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LIMITS OF CONFINEMENT ENHANCEMENT FOR

STELLARATORS

F. Warmer, C.D. Beidler, A. Dinklage, Y. Turkin, R. Wolf

Max-Planck-Institut für Plasmaphysik, D-17491 Greifswald, Germany

Abstract

As is well known, an enhancement of confinement in magnetic fusion

devices leads to a strong increase in the overall performance of the machine.

Therefore, fusion power plant studies often assume confinement enhancement

factors up to a value of 2 in order to design compact fusion devices. It is thus

important to study the limits and possibilities of confinement enhancement.

This is done in this work with focus on the helical-axis advanced stellarator

line (HELIAS) and with respect to the empirically established stellarator

confinement-time scaling ISS04.

In the first part of the work a well-established power balance approach

is introduced which in combination with stellarator-specific physics limits is

used to investigate the impact of confinement enhancement in the sense of the

ISS04 renormalisation factor on the required size of HELIAS power plants. It

is found that both a lower (0.5) and an upper limit (1.5 – 1.7) exists for which

respectively ignition is no longer possible or further confinement enhancement

irrelevant due to physics limits. The model and its implications are related to

a direct extrapolation of the Wendelstein 7-X machine to reactor conditions in
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order to determine the required confinement enhancement needed for power

plant conditions using two boundary scenarios.

In the second part of the work a predictive neoclassical transport model is

introduced and employed to also directly scale up Wendelstein 7-X in order to

determine a self-consistent confinement time based on transport aspects. It

is found that the confinement enhancement with respect to the ISS04 scaling

decreases in comparison to W7-X as the device is scaled up dropping from

∼ 2.5 to 1.2 – 1.3 for reactor conditions. This behaviour is explained with

underlying scaling relations and transport effects.

The results from the power balance approach and the predictive transport

simulations are compared showing good consistency. This means that the

power balance approach, embedded in a systems code can be used to design

HELIAS power plants as long as the confinement enhancement is iterated

with detailed predictive transport simulations.

Keywords: HELIAS, scaling laws, renormalisation factor, confinement

enhancement
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I INTRODUCTION

The ultimate goal of fusion research is to demonstrate the feasibility of

the economic production of electricity. To achieve this goal, extrapolation to

burning plasma devices beyond the scope of current experiments is necessary.

Such studies allow one to identify critical technology and research areas to

assess necessary future steps, e.g. experiments, simulations and technology

development, on the way to fusion power plants. In addition, the dimensions

and design parameters of such devices can be estimated.

In the assessment of the required size of stellarator power plants, a critical

parameter is the confinement enhancement with respect to empirical scaling

laws. As stellarators are subject to high neoclassical transport, such enhance-

ment of the confinement is assumed by postulating further optimisation of

magnetic configurations.

From the variety of stellarator magnetic configurations, currently two

major, promising concepts are explored in larger experiments. On the one

hand, the heliotron-line is investigated with the Large Helical Device (LHD)

in Japan where the magnetic field is created by continuous coils. On the other

hand the helical-axis advanced stellarator-line (HELIAS) will be studied in

the Wendelstein 7-X (W7-X) experiment in Germany employing a modular

coil set with a 5-period symmetry.

Based on these concepts several reactor studies have been carried out

in the past. For the heliotron-line these center around the notion of the

Force Free Helical Reactor (FFHR)1 while HELIAS power plant studies have

considered four and five field period candidates, HSR4/18 and HSR5/222,3

respectievely. The corresponding machine parameters are summarised in
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Tab. I.

In the references cited different assumptions on confinement enhance-

ment over existing empirical scalings are made but have not been thoroughly

checked for consistency. Therefore, in this work the limits of confinement

enhancement are investigated (with focus on the helical-axis advanced stel-

larator line) and their impact on the design process of fusion power plants

discussed. Being a complex topic, this work is here seperately disussed from

the general HELIAS systems studies4,5 which apart from confinement prop-

erties take many other limitations into account such as neutron wall load,

divertor exhaust, as well as engineering considerations. These studies are

still ongoing and not subject of this work.

This work is organised as follows: in section II a 0-D global power balance

model for a stellarator burning plasma device is derived using the approach of

Ref.6 Before the model is employed, stellarator-specific physics constraints

on the magnetic field strength Bt and on the normalised plasma pressure

〈β〉 = 1/V
∫

dV 2µ0

∑
nkT/B2 are discussed and the well-known sensitivity

on fusion power illustrated. The section is concluded with an analysis of

the renormalisation factor, fren, (representing confinement enhancement /

degradation depending on the magnetic field structure) and its impact on the

device size required to achieve ignition for a 4- and 5-fieldperiod HELIAS.

The section concludes with a direct extrapolation of W7-X to power plant

conditions under the constraints mentioned above.

Next, in section III, a predictive 1-D neoclassical transport model is in-

troduced. This model allows the simulation of the transport in an up-scaled

W7-X high-mirror configuration. The confinement times predicted by the

5



model are compared against the empirical ISS04 scaling7 and the discrepan-

cies found (in the sense of a confinement enhancement factor) are highlighted

and explained. Finally the results from the 0-D and 1-D model are compared

yielding consistent conclusions. The various results and implications of the

work are discussed and summarised in section IV.

II GLOBAL POWER BALANCE APPROACH

In the following section, a basic power balance model is derived to identify

the predominant parameters relevant to arrive at the conditions for plasma

ignition. Such approaches are widely used with similar methodologies.

For further discussions in this paper, the energy confinement, being a

relevant quantity in the model, was investigated and physical and technical

constraints introduced. The energy confinement is quantified through the

energy confinement time τE and empirical scaling laws give its relation to

geometry, heating power, plasma density and magnetic field properties. For

the most recent stellarator scaling ISS047,8 this reads:

τ ISS04E = fren · 0.134 a2.28R0.64P−0.61n 0.54
e B0.84

t  ι0.412/3 (1)

where a is the plasma minor radius in m, R the major radius in m, P the

heating power in MW, ne the line-averaged electron density in 1019 m−3, Bt

the magnetic field strength on axis in T, and  ι2/3 the rotational transform

at 2/3 of the minor radius. The renormalisation factor, fren, can serve the

function of a confinement enhancement / degradation factor similar to the H-

factor used in tokamaks but, for stellarators, fren also reflects the complex
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structure of stellarator magnetic fields and is therefore dependent on the

magnetic configuration.

Employing the definition of confinement time τE and taking the ISS04

scaling, the power leaving the plasma through transport processes becomes

Ploss = W/τE where W is the plasma energy. Assuming on the one hand

toroidal geometry and on the other hand that density and temperature only

depend on the minor radius r (in analogon to nested flux surfaces) the plasma

energy may be described by

W =
3

2
(2πa)2R0

∫ 1

0

dρ ρ
∑
j

nj(ρ) Tj(ρ) (2)

where ρ = r/a is the normalised minor radius and nj, Tj are the local density

and temperature of the particle species j = e, i (electrons or ions). Neglecting

for the moment profile effects, the local plasma pressure p =
∑

j njkTj can

be replaced by the volume-averaged plasma beta 〈β〉 ∼ p/B2
t . The profile

dependencies are collected in a constant c1 such that the plasma energy

becomes the simple expression

W = c1
〈β〉B2

t R
3
0

A2
(3)

where A is the aspect ratio A = R0/a. The profile parameter c1 was chosen

such that it agrees with the results from the HSR4/18 and HSR5/22 reactor

studies.

The fusion power produced by such a device, under the same assumptions,

can be expressed as

Pfus = E (2πa)2R0

∫ 1

0

dρ ρ nD(ρ) nT (ρ) 〈σv〉 (ρ) (4)
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with E = 17.6 MeV being the energy released by one D-T fusion reaction.

With nD = nT = ne/2 and TD = TT = Te it is possible to approximate

the rate coefficient of the D-T reaction by 〈σv〉 ∼ T 2 in the relevant reactor

temperature regime 10 keV < T < 20 keV. The fusion power then becomes

Pfus = E (πa)2R0

∫ 1

0
dρ ρn2

e(ρ)T 2(ρ). Combining again density and temper-

ature as the pressure p and replacing this by the volume-averaged 〈β〉 the

simple relation

Pfus = c2
〈β〉2B4

t R
3
0

A2
(5)

emerges with an additional profile parameter c2 similarly chosen to agree

with HSR4/18 and HSR5/22. The values are summarised in Tab. II.

In addition to the fusion power and the plasma transport losses it is

necessary to characterise the power balance of such a fusion reactor. The

flow chart of the power balance treated here is illustrated in Fig. 1. As

the aim of this work was the investigation of global effects only, the power

flow is not broken down to smaller scales. The useable thermal energy in

this work is defined as the total fusion power modified with a factor M .

This additional factor takes into account the additional energy generated by

nuclear reactions in the blanket / divertor. Thus, the thermal power Pth

produced in this model reads

Pth = M · Pfus + PHeat + ηBoPPBoP . (6)

The integrated cooling system, with a thermal conversion efficiency ηth, con-

verts the thermal power to the gross electrical power Pel = ηthPth. A fraction

of this gross electrical power must be recirculated within the power plant

itself to operate the various subsystems. In this study this power is referred
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to as the auxiliary power PAUX = frecPel. The remaining net electrical power

can than be provided to the grid.

The auxiliary power in turn consists predominantly of two components.

One component is the power required for the balance of plant systems, PBoP ,

mainly driven by the required pumping power PBoP ∼= Ppump. The other

component is the additional heating power, PHeat, needed to compensate the

plasma transport and radiation losses in excess of alpha particle heating:

PHeat = Ploss + Prad − Pα. Here, Prad is the power loss by radiation that

in a stellarator reactor mainly comes from bremsstrahlung, as synchrotron

and line radiation are negligible in comparison, as long as impurities are not

introduced on purpose to increase core radiation. With the heating system

efficiency ηheat the power required to operate the system is PHeat,Gross =

PHeat/ηheat.

II.A Magnetic Field Strength and Plasma Beta

The strength of the magnetic field has a significant influence on the

global confinement as can be seen in the empirical confinement time ISS04

(τE ∼ B0.84
t ), introduced at the beginning of this section. Moreover, the

substitution of the plasma pressure p ∝ 〈β〉B2
t reveals a sharp dependence

of the plasma energy and of the fusion power on the magnetic field strength

Bt and 〈β〉 (equations (3) and (4)). Again, as is well known, an increase of

both parameters is beneficial for the global performance and the constraints

for both Bt and 〈β〉 are therefore highlighted.

9



II.A.1. Physics and Engineering Constraints

For Bt it was shown in9 for a 4-periodic HELIAS that 4.4 T magnetic field

can be achieved on axis using existing NbTi technology with conventional

helium cooling at 4.2 K. The field in this case could be pushed higher up to

5 T if super-critical helium at 1.8 K is applied as indicated in.2 With the

advancement of superconductor material development and the large scale use

of Nb3Sn in ITER, it was concluded in10 that the Nb3Sn technology could

be safely employed for stellarators allowing a magnetic field strength of up

to 5.6 T on axis. However, the application of new materials is limited by

availability, costs and the capability of complex 3D shaping. It was also

shown in11 that the forces and stresses arising in 5-period HELIAS with

R0 = 22 m and a magnet system achieving 5.6 T on axis are manageable.

While the achievable magnetic field is more an engineering issue the con-

straints of the achievable 〈β〉 are driven by physics considerations. A HELIAS

may operate only within a certain ‘window’ of 〈β〉. That means both a min-

imum threshold and a maximum limit on the value of 〈β〉 exists. The lower

〈β〉 limit is related to the confinement of the fast α-particles. In order to con-

fine the collisionless α’s in a HELIAS configuration, so-called ‘minimum-B’

configurations are necessary. To achieve these configurations the diamagnetic

effect of the plasma is necessary providing a deeper magnetic well and a faster

poloidal ∇B drift beneficial for the fast particle confinement. The minimum-

B configurations are not achieved until the local β is sufficiently large. As

the before-mentioned effect gets stronger with increasing β, dependent on

the profiles a certain minimal value of 〈β〉 must be reached. This value is

dependent on the magnetic well in the specific vacuum configuration12 and
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for the HELIAS line lies typically around 〈β〉 = 3 – 4%.

The maximum 〈β〉 is anticipated to have a ‘soft’ limit coming from an

increase of MHD instabilities gradually enhancing transport and decreasing

confinement, but it is ‘soft’ in the sense that stellarators are observed to

still operate above the ideal MHD ballooning limit and beyond the Mercier

limit.13,14,15,16 Linear MHD stability considerations yield a beta limit of 4.5%

in W7-X. But as already pointed out, stellarators are observed to operate

above such limits reducing their credibility. In the end, 〈β〉may be limited by

equilibrium-considerations, namely the stochastisation of the magnetic field

at increasing beta. At increasing 〈β〉 the magnetic field becomes stochastic

at the edge causing a continuous destruction of flux surfaces such that this

stochastic region expands thereby decreasing the plasma volume. This effect

could ultimately limit beta to the range 5 – 6% as suggested by theoretical

studies.17

II.A.2. Sensitivity on Fusion Power

To study the magnetic field strength and 〈β〉 within the constraints out-

lined above the magnetic field strength was varied continuously between 4 T

and 6 T for the global power balance model for two constant 〈β〉 values. The

first was 〈β〉 = 3.6% as a lower bound and the other was 〈β〉 = 4.9% as

an upper bound, chosen to be close but still somewhat below the beta-limit

pointed out above. All other parameters were chosen as in HSR5/22 and

kept constant except that the plasma density was increased along with the

magnetic field in order to keep the value of 〈β〉 constant. The fusion power

was chosen as the figure of merit for the plant performance. The results are

illustrated in Fig. 2.
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It can be seen from Fig. 2 that at constant 〈β〉, the fusion power increases

substantially with increasing magnetic field strength. The full step from NbTi

technology with Bt = 4.5 T to Nb3Sn or Nb3Al technology with Bt = 5.6 T

roughly doubles the fusion power. A vertical step from 〈β〉 = 3.6% (solid line)

to 〈β〉 = 4.9% (dashed line) also nearly doubles the generated fusion power.

If both the magnetic field strength and 〈β〉 can be increased simultaneously

then a substantial gain in fusion power is achieved.

II.B The Renormalisation Factor (0-D)

The ISS04 data set showed a distinct clustering of sub-sets when plotted

in figures of any available stellarator-heliotron scaling.7 This clustering mo-

tivated introduction of a sub-set dependent factor (fren) which led to much

more statistically significant scaling in (a,R, n, P,B,  ι). fren has been deter-

mined from reference scalings and is comparable to H-factors in tokamak

scalings. It has been interpreted as reflecting configuration dependent con-

finement properties, but, although evidence for this interpretation has been

found, it has not been conclusively proven.7 On the other hand, employing

fren to account for confinement enhancement effects appears to be a fairly

obvious approach for the model discussed in this paper.

Therefore fren was varied between 0 – 2 and the impact on the machine

size was investigated. More precisely, the size is the minimum major radius

Rign necessary to achieve ignition, which is defined as Q =∞ and Pheat = 0.

The results are illustrated in Fig. 3 for a constant fusion power of 3 GW and

for both the 4 and 5-periodic HELIAS (solid and dashed line respectively).

As the increase of fren reflects improved confinement and in order to keep

the fusion power constant, 〈β〉 is increased in line with fren.
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Fig. 3 clearly shows that a confinement enhancement, especially around

fren = 1, allows for a reduction in the required device size. But as 〈β〉 is

increased with fren at one point a beta-limit is reached above which further

confinement enhancement is pointless. This is shown in Fig. 3 with the

circles at 〈β〉 = 6 %. That means for the 5-periodic case a confinement

enhancement with respect to the ISS04 above 1.7 is not meaningful with a

corresponding minimum major radius of Rign = 17 m. For the 4-periodic

concept already an enhancement factor of about 1.5 reaches the beta-limit

at a machine size of Rign = 13 m. Another remarkable result of the study

is that a minimum fren = 0.5 seems to exist which precludes ignition for

smaller values (for reasonable machine sizes R0 < 30 m).

From this result it is evident that the improvement and optimisation of

the confinement is critical. There exists a minimum value of the confinement

that must be achieved to reach ignition conditions at all, while, a very high

degree of confinement allows for the reduction of device sizes. Such an im-

provement allows higher plasma temperatures and densities and is; therefore,

interconnected to the plasma 〈β〉, which must be increased (up to the maxi-

mum possible value) along with the confinement improvement to truly allow

for smaller devices. It is noted that, at the same time, further issues may

result from particle confinement and density control.18 These topics will be

treated elsewhere.

II.C Direct Extrapolation of Wendeltein 7-X (0-D)

Employing the introduced power balance model under the physics and

engineering constraints listed in subsection II.A and additionally considering

possible confinement enhancement with the renormalisation factor as stated
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above, Wendelstein 7-X can be directly extrapolated to power plant con-

ditions. For this extrapolation two boundary scenarios are used. First a

more conservative approach with a magnetic field strength of Bt = 4.5 T

and line-averaged density ne = 1.8 · 1020 m−3, and second a more advanced

scenario with Bt = 5.5 T and ne = 2.8 · 1020 m−3. Stellarators do not exhibit

the strong Greenwald density limit observed in tokamaks.19 Nevertheless, a

radiative density limit, known as SUDO-limit,20 has been observed in some

heliotron/stellarator-type devices. However, the Large Helical Device (LHD)

demonstrated the ability to operate far beyond this limit, especially if pel-

let injection is used. Therefore the SUDO-limit has been reinterpreted as a

density limit for the plasma edge.21,22 For the 5-field period case the SUDO-

limit yields a value of 1.6 · 1020 m−3 which is very high for an edge-limit.

The scenarios investigated in this work are well below these limits and were

chosen to be somewhat below the corresponding ECRH cut-off density of the

respective field strength assuming O1-mode heating.

For both scenarios W7-X is linearly scaled up at constant aspect ratio A =

10.3 with the requirement to yield a fusion power of Pfus = 3000 MW. Un-

der these constraints a corresponding renormalisation factor is found which

is needed to fulfill these conditions. The results for both scenarios are shown

in Fig. 4. If W7-X is scaled up by factor 4 to R0 = 22 m major radius, the

required renormalisation factor for the ‘advanced’ case is below 1 meaning

that the 3 GW fusion power can be reached without further confinement

enhancement. In the ‘conservative’ case on the other hand, already a con-

finement enhancement factor of about 1.2 is required to achieve the necessary

conditions for the 22 m machine. Looking next at upscaling of W7-X by a
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factor 3, i.e. 16.5 m major radius, already the ‘advanced’ scenario needs a

renormalisation factor of about 1.2 while the ‘conservative’ scenario would

need a confinement enhancement factor of 1.8 which is here beyond the beta-

limit of 〈β〉 = 6 % and therefore not realistically accessible. Again, 〈β〉 is

increased parallel to fren and in the case of an upscaled W7-X, the confine-

ment enhancement beyond fren = 1.6 becomes restricted by the beta-limit.

III PREDICTIVE NEOCLASSICAL TRANSPORT MODEL

The 3D magnetic field of stellarators introduces a large class of localised

helical trapped particle orbits which leads to so-called ‘neoclassical’ trans-

port. This is a drawback of the stellarator as the resulting particle and energy

fluxes are much higher than in tokamaks. Nonetheless, these effects and the

corresponding transport are well understood23,24 and even allow to predict

the stellarator-specific ambipolar electric field. These physics based predic-

tions are especially relevant for larger machines with higher temperatures

since the neoclassical transport scales strongly with temperature.

The neoclassical transport model, which will be introduced below, in-

cludes profile effects and especially allows to self-consistently calculate the

plasma transport and the corresponding confinement time. Two scenarios,

one employing conservative and one advanced physics and technology as-

sumptions are simulated by upscaling the W7-X high-mirror configuration.

By comparing the calculated confinement time to the ISS04 scaling a predic-

tive f 1D
ren can be obtained. The last section showed the critical impact of fren,

so the 1-D simulations permit an assessment of the current optimisation of

the HELIAS (upscaled W7-X high mirror configuration) with respect to the
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ISS04. It should be noted that further optimisation of stellarator magnetic

configurations is the subject of on-going research.25,26

In the predictive neoclassical transport model27,28,29,30 it is assumed that

the plasma may be described by using a local approximation to solve the

drift kinetic equation. Additional flux-surface averaging allows reduction

of the geometrical description of the plasma to one coordinate, namely the

flux surface label ψ that can be related to the average minor plasma radius

r =
√
ψ/ψmax. With this radial coordinate the power balance of the plasma

is expressed for the electrons s = e and ions s = i by the equations

3

2

∂nsTs
∂t

+
1

V ′
∂

∂r
(V ′Qs) = Ps + ZsΓsEr (7)

with the power source / loss term Ps consisting of heating power, bremsstrahlung

and the collisional coupling between electrons and ions. The neoclassical par-

ticle, Γs, and energy, Qs, fluxes are expressed24 as:

Γs = −nsLs11
[
n′s
ns
− ZseEr

Ts
+

(
Ls12
Ls11
− 3

2

)
T ′s
Ts

]
(8)

Qs = −nsTsLs21
[
n′s
ns
− ZseEr

Ts
+

(
Ls22
Ls21
− 3

2

)
T ′s
Ts

]
(9)

where the thermal transport coefficients Lij are obtained by the appropriate

energy convolutions with the local Maxwellian distribution function

Lij =
2√
π

∫ ∞
0

√
Ke−KD⊥(K)hihjdK (10)

with K = mυ2/2T , h1 = 1, h2 = K of interpolated results for D⊥ from a full

mono-energetic diffusion coefficient database31,32

D⊥ = D⊥

(
ρ,
R0 νs
υs  ι

,
Er
υsB0

)
. (11)
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Here νs, υs, Zs are the collision frequency, velocity and charge number of

electrons or ions, B0 the value of the magnetic field and Er the radial electric

field.

Usually, the ambipolarity constraint ZiΓi = Γe is solved to obtain the

radial electric field Er. However, this approach is often not numerically

suitable because of the discontinuity and the bifurcations of the solution.

This problem can be circumvented with a diffusion equation for the radial

electric field from the poloidal force balance:33

∂Er
∂t
− 1

V ′
∂

∂r

(
DEV

′r
∂

∂r

(
Er
r

))
=
|e|
ε

(Γe − ZiΓi) (12)

with DE the ‘diffusion coefficient’ of the electric field and the dielectric con-

stant ε. This is necessary as localised central heating (e.g. with ECRH) can

lead to high electron and low ion temperatures amplifying electron trans-

port. The solution of the ambipolarity constraint then becomes the so-called

‘electron-root’ with a strong, positive electric field in the centre while the

edge with similar electron and ion temperatures is governed by the ‘ion-root’

solution with a negative electric field. Eq. (12) for the electric field allows

then for a smooth crossing of Er from the ‘electron’ to ‘ion-root’, especially

where several solutions of the ambipolarity constraint coexist.

Due to the strong temperature dependence of the neoclassical transport

stellarators are, especially in the plasma centre, dominated by neoclassical

transport effects where the temperature is highest. Turbulence is assumed

to play only a subdominant role in the centre because of high neoclassical

diffusion coefficients. The plasma centre has a higher temperature than the

plasma edge and; therefore, the neoclassical transport becomes small at the

edge so that the anomalous transport phenomena starts to dominate. This
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has been observed in many experiments, e.g.23 This results in the requirement

that to the neoclassical description the additional anomalous transport must

be accounted for. As models based on first principles for anomalous transport

are not yet available, a basic experimentally derived model is employed with:

Qano
s = −χanos nsT

′
s (13)

where the anomalous heat conductivity χ ∼ P 3/4n−1 is taken from experi-

mental results obtained in W7-AS.34,35 The discussion of anomalous trans-

port in 3D configurations is the subject of on-going research.36 To what

extent Eq. (13) represents an adequate description is not yet determined.

The neoclassical treatment, on the other hand, as described here has been

extensively validated with experiments23 and the corresponding codes have

been benchmarked in detail.24

III.A Direct Extrapolation of Wendeltein 7-X (1-D)

In the following the two scenarios from subsection II.C are taken up again

and refined in more detail: one assumes conservative and the other advanced

physics and technology assumptions, explicitly defined in Tab. I. Both sce-

narios employ the W7-X high-mirror magnetic configuration linearly upscaled

from a major radius of 5.5 to that of 22 m. The impact of these assump-

tions on fusion power, fusion gain, and the calculated confinement time are

investigated. As fueling and exhaust scenarios are beyond the scope of this

work, both scenarios were simulated using a flat density profile. Although

the 1-D model is capable of self-consistently treat the density profile with

respect to fuelling, in this work the profile was held constant and detailed

fuelling scenarios will be a topic of future investigations.
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The conservative scenario assumes NbTi superconductor technology (at

4.2 K) with 4.5 T magnetic field on axis. The line averaged electron density

is chosen to be moderate with ne ≈ 1.8 ·1020 m−3. On the one hand this leads

to a smaller 〈β〉 and as shown in the previous chapter, this implies a lower

fusion power. In the advanced scenario, the technologically advanced Nb3Sn

superconductor technology is assumed (at 4.2 K) with 5.5 T field strength

on axis. The density is also chosen higher with ne ≈ 2.8 · 1020 m−3.

Both densities were selected to be somewhat below the ECRH cut-off den-

sity to allow for controlled heating. The W7-X high-mirror configuration has

a mirror term of the magnetic field strength of around 10% in the plasma cen-

tre. This provides a highly localised resonance for O1-mode ECRH heating

at Bmax (including mirror term) near the magnetic axis. In the conservative

case with B0 = 4.5 T on axis, the W7-X 140 GHz gyrotrons are then appli-

cable which have the resonance at B = 5 T and for the advanced scenario

with B0 = 5.5 T the 170 GHz ITER gyrotrons would be the choice with the

resonance at B = 6 T. Therefore the ECRH absorption profile is modelled by

a Gaussian shape assuming that the full power can under resonant conditions

be deposited in the plasma centre.

The two scenarios introduced above were simulated within the predictive

neoclassical transport model by an upscaling of the magnetic configuration

for major radii between 5.5 and 22 m. Fusion power and α-heating were calcu-

lated self-consistently. The fusion power and the fusion gain Q = Pfus/Pheat

serve as figures of merit where the external ECRH heating was continuously

reduced while going to larger device size until ignition is reached (Q = ∞).

The results are illustrated in Fig. 5. It can be seen that the fusion power
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increases strongly with machine size (left side of Fig. 5). This increase is

due to the growth of the plasma volume with device size. As the field and

density are fixed within one scenario, the enhancement of the plasma volume

increases the total number of particles and; therefore, the number of fusion

reactions, and thus fusion power.

It is also evident that the step from the conservative to the advanced as-

sumptions, with higher density and magnetic field increases the fusion power

even more. The enhanced confinement due to the stronger magnetic field

results in a higher density of particles leading to a higher plasma pressure

and strong increase in fusion power. These findings confirm the results of

the global power balance approach.

As the fusion power increases strongly with increasing machine size the

need for external heating is correspondingly reduced which was consequently

decreased in the simulations. Accordingly the fusion gain, which is the ra-

tio of fusion power over external heating, strongly increases with increasing

major radius as can be observed on the right side of Fig. 5 until reaching

ignition (the lines end as Q→∞).

At a first glance the advanced scenarios seem capable of drastically re-

ducing the device size. These smaller sizes should be seen as the lowest limit

practicably achievable under the advanced physics and engineering condi-

tions. But several points are not considered in the simulations which violate

the idealised assumptions. These are discussed in the following.

The anomalous (or turbulent) transport has been treated in the pre-

dictive simulations only by a simple scaling model based on experimental

results. Although theory suggests that some turbulent micro instabilities
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may be stabilised in stellarators, e.g. trapped electron modes, others like the

ion temperature gradient driven modes may contribute more to the overall

plasma transport then accounted for by the simple model37 used in this paper.

Transport and thus the confinement time may; therefore, be less favourable

than the simulations suggest.

III.B The Renormalisation Factor (1-D)

As stated in section II.B, one important figure of merit to characterise

plasma transport is the energy confinement time. The neoclassical transport

simulations for the ‘conservative’ and ‘advanced’ scenario (cf. previous sec-

tion) also provided predictive confinement times. With these predictions it

is possible to characterise the confinement enhancement found in the simu-

lations by comparison with the empirical ISS04 scaling law. This is done by

defining the factor

Θ = τ 1DE /τ ISS04E (14)

which is the ratio of the simulated confinement time over the correspond-

ing ISS04 value, i.e. the confinement enhancement factor obtained from the

predictive simulations. In that sense it could be interpreted as a 1D renor-

malisation factor f 1D
ren. The label Θ is chosen to better distinguish the results

from the ones obtained for the 0-D power balance model.

The results are illustrated in Fig. 6 where Θ is plotted against the plasma

volume for the ‘conservative’ as well as the ‘advanced’ scenario. It can be

seen that Θ is not a constant factor but decreases when extrapolated to

reactor conditions. For both the conservative and the advanced scenario, Θ

changes from around 2 (W7-X size) down to 1.1 – 1.3 (HELIAS reactor size).
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If Θ is interpreted to be a confinement enhancement factor similar to the

renormalisation factor fren, then this is a large change when compared to the

results from the global power balance model (Fig. 3).

Before the results are explained, some general remarks regarding confine-

ment scaling laws are necessary in order to avoid unphysical interpretation

of the given results. Empirical scalings may accurately describe the avail-

able data range but extrapolation outside this range is beyond the validity

of the scaling. The used expressions and their combination is not unique and

rephrasing with respect to other parameters is possible.

Some insight in the behaviour of the confinement enhancement factor,

Θ, may be gained by revisiting the definition of the energy confinement

time τE = W/P . The energy can be expressed by W = V βB2, Eq. (3),

and the lost power with P = Pα − Pbrems + PExt according to section II.

Additionally, it is assumed that bremsstrahlung Pbrems only occurs under

reactor conditions with usually Pbrems/Pα ≈ 15% and therefore Pα � Pbrems.

Neglecting bremsstrahlung, the energy confinement time is

τE =
W

P
∼ V βB2

Pα + PExt
(15)

where PExt is the externally applied heating power. The alpha heating power

is 1/5 of the fusion power that may be approximated by Pα ∼ V β2B4 as given

by Eq. (5). Inserting in Eq. (15) leads to

τE ∼
V βB2

V β2B4 + PExt
. (16)

From this representation it becomes clear that the confinement time consists

of two different parts. The first part is the influence of the alpha heating
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power on the confinement time, while the second part comes from the ex-

ternally applied heating. The behaviour of τE will be different depending

on which of these two is dominant and it is therefore useful to consider two

distinct asymptotic cases:

i) No fusion power: Pα = 0

⇒ τExtE ∼ V βB2

PExt
(17)

This case corresponds to the situation without fusion power and no

significant bremsstrahlung. The externally given heating power PExt is

thus a free parameter. This together with the clear volume dependence

is characteristic of the regime in which the empirical confinement time

scaling ISS04 was derived.

ii) High fusion power: Pα � PExt

⇒ ταE ∼
1

βB2
(18)

In this case the external heating is neglected and only alpha particles

heat plasma. The heating power is, therefore, no longer a free parame-

ter. Instead, it is interconnected to the plasma volume, beta, and field:

Pα ∼ V β2B4. As such, τE scales in this representation differently than

in case i).

With this analysis, the confinement time of the fusion case ταE can be

compared with the ISS04 scaling law by inserting the alpha power Pα ∼

V β2B4 in the ISS04 τ ISS04E ∼ V n3/5B4/5P
−3/5
α leading to

τ ISS04,αE ∼ V 2/5n3/5

β6/5B8/5
. (19)
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Finally, the enhancement factor Θ for the high fusion power case can be

approximated with Θα = ταE/τ
ISS04,α
E resulting in

Θα ∼ β1/5

V 2/5n3/5B2/5
. (20)

As the specific plasma transport and transport regimes play only a role in

the achievable β and because n and B were held constant in the predictive

transport simulations, it can be concluded that the degradation of the con-

finement enhancement factor Θ with respect to the ISS04 is directly related

to the increase of the volume in the high fusion power scenario

Θα ∼ V −2/5. (21)

This relation is plotted in Fig. 6 and agrees with the simulations at high

fusion power giving an indication that the decrease of Θ may be related to

the fact that the heating power is determined self-consistently by machine

and plasma performance parameters.

III.C Impact of Transport on the Renormalisation Factor

In the last subsection a basic scaling approach was used to conceptually

obtain a relation for the decrease of the confinement enhancement factor Θ.

In the following a basic analysis of the underlying transport mechanism shall

be given which plays an important role for the achievable plasma perfor-

mance.

III.C.1. Scaling Considerations

Considering first the empirical confinement time scaling ISS04, the ma-

jority of data points used for the regression of the scaling have been obtained
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at moderate to high collisionality, ν∗ = O(10−1), corresponding to the neo-

classical plateau regime. The analytic limit of the neoclassical plateau regime

leads to a confinement time scaling which closely resembles the exponents of

the ISS04:8

τneo,P lE ∝ nT

P
∝ n3/5P−3/5B4/5 ι2/5. (22)

Although the neoclassical scaling agrees with the ISS04, in W7-AS, the en-

ergy and particle fluxes could not be explained by the neoclassical plateau

regime as the fluxes were systematically underestimated. Only a few high-

performance discharges of the database at T ≥ 1 keV matched the predicted

neoclassical fluxes. In this context it should be noted, that a gyro-Bohm

type turbulence approach for tokamaks, the so-called Lackner-Gottardi scal-

ing,38 leads to the same exponential relations as exhibited by the ISS04 and

neoclassical plateau regime scaling.

These basic scaling considerations already raise doubts about the usage of

the ISS04 scaling for extrapolation to stellarator power plant conditions. This

is especially true in the regime of a burning plasma with self-sustained alpha

heating as shown in the last subsection where the dimensionless parameters

ρ∗, ν∗, and β are far outside the experimental results. The similartiy principle

requires that the dimensionless quantities describing a geometrical similar

system must be the same to allow extrapolation which is violated here.

III.C.2. Neoclassical Transport Considerations

The neoclassical transport coefficients have different scaling properties

dependent on the collisionallity regime. In the upscaling of the ‘conserva-

tive’ as well as in the ‘advanced’ simulation scenario the core temperature
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increases with increasing machine size. This in turn means that the collision-

allity is decreasing. Therefore, at increasing machine size both the electron

and ion distribution funcion will shift to neoclassical long-mean-free-path

regimes (1/ν for electrons and
√
ν for ions). Due to the localised particles,

the neoclassical diffusion coefficients in these regimes are an order of mag-

nitude higher for the stellarator than for a corresponding tokamak. The

neoclassical theory is also relevant for small stellarators (e.g. W7-AS) where

easily Dneo > 1 m2/s. It should also be noted, that the electrons are well

confined in an optimised stellarator, meaning the ion losses would be much

larger than those for the electrons. This is prevented by the ambiporaity

constraint which causes an inward pointing radial electric field bringing the

ion transport down to the electron level while on the other hand somewhat

increasing the electron transport.

This complex combination of different transport regimes with distinct

scaling relations and additional coupling by the ambipolar radial electric

field precludes the derivation of a combined analytic confinement time scaling

which can only be given for individual regimes. This means, that although

empirical scalings may be derived by regression, the confinement time scales

differently dependent on the plasma properties.

III.C.3. Anomalous Transport Considerations

To complicate the situation even more, also the anomalous transport

needs to be taken into account. As of today’s experiments the anomalous

transport has been observed to dominate at the plasma edge. Following this

observation the empirical relationship χano = c P 3/4 n−1 has been employed

for the anomalous transport in the 1-D simulations where the prefactor c is
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a free variable. In the upscaling simulations for both the ‘conservative’ and

‘advanced’ scenario the factor was fixed to c = 1. But the strong power

dependence of this simple model leads to very high anomalous transport for

larger machine sizes which seems from today’s experiments unlikely. For

this reason one simulation has been repeated with reduced c to investigate

the general sensitivity. This is illustrated in Fig. 7, where the ratio of the

ion neoclassical to anomalous energy flux is given over the normalised minor

radius for the ‘conservative’ scenario at machine size V = 1300 m3 for c = 1

and c = 0.2 (selected to achieve χano = 1 m2/s at the edge observed in many

experiments compared to χano = 2.5 m2/s for the c = 1 case).

It can be seen from the figure that in the case with the reduced prefactor,

c = 0.2, the anomalous transport is consequently reduced and the neoclassical

transport dominates over the greater part of the minor radius except at the

very edge with χano = 1 m2/s. In the case with the ‘normal’ prefactor, c = 1,

the neoclassical transport is still larger by a factor 4 in the plasma centre

but an increased portion of the edge beyond ρ ≥ 0.7 is dominated by the

anomalous energy flux with χano = 2.5 m2/s at the very edge.

Comparing both cases, the prefactor has a strong impact on the plasma

transport and performance as the plasma β, volume averaged temperature

〈Ti〉V , and the resulting alpha power nearly doubles in the case with the re-

duced anomalous transport. But the confinement ratio factor Θ, discussed

in the previous subsection, changes only modestly from Θ = 1.45 in the case

with c = 1 to Θ = 1.62 with the reduced anomalous transport c = 0.2. Also,

due to the impact of the anomalous transport, the lines in Fig. 7 exhibit dif-

ferent shape. The reason is, that the increased anomalous transport reduces
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the temperature of the plasma leading to reduced fusion power and alpha

heating. As the neoclassical transport is very sensitive to temperature in the

lmfp-regime (D ∼ T 7/2 for 1/ν), neoclassical transport is reduced at increas-

ing anomalous transport. The complex interplay with the electric field then

leads to the strongly different ratios of neoclassical to anomalous ion energy

flux.

It can be concluded that, apart from neoclassical transport, the anoma-

lous transport plays an important role in reactor-sized HELIAS machines. A

detailed understanding and extrapolation of anomalous, i.e. turbulent trans-

port seems necessary to make precise predictions about the plasma perfor-

mance of a burning plasma HELIAS. Although a simple empirical anomalous

transport model was employed and gave first indications, the descriptive sig-

nificance is limited. Turbulence simulations for 3-D stellarator geometries

have been started recently.36 The aim of this investigation lies especially on

the ion-temperature-gradient mode which is anticipated to be a dominant

micro-instability contributing to transport. From these studies, more rele-

vant anomalous transport models may be derived compatible with the 1-D

code increasing the general predictive capability.

III.D Comparison of 0-D and 1-D Model

For the conservative scenario the direct extrapolation of W7-X within the

0-D model with Pfus = 3000 MW and the ISS04 confinement time scaling

at fren = 1 would lead to a machine with a major radius around 25 m. The

same conservative scenario achieves within the self-consistent 1-D transport

model a fusion power of 3 GW at a major radius of 21 m and reaches a

confinement time a factor 1.3 above the ISS04 scaling. If this confinement
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enhancement factor of 1.3 is applied to the 0-D model a major radius of 21 m

is found which is consistent with the transport model.

In the advanced scenario the 0-D extrapolation for fren = 1 yields a major

radius of around 19 m. In the transport simulations with the high density

and field the conditions are already achieved at a upscaling of W7-X times

3, i.e. 16.5 m major radius, where a confinement time is achieved with a

factor 1.2 beyond the ISS04 scaling. If this factor is again allowed for the

0-D model then the 16.5 m major radius are likewise found. All values are

summarised in Tab. IV.

This result is important, as it means, that empirical scalings like ISS04

cannot be straightforwardly taken to extrapolate today’s machines to devices

of the size of fusion power plants. Rather, extrapolations must be iterated

with predictive transport simulations due to the high impact of confinement

on plant performance. In this respect it is important to consider the de-

tails of the magnetic configuration which plays a major role for the energy

confinement. Although this work concentrated on the helical-axis advanced

stellarator line, similar effects can be expected from other stellarators as the

driving underlying physics are the same.

Therefore, the renormalisation factor cannot be taken as a simple constant

in combination with an empirical confinement time scaling, but in total must

either be iterated with transport simulations or a new consistent scaling be

derived.

Nonetheless, the consistency of the 0-D and the 1-D model is a promising

result. It means, that indeed predictive transport simulations can be carried

out to narrow down an achievable confinement enhancement factor which
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then in turn can be used for systematic studies in a more simplified model

as e.g. the power balance model of systems codes – as long as the transport

simulations are iterated with the corresponding parameters.

IV CONCLUSIONS

From both models it is concluded that the confinement enhancement with

respect to the ISS04 scaling has on the one hand a lower limit of about 0.5

under which ignition is not possible anymore. On the other hand, it has an

upper limit in the range 1.5 – 1.8 which is determined by the beta-limit above

which the confinement enhancement no longer contributes to higher machine

performance. Moreover; from the transport simulations can be learned that

a confinement enhancement factor cannot be arbitrarily assumed since the

confinement time is self-consistently determined from machine parameters

and the complex interplay of transport effects. For the extrapolation of W7-

X to reactor conditions using the predictive transport model the confinement

enhancement is found to be in the range of 1.2 – 1.3. This means, empiri-

cal scalings and constant renormalisation factors cannot be used to directly

extrapolate to fusion power plant devices, but, rather extrapolations must

be iterated with predictive transport simulations. All these conclusions are

in contradiction with the common assumptions of many power plant stud-

ies where confinement enhancements factors are arbitrarily assumed up to

a factor 2 in order to design compact machines. Results of these studies

should be reassessed under the limits of confinement enhancement. It should

be noted that similar simulations have also been carried out for a Heliotron

configuration which exhibited the same behaviour, but such work was not
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pursued in detail as the focus of this work is put on HELIAS devices.

In this work the W7-X high-mirror configuration has been upscaled. But

optimisation procedures have progressed lately so that new quasi-isodynamic

(minimum-B, maximum-J) configurations with poloidally closed contours

of B may be an option for the future which exhibit very low neoclassical

transport and good confinement of fast particles. Additionally, new insight

into occurrence of turbulent micro instabilities allows further optimisation of

such advanced configurations for reduced anomalous transport. Such config-

urations are candidates for HELIAS power plants and achieve even higher

confinement enhancement factors (with respect to the ISS04 scaling).

Finally it can be concluded from the consistency of the global power

balance approach and the predictive transport model that systems codes

(which employ power balance models) can indeed be used to design and

study HELIAS power plants as long as the corresponding confinement times

are provided iteratively from the detailed predictive transport simulations.

This makes the iteration process more complex since fren introduces new

dependencies on all important parameters which must be considered for con-

sistency. Nonetheless, with this approach new systematic studies of HELIAS

burning plasma devices are to follow in the future.
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W7-X HSR4/18 HSR5/22

Major radius R0 [m] 5.5 18 22

Average minor radius a [m] 0.53 2.1 1.8

Plasma Volume V [m3] 30 1570 1407

Average magnetic field on axis Bt [T] 2.5 5.0 5.0

Number of coils 50 40 50

Line averaged electron density ne

[1020 m−3]

< 2.0 2.6 2.12

Central electron temperature T0 [keV] < 5.0 15 15

Average plasma 〈β〉 [%] < 5.0 4.2 4.2

TABLE I: Main physics and engineering parameters for W7-X, HSR4/18 and HSR5/22.
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Configuration c1 c2

HSR4/18 0.1175 0.004276

HSR5/22 0.1169 0.004215

TABLE II: Values of the profile parameters c1 and c2 of the global power balance model

determined to comply with the results of the HSR4/18 and HSR5/22 reactor studies.
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Fig. 1: Flow chart for the basic power balance model of stellarator burning plasma devices.
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Fig. 2: Fusion power as function of the magnetic field strength for HSR5/22 parameters

with constant 〈β〉 = 3.6% (solid line) and 〈β〉 = 4.9% (dashed line) where the horizontal

line on the left is the maximum field strength of NbTi technology at 4.2 K and the limit on

the right is the maximum field strength of Nb3Sn superconductors at 4.2 K. The star-like

symbol is the reference of the HSR5/22 point design.3
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Fig. 3: The minimum major radius for plasma ignition (Q =∞) is shown in dependence

of the renormalisation factor fren for the 4 and 5-periodic HELIAS concepts (solid and

dashed line respectively) at constant fusion power of 3 GW. As 〈β〉 is increased with fren,

the circles show the point where 〈β〉 = 6 % is reached. Additionally, 〈β〉 = 4 % (squares)

and 〈β〉 = 5 % (triangles) is shown.
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Fig. 4: The required renormalisation factor fren with respect to the ISS04 confinement

time scaling is shown for linear extrapolation of Wendelstein 7-X with major radius at fixed

aspect A = 10.3 ratio and fusion power Pfus = 3000 MW. Two scenarios are illustrated, a

‘conservative’ one with Bt = 4.5 T and ne = 1.8 · 1020 m−3 (solid line) and an ‘advanced’

one with Bt = 5.5 T and ne = 2.8 · 1020 m−3 (dashed line). As again 〈β〉 is increased with

fren the circles show the point where 〈β〉 = 6 % is reached.
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Scenario Config-

uration

SC

Tech-

nology

B0

[T]

ne

[1020m−3]

Gyrotrons

conservative W7-X

high

mirror

NbTi 4.5 1.8 W7-X: 140

GHz

advanced W7-X

high

mirror

Nb3Sn 5.5 2.8 ITER: 170

GHz

TABLE III: Summary of the parameters of the conservative and advanced scenario.
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Fig. 5: Self-consistent fusion power (left) and fusion gain (right) for the conservative (solid

line) and advanced scenario (dashed line).
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Fig. 6: Confinement time of the predictive neoclassical simulations normalised to the ISS04

scaling for the ‘conservative’ scenario (solid line) compared to a normalised Θ ∼ V −2/5

scaling (dotted line), as well as the ‘advanced’ scenario (dashed line). The vertical solid

lines represent Q ≥ 10 (left) and HSR5/22 in terms of plasma volume (right).
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Fig. 7: Comparison of the ratio of ion neoclassical to anomalous heat flux, Qi
neo/Q

i
ano,

over normalised minor radius, ρ = r/a, for the ‘conservative’ scenario at machine size

V = 1300 m3 for two different prefactors in the anomalous transport model: c = 1 (solid

line) and c = 0.2 (dashed line).
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Model 0-D 0-D 1-D

conservative

Major Radius [m] 25 21 21*

Conf. Enhancement

Factor

1.0* 1.3* 1.3

advanced

Major Radius [m] 19 16.5 16.5*

Conf. Enhancement

Factor

1.0* 1.2* 1.2

TABLE IV: Summary of the major radius from direct extrapolation of Wendelstein 7-X

with associated confinement enhancement factors for the comparison between the power

balance model and the predictive transport model constraint by achieving 3000 MW fusion

power. The values marked with a star are the respective input parameters in the model.
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