can operate with heating power a factor of two below

the threshold [65] (though the pressure profile may become more peaked, which is a concern

for MHD beta). However, having to depend on ITB operation an order of magnitude below

the apparent power threshold for ITB onset is very worrisome.

The possibility of radiating high powers in the core is analyzed in more detail in Appendix

F. The main conclusions are: 1) There is experimental evidence that the confinement

deteriorates even more rapidly with radiation inside the ITB than indicated by the formula of

subtracting the radiation power from the L-mode scaling law; the confinement requirements

for a highly radiating ITB reactor may be even more daunting than indicated in Table II, and

2) It seems impossible to radiate substantially outside the ITB (but still in the plasma in the

core) for reactor relevant temperatures and for pressure and density profiles consistent with

good MHD beta. Typically, about ∼ 90% of the radiation is inside the ITB foot. These

conclusions stem from taking profiles similar to those on the most relevant experimental

discharges and scaling them up to reactor temperatures to compute the radiation profiles.

On extrapolating relevant experimental results, the high confinement requirements for
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large radiation fractions in the core are found to be extremely demanding, realizing that a

reactor must have profiles consistent with high beta and a high fraction of the current given

by the bootstrap current. These extrapolations may be optimistic since the reactor will also

suffer from greatly reduced velocity shear and will have Ti/Te ∼ 1.

When one adds to this to a) the extreme thermal instability that the ITB discharge is

prone to at high radiation fraction (see Sec.V), and b) the possibility of core collapse from

Helium build-up (see Sec.IVC), reactor operation with an ITB does not appear to provide

a way out of the radiation trap imposed by the standard divertor (SD).

C. Helium build-up - Core radiation collapse

Even if it were somehow possible to obtain ITBs with high enough confinement, the

plasma transport will be too low for adequate helium exhaust - the result will be a radiation

collapse of the core inside the ITB. To analyze this situation, we build a model similar to

that of Wade et al. [35]. Assuming temperature and electron and impurity density profiles

pertinent to an ITB reactor (see Appendix F), the fusion heating and radiation power can

be computed from known cross sections. The heat diffusivity χ, consistent with the profiles

and the net heat fluxes, can then be derived. The source of helium from fusion can also be

computed. To compute helium density, one needs appropriate transport coefficients. The

first step in this direction is provided by the experimental findings [66] that the helium

diffusivity in H-modes is roughly 0.7 times the total heat diffusivity, and the helium pinch

is the same as the density pinch. We use these results in the region outside the ITB. For

inside the ITB, we assume purely diffusive helium transport, motivated by the JT-60U [67]

result that the helium diffusivity inside the ITB is determined to be between 0.2− 1.0 times

the ion heat diffusivity (and the helium pinch in the ITB is assumed zero). The ion heat

flux is about ∼ 70% of the total heat flux. These results allow the helium density to be

determined via a 1D transport analysis.

For a sufficiently low helium diffusivity, the helium in the core builds up until the radia-

tion rate inside the ITB exceeds the decreasing fusion heating rate, and there is no solution.

In practice, a core radiation collapse would occur. The maximum tolerable impurity peak-

ing before the radiation collapse, naturally, depends on helium diffusivity. In Fig.9, the

maximum impurity peaking is plotted versus helium diffusivity. For core radiation fractions
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FIG. 9: Maximum tolerable impurity density (Ar) peaking verses helium diffusivity.

fRad,Core ∼ 85%, most of the existing experiments lie in the range of radiation collapse. For

fRad,Core ∼ 70%, most of the data is outside the range for radiation collapse. On the basis

of extrapolations of existing data, we conclude that at core radiation fractions ∼ 85%, there

exists a substantial possibility of core collapse due to Helium buildup in ITB discharges.

V. THERMAL INSTABILITY IN A BURNING PLASMA WITH A HIGH RADI-

ATION FRACTION

A unique feature of burning plasmas is that a high core radiation fraction fRad,Core causes

a strong thermal instability; this instability is not present in externally heated plasmas. The

self-heating dynamics of such a plasma makes it prone to rapid swings in the power output.

To examine the stability of the evolution equation

n
dT

dt
= −nT

τE

+ P, (5)

we use the temperature dependence of the heating power P (= fusion alpha power Pα +

external power Pext - radiation power PRad) and the confinement time τE. Empirical scaling

laws give τE as a function of the heating power P . To write the confinement time as a

function of the average plasma temperature, one invokes the relation PτE = nTV , where the
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FIG. 10: Thermal instability growth rate γτE verses core radiation fraction in a reactor with

H-mode or one with ITB. The growth rate increases very rapidly beyond fRad=0.7.

volume V = 4πRa2κ, R, a, and κ are the major radius, the minor radius and the elongation,

respectively. For the H-mode scaling law ITER98H(y,2), the power dependence of τE ∼

P−0.69 translates to a temperature dependence of τE ∼ T−ε, with ε = 2.2. Temperature

perturbations also change the heating power. We presume for simplicity that the spatial

dependence of the temperature profile stays the same (as in stiff core transport), and the

whole profile changes multiplicatively. Then, in the vicinity of a given temperature, the

heating power goes as ∼ Tα. Similarly, the radiation power changes as T ρ. Temperature

perturbations can be be shown to have a growth rate γ, which when normalized to the net

energy confinement time τE, takes the form

γτE =
1

1− fRad,Core

[
α

1 + 5/Q
− ρfRad,Core

]
− (ε + 1) (6)

where Q is the external plasma heating power (assumed constant in time) divided by the

total fusion energy (including that of neutrons). For H-mode like profiles and the reactor

temperature of EU-B, α = 1.06, and ρ = 0.18 for Argon (we have found that Argon leads to

the best thermal stability, so we take the impurity to be Argon in this section). The growth

rates are plotted in Fig.10.

The thermal instability growth rate is an increasing function of the radiation fraction,

and the normalized growth rate becomes singular as fRad,Core approaches unity. This system

is always stable if the fusion power is negligible (present experiments), or if there is no
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radiation. ITER-FEAT with Q=10 and fRad,Core ∼ 40% is stable. For Q = 15, similar

to EU-B, the thermal instability threshold is 0.8, and at fRad,Core = 0.85, the calculated

growth rate is ∼ 1/τE. The thermal instability growth rate is sensitive to the exponent in

the energy confinement time. For example, with the other commonly used H-mode scaling

law, ITERH98(y), the temperature dependence of τE is weaker, ε = 1.7, and the thermal

instability threshold for Q = 15 is fRad,Core ∼ 0.7, and at fRad,Core = 0.85, γ ∼ 1.6/τE.

Since it takes an impurity species a time ∼ τE to penetrate into a plasma, stabilization

possibilities by feedback on the impurity species are marginal.

For ITB discharges in JET the stored energy varies more strongly with input power than

in the case of H-modes, implying a stronger thermal instability. With low central magnetic

shear, the stored energy varies roughly as P 0.5, corresponding to ε = 1 [68]. For JET reverse

shear (RS) discharges the stored energy varies nearly linearly with the heating power ∼ P ,

or ε ∼ 0 [69]. Advanced tokamak reactor studies (e.g. ARIES-RS, EU-C, and CREST) have

T ∼ 16 keV, which leads to ε = 1.27 and γ = 0.01. The Q for these studies is ∼ 30. The

thermal instability growth rate (Fig.9) shows that, in the RS mode, the plasma is thermally

unstable even without impurity radiation. With fRad,Core ∼ 0.85, the growth rate γ ∼ 6/τE

is quite high implying a doubling time of ∼ 2 sec for fusion power.

Advanced tokamak (AT) scenarios envisaged for ITER have much lower Q ∼ 5, and are

likely to be thermally stable, or only marginally unstable.

For ITB based reactors, the thermal instability is severe for the relevant range of fRad,Core.

It is not possible to control such a virulent instability using feedback on the impurity puffing

or fueling - these signals do not propagate into the core quickly enough. Only feedback on

the external heating power might be fast enough, but this becomes progressively less robust

at high Q, since the control signal has a small dynamic range. By increasing the power

capacity of the divertor by merely a factor of ∼2-3, it is possible to stabilize the thermal

instability, or at least slow its growth time to values longer than the confinement time so

that impurity puffing or fueling can be used for feedback - these controls have a much larger

dynamic range which makes them more robust. The new X-divertor (XD) proposed and

described in Sec.VI increases the divertor power capacity to this range.

In a plasma with ∼ 95% radiation, a small perturbation in fusion power will lead to a

much larger change in the net power (Pα−PRad) onto the divertor plate since the radiation

does not increase commensurately with perturbations. For an ITB reactor with a high
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radiation fraction, the doubling time of power on the plate would be a small fraction of a

second. For a divertor plate close to the engineering limit, a short transient could cause

damage requiring replacement (months of downtime). Thus, a crucial requirement for such

a reactor is to demonstrate very effective stabilization of the thermal instability under all

perturbing conditions that affect heating and radiation balance. Such perturbations could

be: 1) routine and expected such as pellet injection and ELMs, or 2) sporadic occurrences

like flakes of wall material falling into the plasma, and 3) off-normal events such as equipment

transients and failures.

In principle such swings can perhaps be detected and feedback stabilized. The swing

control, however, can become much more difficult as the ratio of the heating to the fusion

power becomes lower (i.e. Q becomes higher, as it must in an attractive reactor). Thus if

ITER-FEAT were to demonstrate the physics performance necessary for a power reactor, it

must access and explore this thermally unstable range, and also demonstrate the feasibility of

a robust scheme for feedback stabilization. However, will not have an H-mode at fRad> 60%

ITER-FEAT, and cannot access and study strong alpha heating and core thermal instability

- precisely the regimes critically relevant to an SD reactor.

There are other serious physics consequences of the core thermal instability. Because of

its tendency to induce large power swings into the SOL, any modest drop in input power

to a highly radiating SOL may cause an SOL radiation collapse. This, in turn, will cause

a drop in core confinement, leading to a further loss of fusion power. The system may

not recover from this vicious cycle. The thermal instability (caused by a high radiation

fraction in the core - a necessity for an SD reactor) and its consequences should give us

pause. A highly thermally unstable core plasma coupled to a highly radiating SOL is a

novel complex physical system with much potential for disruption and hence questionable

practicality, especially in a radioactive setting subject to strong regulations.

It is, therefore, highly desirable and perhaps mandatory to avoid operation of a reactor

in a highly thermally unstable plasma regime. For this to work, the core radiation fraction

required to save the divertor must fall below the threshold for thermal instability or at least

fall enough that the thermal instability becomes weak. What we need, then, is to design

and test divertors that can handle significantly more power than the standard divertors used

on current and proposed machines. In Sec.VI, we will describe just such a class of divertors

with large flux expansion that enables them to handle much higher heat fluxes.
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VI. NEW DIVERTORS - INCREASED HEAT FLUX CAPABILITY

In the preceding sections we have shown that the divertor is the key element in the thermal

architecture of a fusion reactor, and that the limited heat-rating of the standard divertors

(SD) makes it extremely difficult to find a reactor-relevant operating regime. In Sec.IV we

also demonstrated that the XD devices, with new X-Divertors whose heat-handling capac-

ity is much higher than SD devices, can relatively easily fulfill the confinement and other

demands for a high power fusion reactor. This section is devoted to a detailed discussion of

the concept and feasibility of this new X-divertor.

The new divertors [22, 23] will be able to withstand roughly 3 times more power as

compared to the standard, optimized ITER-like divertors [13]. The high power rating is

brought about by vastly increasing the plasma-wetted area through small but carefully

designed changes in the poloidal magnetic field in the divertor region.

The obvious first step is to try to increase the plasma-wetted area on the divertor plate

by tilting the plates to decrease the poloidal strike angle. This is a standard optimization

practice and the power limits on the standard divertors quoted in this paper had already

been subjected to tilt optimization. However, for tilt angles less than about 25 degrees, this

technique yields little improvement [29] or no improvement [30] in power handling. The

novel divertors can and do use the standard optimizing methods, but the main source of

their large gain is due to a fundamental change in the magnetic geometry of the divertor

region. The main results from [22, 23] are summarized here.

The basic idea behind the new X-divertors (XD, Fig.11) is to flare the field lines down-

stream from the main plasma X-point. As shown in Fig.11, while field lines converge as

they move downstream from the X-point in a standard divertor (SD), they can be made to

diverge by creating another X-point near the divertor plate. This extra downstream X-point

can be easily created with an extra pair of poloidal coils (dipole: with opposing currents).

Each divertor leg (inside and outside) needs such a pair of coils. For a reactor, this would

entail linked coils. To avoid this unacceptable situation, the axisymmetric coils can be re-

placed with smaller modular coils that produce the same axisymmetric field components.

Their non-axisymmetric ripple in the plasma has been shown to be small (< 0.3%) for this

configuration. In this respect, these X-divertors (XD) are completely different from the old

bundle divertors which created a large ripple in the main plasma. Since one needs to cancel

29



FIG. 11: Top left: Modular X-divertor (XD) coil loops (which can be rectangular). Note that

the plasma does not go through the loops - the loops are behind the divertor plates (these are

not bundle divertors). Top right: The axi-symmetric component of the currents in the loops is

equivalent to the axisymmetric poloidal coils (+ and −) with opposite currents. Only 8 TF coils

are shown in this top view for clarity. Bottom left: Side view. Modular coils are behind neutron

shield. Bottom right: Flux expansion (see encircled areas) in NSTX MHD equilibrium.

only the small poloidal field at the new X-point, the corresponding coil currents are small.

However, the gain in the plasma wetted area can be very large (5 or more), as shown in

Figs.11-12 and in Table II. The reduction in poloidal field also increases the line length ∼2-3
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times, which will better isolate the plasma from divertor plate in the parallel direction. Im-

purity entrainment should be considerably enhanced, leading to better radiation capability,

and lower impurities in the main plasma. Further, since the line flaring needs to be done

only near the extra coils, the effects on the distant main plasma are small. An additional

advantage is that it is easier to attain main plasma configurations of high triangularity (even

inside indentation), high elongation, and high or low poloidal beta. Such configurations have

very beneficial MHD implications.

The extra X-divertor (XD) coils could possibly be accommodated in an existing machine,

or in a reactor with a modest increase in the complexity of the magnetic design and a very

small or no increase in toroidal field volume. Although a design with the modular coils in the

removable ITER divertor cassette is magnetically feasible (see Fig.11), practical engineering

problems will probably prevent any such retrofit for ITER. However, this “conceptual design”

exercise demonstrates the feasibility of using modular copper coils behind less shielding

than superconducting coils for a reactor. Alternatively, their location can be behind the

blanket and shield so that superconducting coils may be used, as in the CREST design. In

summary, the small modular coils can be reactor-relevant, their positive impact on divertor

performance can be large, while their negative impact on the main plasma (ripple) can be

very small.

Device Divertor Flux expansion LXT (X to Target) Ratio LXT /LXM

NSTX Standard (SD) 2.3 5.3 m 0.29

New X-div (XD) 20.4 6.9 m 0.32

ITER Standard (SD) 4.3 23 m 0.45

New X-div (XD) 22.7 65 m 1.12

CREST Standard (SD) 3.3 37 m 0.74

New X-div (XD) 23 75 m 1.19

TABLE III: SOL field line parameters of 3 equilibria obtained with FBEQ [32].

The extra X-points created by the modular coils lead to flux expansion by a factor of five

or more, and an increase in SOL field line length (from the x point to the plate) by a factor

of 2 to 3. These are shown in Table III for different machines.

The five-fold flux expansion increases the divertor power handling capability, and thus
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FIG. 12: New X-divertor (XD) equilibria for Left: CREST Reactor, Middle: ITER, and Right:

NSTX. In each column, the second and third rows show the large flux expansion near the divertor

plate when the new small coils are turned on and off respectively. For CREST and ITER, the coils

are behind neutron shield. For ITER, coils can be designed to be inside divertor cassettes.

lowers the fraction of power that must be radiated in the core or the SOL. The new X-

divertor (XD) brings the core radiation fractions in the range of present experiments and

ITER-FEAT if we assume that the radiation in the new X-divertor (XD) is roughly the

same as the ITER-FEAT value (a conservative assumption), given the improved impurity

entrainment. This, as we have argued above, is the key to overcoming the major roadblock

in the march to the higher power fusion reactors.

The core radiation fraction depends on the amount of power which can be radiated in

the SOL. For ITER parameters with 100 MW of input power, roughly 60 MW is radiated
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and 40 MW falls on the plate. We argued in Appendix A that the impurity radiation in the

SOL is roughly independent of the line length. Therefore, we estimate that the total SOL

radiation in the new X-divertor (avoiding detachment) will be about the same. It is possible

that the increase in the line length will increase the radiation from neutrals, but we will not

assume that here. If the power handling capacity of the plate could be increased to 200 MW

(due to flux expansion by a factor of 5), the total power into the SOL could be increased to

260 MW. In adddition, increasing the line length L can slightly increases the SOL width as

L2/9 [27]. If the cross field thermal diffusion stays the same, the SOL width is increased by

∼ 20%, so the total power into the the SOL could be increased to roughly 300MW. Thus,

we estimate that the new X-divertor (XD) geometry increases the SOL power by a factor of

∼ 3 beyond the estimates given by Kukushkin [29].

Because of this, the core confinement requirements on the reactor plasma are substantially

reduced - to a range which is comfortably within the present operating experience. For an

H-mode reactor like EU-B, confinement could be at a level of about 85 percent of the nominal

H-mode level. This is almost in the range of experiments with type III ELMs, which are

estimated to give acceptable transient heat fluxes for a reactor [29, 34]. For AT based

reactors such as EU-C and ARIES-RS, the confinement need be only slightly better than

H-mode- within the range of so-called hybrid discharges with HH ∼ 1.2.

Furthermore, the thermal instability for EU-B would be avoided. For the ITB reactors,

the thermal instability time would be slower than the confinement time, so feedback on the

core impurity level should suffice. Also, core radiation fractions would be brought down to

a level where Helium build-up and radiation collapse is very unlikely.

VII. CONCLUSIONS

We find that the standard divertor SD (used in current and proposed machines), with its

highly limited heat-handling capability, emerges as an unacceptably weak link in the chain

leading to a dependable and economic power reactor. The low heat rating of SD implies an

extremely high radiation fraction in the plasma, which in turn, has devastating effects on the

core confinement and stability of a burning plasma. In the main text and in the appendices,

we have shown that present experimental experience implies that a reactor employing the

standard divertor (SD) cannot have acceptable confinement and β at the same time, and will
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have a high risk of thermal instability and disruptions. These conclusions apply to operation

with ITBs as well as H-modes.

The most spectacular but negative consequence of high fRad is the termination of the

experimentally demonstrated robust and consistent favorable scaling (towards self-sustained

thermonuclear reactions) with size, magnetic field and power level. The favorable scaling

can be restored by increasing the heat handling capability of the divertor (by modifying its

magnetic geometry); this will allow us to extrapolate the present experiments to reactors.

We have described such a divertor (X-divertor, or XD) whose capacity is increased (∼

factor of 5) via the flaring of field lines. By reducing the radiation fraction to manageable

levels, the new X-divertor could vastly reduce the requirements on core confinement. In

fact, confinement times less than the ones predicted by H-mode scaling laws can suffice for

some reactor designs. The most important consequences of the reduced radiation fraction

is that the robust favorable scaling with size and power level (that had been replaced by

an adverse scaling with power level for the SD machines with high radiation fraction) is

restored for high power machines. Within the class of machines using the new X-divertor,

one could, then, readily and confidently extrapolate the results obtained on relatively low

power burning plamas to reactors. It has been shown in the main text that this relatively

easy extrapolation to a reactor is denied to burning plasma machines with the SD because

the lower power machines cannot even mimic the relevant regimes required for a reactor

with a standard divertor.

Since the divertor part of the magnetic bottle assumes immense and critical importance

as one approaches reactor power levels (it controls the behavior of the plasma core), much

attention must be paid to the design, construction and testing of divertors with heat capacity

much larger than the standard divertor . The X-divertor configuration presented in this

paper can serve as a representative of this new class. The new X-divertor also opens the

possibility of an attractive route to fusion through the following possible steps : 1) Test

the new X-divertor by modifying one or more of the current machines, 2) build a modest

cost and size copper based burning plasma experiment, but with the new X-divertor. We

have found nothing that will prevent this experiment from laying the groundwork for a

Component Test Facility (CTF), and demonstrating the crucial physics for a credible fusion

reactor. In fact, both the power and Q of such a device can be raised by simply making it

larger (relying on the most dependable trend in past 30 years of fusion research), 3) build
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a CTF. It is possible that (2) and (3) could be combined in a single venture, and finally 4)

design a demonstration fusion reactor (DEMO) by simply making the machine bigger and

more powerful.
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APPENDIX A: DIVERTOR RADIATION WITH CONVECTION

The widely used two-point model [27] is based on a one-dimensional model for the divertor

temperature along a field line, where Spitzer themal conduction is responsible for parallel

heat tranport. For highly radiating divertors, convection is also very important [36]. With

convection, the energy transport equation along a field line in the SOL is [36]

d

dl

[
κT 5/2 d

dl
T + nv

(
5T +

1

2
mv2

)]
= S (A1)

where l is the length along a field line, κT 5/2 is the parallel Spitzer conductivity, T is the

temperature (we take Te = Ti), v is the parallel velocity, n is the density, and S gives energy

sinks due to atomic processes including impurity radiation. For low Z impurities such as C,

N and Ne, substantial atomic radiation is limited to a temperature range (depending on the

impurity) ∼ 3 eV to 30 eV. At lower temperatures hydrogenic radiation (e.g. recombination)

may be important, but impurity radiation is low. The temperature drops through ∼ 30 eV to

3 eV over a region whose length (determining the radiating volume of the SOL for impurities)

is decided by intrinsic physical processes. Parallel convection increases the length of the

radiation region considerably beyond what would pertain if Spitzer conduction were the

only parallel transport mechanism. However, parallel convection is the dominant transport

process in highly radiating divertors [36]. Thus, the length of significant impurity radiation

region is determined by how far it takes for the impurities to reduce the temperature to a

value where impurity radiation is no longer significant. It is very difficult for the convection

velocity to exceed the sound speed, so this length is limited.

Since the parallel length for significant impurity radiation is determined by physical pro-

cesses like convection, conduction etc, it does not increase as the field line length increases.

Therefore, the fraction of the SOL volume where the impurities radiate decreases as the size

of the machine increases. Consequently, the ratio of core to SOL impurity radiation increases

with the size of the device. More quantitatively, the integral over a field line of the impurity

radiation is essentially independent of the field line length, so that the volume integral over

the entire SOL is proportional to the perpendicular area times the density squared. To scale

current experiment to a future reactor, we use

Prad = aperp

[
n

nSOL

]2 [
Prad

aperp

]
expt

, (orPrad ∼ aperpn
2) (A2)

41



where aperp is the projected area perpendicular to the field line, and aperp = 2RWSOLBPol/B

where BPol/B is the ratio of the poloidal field to the total field at the mid plane. For radiation

dominated by Bremstrahlung, the radiation in the core (for a given impurity level), scales

as ncoreV
√

T , where T is the core temperature and V is the core volume. Hence, the ratio

of the core to the SOL radiation scales as

Pcore

PSOL

∼ V n2
coreT

aperpn2
SOL

(A3)

For the highly radiating divertor experiments on DIII-D, the SOL width was approximately

1 cm [36]. For a similar SOL width on ITER or a reactor, the maximum SOL radiation is

< 100 MW, roughly consistent with 2-D simulation results for ITER [43]. If the SOL width

scaled as major radius, the SOL radiation for EU-C would be ∼ 400 MW, but this would

require an SOL width of ∼5 cm for EU-C; such a large SOL width is extremely difficult to

justify. To obtain a 5 cm width, analytic expressions for the SOL width [27] require the

perpendicular conductivity χperp ∼ 120 m2/sec in the SOL. Typical present experiments have

χperp ∼ 1 m2/sec, and a Bohm-like scaling from present experiments to EU-C would also

give a χperp ∼ 1 m2/sec - far smaller than 120 m2/sec. It is well known that unrealistically

large values of χperp would greatly ease the divertor heat loading problem, but it is precisely

the implausibility of such values which makes the divertor heat loads of burning plasmas so

challenging.

Finally, one learns from Eq.A1 that the impurity radiation does not increase with increas-

ing impurity density beyond some point. In a convection dominated case, if the impurity

radiation density is increased, the temperature falls more rapidly in space, so that the ra-

diating zone decreases. In the limit of high impurity radiation, these two effects exactly

compensate, so that the SOL radiation does not increase with further impurity density.

This is exactly what is seen in the DIII-D experiments [35], as shown in Fig.2.

APPENDIX B: DELETERIOUS EFFECTS OF FULL DETACHMENT

The deleterious effects of full divertor detachment from plasma, which enables high radi-

ation in the SOL, are observed in currently operating machines. In ASDEX, the H-L back

transition “virtually coincides with the achievement of complete detachment” [70], but on

JET, the H-L back transition can occur while the inner divertor stays attached [46]. On
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DIII-D, “outboard divertor detachment is almost always accompanied by an H-L confine-

ment transition” [71]. In JT-60U, H-mode could be obtained with full detachment, but the

energy confinement was about that of an L-mode level [72].

Completely detached plasmas on JET have poor confinement, H89P < 1.5 [73]. On

ASDEX, detachment coincides with a reduction in the edge pressure gradient [74]. On DIII-

D, for discharges above the Greenwald limit, “a key step in accessing high densities without

confinement degradation is prevention of a cold radiating zone at the x-point · · · correlated

with detachment” [75]. This is also true on DIII-D below the Greenwald limit [76], and the

degree of divertor closure does not significantly affect this [77]. However, JT-60U observes

poor confinement near the Greenwald limit whether there is an X-point MARFE or not [78].

On TCV, density ramps are disruptively terminated by an X-point MARFE. In high density

experiments on JET, full detachment could not be achieved without a disruption [79].

Reactors require confinement substantially better than L-mode [1–3, 16]. Also, no power

reactor can be expected to safely operate in regimes where the probability of disruptions is

anything but extremely low.

The ITER physics basis [7] concludes that operation with divertor detachment leads to

confinement degradation. Based on such experimental results, ITER divertor studies cor-

rectly exclude the full divertor detachment regime from consideration for H-mode operation

[13]. Another study concludes that operation in steady state requires avoiding complete de-

tachment, which usually leads to formation of an X-point MARFE and a disruptive density

limit [42].

Together, these experiments clearly show that fully detached operation is not acceptable

for a reactor, even though fully detached operation potentially allows large amounts of power

dissipation in the SOL.

APPENDIX C: CORE RADIATION EFFECTS ON H-MODE CONFINEMENT

Based on experimental results and theoretical reasoning, an empirical model for predicting

the effects of core radiation on the loss of energy confinement is developed in this appendix.

One begins with two well accepted facts: that the core radiation clearly reduces the transport

power flowing through the H-mode pedestal, and that the pedestal pressure strongly affects

core confinement in experiments, as predicted by stiff ion temperature gradient (ITG) models
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of transport [47, 48, 80]. Thus, a reduction in pedestal pressure will lead to lower stored

energy.

Numerous experimental results show that the pedestal pressure is sensitive to heating

power. In C-mod, the pedestal height is found to vary roughly with the heating power P

as ∼ P 0.5 [81]. The total stored energy was almost linearly proportional to the pedestal

pressure. Impurity radiation has also been found to strongly reduce pedestal height on

C-mod [82]. A large database of ASDEX discharges [83] shows a somewhat weaker power

scaling for the pedestal ∼ P 0.2. The temperature profiles were found to be stiff in this data,

with core temperatures multiplicatively related (approximately) to the edge temperature.

In this same data set, the stored energy scaled slightly more strongly with power than the

pedestal pressure, as ∼ P 0.28, when using similar regression variables. Controlled parameter

scans of type I ELM discharges on JET [84], where only the power is varied, find that the

pedestal pressure roughly varies as ∼ P 0.5, but core confinement has a weaker power scaling.

For type I ELM discharges on JT-60U with high triangularity > 0.2 and high poloidal β

[85], the pedestal pressure varies with input power similarl to the total stored energy (not

true for low triangularity). For JET ITB shots, the pedestal pressure and the thermal stored

energy were both roughly linearly proportional to the heating power (but the temperature

profiles were not stiff) [69]. On DIII-D, the pedestal pressure can saturate with power for

heating powers well past the H-L threshold; the pedestal depends on power only in the type

III elm regime [86]. We note that reactors with core radiation fractions ∼ 85% are rather

close to the threshold, and so again we would expect a dependence of the pedestal on the

heating power. Hence, the data clearly support a dependence of the pedestal on power.

Stiff ion temperature gradient (ITG) models supported by kinetic turbulence simulations

[47, 48, 80] predict that the effect of heating power on the profile would be much stronger

in the regions of lower temperature, near the top of the pedestal. Thus, the heating power

flowing through the outer regions of the core and the pedestal is most pertinent for predicting

the stored energy. This theoretical result, in conjunction with the data presented above,

motivates the following model for the effects of core radiation: when using scaling laws to

predict stored energy, the heating power should be taken to be the absorbed input heating

power minus the core radiation power. We remind the reader that the plasma stored energy

Wth ∼ P 0.31 for the H-mode scaling law, and the core radiated power is conventionally

not subtracted from the heating power (it is often not well known experimentally). Thus,
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FIG. C1: a) Loss of confinement in CMOD due to core radiation. b) Core radiation profiles due

mainly to Molybdenum.

to predict the stored energy with core radiation, one must reduce the stored energy by

(1 − fRad,Core)
0.31. This is equivalent to adjusting the H factor downward by the same

amount.

We now present relevant experimental data to test this model. Experiments on C-mod

demonstrate that peaked radiation profiles with large radiation fractions (due mainly to

Molybdenum, a core radiator) result in a loss of confinement (Fig.C1). The data fits the

trend (1− fRad,Core)
0.31 quite well.

It is interesting to realize that for discharges with high core radiation, C-mod is closer

to a reactor than many other machines in a key respect: in C-mod, the ion and electron

temperatures stay well equilibrated despite the cooling effect of radiation (the ratio of the

classical equilibration time to the energy confinement time on C-mod is similar to a reactor).

This is important when considering variations of core confinement, since a reduction in

Te relative to Ti would stabilize ion temperature gradient (ITG) modes [87], and, thus,

counteract the damaging effects of radiation loss in a way that is not reactor relevant.

For temperature and density profiles relevant to a reactor in an H-mode (see Appendix

D), the core radiation from seeded impurities such as Ne, Ar,Kr and Xe is peaked on axis

even more strongly than is the case for C-mod [Fig.C2].

In the case of higher Z core impurities such as Kr and Xe, the radiation losses have
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FIG. C2: Core radiation from seeded impurities such as Ne, Ar, Kr and Xe is peaked on axis even

more strongly than is the case for C-mod.

a spike in the pedestal (Fig.C2) since the reactor pedestal temperature falls through the

characteristic temperature for maximum radiation intensity for these high Z impurities.

However, only a few percent of the radiation occurs from inside the pedestal region; most

of the radiation still comes from the deep core. This is similar to what one learns from the

JET data with highly radiating H-modes using Ar (much lower characteristic temperature

for maximum Ar radiation is again matched by the much lower JET pedestal temperature).

In Fig.C3, the HH factors versus core radiation fraction for these cases are plotted; the data

fits the trend (1−fRad,Core)
0.31 once the type I ELM and type III ELM shots are segregated.

(For these parameters, the electron-ion equilibration for JET also seems reactor relevant.)

APPENDIX D: REACTOR PROFILES FOR H-MODE

To compute the profiles pertinent to an H-mode reactor, we use results from present

experiments and scale them to reactor temperatures and densities. Data from hybrid H

modes [61] have a ratio of central temperture to pedestal temperature of about 3, and data
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FIG. C3: a) Confinement H-factors [34] and b) radiation profiles [88] for JET impurity-seeded

discharges.

from H-modes have a ratio Ti(ρ = 0.4)/Ti(ρ = 0.8) = 1.7. Both these results are consistent

with a linear rise in the temperature from the pedestal to the center, with a central value

3 times the pedestal value. We assume such a linear profile for a reactor, and use pedestal

width ∼ 0.06 times the minor radius, also roughly consistent with present experiments. We

choose the central temperture to match the requirements of a reactor as found in the EU-B

study [16], so that the volume average temperature is 20keV. We choose a density profile

which is peaked by an amount which is consistent with experimental results on JET and

ASDEX [39], and which also increases linearly from the pedestal to the center.

APPENDIX E: MAGNETIC FIELD CONSTRAINTS

The engineering constraints which determine the B field in the plasma are primarily

the maximum magnetic field at the superconducting coil, and the shielding distance of the

superconducting coil from the thermonuclear neutrons. The field falls off as 1/R from the

inboard superconductor to the plasma. As the major radius increases, the shielding distance

stays nearly constant, so the magnetic field increases since the shield distance is a smaller

fraction of the major radius. We use the sequence of major radii and magnetic field found

in the EU reactor sequence [1, 16], as well as interpolations between them:
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Major Radius (m) Magnetic field (T)

< 6.2 5.6

6.8 5.8

7.5 6.0

8.05 6.45

8.6 6.9

TABLE E1: Magnetic fields for different major radii for reactors of aspect ratio = 3.

APPENDIX F: INTERNAL TRANSPORT BARRIERS AND HIGH fRad

This detailed appendix on ITB experiments provides the basis for the conclusions stated

in Sec.V of the main text. The adverse effects of high fRad,Core on confinement can be

seen in data from JT-60U. Clearly, confinement degrades with core radiation. [89]. The

core radiation fraction seems to be the principal cause of confinement degradation. As

shown in Fig.F1, it is correlated with loss of confinement much better than the total or

the SOL radiation. Note that this is similar to the H-mode cases in Fig.3. The dominant

radiating impurities in these shots are C, Ne and Ar, and most of the core radiation is

from inside the ITB. Confinement appears to degrade with increased radiation much faster

than would be indicated by subtracting the radiation power from the heating power in the

L-mode scaling law ITER89P [64] (see Fig.F1) The confinement degradation with radiation

is roughly consistent with a linear scaling of stored energy with net heating power (heating

power minus radiation). For reverse shear (RS) shots, JET has found that stored energy

is roughly linear with heating power [69] and the data in Fig.F1 is roughly consistent with

this. If confinement degradation with reduced heating power is stronger than indicated by

using the L mode scaling law, confinement requirements for a highly radiating reactor are

even more onerous.

However, in another series of JT-60U reverse shear (RS) discharges with ITBs, [67], there

was no confinement degradation with core radiation fraction. Copper radiation appears to

dominate in these discharges. The radiation in this group of shots is less dominated by

radiation inside the ITB, as compared to the shots in Fig.F1, as indicated by soft X-ray

(SXR) data. This is consistent with the radiation properties of Cu - for the same density

and concentration, the radiation power at temperatures outside the ITB (∼ 1 keV for these
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FIG. F1: The core radiation fraction (a) seems to be the principal cause of confinement degradation.

It is correlated with loss of confinement much better than the total (b) or the SOL (c) radiation.

Confinement deteriorates more rapidly than the L-mode scaling law indicates; the degradation is

closer to linear than to the square root of core radiation fraction (a).

shots) is ∼ 10 times the radiation power at temperatures inside the ITB (∼ 3 keV). The

copper radiation pattern contrasts with impurities like C, Ne and Ar, which, for the same

density and concentration, have roughly equal radiative powers for temperatures inside and

outside of the ITB. For C, Ne, and Ar, these ratios are roughly 1, 2.6 and 1, respectively-

much less than for Cu. Since the density inside ITBs reported on JT-60U reverse shear (RS)

shots [67, 89, 90] is typically ∼ 3 times the density outside the ITB, the radiation inside

the ITB is strongly dominant for C, Ne and Ar. However, soft X-ray (SXR) measurements
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indicate that for a high radiation discharge with Cu as an impurity, only ∼ 60% of the core

radiation is from inside the ITB. In a Cu-seeded discharge, and for a maximum total core

radiation fraction ∼ 80%, one then expects about half of the input power to be radiated

inside the ITB. The corresponding HL factor is ∼ 1.9 - only slightly above the data for the

cases with ∼ 50% core radiation for C, Ne and Ar shown in Fig.F1. These results suggest

that high core radiation may be possible in ITB discharges with good core confinement if

much of the core radiation is outside the ITB rather than inside the barrier.

At reactor temperatures the radiation rates of Cu do not favor radiation outside the

ITB. In fact, for reactor conditions, all impurities are shown to radiate far more from inside

than outside the ITB. Consider experimental profiles for temperature and density from high

performance RS ITB shots on present devices, but with magnitude of the profiles scaled to

reactor values. We choose cases on DIII-D, JET and JT-60U, with high HL (3), relatively

broad pressure profiles (for good βN) and if possible, central electron heating and data for

impurity profiles. For DIII-D. we use profiles from shots which attained βN values close to

those for a reactor [63]. For JET, the choice is a high performance ITB shot 51976 [69]

with among the best βN and confinement enhancement in its category. This shot also has

impurity accumulation analysis [91], and enough ICRF to give substantial central electron

heating power as in a reactor-about 2/3 of the ion central heating power). For JT-60U

we choose shot 41683 with strong central ECRH (over half of the total heating power),

Ti ∼ Te, a moderately broad pressure profile, and with data analysis to obtain Ar profiles.

The latter two shots also have a neoclassical collisionality very close to reactor values, so

the neoclassical impurity pinch that causes accumulation should be mimic the reactor.

Three reactor studies which presume advanced tokamak operation are used to obtain vol-

ume average temperatures of 16 keV, 16 keV, and 15 keV in the reactors ARIES-RS, CREST,

and EU-C [1–3, 16]. Therefore, we assume an average temperature of 16 keV, Ti = Te (Ti

and Te are highly equilibrated in these reactors), and use the average of the experimental

Ti and Te profiles. For DIII-D, JT-60 and JET, the central to pedestal temperature ratio

is found to be ∼ 4.5, 5, and 7, and the experimental ratios of the central density to the

pedestal density to be ∼ 2.8, 3.8, and 3 respectively. All shots show significant density

peaking; no ITB cases were found on JET or JT-60U with large H-factors and fairly broad

pressure profiles where the density was not substantially peaked.

The central temperature inside a reactor ITB is ∼ 30 keV, and temperatures between the
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ITB foot and the pedestal are 5-8 keV. For those temperatures, the ratio of the impurity

radiation rates inside and outside the ITB for Ne, Ar, Kr, and Xe are roughly 0.8, 1, 1,

and 2, respectively. These ratios are typical of the impurities in the JT-60U cases where

substantial confinement degradation occurred with high radiation. There is a trend toward

more favorable radiation ratios with higher Z, so we examined Hg (Z=80) as a potential

impurity seed (since its vapor pressure appears high enough at reactor temperatures) - but

its radiation ratio turns out to be only marginally better than Xe.

Next the fraction of the core radiation power that arises from inside the ITB foot is com-

puted for these estimated reactor profiles. An estimate of the degree of impurity accumula-

tion inside the ITB is needed for this purpose. On present experiments, the concentration

of high Z impurities is considerably higher inside the ITB. Of course, this will increase the

fraction of radiation losses inside the ITB.

We now extrapolate these results to a fusion reactor which employs Ar or Kr for core

radiation. We will compute the radiation with two different assumptions - with no impurity

concentration peaking inside the ITB, and with impurity peaking similar to that seen in

the experiments. Recall that these shots, particularly the one on JT-60U, had considerable

electron heating. Experiments find that high Z impurities are more strongly concentrated

than lower Z, consistent with the stronger neoclassical impurity pinch with higher Z. In the

JT-60U shot, the ratio of impurity concentration inside to outside of ITB is ∼ 3.5 for Ar

(Z=18), and on the JET shot, the same ratio for Ni (Z=28) is ∼ 5. Note that Kr, Z=36, is

close to Ni, Z=28. Hence, when including impurity peaking, the concentration of impurities

inside and outside the ITB is taken to be the same as in the experiments described above-

3.5 for Ar and 5 for Kr.

Using these values for the reactor profiles, and varying relevant parameters, we find that

over ∼ 90% of the radiation comes from inside the ITB for parameters consistent with at-

tractive reactors. In Fig.F2, we vary the pressure peaking, while keeping the temperature

ratio fixed at 4 and the electron density ratio at 3. The broad pressure profiles needed for

good MHD beta result in very high radiation fractions inside the ITB. Next we vary the

temperature ratio, for pressure peaking consistent with βN = 4, using the relationship be-

tween peaking and βN from Fig.5. We see that temperature ratios in the experimental range

always lead to very high radiation fractions inside the ITB. At extremely high temperature

ratios, however, a substantial amount of radiation can be obtained in a radiating zone close
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FIG. F2: Variation of the fraction of radiation inside ITB foot with profile parameters. Center

and edge are denoted by 0 and 1 respectively.

to the edge and outside the ITB. Given that the central temperature is essentially fixed for

a power reactor, extremely large temperature ratios imply very low edge temperatures char-

acteristic of an L-mode edge. It has already been pointed out that experimental discharges

with an L-mode edge are consistently in a low beta range not relevant to a reactor.

Finally, we vary the density peaking. As the density peaking is decreased, the impurity

peaking is adjusted in a manner roughly consistent with the scaling of the neoclassical pinch

term, so that the impurity concentration peaking is a power of the density peaking. (The

exponent is chosen to match the experimental concentration ratios for the given experimental

density peaking). We find that to obtain ∼ 60% of the radiation inside the ITB, the density

peaking must be very low. However, desirable experimental discharges with high βN and

broad pressure profiles show much higher density peaking.

Even if low density ratios were possible, they result in severe reduction of the bootstrap

current because the bootstrap current is driven much more strongly by density gradients

than by temperature gradients. We have checked the density dependence by generating high

bootstrap fraction equilibria (for pressure profiles like the ones above) using the VMEC [92]

code and the bootstrap codes developed for the National Compact Stellarator Experiment

(NCSX) [93]. For the same pressure and q profile, the bootstrap current is almost a factor of

two higher for the case with stronger density peaking. For equilibria with the βN and aspect

ratio of ARIES-RS, and a density ratio of 3, the bootstrap current was sufficient to obtain

MHD parameters very close to the ARIES-RS study: a bootstrap fraction of ∼ 85% and

β = 4.5%. With the same pressure profile but no density gradient, the bootstrap current

fraction dropped to ∼ 42%. Such a fall would have a severe impact on the reactor economics.
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Alternatively, the bootstrap fraction could be maintained at ∼ 85% with βN = 4.5 and no

density gradient, but the plasma β is reduced by a factor of 2.2 and thus the volumetric

power density would be reduced by a factor of 4.6. This would also have a severe negative

effect on reactor economics. Similar results were obtained for parameters pertinent to the

EU-C design. An attractive reactor, therefore, appears to demand a high density ratio.

The major result of this analysis is that the requirements for reactor-relevant high β

essentially rule out the possibility of radiating a large fraction of power in the region outside

the ITB. The broad pressure profiles and high bootstrap currents needed for good MHD

β appear inconsistent with large radiation fractions outside the ITB, whether that radia-

tion is in the SOL or the core. Judging from experimental results, the high confinement

requirements for large radiation fractions inside the ITB are extremely demanding, (H89P

= 3.6-4.6), especially when considering that a reactor will have greatly reduced velocity

shear, Ti ∼ Te, and must have high β and high bootstrap current fraction. Since there is

experimental evidence that the confinement deteriorates even more rapidly with radiation

than indicated by the L-mode scaling law, the requirements could be even more daunting.

APPENDIX G: COMPONENT TEST FACILITY (CTF)

A Component Test Facility (CTF) [24] is recognized as a critical intermediate step for

developing the fusion technology necessary for a reactor DEMO and certifying the perfor-

mance of large components under high heat flux and neutron fluence. Obviously, to be useful

and relevant, CTF should be significantly smaller (and cheaper) than a DEMO.

We now show that such a CTF is not realizable with a standard divertor (SD). In order

to be small and low cost as compared to a DEMO, a CTF must have low Q∼1. In order to

be useful, it must also have a neutron wall loading ∼ 1-2 MW/m2. So a CTF will have a

P/R about the same as a reactor, and the survival of the standard divertor would require

that most of the heating power be radiated from the plasma to the wall of the main chamber

(outside the divertor). For a Q∼1 CTF, the heat flux to the first wall must be the same as

the neutron power flux∼1-2 MW/m2. However, most US and Japan reactor designs [2, 3]

limit the first wall loading to less than 1 MW/m2 and the EU designs [1] limit it to below

0.5 MW/m2 (outside the divertor). Thus, a Q∼1 CTF is not possible within engineering

limits if most of the power is radiated to the first wall.
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The only option for a CTF-SD (a CTF with the standard divertor) is to make it large

enough that Q becomes substantially larger than 1. Together with the requirement for a large

neutron wall loading, this makes a CTF-SD about as big, powerful and costly as a DEMO

- only consistent with a strategy of jumping directly from ITER-FEAT to a DEMO. The

risks of a DEMO failure, development delay and cost overruns are severe in this approach.

Only a divertor that can withstand enough power to reduce the required radiation fraction

to acceptable levels can enable operation of a small CTF with Q∼1. The new X-divertor

(XD) we discuss below is well suited for this task. We call a CTF with XD a CTF-XD.

In addition to providing crucial engineering data, a CTF-XD that has about the same

P/R as a reactor will also directly demonstrate reliable steady state power handling at

reactor relevant values (the most critical engineering problem in fusion). It will also enable

development components for reliable operation in a high DT neutron fluence (the other

critical engineering problem in fusion). Although a CTF-XD will not demonstrate energy

gain, it will lend itself to a reliable and straightforward extrapolation to a reactor. The

ability of the new X-divertor (XD) to handle higher thermal power enables us to increase Q

by simply making the device bigger in size and power the historically proven reliable path

for a steep climb in the Lawson parameter over the past 30 years.
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