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Both tokamaks and stellarators use helical magnetic fields that 
trace out toroidal magnetic flux surfaces to confine fusion-grade 
plasmas1,2, but the magnetic-field geometry of the two con-

cepts is fundamentally different. In the tokamak, the magnetic field 
strength B varies from the inside of the torus to the outside, but is 
constant in the toroidal direction. (Toroidal refers to the long way 
around the torus, poloidal to the short way.) This toroidal symmetry 
results in the conservation of the (canonical) angular momentum of 
each particle, which implies that collisionless particle trajectories are 
confined within the plasma. A fusion plasma is of course not colli-
sionless—collisions are required to produce fusion reactions—but the 
collision frequency is so low that the confinement is very poor unless 
most collisionless orbits are well confined. Because stellarators lack 
toroidal symmetry, particles trapped in magnetic mirrors (local min-
ima of the field strength) along the field can drift out of the plasma 
confinement region. Already half a century ago, it was recognized 
that the collisional transport is strongly affected by the geometry of 
the collisionless orbits3. Whereas in tokamaks this so-called neoclas-
sical transport is usually unimportant compared with the energy loss 
caused by plasma turbulence, the neoclassical losses in stellarators 
can become very large at high plasma temperature T and for the fast  
α -particles produced in deuterium–tritium fusion reactions.

The transport coefficients in stellarators depend sensitively on 
the collision frequency ν as well as the drift velocity vD ~ mv2/(2qRB) 

(where v denotes the speed, m the mass and q the charge of the 
particles in question, and R is the major radius of the device) and 
the radial electric field Er perpendicular to the magnetic surfaces. 
When the latter is small and the mean free path between collisions is 
long, the transport coefficient usually scales as ν∝ ∕ ∝ν∕ ∕D v T1

D
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(strictly speaking, it is the so-called mono-energetic radial trans-
port coefficient that scales this way; it refers to the transport of par-
ticles with a definite energy, whereas the total transport is obtained 
by an average over the energy distribution of all particles, see also 
Supplementary Fig. 1), resulting in an energy flux proportional 
to T9/2. The neoclassical transport can be moderated by the elec-
tric field, Er, which acts to confine the drift motion of the trapped 
particles and results in a modified scaling of the radial transport as 

ν∝ ∝ν − ∕ ∕ − ∕D v E T ED
2
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r
3 2, depending, as it were, more favour-

ably on the collision frequency and temperature.
Each of these scalings also has an associated ‘geometrical factor’ 

that describes the influence of the magnetic-field geometry on the 
transport. For 1/ν transport it is conventional in the literature (for 
example, ref. 4) to express this factor in terms of the effective helical 
ripple, εeff, which combines all information concerning the number 
of trapped particles and their average radial drifts into a single fig-
ure-of-merit. In classical (non-optimized) stellarators, εeff is as large 
as the actual helical ripple of the device. Since 1/ν transport scales 
as ε ∕

eff
3 2, the energy losses in such devices become prohibitive for a 
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The two leading concepts for confining high-temperature fusion plasmas are the tokamak and the stellarator. Tokamaks are 
rotationally symmetric and use a large plasma current to achieve confinement, whereas stellarators are non-axisymmetric and 
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burning fusion plasma unless the product RB is chosen sufficiently 
large. The geometrical factor of ν  transport generally receives little 
attention—its influence on neoclassical confinement is of second-
ary importance to that of the radial electric field for this regime—
but it will be of relevance for understanding the Wendelstein 7-X 
(W7-X) results presented below. The ν  geometrical factor is often 
different for differing magnetic configurations but is the same for 
the two cases investigated here.

The 1/ν and ν  regimes are peculiar to stellarators and do not 
exist in axisymmetric tokamaks. A further difference is that the 
neoclassical transport is not ‘intrinsically ambipolar’ in stellara-
tors: the electron and ion particle fluxes are in general unequal and 
depend differently on the electric field. Er therefore adjusts to what-
ever value is required to keep the electron and ion charge fluxes 
equal and opposite. The resulting equation for Er is nonlinear and 
can have several solutions (roots), which themselves depend on 
the local plasma parameters. When the density is high, the elec-
tron and ion temperatures approach each other due to collisional 
energy exchange, and the so-called ion root appears. Here the radial 
electric field points towards the plasma centre. At lower densities 
and with predominant electron heating, the electron temperature is 
often significantly higher than the ion temperature, and the electric 
field reverses sign; here one speaks of the electron root5.

At temperatures and densities required to achieve a burning deu-
terium–tritium plasma (T =  10–20 keV and n ~ 1020 m−3), stellarator 
plasmas are usually in the ion-root transport regime. The electric 

field then reduces the ion fluxes (in the ν  transport regime) to 
match the electron flux (in the 1/ν transport regime)6. The result-
ing 1/ν transport with its unfavourable temperature dependence 
was long considered to be a show-stopper for stellarators. A way 
to mitigate the losses was described by Palumbo7, who proposed to 
tailor the magnetic field so that the magnetic drifts across the flux 
surfaces vanish everywhere. Such, so-called isodynamic, fields can-
not be achieved in a toroidal geometry, but it was later realized that 
the average drift could be made very small for most orbits. Such 
configurations, where trapped particles remain on poloidally closed 
drift surfaces and do not drift out of the plasma, are called quasi-
isodynamic8 and enjoy much better neoclassical confinement than 
the classical stellarator.

To really devise a stellarator that can confine and sustain a high-
temperature fusion plasma long enough (at least of the order of 
hours), much more than the neoclassical confinement has to be 
considered. With the advent of powerful computers, it has become 
possible to find magnetic field configurations which simultaneously 
fulfil a number of requirements, including low neoclassical trans-
port, sufficient plasma stability at volume-averaged β -values (ratio 
between plasma pressure and magnetic field pressure) up to 5%, and 
a workable exhaust concept for removing heat and particles from the 
plasma. The magnetic field has to be generated by shaped (super-
conducting) field coils that can be constructed and assembled with-
out too much difficulty. The type of configuration resulting from 
this optimization procedure for W7-X was termed the helical-axis  
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Fig. 1 | Outline of Wendelstein 7-X and its magnet system. a, Schematic CAD drawing of Wendelstein 7-X (© IPP). Going from the inside to the outside 
the main components are: plasma, vacuum vessel, superconducting field coils (niobium-titanium planar coils: copper-coloured, non-planar coils: silver-
coloured), coil support structure, cryostat vessel with 254 ports providing access to the plasma vessel. The torus has a mean diameter of 11 m and a mean 
minor radius of about 0.55 m, leading to plasma volumes of about 30 m3. b, Arrangement of the non-planar, modular coils (labelled with numerals) and 
planar coils (coil type A is close to the pentagon corners, coil type B acts on the straight section of the module).
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Fig. 2 | Radial profiles of important magnetic field properties. a, Effective radius (reff) profiles of the leading Fourier components ∼bmn of the magnetic 
field decomposition (see Methods section) relevant to neoclassical transport in W7-X. ∼b01 is the so-called toroidal mirror term, ∼b10 is the average toroidal 
curvature (relevant term for plasma elongation) and ∼b11 is the helical component. b,c, Profile of the rotational transform ι π∕2  (b) and profile of the effective 
helical ripple εeff (c) for both configurations (red: higher-mirror configuration, blue: lower-mirror configuration).
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advanced stellarator (HELIAS)9. The stellarator W7-X is the first 
large, superconducting machine of the HELIAS line.

Self-generated plasma currents—the bootstrap current, the 
Pfirsch–Schlüter current and the diamagnetic current—always arise 
in magnetized plasmas, and the HELIAS concept seeks to minimize 
these currents and their effect on the magnetic-field geometry. 
The bootstrap current is a net toroidal current driven by the pres-
sure gradient10,11. It originates from the fact that there is a correla-
tion between the parallel (to B) velocity and the radial position of 
trapped particles. In a tokamak, the trapped ions move in the direc-
tion of the plasma current on the outboard leg of their (banana) 
orbit and in the opposite direction on the inboard leg. The opposite 
is true for the electrons, so if there is a pressure gradient across a 
given magnetic surface, the number of co-current-moving particles 
of either species is different from that of the counter-moving ones, 

and a net current arises. Something similar happens in stellarators, 
but the relation between parallel velocity and radial position along 
particle orbits is different, and so is therefore the bootstrap current. 
Its direction depends on the magnetic-field geometry, and W7-X 
has been optimized to make it as small as possible. The bootstrap 
current has been observed experimentally both in tokamaks12 and 
stellarators13, and agrees broadly with theoretical expectations.

The bootstrap current vanishes exactly in a perfectly quasi-iso-
dynamic field14,15. Due to imperfect optimization, it remains finite in 
W7-X but is nevertheless much smaller than in a typical tokamak. 
Going from the plasma edge to the centre, the rotational transform 
ι/2π  decreases only slightly. This means ι/2π  can be chosen in such 
a way that resonances corresponding to low-order rational values of 
ι/2π  are avoided. Such resonances usually lead to a degradation of 
confinement by the formation of magnetic islands. If ι/2π  is close 
to unity at the plasma edge, the resulting magnetic islands can be 
used to divert the edge plasma to specially designed target plates. 
Since the formation and position of those islands depend sensitively 
on the precise value of ι/2π , even small plasma currents need to  
be controlled.

The carefully tailored magnetic field of W7-X is created by a set 
of shaped magnetic field coils. Figure 1 shows the main components 
of the device: 50 modular, non-planar coils generate the confining 
magnetic field, while 20 planar coils can be used to adjust the rota-
tional transform and change the radial position of the plasma. The 
coils are superconducting to allow for steady-state plasma opera-
tion. The magnetic field has five-fold symmetry and forms five 
linked magnetic mirrors.

Elements of the coil design were already tested on the predeces-
sor experiment, Wendelstein 7-AS16. The modular, non-planar coils 
of W7-X are shaped in such a way that the resulting field geometry 
meets the different optimization requirements. The coils have to be 
precisely manufactured and assembled to avoid perturbations of 

Time (s)
0 2 4 6

I p
 (

kA
)

0

2

4

I
∞

  (IB/IA = 0)BS

W
di

a 
(k

J)

0

50

100

∫ 
n e

 d
l (

10
19

 m
–2

)

0

0.5

1

P
 (

M
W

)

0

0.5

1 IB/IA = 1

IB/IA = 0
PECRH

Plimiter

Prad

a

b

c

d
I
∞

  (IB/IA = 1)BS

Fig. 3 | Waveforms of plasma discharges. a, Total electron cyclotron 
heating power PECRH. The errors include uncertainties from calorimetric 
calibration and the standard deviation of a microwave diode signal at 
stationary heating power. The power going to the limiter Plimiter is derived 
from thermography in one of the five stellarator modules. The error bars 
for Plimiter represent the range of variation in the infrared heat load total 
power measurement, due to the corrections for toroidal asymmetry, 
based on thermocouples in the supporting structure in each of the five 
modules. The error of the radiated power Prad is the standard deviation of 
the fluctuation level. b, Line densities from interferometry with the error 
due to phase measurement calibration. The error of the line density from 
Thomson scattering data is calculated from upper and lower bounds of fits 
to the density profiles and errors in the mapping to magnetic coordinates. 
c, Time evolution of diamagnetic energy for the two discharges. The error 
band accounts for temperature drifts in the electronics. d, Comparison of 
the measured plasma current (errors account for electronics drifts) with 
the total stationary neoclassical bootstrap current IBS

∞. The shaded area is 
derived from integration between the lower and upper boundaries of the 
current density profiles shown in Fig. 5.
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Fig. 4 | Energy confinement times of Wendelstein 7-X. Energy confinement 
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discussed in this paper and the discharge with the highest confinement 
enhancement in the first experiment phase (see Supplementary Table 1). 
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data from CERC discharges on W7-AS are included. The magenta line 
indicates the scaling expectation from these W7-AS data extrapolated to 
W7-X parameters.
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the magnetic field. It has been demonstrated17 that W7-X possesses 
nested magnetic surfaces with measured relative field errors δ B/B 
smaller than 10−5.

The first experimental campaign of W7-X lasted from December 
2015 until March 2016. In this phase, the exhaust heat was taken up 
by five un-cooled graphite limiters designed to follow the last closed 
flux surface18. To keep the temperature rise on the limiter surfaces well 
below the sublimation temperature of graphite, the maximum heating 
energy delivered to the plasma during a single pulse was set to 4 MJ.

The main objective of the campaign was the integral commis-
sioning of the device, including first plasma generation, plasma-
vessel conditioning, and the successive commissioning of about 30 
plasma diagnostics19. The commissioning phase could be conducted 
without major problems and about half of the time was used for 
physics studies, which despite the brevity of the campaign led to 
a wealth of results20–22. Plasma experiments were limited to rela-
tively low plasma density, thus precluding high plasma pressure and 
access to the 1/ν regime for which the magnetic field was mainly 
optimized. Over the coming years, a staged approach will be taken 
to attain steady-state operation in relevant collisionality regimes at 
high heating power23.

A key question was whether aspects of the W7-X optimiza-
tion could already be verified in spite of the technical limitations 
for the first campaign (for example, limited heating power, density, 
pulse length, plasma pressure). To investigate the effect of the mag-
netic-field geometry on heat transport and plasma currents, two 
configurations with different magnetic mirror ratios were created 
by adjusting the ratio of the currents in the planar coils of type A 
and B (see Fig. 1b), which alters the depth of the toroidal magnetic 
mirror. The mirror ratio is given by the maximum and minimum 
field strengths along the magnetic axis as (Bmax− Bmin)/(Bmax+ Bmin). 
Setting IB/IA =  0 causes the magnetic induction in the straight sec-
tions of the pentagon to be reduced and thus gives a ‘higher-mirror’ 
configuration (red lines throughout this paper, mirror ratio 6.0%).  
The current ratio IB/IA =  1 results in a ‘lower-mirror’ configuration 
(blue lines, mirror ratio 3.7%). In the Fourier representation of  
the magnetic field (Fig. 2a), the decrease of the mirror ratio is 
reflected by the toroidal mirror term 

∼
b01 (more details in the 

Methods section).
This change in the coil currents directly affects the number of 

trapped particles and their orbits, but only slightly increases the 
rotational transform, leading to an inward shift of the island chain 
at the ι π∕ = ∕2 5 6 surface (Fig. 2b). The effective helical ripple affects 
the 1/ν plasma transport, as mentioned above, and is about half as 
large in the lower-mirror case as in the higher-mirror case (Fig. 2c).  
The configuration effect on the plasma parameters is shown in  
Fig. 3. For both configurations, the heating power was set to 1.0 MW 
for one second and lowered to about 0.6 MW for the remaining 
5 s. Given the energy limit of 4 MJ, these settings allowed for a 
total pulse length of 6 s. Power losses by radiation Prad and convec-
tive heat losses onto the limiters Plimiter add up to more than 80% 
of the total heating power24 (Fig. 3a). The remaining 20% presum-
ably leaves the plasma by charge-exchange processes with neutrals 
that are released by the plasma-facing components, and may also 
stem from measurement errors (discussed in the Methods section).  
The power traces in the higher- and lower-mirror cases are nearly 
identical, indicating that the power-loss mechanisms are similar. 
The plasma line density (Fig. 3b) is stationary after a few hundred 
milliseconds and stays constant, indicating full recycling of plasma 
particles since no additional gas fuelling was applied. Such station-
ary plasma densities required dedicated glow-discharge-cleaning 
of the in-vessel components. The confinement quality is repre-
sented by the temporal evolution of the plasma diamagnetic energy  
(Fig. 3c), which remains constant or decays slightly during phases of 
constant heating power.

Figure 4 shows the energy confinement time τE= W/P, with W 
the stored plasma thermal energy and P the heating power, plotted 
against scaling expectations (ISS04 scaling25). The figure also con-
tains the W7-X discharge with the highest τE/τISS04 ((128 ±  25) ms/
(117 ±  14) ms, see Supplementary Tables 1 and 2) and results from 
the Large Helical Device (LHD) (inward-shifted configuration) 
with best confinement25.

The energy confinement times of early W7-X discharges are 
among the highest attained in stellarators. A comparison with simi-
lar discharge conditions in W7-AS indicates significant improve-
ment in terms of the confinement factor τexp/τISS04 (taking differences 
in geometry, heating power and density into account) seen as an 
increase with respect to the magenta line in Fig. 4. Comparing with 
tokamak data (rephrased to the stellarator scaling ISS0426,27), the 
energy confinement time of W7-X limiter plasmas28 is well within 
the range of tokamak high-confinement (H-mode) plasmas, which 
is the reference for achieving a burning fusion plasma in ITER 
(Pfusion/Pheating =  10)29.

While the global confinement is less affected by changes in the 
mirror ratio than would be expected from 1/ν transport, the toroi-
dal plasma current responds more sensitively (see Fig. 3d). The 
measurements show after 6 s rising but saturating plasma currents. 
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Fig. 5 | Temperature and density profiles for different magnetic 
configurations. a–d, Lower-mirror configuration (a,b) and higher-mirror 
configuration (c,d), all at the same heating power (t =  0.7 s in Fig. 3). 
a,c, Electron temperature (Te) and ion temperature (Ti). Te is measured 
by Thomson scattering (TS), by electron cyclotron emission (ECE) and 
by using a Langmuir probe at the limiter position (solid grey bar, also 
the position of the last closed flux surface). The errors in the TS data are 
standard deviations of Te in stationary phases of the discharges. The errors 
in the ECE data and probe data are standard deviations of the fluctuation 
level. Ti is measured by X-ray imaging spectroscopy (XICS) and the error 
bars in the ion temperature and radial electric field Er (Fig. 6) are found 
using a Monte Carlo method wherein the line-integrated input profiles 
to the tomographic inversion procedure are varied within their statistical 
error bars (based on photon statistics). The profile function was fitted to 
all data for each quantity; the error bands are a variation of the amplitude 
parameter to represent the scatter of the data. b,d, Densities of electrons 
(ne) and ions (ni). The electron density fit was determined as for a and c. 
The errors in the TS data are standard deviations of ne in stationary phases 
of the discharges. ni was calculated with carbon as the impurity species 
and a variation in the effective charge Zeff. The estimated variation of Zeff 
includes the errors of the TS profiles and the statistical error of pulse-
height spectra. The dotted grey line indicates the core region as separated 
by the transition from negative (periphery) to positive radial electric field, 
as shown in Fig. 6.
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At the end of the discharge, the plasma current in the lower-mirror 
case is 2.15 kA and in the higher-mirror case is 1.47 kA.

This difference in plasma current but similarity in energy trans-
port can be explained within neoclassical physics. As an input for 
modelling, Fig. 5 shows the profiles of temperatures and densities for 
the lower- (Fig. 5a,b) and higher-mirror configuration (Fig. 5c,d).  
For both cases, the central electron temperature Te is higher than 
the ion temperature Ti, but all profiles are quite similar for the two 
configurations, indicating any gradient-driven fluxes to be subordi-
nately affected by the configuration change. For the low densities, as 
shown in Fig. 5b,d, the resilience of Te against changes of the effec-
tive ripple and the peaked Te are signatures for core electron root 
confinement (CERC with Er> 0).

Figure 6 displays modelling results supporting the indications 
for CERC. Figure 6a,d shows radial electric fields calculated with a 
neoclassical transport model (NTSS30) using the profile fits (Fig. 5). 
The modelled Er are confronted with measurements and both indi-
cate a transition to Er> 0 in the plasma centre, again giving evidence 
for CERC. Energy fluxes from the same modelling are compared 
to heating sources and radiative losses in Fig. 6b,e. The calculated 
neoclassical energy fluxes are about the same for the two configura-
tions. Thus, the neoclassical energy flux (and the anomalous energy 
flux) in the two magnetic mirrors cases do not vary with εeff

3/2 as for 
neoclassical 1/ν transport (lower mirror εeff ≈  0.7%, higher-mirror 
εeff ≈  1.3%,). All these aspects give evidence that the neoclassical 
energy transport in the plasma centre is in the CERC regime with 

ν  transport mainly carried by the electrons.
The specific neoclassical physics is revealed with first-principles 

calculations of the transport coefficients (Supplementary Fig. 1). 
Since the ν  transport coefficients are about the same for the two 

configurations at the experimental plasma conditions, the geomet-
ric factor for ν  energy transport coefficients is about the same as 
well. The reason lies in the W7-X optimization, which led to a very 
strong 3D shaping of the plasma. The resulting average elongations 
of the plasma flux surfaces (defined as 

∼
κ ≡ ϵ ∕b( )t 10

2
) are in excess 

of five. In this formula, ϵ = ∕r Rt eff  is the inverse aspect ratio and ∼
b10 is the average toroidal curvature term in the Fourier spectrum 
of B (see Fig. 2a). This large elongation has a strong influence on 
the neoclassical transport of W7-X due to strong reduction of the  
∇ B-drift for single-particle orbits. By convention, the effects of 
elongation on 1/ν transport are included in the definition of εeff. 
Also accounted for in this definition, however, is the number of 
trapped particles, which is increased significantly by changing from 
the lower-mirror to the higher-mirror configuration with its larger 
toroidal mirror term 

∼
b01 (Fig. 2a). This is the main reason for the 

different εeff values obtained for the two configurations. In contrast, 
to leading order the geometrical factor of the ν  regime is simply 
∕κ1  and, as this term is identical for the two configurations (Fig. 2a), 

one will therefore expect equal levels of ν  neoclassical transport in 
both (assuming Er is also equal).

While the ν  energy transport is the same, the neoclassical 
bootstrap coefficients are different for the two configurations. The 
calculated bootstrap current profile shows a higher current den-
sity for the lower-mirror case (Fig. 6c) than for the higher-mirror 
case (Fig. 6f). The integrated profiles give stationary bootstrap 
currents ∞IBS. This result from neoclassical modelling can be com-
pared with plasma current measurements, as shown in Fig. 3d. 
The toroidal current in is still far from being saturated (τ ~∕ 20L R  s 
for these discharges, the timescale is given by the ratio of plasma 
inductance L to the plasma resistance R), but extrapolates well to 
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and higher-mirror configuration (d–f) (see Fig. 5c,d). The neoclassical radial electric field is calculated from the profile fits shown in Fig. 5 with the NTSS 
code (see Methods section). All error bands in this figure show simulations with the upper and lower bands of the fits (shaded area) and the errors of 
Zeff (broken lines). a and d also show radial electric field measurements from XICS (errors from the same procedure as described for Fig. 5). The error of 
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the steady-state values predicted from theory. The ratio of mea-
sured currents at the end of the plasma at t= 6 s (Ihigher mirror/Ilower mirror =   
(1.47 ±  0.15) kA/(2.15 ±  0.22) kA =  0.69 ±  0.10) shows good agree-
ment with the ratio of the calculated stationary bootstrap current 
values ( ∕ = . ± .−

∞
−

∞I I 0 61 0 15BS higher mirror BS lower mirror ). A numerical cal-
culation of an equivalent tokamak discharge with the same profiles 
shows a factor of 3.5 larger bootstrap current, clearly inconsistent 
with our measurements. Thus, our measurements match the expec-
tations for W7-X closely. This confirms an important aspect of the 
W7-X optimization, which was to minimize the absolute value of 
the bootstrap current in order to control the location of the edge 
magnetic islands31.

It is concluded that these results from the first experimental cam-
paign of W7-X seem to confirm important aspects of the optimiza-
tion that went into the design of the device, namely the minimization 
and control of the bootstrap current by the magnetic configuration. 
In future campaigns, significantly higher performance and a much 
more comprehensive exploration of the parameter space should 
be possible. This will allow more detailed studies and a systematic 
verification of the W7-X optimization at high plasma pressures not 
attainable in the first operation phase.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0141-9.
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Methods
Plasma generation. For a description of the technical operation of the  
device W7-X see a recent report32. Plasma heating was conducted with electron 
cyclotron resonance heating (ECRH) equipped with specific protective 
diagnostics33. The heating power was measured with microwave diodes  
calibrated with calorimetry and stray radiation was measured to be small  
for the applied X2 heating34, resulting in uncertainties for the heating power  
of + 5%/− 10%. The working gas (hydrogen) was injected prior to the discharge.  
The plasma-facing components were conditioned by glow discharge cleaning 
before both experiments35.

Magnetic configuration changes. The change in the magnetic configuration was 
made by changing the operating current in planar coil type B while readjusting 
the coil current ratios for all other coils to keep the ECRH resonance condition—
that is, to adjust B to 2.5 T in the corner section of the W7-X pentagon. The 
specific effect on parameters that quantitatively affect the bootstrap current 
lies in the leading harmonics 

∼
bmn of the Fourier representation of the magnetic 

field (
∼

θ φ∕ = ∑ −B B b m nN(cos( ))mn0  with m, n the poloidal and toroidal mode 
numbers, N= 5 the number of field periods and θ, φ the poloidal and toroidal 
angles, respectively). The Fourier harmonics directly enter into the neoclassical 
transport coefficients36,37. Figure 2a illustrates the main effect in the Fourier 
components of the field to be an increase of the toroidal mirror term 

∼
b01 (with 

direct influence on the magnetic mirror ratio) when the current in the planar coils 
of type B is lowered. One notes, however, the toroidal curvature terms 

∼
b10 (and thus 

the average elongation κ) are identical and the resulting geometrical factors for ν  
transport are likewise identical for the specific case investigated here. Moreover, 
the helical component of the magnetic field 

∼
b11 is also unaffected by the change 

of IB/IA. The corresponding monenergetic transport coeffcients are shown in 
Supplementary Figure 1.

Numerics. The properties of the magnetic-field geometry were calculated with 
the MHD equilibrium code VMEC38. The VMEC results are used to map the 
diagnostic data (see below) on flux surfaces labelled with an effective radius reff. 
Vacuum field calculations have been conducted with a field-line tracer code39. 
The neoclassical transport analyses and modelling (Er, qNCV′  and jBS calculations) 
were conducted with the NTSS code30, which employed neoclassical transport 
coefficients from the DKES code40,41. The NTSS code and dedicated DKES 
calculations were also used to conduct calculations for an equivalent tokamak. The 
SFINCS code42 with an extended neoclassical model (not relying on the assumption 
of incompressible E× B drifts and using a full inter-species linearized Fokker–
Planck operator) was employed for model comparison, resulting in about 10% 
higher bootstrap current than NTSS for the cases discussed in this paper. For both 
power deposition calculations and electron cyclotron current drive calculations, 
the ray tracing code TRAVIS43 was used.

Data validation. For the overall power balance, the heat load patterns on the 
limiter were validated with plasma edge simulations with the EMC3-EIRENE 
code44. Measurements of the heat flux patterns on the limiters for the two 
configurations investigated, which formed the boundary between the  
confinement region with closed magnetic field lines and the scrape-off  
layer with open field lines, showed that changes in these patterns can be  
explained by variations in the connection lengths of the magnetic field lines  
in the scrape-off layer45.

Plasma diagnostics. An overview on W7-X diagnostics is given in ref. 46. The 
radiated power profile was derived by Abel-inversion of measurements from a 
bolometer array. The inversion does not take asymmetries into account. Overall 
uncertainties for the radiated power are around 10%. The line density was 
measured with a dispersion interferometer at relative errors of less than 10%. 
Line densities from Thomson data were derived from density profiles mapped 
with VMEC equilibrium calculations on the line of sight of the interferometer. 
Uncertainties in Fig. 3b mainly result from the scatter of Thomson data and 
measurement errors in the observation channels propagating to relative 
uncertainties of 10% in the line integral derived from Thomson scattering data. 
The error in the plasma current measurements with the Rogowski coils47 is  
about 10%. The density profiles were measured by Thomson scattering.  
Spatially resolved electron temperature measurements were conducted with 
electron cyclotron radiometry and Thomson scattering. Electron temperatures 
at the last closed flux surface position were determined from Langmuir-probe 
measurements. Measurements of line-averaged Zeff values were derived from 
the Bremsstrahlung contribution in pulse height analysis spectra, resulting in 
Zeff =  2.5 ±  1. Ion temperature profiles were derived from a tomographic inversion 
of X-ray imaging spectroscopy as well as poloidal plasma velocity measurements. 
The associated errors reflect both the inversion and the radially dependent  
signal-to-noise ratio of the X-ray emissivity48. The diamagnetic energy 
measurements had systematic offsets of 8% (included in Fig. 3c) and scatter in 
comparison with the kinetic energy around 10%. The kinetic energy had a total 
error of 20%, as reflected by the error bars in Fig. 3. Poloidal velocities were also 

derived from correlation reflectometry, with errors considering the correlation 
procedure49. The plasma volume was cross-checked with video camera images.  
The power deposition profile was checked with heat-wave correlation 
measurements (electron cyclotron emission; ECE) in separate experiments  
at the same magnetic configuration.

Energy flux modelling. The modelling results in Fig. 6b,e show neoclassical 
energy fluxes qV′  (q being the energy flux density and V′  the surface area) 
calculated from the plasma profiles with NTSS. qV′  is compared to the  
heating power PECRH with subtracted radiated power Prad (from Abel inversion). 
Charge exchange losses are not accounted for in this analysis. The spatial 
variation of PECRH reflects power deposition calculations from the TRAVIS code. 
Errors are due to the measured ECRH power and bolometer measurements. 
The TRAVIS calculations also deliver the electron cyclotron current, confirming 
earlier estimates of almost negligible current drive50 (for the lower-mirror case 
IECCD

∞ =  (54 ±  25) A and for the higher-mirror case IECCD
∞ =  (60 ±  25) A with errors 

due to profile and Zeff uncertainties). qNCV′  from the NTSS code corresponds 
to (63 ±  12)% (lower mirror) and (55 ±  15)% (higher mirror) of the deposited 
power in the core region (that is, Er >  0 for reff/a <  ½, where a is the plasma minor 
radius). The remaining energy flux is modelled with a phenomenological model 
χe

ano ~ 1/n. To match the total heat flux qtotV′ =  qNCV′ +  qanoV′  with PECRH− Prad in the 
plasma core (reff/a ~ 1/3), an anomalous heat diffusivity of χe

ano =  (0.24 ±  0.06) m2 s−1 
is required to model the energy flux (Fig. 6b,e). For reff/a >  1/2, however, the 
phenomenogical model for anomalous energy fluxes fails and the modelled  
energy fluxes are significantly lower than PECRH− Prad. This remains true if the 
anomalous ion energy fluxes are included and chosen such that the ion energy 
flux does not exceed the electron–ion collisional transfer power. This choice 
overestimates the ion heat diffusivity, since additional ion energy losses by  
charge exchange losses are not considered. With these assumptions, the energy 
fluxes can be modelled as neoclassical energy transport (with the dominant ν  
contribution due to almost the same transport coefficients for both configurations 
(see Supplementary Figs. 1 and 2)) and anomalous electron energy transport  
in the core region. Outside the core region, neoclassical energy fluxes are 
insufficient to describe the energy fluxes.

Data availability. The data that support the plots within this paper and  
other findings of this study are available from the corresponding author upon 
reasonable request.
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