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Demonstration of reduced neoclassical 
energy transport in Wendelstein 7-X
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Research on magnetic confinement of high-temperature plasmas has the ultimate 
goal of harnessing nuclear fusion for the production of electricity. Although the 
tokamak1 is the leading toroidal magnetic-confinement concept, it is not without 
shortcomings and the fusion community has therefore also pursued alternative 
concepts such as the stellarator. Unlike axisymmetric tokamaks, stellarators possess a 
three-dimensional (3D) magnetic field geometry. The availability of this additional 
dimension opens up an extensive configuration space for computational 
optimization of both the field geometry itself and the current-carrying coils that 
produce it. Such an optimization was undertaken in designing Wendelstein 7-X 
(W7-X)2, a large helical-axis advanced stellarator (HELIAS), which began operation in 
2015 at Greifswald, Germany. A major drawback of 3D magnetic field geometry, 
however, is that it introduces a strong temperature dependence into the stellarator’s 
non-turbulent ‘neoclassical’ energy transport. Indeed, such energy losses will become 
prohibitive in high-temperature reactor plasmas unless a strong reduction of the 
geometrical factor associated with this transport can be achieved; such a reduction 
was therefore a principal goal of the design of W7-X. In spite of the modest heating 
power currently available, W7-X has already been able to achieve high-temperature 
plasma conditions during its 2017 and 2018 experimental campaigns, producing 
record values of the fusion triple product for such stellarator plasmas3,4. The triple 
product of plasma density, ion temperature and energy confinement time is used in 
fusion research as a figure of merit, as it must attain a certain threshold value before 
net-energy-producing operation of a reactor becomes possible1,5. Here we 
demonstrate that such record values provide evidence for reduced neoclassical 
energy transport in W7-X, as the plasma profiles that produced these results could not 
have been obtained in stellarators lacking a comparably high level of neoclassical 
optimization.

In the quest for a viable fusion reactor, consideration of the plasma 
energy balance shows that—regardless of the confinement concept—
a minimum value of the fusion triple product, nTτE, must be attained 
before net-energy-producing operation becomes possible1,5. Here, n is 
the fuel density, T is its temperature and τE is the energy confinement 
time, defined by the ratio W/P, where W is the stored plasma energy 
and P is the heating power provided by fusion reactions. The tempera-
ture dependence of the fuel’s fusion reactivity provides an additional 
constraint; for deuterium–tritium fusion, this reactivity falls rapidly 
below a temperature of 10 keV (≈1.2 × 108 K). High temperatures are 

thus mandatory in fusion plasmas but must be simultaneously con-
sistent with a tolerable level of energy transport if the required τE is 
to be achieved.

Toroidal magnetic confinement of fully ionized fusion plasmas 
requires that field lines spiral around the minor axis of the torus poloi-
dally as they encircle the major axis toroidally, tracing out magnetic 
flux surfaces in the course of numerous transits about the device. 
For a tokamak these toroidal and poloidal components of B are pro-
vided, respectively, by planar current-carrying coils situated outside 
the plasma and by a toroidal plasma current induced with a central 
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solenoid. The strength of the magnetic field in a tokamak plasma 
scales inversely with the distance from the major axis of the torus and 
B ≡ |B| thus varies along field lines, being largest on the inboard side 
of the torus and smallest on the outboard side. For strongly magnet-
ized plasmas, both the total energy and the magnetic moment are 
constants of the particle motion, so that particles having only a small 
portion of their velocity vector aligned with the magnetic field will 
become trapped in this variation of B, and in axisymmetric tokamaks 
they perform so-called banana orbits, which are a consequence of the 
vertical drift caused by the B × ∇B terms in the particles’ guiding centre 
equation of motion6,7. In the absence of collisions, these banana orbits 
experience no net radial displacement on average over the course of 
their periodic ‘bounce’ motion. However, as in the ‘classical’ case of 
plasma immersed in a homogeneous magnetic field, Coulomb colli-
sions will cause such particle orbits to undergo a random-walk diffusive 
process with a repetition rate linearly proportional to the collision 
frequency, ν. As the ‘width’ of banana orbits is larger than the particle’s 
gyroradius, the resulting transport will exceed the classical level and 
the adjective ‘neoclassical’ is used to signify that the inhomogeneity 
of B has been accounted for8,9.

High-temperature fusion plasmas are characterized by low collision-
ality (ν*, the ratio of collision frequency to banana bounce frequency), 
which scales as ν* ∝ nT−2. For such plasmas, aside from the large geo-
metrical factor due to tokamak banana orbits9, the neoclassical energy 
flux through the magnetic surface with a minor radius of r will obey 
V Q n T B′ ∝neo

2 1/2
0
−2 , where the left-hand side of this expression is the 

product of magnetic surface area, V′, and flux-surface-averaged neo-
classical energy-flux density, Qneo, and where B0 is the average magnetic 
field strength at the major radius of the plasma axis (denoted by R0). 
This is noteworthy as these scalings are identical to those of the clas-
sical case, and the temperature dependence is therefore benign.

In the majority of tokamak experiments, energy confinement is 
found to be worse than predicted by neoclassical theory, which is 
thought to be predominantly due to plasma turbulence. If the turbu-
lence is of gyro-Bohm nature, the energy flux will scale with T5/2 (ref. 10), 
and as neoclassical and turbulent losses are additive, the former are 
generally ignored when assessing the overall energy confinement to 
be expected in a tokamak reactor. The situation is very different in a 
high-temperature stellarator plasma, however, as will be discussed next.

The need to and means of reducing the stellarator Qneo

Stellarators have the advantage over tokamaks of producing both the 
toroidal and poloidal components of their magnetic field with 
current-carrying coils external to the plasma, thereby possessing an 
inherent steady-state capability that tokamaks lack. Numerous pos-
sibilities exist for the placement of coils so as to provide the spiraling 
of field lines needed for the formation of flux surfaces, the most intu-
itive of which is the use of continuous helical windings as employed in 
heliotrons such as the Large Helical Device (LHD)11. Strong plasma 
shaping, however, is more readily produced with a set of modular coils12 
appropriately twisted into non-planar forms, and it is this concept that 
underlies W7-X. In either case, the coil shapes combine both toroidal 
and poloidal excursions so that the magnetic field they produce cannot 
be axisymmetric and, indeed, an additional corrugation of B arises, 
which is commonly referred to as the stellarator’s ‘helical’ ripple. Par-
ticles that become trapped in these ripples are said to be localized, as 
they experience only a small variation of poloidal angle between suc-
cessive reflection points and this leads to a non-zero time average of 
their vertical drift over this bounce period, unlike the case of tokamak 
banana orbits13. As a consequence, the collisionless trajectories of 
localized particles may be able to leave the plasma after numerous 
reflections, and confinement of such particles will occur only if colli-
sions are frequent enough to limit their radial excursions. Collisions 
are thus beneficial, and in such a case, typical for electrons in 

high-temperature stellarator plasmas, the random-walk diffusive trans-
port becomes inversely proportional to the collision frequency and 
electrons are therefore said to be in the ‘1/ν regime’. This regime is most 
remarkable for the very unfavourable temperature dependence of  
its neoclassical energy flux which scales as  V Q ϵ T R B′ ∝neo eff

3/2 9/2
0
−1

0
−2   

(ref. 14). The quantity ϵeff is referred to as the effective helical ripple for 
1/ν transport15,16 and is a figure of merit devised to allow comparisons 
of devices that have different magnetic field geometries. As the name 
implies, ϵeff will have the same value as the helical-ripple amplitude, ϵh, 
for the limiting case in which this amplitude is a constant over the entire 
flux surface.

The temperature dependence of this result has long been considered 
a serious hindrance to the prospects of stellarator reactors, and clearly 
favours operation at the highest collisionality tolerable. High magnetic 
field strength and large aspect ratio, R0/a (r = a denotes the radius of 
the plasma’s last closed flux surface), are also beneficial but imply sub-
stantial capital cost for reactor construction as such expenditure scales 
with the stored magnetic energy of the device. The most ‘economical’ 
option offered by the 1/ν scalings is reduction of the effective helical 
ripple, which requires appropriate tailoring of the magnetic field so 
as to diminish the time-averaged radial drifts experienced by localized 
particles, and this has become a common goal of stellarator optimiza-
tion since the inception of W7-X17. This device has five field periods 
(the integer number of times the magnetic field geometry repeats 
itself when going around the device once in the toroidal direction) and 
these periods are oriented such that the coil system appears nearly 
pentagonal when viewed from above (see Extended Data Fig. 1). The 
largest values of B are located in the pentagon’s ‘corners’, where the field 
curvature is particularly strong, but the majority of localized particles 
are thereby trapped in regions that have small B × ∇B, which reduces 
the associated radial drifts. Making use of this, W7-X was optimized for 
sufficiently reduced neoclassical energy transport that future HELIAS 
reactors with plasma volumes of 1,500 m3 become conceivable, requir-
ing ϵeff values of a few per cent at most18–20.

In addition to causing 1/ν transport, localized particles are also 
responsible for the appearance of a radial electric field, Er, which must 
arise in stellarators to establish ambipolarity of the neoclassical particle 
fluxes (meaning that no net radial current flows in the plasma). This 
electric field introduces an E × B drift into the particles’ equation of 
motion, which causes localized particles to drift poloidally with a preces-
sion frequency ΩE ≈ |Er|/(rB0), thereby placing an additional limit on the 
radial excursion of orbits. This poloidal precession is more important 
than collisions for particles that have ΩE > νeff, where νeff is the frequency 
with which collisional removal from the ripple occurs. For fusion plas-
mas, the collision frequency of electrons will exceed that of the ions by 
roughly two orders of magnitude and the ions will not be subject to 1/ν 
transport but will instead have their orbits constrained by ΩE, with a value 
of Er such that the neoclassical ion particle flux is reduced to the value 
for electrons. For the interested reader, a more detailed presentation 
of neoclassical results is provided in Methods, where, in particular, it is 
demonstrated that strong reduction of electron 1/ν transport is also of 
direct benefit for reducing energy fluxes in the ion channel.

Given these ingredients, the recipe for reducing the sum of elec-
tron and ion neoclassical energy losses becomes readily apparent. 
Paramount is a minimization of electron 1/ν transport, which is best 
achieved in magnetic fields having small ϵeff and for plasmas at the high-
est tolerable collisionality. This strong reduction of the neoclassical 
electron energy transport is accompanied by a comparable decrease 
of the electron particle transport and ion neoclassical losses are then 
beneficially influenced by the ambipolar radial electric field. Reduction 
of ion transport is thus a knock-on effect relying on the actual realiza-
tion of this predicted value of Er. Theoretically, such expectations are 
justified as particle transport is known to be intrinsically ambipolar 
for any turbulence satisfying the gyrokinetic orderings21,22, but experi-
mental verification in W7-X is required for certainty.
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In addition to reduced neoclassical transport, W7-X was also opti-
mized for improved magnetohydrodynamic equilibrium and stability, 
negligible bootstrap current and good confinement of collisionless 
fast-particle orbits in plasmas with reactor-relevant pressure profiles2. 
The W7-X coil set was designed with a great deal of flexibility so as to 
provide access to a large configuration space, having candidates for 
which each of these goals is weighted to varying degrees23. Of particular 
interest for neoclassical transport studies is the portion of this space 
that has extremely small values of ϵeff(ρ = r/a), an excellent example of 
which is the ‘standard’ configuration, which has equal currents in all 
five different types of non-planar coils. However, this configuration 
is expected to have larger bootstrap current and poorer fast-particle 
confinement than are desirable. Both deficiencies can be addressed by 
choosing a portion of the configuration space that has a larger varia-
tion of B along the magnetic axis. Such a ‘high-mirror’ configuration 
is achieved by adjusting the current ratios in non-planar coils of the 
same type so that these ratios are largest at the beginning of each field 
period (at the corners of the pentagon—see Extended Data Fig. 1) and 
smallest at its mid-point. The larger mirror term increases the fraction 
of trapped particles, however, leading to ϵeff values for the high-mirror 
configuration that exceed those of the standard configuration by fac-
tors of between 2.5 and 3.5, as can be seen by comparison of the radial 
profiles plotted in Fig. 1. These values are nevertheless small enough 
to pose no obstacle to reactor operation and, indeed, all HELIAS reac-
tor studies are based on variants of the high-mirror configuration19,20.

Also shown in Fig. 1 are ϵeff profiles for two reference configurations of 
LHD11, a heliotron that has been in operation in Toki, Japan, since 1998. 
Such a comparison is a natural undertaking as W7-X and LHD are the 
largest members of the stellarator family currently in existence. These 
two devices have nearly the same plasma volume, although the aspect 
ratio of LHD (R0/a ≈ 6) is more compact than that of W7-X (R0/a ≳ 10). At 
LHD, vertical field coils can be used to shift the plasma column in the 
radial direction and configurations are typically differentiated accord-
ing to the position of their major axis in vacuum; configurations with 
R0 = 3.6 m and R0 = 3.75 m are depicted here. As is typical for heliotrons, 
ϵeff(ρ) is reduced by shifting the plasma inwards, whereas the case with 
the larger major radius is a good approximation to a stellarator field 
that has ϵeff ≈ ϵh. Neoclassical transport coefficients for both LHD and 
W7-X have been calculated and benchmarked within an international 
collaboration24 and provide a basis for the calculations of neoclassical 
energy transport presented in the next section.

To visualize the benefit of optimizing the magnetic field geometry 
for reduced neoclassical transport, collisionless single-particle orbits 
of ions in W7-X standard and LHD R0 = 3.75 m are also provided here in 
two videos (see Supplementary Videos 1, 2).

Qneo for W7-X discharge 20180918.045
In many stellarator plasmas, the electron and ion temperatures are 
too low to cause neoclassical energy losses of a magnitude relevant 
for the plasma energy balance. As in tokamaks, this is attributed to 
turbulent transport, and the global energy confinement exhibited by 
the two concepts is quite comparable for devices of the same volume 
(see figure 36 of ref. 25). So far, plasma performance in W7-X is commonly 
limited by turbulence as well, and an experimental assessment of the 
neoclassical energy confinement in this device therefore requires a 
plasma scenario for which the turbulent transport is reduced.

In this regard, a substantial transient improvement of the energy 
confinement has been observed in certain W7-X experiments fuelled 
with hydrogen pellets26,27; the discharge 20180918.045, performed 
in the W7-X standard configuration, provides such an example. Time 
traces of interest for this experiment are provided in Extended Data 
Fig. 2, showing that a density ramp was initiated at t = 1.86 s by inject-
ing a series of twenty-eight frozen hydrogen pellets into the plasma 
at a frequency of 30 Hz. In the aftermath of pellet fuelling the central 
density exceeds 1020 m−3 and the stored energy measured by a dia-
magnetic loop reaches a maximum value of Wdia = 1.02 MJ with central 
electron and ion temperatures both in excess of 2.5 keV, although the 
plasma is heated with only 4.5 MW of electron cyclotron resonance 
heating (ECRH). Taking fully ionized carbon as the predominant plasma 
impurity and a core value of the effective charge state equal to the 
global experimental value, Zeff = 1.4, yields a central triple product of 
niTiτE > 5.3 × 1019 m−3 keV s (where ni and Ti indicate the density and tem-
perature of ions, respectively), which is in the typical range of results 
achieved in W7-X during the high-performance phase of pellet-fuelled 
discharges3,27. The strong temperature dependence of stellarator neo-
classical energy transport immediately raises the question of whether 
such record triple-product results are also experimental evidence for 
the reduction of neoclassical energy losses by optimization of the W7-X 
magnetic field. This discharge is particularly attractive for such an 
investigation as the 1.02 MJ are maintained for a full energy confinement 
time of 230 ms, thereby simplifying the plasma energy balance as the 
∂W/∂t term appearing in this equation will be of negligible importance 
by the end of the high-energy phase. For interested readers, further 
details of this experiment can be found in Methods.

Calculation of the neoclassical losses requires knowledge of the 
plasma profiles. These are shown in Fig. 2 for t = 3.35 s at the end of the 
time period in which maximum Wdia is reached. The abscissa in these 
plots, r, is a flux-surface label, often referred to as the effective minor 
radius. The red data points depict ne and Te, the density and temperature 
of electrons, respectively, obtained from Thomson scattering, and 
electron temperatures obtained with the electron cyclotron emission 
(ECE) system are shown in black. Values of Ti determined with charge 
exchange recombination spectroscopy (CXRS) are given by the blue 
circles. See Methods for information concerning these measurements 
and the error bars associated with them. Profile fits to these experimen-
tal data are depicted in Fig. 2 by continuous curves in red for electrons 
and in blue for ions. The stored energy associated with these profiles is 
W = 1.01 MJ, in good agreement with the experimentally measured Wdia. 
To account for the uncertainty in experimental profiles, neoclassical 
results will also be determined here assuming certain variations of the 
plasma parameters, but, as will be seen, such sensitivity studies do not 
lead to fundamentally different conclusions.

Before proceeding to the analysis of these experimental results and 
their interpretation, it should be noted that two tenets underlie this 
process. First, that quantitative values of the neoclassical fluxes can be 
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Fig. 1 | Radial profiles of the effective helical ripple. Radial profiles of ϵeff are 
shown for the W7-X standard (black continuous curve) and high-mirror (black 
broken curve) configurations as well as for the LHD R0 = 3.6 m (red continuous 
curve) and R0 = 3.75 m (red broken curve) configurations. In the last of these 
cases, the ‘missing’ portion of the curve that extends above the plot area 
increases roughly quadratically with normalized minor radius, ρ = r/a, to reach 
a value of 0.225 at ρ = 0.93.
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accurately determined for specified magnetic equilibria and plasma 
parameters, and second, that these fluxes represent the minimum 
value of transport that can be achieved for the given conditions. To 
substantiate the first of these claims, numerical means of solving the 
linearized drift kinetic equation and determining neoclassical transport 
coefficients have been thoroughly benchmarked as part of an inter-
national collaboration24. For the second, although there are various 
examples in the literature of stellarator confinement being consistent 
with neoclassical theory in the plasma core25,28, there are no published 
claims of experimental results for which the observed confinement 
exceeds neoclassical predictions.

The importance of the neoclassical optimization for attaining record 
fusion-triple-product results in high-temperature stellarator plasmas 
can be demonstrated by calculating and comparing the neoclassi-
cal energy fluxes associated with the density and temperature pro-
files of Fig. 2 for configurations with different levels of optimization. 
This comparison is provided in Fig. 3a for the configurations (Fig. 3b) 
W7-X standard, (Fig. 3c) W7-X high-mirror, (Fig. 3d) LHD R0 = 3.6 m, and  
(Fig. 3e) LHD R0 = 3.75 m, and depicts the sum of electron and ion neo-
classical energy fluxes, normalized to the heating power Pheat = 4.5 MW 
of discharge 20180918.045, as a function of normalized minor radius. 
Of primary interest here is to isolate the influence of the magnetic field 
configuration on the neoclassical results and, to this end, effects of the 
plasma volume on confinement have been removed by a slight linear 
upscaling of both LHD configurations so as to have the same plasma 
volume as W7-X; such scaling leaves the ϵeff profile and the aspect ratio 
unchanged. Influence of the magnetic field strength on the results is 
avoided by setting B0 = 2.5 T in all cases. This comparison demonstrates 
that the plasma profiles of discharge 20180918.045 in the W7-X stand-
ard configuration are only conceivable in magnetic configurations that 
have a comparably high level of neoclassical optimization. Indeed, the 
temperatures attained are high enough to imply a peak neoclassical 
energy flux nearly commensurate with the heating power for the W7-X 
high-mirror configuration, and for the LHD examples these energy 
fluxes exceed Pheat over a portion of the plasma and are thus physically 
impossible.

Further details of the neoclassical results are provided for each indi-
vidual configuration in the remaining four frames of Fig. 3. In these 
plots, constituent contributions to the neoclassical energy fluxes made 
by electrons, Qneo

e , and ions, Qneo
i , are shown by the red and blue curves, 

respectively; their sum is again given by the black ball-and-chain curve. 
To illustrate the sensitivity of this sum to variations in plasma param-
eters, results for the total neoclassical energy fluxes are also depicted 
with (ne, Tα) replaced by (gne, g−1Tα) and varying the scaling factor g in 
the range 0.9 ≤ g ≤ 1.1, where α = {e, i} indicates the values for electrons 
and ions, respectively). As the pressure profile is unaffected by this 
variation it is possible to perform all calculations using the same equi-
librium. The values of collisionality remain sufficiently small in all these 
cases to ensure that the electron neoclassical fluxes are predominantly 

due to 1/ν transport. Given the strong temperature dependence of the 
losses in this regime, it is apparent that Qneo

e  will attain its largest value 
for g = 0.9 and then decrease as g increases. The same behaviour is 
found for Qneo

i  although the relative reduction is much weaker and can 
only be accounted for accurately by enforcing the ambipolarity con-
straint so as to obtain the correct value of the radial electric field. The 
sum Q Q+neo

e
neo
i  is thus a monotonically decreasing function of g over 

the range of values considered and confirms the theoretical expecta-
tions mentioned in the previous section.

As expected qualitatively, the results of Fig.  3 confirm that 
V Q Q′( + )neo

e
neo
i  is an increasing function of ϵeff but quantification of  

this statement is far more difficult. For example, comparing the results 
of the two W7-X configurations, one finds Qneo

e  larger in the high-mirror 
case by a factor of five, which corresponds well with the ϵeff

3/2 depend-
ence of 1/ν transport. However, the total neoclassical energy flux for 
W7-X high-mirror is increased by a factor only somewhat larger than 
two, owing to the much smaller increase in Qneo

i . This example also 
demonstrates the nonlinearity of the neoclassical fluxes—quantitative 
accuracy in the determination of these fluxes cannot rely only on  
comparisons of ϵeff.

With regard to the higher levels of neoclassical energy transport for 
the LHD configurations, it should be emphasized that these are provided 
only to give the reader some idea of how large neoclassical energy fluxes 
can become at high Tα in stellarator-type devices that were not explicitly 
optimized to reduce neoclassical transport. Such observations have 
been accounted for in contemporary designs of heliotron reactors by 
shifting the plasma column further inwards and also adjusting the pitch 
modulation of the helical windings so as to obtain a tolerable level of 
neoclassical transport for the envisaged plasma conditions29.

As explained in the previous section, the structure of B is critical in 
determining the level of electron neoclassical transport and the reduc-
tion of losses in the ion channel relies on the appearance of the radial 
electric field needed to satisfy the ambipolarity constraint. Experi-
mental profiles of Er obtained from X-ray imaging crystal spectrom-
eter (XICS) measurements have been published for other examples of 
pellet-fuelled discharges in W7-X and have been shown to conform with 
neoclassical predictions30. The same claim can be made for discharge 
20180918.045, which has Er profiles obtained from CXRS in addition to 
those from XICS (see Extended Data Fig. 3). With this additional informa-
tion, plasma profiles leading to large values of the triple product in W7-X 
high-temperature plasmas may be taken as experimental evidence for the 
reduction of neoclassical losses through an appropriate optimization of 
the confining magnetic field. In particular, the very small values of ϵeff(ρ), 
which characterize the W7-X standard configuration, are indispensable 
for achievement of the high electron and ion temperatures of discharge 
20180918.045 with a heating power of only 4.5 MW. As the behaviour of 
the bootstrap current in W7-X has already been shown to conform with 
neoclassical expectations31, reduction of all neoclassical fluxes and flows 
in line with the W7-X optimization goals is also substantiated.
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discharge 20180918.045 at t = 3.35 s. Thomson 
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Confirming the importance of the W7-X neoclassical optimiza-
tion for improving plasma performance is only a first step, however, 
as high-triple-product phases have been of limited duration in the 
device so far. It is postulated that—owing to properties of the tur-
bulent transport32—such performance requires the establishment 
and sustainment of sufficiently steep density gradients. A similar 
tendency was also observed in the preceding Wendelstein experi-
ment, W7-AS, where the appearance of ‘optimum confinement’ con-
ditions was always accompanied by such gradients25. These W7-AS 
discharges were heated using a combination of ECRH and neutral 
beam injection (NBI), the latter providing the plasma with a strong 
central particle source, while simultaneously the edge particle source 
due to recycling neutrals dropped to unusually low levels. Under such 
conditions, steep density gradients could be maintained throughout 
the 250-ms heating pulse but, although long in comparison to τE, such 
pulses were insufficient to claim ‘steady-state’ conditions as the sinks 
due to neutral-particle pumping by plasma-facing components did 
not saturate during this time. At W7-X, NBI was successfully commis-
sioned during the second portion of the 2017–2018 campaign and 
will allow future investigations into whether optimum confinement 
conditions can also be realized in this device during the 10-s dura-
tion of NBI pulses. To truly test the steady-state perspectives of the 

HELIAS concept, the ECRH at W7-X has been designed to provide the 
plasma with 1,800 s of continuous-wave power and a water-cooled, 
high-heat-flux divertor is currently being installed in the device to 
provide the necessary particle and heat exhaust over this period of 
time. If steep density gradients are indeed the key to improving the 
confinement of W7-X plasmas, density profile tailoring over such 
time scales will probably need to rely on the capabilities of a new 
steady-state pellet injector, which should also go into operation 
during the next campaign.
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Methods

Theoretical details
In high-temperature stellarator plasmas, the radial components of the 
flux-surface-averaged neoclassical particle and energy flux densities 
(Γneo and Qneo, respectively) of particle species α may be expressed as24
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where n = n(r), T = T(r) and q are the density, temperature and charge of 
the given species, respectively, Er = Er(r) is the radial electric field and 
the δij are normalized transport coefficients
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comprising appropriate combinations of elements of the neoclassical 
transport matrix
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where K ≡ κ/T = mv2/(2T) is the normalized kinetic energy and D is the 
so-called mono-energetic radial transport coefficient. The terminol-
ogy ‘radial’ is used here to denote quantities that are oriented per-
pendicularly to flux surfaces so that the radial coordinate r should be 
understood as a flux-surface label.

To understand how the neoclassical energy transport scales with var-
ious plasma and configuration parameters, it is sufficient to consider 
a simple heuristic description of random-walk diffusion processes 
having D ∝ ℱ(Δr)2νeff where ℱ is the fraction of particles participating 
in the process, Δr is the characteristic step size of such particles and 
νeff is the frequency with which a step is taken. For the cases of interest 
here, the transport is due to the pitch-angle scattering portion of the 
linearized collision operator, allowing one to express the ‘effective’ 
step frequency as νeff = ν/ℱ2 where ν is the 90°-deflection frequency  
and the ℱ−2 enhancement accounts for the fact that scattering through 
the portion of phase space comprising ℱ occurs more often than 
scattering through 90°. The heuristic expression for the transport 
coefficient then simplifies to D ∝ (Δr)2ν/ℱ leaving only Δr and ℱ to 
be determined.

The variation of B along field lines in toroidal devices causes a B × ∇B 
drift of guiding centre particle trajectories in this field, having a char-
acteristic velocity vd = κ/(|q|R0B0) (refs. 6,7). For particles localized in a 
stellarator’s helical ripple, this drift will lead to a displacement from 
the flux surface by an amount Δr = min(vd/νeff, vd/ΩE), depending on 
whether the effective collision frequency, νeff, or the E × B precessional 
frequency, ΩE = |Er|/(rB0), is larger for the given particle. The first of 
these cases is typical for electrons in a high-temperature stellarator 
plasma and will be considered in the remainder of this paragraph. For 
the simplest of stellarator magnetic fields having a constant 
helical-ripple amplitude over the entire flux surface, ϵh = ϵh(r), the  
fraction of localized particles scales as ϵℱ ∝ h

1/2 and the heuristic expres-
sion for the radial transport coefficient then yields D ϵ v ν∝ /h

3/2
d
2 .  

Substituting this result into the formula for the Lij and taking the col-
lision frequency proportional to nv−3, one recovers the scaling 
L ϵ T n R B∝ ( )ij h

3/2 7/2 −1
0 0

−2. This result can be generalized to arbitrary stel-
larator fields if one replaces ϵh with the appropriate value of ϵeff, which 
explains why this latter quantity is given the name ‘effective helical 
ripple for 1/ν transport’. To derive the scalings of the neoclassical energy 
flux in the 1/ν regime, one approximates V′ ∝ rR0 and the inverse gradi-
ent scale lengths appearing in the braces of equation (1) as a−1 to obtain 
V Q ϵ T R B′ ∝neo eff

3/2 9/2
0
−1

0
−2.

For a fusion plasma having equal species temperatures the collision 
frequency of electrons will exceed that of the ions by roughly two orders 
of magnitude. Consequently, for localized ions the characteristic radial 
step size of the diffusive random-walk process will be Δr ∝ vd/ΩE and ℱ 
will combine the fractions of phase space in which particle orbits change 
their trapping states due to either collisions or drifts. For the stellarator 
field with ϵh = ϵh(r), the former case is characterized by a ‘collisional bound-
ary layer’ of width13 ϵ ν Ω ν Ω( / ) = ( / )E Eh

1/2
eff

1/2 1/2 whereas the latter is signi-
fied by ℱtr, the fraction of ‘transition’ orbits33, which is a largely 
geometric factor reflecting the topology of the local maxima of B.  
Substitution of these quantities into the heuristic expression for the 
transport coefficient then yields for the ions D v Ω ν ν Ω∝ ( / ) ( / + ℱ )E Ed

2
tr

−1 
which is more commonly found in the literature as two separate results 
for the limiting cases in which one of the terms within the parentheses is 
far larger than its counterpart, the so-called √ν regime with D v ν Ω∝ ( / )Ed

2 3 1/2 
and the ‘ν regime’ with D v Ω ν∝ ( / ) /ℱEd

2
tr. Using A to signify those param-

eters in ν/ΩE that are not of direct relevance to plasma-parameter scalings, 
the neoclassical ion energy losses are then seen to obey
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Although this expression is conveniently compact, it leaves the com-
plicated dependence of Er on plasma and device parameters unspeci-
fied. This will be addressed next for the case of most relevance to the 
reduction of neoclassical transport in W7-X.

Unlike the axisymmetric tokamak, neoclassical particle fluxes  
are not intrinsically ambipolar in a stellarator, and thus a theoretical 
means of determining the Er profile is provided by enforcing the ambi-
polarity constraint. In a pure hydrogen plasma (using α = e to denote 
electrons and α = i for ions) for which ne = ni = n and for which qe = −e 
and qi = e, where e is the elementary charge, equating Γ neo
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Substituting this result back into the neoclassical expressions, one 
obtains for the particle flux density
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where the species indices are chosen to be [α, β] = [e, i] or [i, e] as appro-
priate. However, one should recall that the Lij

i  are dependent on Er, so 
that profitable use of these equations requires that special circum-
stances hold. One such example is the fusion-relevant case that has 
Te = Ti = T for which the radial electric field equation becomes
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and will yield Er ∝ T for the limiting case in which electron 1/ν transport 
has been sufficiently reduced to satisfy L L/ 111

e
11
i ≪ . In the same limit, 

the particle flux density is well approximated by
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making it evident that electrons are the rate-controlling species. Addi-
tionally, one notices that the factor outside the braces in Qα

neo simplifies 
to nT L11

e  and that the largest normalized transport coefficients  
associated with the temperature gradients are δ δ δ+22

e
12
i

21
e  for electrons 

and δ δ δ L L( − ) /22
i

12
i

21
i

11
i

11
e  for ions. At first glance, the largeness of L L/11

i
11
e  

might lead one to expect a considerable difference in the size of these 
two terms, but the strong temperature dependence of 1/ν transport 
makes the δij

e considerably larger than their δij
i  counterparts. Indeed, 

under the assumption of ‘pure’ regimes, the Lij may be expressed in 
terms of the so-called gamma function, and one finds δ = 7/212

e , δ = 521
e  

and δ = 45/222
e   whereas  δ1/2 ≤ ≤ 5/412

i , δ2 ≤ ≤ 11/421
i   and  δ3 ≤ ≤ 99/1622

i  
where the smaller values hold in the ν regime and the larger for the √ν 
regime34. When these limits apply one obtains δ δ δ25 ≤ + ≤ 115/422

e
12
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21
e  

and δ δ δ2 ≤ − ≤ 11/422
i

12
i

21
i  so that the δij combination of relevance for 

electrons is an order of magnitude larger than its counterpart for ions. 
The neoclassical energy transport of electrons and ions will thus be of 
similar magnitudes and the strong reduction of L11

e  is clearly seen to be 
of benefit to both species.

Details concerning the calculation of neoclassical energy fluxes
For the magnetic configurations considered in this work all equilib-
ria have been determined with the Variational Moments Equilibrium 
Code (VMEC)35 and subsequently expressing the results in terms of 
Boozer flux coordinates36. This provides all information concerning 
the magnetic field needed as input by the Drift Kinetic Equation Solver 
(DKES)37, which is used to prepare a dataset of mono-energetic trans-
port coefficients covering the entire range of ν* and Er values relevant 
for determining the Lij given any combination of density and tempera-
ture producing the pressure profile of the VMEC equilibrium. The radial 
electric field profile is determined self-consistently by using numeri-
cal root-finding techniques to determine solutions to the nonlinear 
ambipolarity constraint.

For the W7-X calculations, equilibria for the pressure profile of dis-
charge 20180918.045 at t = 3.35 s have been used, whereas the LHD 
results presented here have been obtained for vacuum equilibria. The 
LHD equilibria thus ignore the outward shift of the plasma column due 
to non-zero plasma pressure—the so-called Shafranov shift38—which 
leads to an increase of the neoclassical energy losses39,40. This deleteri-
ous effect can be counteracted to an extent by using the vertical field 
coils to shift the plasma axis back to its vacuum position, but a deforma-
tion in the shape of flux surfaces remains, which serves to degrade the 
neoclassical confinement. The neoclassical energy losses calculated 
here for LHD are thus ‘best case’ results. By contrast, the W7-X optimiza-
tion had the explicit goal of using finite-plasma-pressure effects to its 
benefit; for the high-mirror configuration, ϵeff decreases monotonically 
as the pressure increases, whereas for the standard configuration, 
small-to-modest pressure has little influence on this quantity.

The results plotted in Fig. 3 also allow a rough assessment of the 
reactor prospects for these four configurations with regard to their 
neoclassical energy confinement. For a deuterium-tritium plasma 
meant to produce a power of 3 gigawatts thermal (GWth) and that has 
600 MW of α-particle heating, it is necessary to increase the tempera-
tures of discharge 20180918.045 by a factor of six and the density by a 
factor of three, assuming that reactor-sized versions of W7-X and LHD 
have their dimensions increased by a factor of four and their magnetic 
field strength doubled. Scaling up the configurations leaves ϵeff 
unchanged so that the electron 1/ν energy fluxes will increase accord-
ing to T R B9/2

0
−1

0
−2 , and thus by a factor of roughly 200. Scaling the 

maximum electron energy fluxes of Fig. 3 by this factor, one obtains 
75 MW for W7-X standard, 340 MW for W7-X high-mirror, 640 MW for 
LHD R0 = 3.6 m and 1,320 MW for LHD R0 = 3.75 m. For stellarator reac-
tor plasmas, ion neoclassical energy fluxes are at least as large as those 

of the electrons but even the somewhat extreme assumption of 
Q Q= 2neo

i
neo
e  would make the total neoclassical energy fluxes only a 

fraction of the α-particle heating for W7-X standard. At first glance, the 
reactor prospects of W7-X high-mirror appear questionable, but one 
must realize that this back-of-the-envelope estimate ignores changes 
to the configuration due to increased plasma pressure. In the current 
example, the normalized plasma pressure, β ∝ nTB−2, is increased by a 
factor of 4.5 and, when this is accounted for, ϵeff in the high-mirror con-
figuration is reduced by enough that Qneo

e  would drop by a factor of 
two. For the LHD cases it is necessary to choose different scaling factors; 
the R0 = 3.6 m case becomes viable with a factor five larger size and the 
somewhat reduced temperature that this allows. (This assumes that 
the vertical field coils of the heliotron are used to compensate the 
Shafranov shift as the neoclassical transport in such a high-pressure 
equilibrium would otherwise become intolerable).

It should also be pointed out that the optimization of W7-X was under-
taken roughly thirty years ago and that great improvements in the 
projected fast-particle confinement of HELIAS have been made in the 
intervening years. Such improvements have simultaneously reduced 
the ϵeff values from the per cent level of W7-X to the per mille level in new 
reactor candidates, thereby decreasing neoclassical energy transport 
for prospective fusion plasmas to very small levels. This development, 
coupled with the predominance of turbulent transport in the W7-X 
experiment, have focused recent theoretical and numerical efforts on 
the further optimization of the HELIAS concept to also contend with 
this transport channel. Such efforts are still in their infancy, however, 
and it is not yet possible to foresee what combination of optimized mag-
netic field and plasma conditions will best reduce turbulent transport 
and what influence such a combination will have on the other HELIAS 
optimization goals.

Background and experimental details
Since its inception, W7-X has been conceived as a means of demonstrat-
ing the attractive properties that advanced stellarators offer as prospec-
tive fusion reactors. Ultimately, this envisions not only the achievement 
of high-triple-product plasma operation but the ability to maintain 
such operation over time scales far in excess of those characterizing all 
physical processes of the plasma and the plasma-facing components. 
To enable such ‘steady-state’ scenarios, electron cyclotron resonance 
heating (ECRH) of W7-X plasmas is available using ten gyrotrons, each of 
which is capable of providing continuous-wave power over a time inter-
val of 1,800 s (ref. 41). The gyrotron frequency of 140 GHz is resonant 
at the second harmonic for a magnetic field strength of B = 2.5 T with 
cutoff densities of nc = 1.2 × 1020 m−3 for waves with extraordinary-mode 
(X2) polarization and 2nc for ordinary-mode (O2) polarization. At these 
densities and for W7-X plasma volumes of nearly 30 m3 the collisional 
transfer of energy from electrons to ions should be excellent, so that 
Ti ≈ Te can be expected in spite of lacking a direct means of heating the 
ions. Such operational conditions also mimic qualitatively those of 
a reactor where the heating power of fusion α-particles goes chiefly 
to electrons, which subsequently heat deuterium and tritium ions by 
collisional energy exchange.

With regard to plasma-facing components, steady-state operation of 
W7-X will only become possible after the installation of a water-cooled, 
high-heat-flux (HHF) divertor capable of providing the necessary parti-
cle and power exhaust throughout the course of such experiments. The 
installation of this divertor with all its intricate plumbing requirements 
was started at the end of 2018, with completion scheduled for the end of 
2021. The experimental results considered here were obtained in the lat-
ter portion of 2018, during the second half of a campaign in which initial 
experience with divertor operation in W7-X was acquired through the 
use of an uncooled test divertor unit (TDU) having the same geometry 
that its HHF successor will have. Pellet fuelling was already observed 
to improve plasma performance during the first portion of this TDU 
campaign3,26 and such results motivated further investigations once 



wall conditioning had been greatly improved following ‘boronization’ 
of the device, early in the second half of the TDU campaign. On many 
occasions, considerable increases of the plasma diamagnetic energy, 
Wdia, were measured in the aftermath of pellet fuelling and the discharge 
20180918.045 is used here to illustrate such results.

Time traces for this discharge are plotted in Extended Data Fig. 2. Fol-
lowing a short start-up phase in X-mode to achieve plasma breakdown, 
the ECRH power (first plot in the figure) is launched exclusively with 
O-mode polarization so as to avoid large amounts of reflected power 
should pellet fuelling lead transiently to densities above the X2 cutoff. 
Also shown by the dotted curve is the radiated power measured with 
bolometer arrays; this power originates in roughly equal portions from 
the confined plasma and from the region outside the last closed flux 
surface, which includes the large magnetic islands that are the basis of 
the W7-X divertor concept. Initially, the line-integrated electron density, 
∫dℓne, is held at a value of roughly 3 × 1019 m2, which is too low to promote 
effective collisional energy transfer from electrons to ions (where the 
dℓ appearing in the integrand is the differential length along the line 
of sight). Consequently, the 3.2 MW of ECRH used during this phase 
produces plasmas that have Te ≫ Ti centrally as the core temperature 
measurements from Thomson scattering and the X-ray imaging crystal 
spectrometer (XICS) diagnostics show (third plot in the figure). A den-
sity ramp is initiated 1.86 s into the discharge by injecting a series of 28 
frozen hydrogen pellets into the plasma at a frequency of 30 Hz using a 
so-called blower gun42. Although the fuelling efficiency of the first few 
pellets is poor, noticeable improvement occurs thereafter26 and incre-
ments in the line-integrated density caused by individual pellets become 
clearly discernible with ∫dℓne slightly exceeding 12 × 1019 m−2 when the 
series ends at t = 2.8 s. At this time point, the ECRH power is increased to 
4.5 MW to maintain Te at values sufficient for good O2 absorption. This is 
further aided at W7-X by a multi-pass launch scheme which uses specially 
prepared reflecting surfaces to redirect unabsorbed ECRH power back 
into the plasma. With this scheme, ray-tracing simulations predict that 
more than 95% of the launched ECRH power will be deposited in the 
plasma during the high-performance phase of discharge 20180918.045, 
a value that has been confirmed by the analysis of stray-radiation meas-
urements from the experiment taken with ‘sniffer’ probes.

The pellets obviously provide the plasma with a particle source but 
their thermalization also introduces a considerable energy sink into 
the electron energy balance particularly as the thermalization pro-
cess also strongly heats the ions for the given initial conditions43. In 
response, Te falls and the central electron temperature has dropped 
below 2 keV—nearly to the level of central Ti—when the increase in ECRH 
power occurs. To this time point, pellet fuelling has been accompanied 
by a rise in the diamagnetic energy from Wdia = 0.40 MJ at t = 1.8 s to 
Wdia = 0.68 MJ at t = 1.8 s. With the larger heating power, the time rate 
of change of Wdia then increases considerably and the diamagnetic 
energy attains its maximum value of 1.02 MJ after another 400 ms. In 
the absence of pellet fuelling, the line-integrated density decreases 
throughout this time, making it evident that a temperature increase 
must also have taken place and, indeed, the central values exceed 2.5 keV 
for both electrons and ions. Thus, an experimental situation has arisen 
that has high density and high temperatures simultaneously, a situa-
tion ideal for testing the efficacy of the W7-X optimization regarding 
reduction of the neoclassical transport. The discharge shown here 
is particularly attractive for such an investigation as the 1.02 MJ are 
maintained for 230 ms which corresponds to one energy confinement 
time given the 4.5 MW of ECRH used to heat the plasma. This simpli-
fies considerations of the energy balance as the ∂W/∂t term appear-
ing in this equation will be of negligible importance by the end of the 
high-energy phase.

ECRH power deposition was not highly localized for discharge 
20180918.045, as the electron cyclotron waves were launched with 
ordinary-mode polarization. Nevertheless, the great majority of the 
heating power is deposited within ρ < 0.4 at the time point of the 

analysis. At this radius, and in the neighbouring vicinity at least out to 
ρ = 0.55, the sum of electron and ion neoclassical energy fluxes exceeds 
25% of the heating power and is thus of relevance when considering the 
energy balance. A larger share of this balance remains unaccounted 
for, however, even after deducting the observed energy losses due to 
radiation. This shortfall indicates that turbulent transport must still 
be of importance for explaining the experimental results, especially 
in the plasma periphery where low temperatures lead to negligible 
neoclassical energy transport. In spite of the level of turbulent trans-
port needed to fully explain this discharge, the high temperatures 
achieved are nevertheless responsible for an experimentally relevant 
neoclassical energy flux, even though the W7-X standard configuration 
has extremely small values of the effective helical ripple. Assuming 
such temperatures had been achieved in configurations without a 
comparably high level of neoclassical optimization quickly leads to 
the physically impossible result of neoclassical energy fluxes exceed-
ing the heating power, as is demonstrated in the comparison of Fig. 3.

Diagnostics
The plasma energy has been measured with a diamagnetic loop, located 
in the (toroidal) symmetry plane of one of the five field periods44. It 
encircles the plasma and is equipped with four compensation coils, 
which are also located inside the vacuum vessel and directly attached 
to the diamagnetic loop itself. These do not encircle the plasma and 
can therefore be used to compensate measurements of the main loop 
for errors due to eddy currents in the adjacent vacuum vessel as well as 
fluctuations of externally driven currents in the main superconducting 
magnetic field coils.

The line-integrated electron density was determined by a 
single-channel dispersion interferometer employing a CO2 laser meas-
uring at a fundamental wavelength of 10.6 μm (ref. 45). The probing 
beam passes through the plasma twice by making use of a corner cube 
reflector; the single-pass path length through the plasma is roughly 
1.3 m. The statistical error for ∫dℓne is generally given as 1018 m−2 and 
there was an additional systematic error ≤4 × 1018 m−2 during the portion 
of the experimental campaign during which discharge 20180918.045 
was performed.

The Thomson scattering system at W7-X employs three YAG lasers 
to provide full profiles of electron density and temperature at a rate 
of 30 Hz. Scattered light is collected by two in-vessel optical systems 
and routed to polychromators outside the torus hall via optical fibres. 
Forty-two spatial channels are available, each employing five interfer-
ence filters to provide spectral resolution46,47. Spectral calibration is 
done ex vessel by withdrawing the optical systems and illuminating a 
diffuse-reflecting screen with a supercontinuum light source46. Abso-
lute calibration for density measurements was obtained by performing 
anti-Stokes rotational Raman scattering in nitrogen. Bayesian analysis 
is used to determine the most probable electron temperature and den-
sity for each Thomson scattering volume, as well as their uncertain-
ties and cross-correlation. Error bars in Fig. 2 depict the width of the 
95% confidence interval divided by four, which corresponds to the 
one-standard-deviation interval of a normal distribution; see ref. 47 
for full details.

Electron cyclotron emission is used at W7-X to determine the electron 
temperature using a 32-channel heterodyne radiometer probing X2 
emission48. The Te data plotted in Fig. 2 give ECE values of the electron 
temperature averaged over a centred 20-ms time window, with the error 
bars depicting the standard deviation of these values and also account-
ing for systematic calibration uncertainties, largely due to the unknown 
thermal drifts of the radiometer sensitivity. An optimized line-of-sight 
is realized across the 3D plasma shape by means of an in vessel Gauss 
telescope. The radiometer channels are calibrated relative to each other 
and absolute calibration is carried out using a second ‘identical’ Gauss 
telescope outside the torus that views a hot-cold light source49. For the 
results presented here, the absolute calibration has been scaled up 
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by a factor of 1.58 to account for the relative mismatch with Thomson 
data on the day of the experiment. Direct interpretation of the radi-
ometer signals as a local temperature measurement would require 
that ideal blackbody conditions be fulfilled in the plasma, whereas 
in reality, non-thermal ‘hot’ components of the electron distribution 
function appear in the spectrum as well. A further complication arises 
in semi-transparent plasmas owing to a degradation of spatial resolu-
tion. The Te profile is therefore inferred by applying Bayesian analysis 
with forward modelling of the radiation transport in the plasma; for 
full details, see ref. 50.

The CXRS diagnostic at W7-X makes use of a high-étendue spectrom-
eter to provide measurements of Ti at 51 spatial locations as well as Er at 
25 of these. Given the prevalence of carbon in the device’s plasma-facing 
components, this element is always present as an impurity in W7-X 
plasmas and the visible charge exchange line CVI at 529.07 nm provides 
the strongest possible signal. Active charge exchange measurements 
are enabled by using short ‘blips’ of neutral beam injection (NBI) for 
diagnostic purposes and subtracting the passive spectrum observed 
before and after the NBI from this data. A complete description may 
be found in ref. 51.

The XICS diagnostic is based on spectroscopic analysis of emission 
from highly charged argon impurities that are seeded into the plasma 
in trace amounts for diagnostic purposes52. The XICS system records a 
1D image of line-integrated spectra, from which the ion temperature 
is found by measuring the Doppler-broadened width of the emission 
lines. The local plasma parameters are found by using a tomographic 
inversion based on a known VMEC equilibrium53. Detailed descrip-
tions of the XICS diagnostic on W7-X can be found in ref. 54 although 
improvements in the diagnostic analysis have since been implemented, 
including compensation for spherical aberrations and the sub-pixel 
distribution of photons on the detector. At the time point analysed 
for this discharge, the XICS values of Ti exceed those of CXRS by 150 to 
200 eV and indicate Ti > Te for r > 0.2 m despite the fact that no direct 
heating of the ions occurs using ECRH. This is at odds with energy 
balance considerations, however, which argue for Ti ≈ Te outside the 
region of power deposition. These expectations are better fulfilled 
by the CXRS data and, given the strong dependence of the neoclassi-
cal losses on temperature, it has therefore been decided to err on the 
side of caution by using only the CXRS values of Ti for the profile fits 
used in the calculations of neoclassical fluxes. The time evolution of 
the Ti profile measured by CXRS has also been confirmed through the 
measurements of the XICS system.

Plasma radiation is measured by two bolometer cameras—each with 
arrays of detectors that have a 5 μm blackened gold-foil absorber—
installed in one of the mid-field-period toroidal-symmetry planes of W7-X, 
and with spatial resolution of between 3 and 4 cm (ref. 55). Line-integrated 
signals from 65 channels are used to obtain radiation intensity distribu-
tions by tomographic reconstruction with ‘relative gradient smoothing’ as 
regularization functional (to be published). Flux-surface-averaged radial 
emissivity profiles are then derived by averaging these 2D-emissivity dis-
tributions in the poloidal direction. The total radiated power loss is a linear 
interpolation of radiation from the observation volume to that of the 
entire plasma volume. Toroidal variations of the radiation strength are not 
considered, an assumption supported by the results of edge modelling.

Data availability
The data depicted in the plots of this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Non-planar coil system of W7-X, viewed from above. 
The complete set of superconducting coils also includes 20 planar coils, four in 
each field period, which are used to change the rotational transform and/or 

shift the plasma column; these are not shown as they remain current-free for 
the configurations considered here.
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Extended Data Fig. 2 | Time traces for W7-X discharge 20180918.045. In the 
top frame, the launched ECRH power is shown, as well as the radiated power 
measured by bolometers (dotted curve). The second frame plots the 
line-integrated density measured by an interferometer. The third frame 
depicts ‘core’ electron (red) and ion (blue) temperatures from Thomson 

scattering and XICS measurements, respectively. The diamagnetic energy 
trace during this discharge is given in the bottom frame. A series of 28 pellets is 
injected into the plasma at a frequency of 30 Hz during the time phase 
indicated in grey. Wdia values exceeding 1.02 MJ are recorded during the phase 
indicated in yellow.
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Extended Data Fig. 3 | Profiles of the radial electric field as a function of the 
normalized plasma radius. Experimental results from CXRS (blue) and XICS 
(red) measurements are compared to the theoretical expectations from the 
ambipolarity constraint (black) for the plasma profiles of Fig. 2. Error bars 
depict one standard deviation in the evaluation of the measurements. The XICS 
analysis is described in ref. 30; documentation of the methodology used to 
evaluate the CXRS measurements is in preparation.
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