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We assess the magnetic field configuration in modern fusion devices by comparing experiments with the
same heating power, between a stellarator and a heliotron. The key role of turbulence is evident in the
optimized stellarator, while neoclassical processes largely determine the transport in the heliotron device.
Gyrokinetic simulations elucidate the underlying mechanisms promoting stronger ion scale turbulence in
the stellarator. Similar plasma performances in these experiments suggests that neoclassical and turbulent
transport should both be optimized in next step reactor designs.
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Introduction.—Stellarators and heliotrons are toroidal
magnetic confinement configurations that generate their
magnetic fields by relying on external coils. This feature
allows for the existence of flux surfaces in vacuum and
offers steady state operation capability. Furthermore, these
fusion devices are far less susceptible than axisymmetric
tokamaks to instabilities associated with large plasma
currents, which could jeopardize the structural integrity
of the torus. Early designs suffered from lack of confine-
ment for particles deeply trapped inside the local minima
caused by the nonaxisymmetric corrugation of the mag-
netic field. Such radially diffusing particles are responsible
for the so-called “neoclassical transport,” which is exacer-
bated by high temperatures. A breakthrough in stellarator
research has been the reduction of neoclassical transport via
shaping of the magnetic geometry [1-4]. The quantity that
characterizes the degree of neoclassical optimization is the

effective helical ripple, €. [5], representing the helical
ripple amplitude that is required to obtain the same level of
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neoclassical transport in a simple model stellarator. The
reduction of €. has been, in fact, the cornerstone of the
Wendelstein 7-X (W7-X) stellarator design [6]. Another
contender for fusion energy is the large helical device
(LHD) [7], originally designed to demonstrate the func-
tionality of superconducting helical coils for long pulse
operation, and the negative ion neutral beam heating,
in order to achieve high plasma pressures. Although its
magnetic field has not been explicitly optimized, the
“inward shifted” configuration of LHD, with magnetic
axis position R, = 3.6 m, has a reduced neoclassical
transport relative to the configuration with R, > 3.6 m.
The plasma shape and principal geometric properties for
the two devices are illustrated in Fig. 1. In addition, as
inferred from Fig. 2 (left), the W7-X magnetic field is
characterized by low magnetic shear (di/dp). This helps to
avoid low order rationals in the rotational transform, t/27,
across the plasma center, that would produce undesirable
magnetic islands. Simultaneously, a magnetic resonance
at the edge plasma region is formed, which enables island
divertor operation. The LHD heliotron, in contrast, features a
strong magnetic shear, which inhibits the formation of
magnetic islands and stabilizes interchange type modes
(we note that, for both devices, the magnetic shear is
directed opposite to that in tokamaks). In Fig. 2 (right),
we also show that e for the standard W7-X configuration is
around 1% across the entire plasma radius. To compare,
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Large Helical Device (LHD)

Wendelstein 7-X (W7-X)

FIG. 1. (Left) The large helical device is a heliotron, featuring
an elliptic plasma cross section that rotates around the torus for a
total of 10 field periods, with major radius R = 3.6 m and aspect
ratio A = 5.5. (Right) The Wendelstein 7-X (W7-X) stellarator
has a helical plasma axis with a varying cross section in the
toroidal direction for a total of 5 field periods, with major radius
R = 5.5 m and aspect ratio A = 10. The plasma volume in both
configurations measures approximately 30 cubic meters.

for the inward shifted LHD configuration, e.q is strongly
increasing from the plasma core, to reach almost 6% towards
the plasma edge.

It follows that in LHD, the neoclassical transport can
account for a large portion of the total transport, depending
on the radial electric field strength, the magnetic configu-
ration [8] and density regime [9,10]. Regarding turbulent
transport, theoretical studies show that LHD configurations
with small €., like the inward shifted configuration, have
the advantage of relatively low turbulent losses due to
larger zonal flow generation [11,12]. On the other hand, in
W7-X, turbulent processes can under certain heating
conditions [13] dominate the heat transport, thus limiting
the plasma performance despite the field optimization. In
this context, the question arises naturally, whether control-
ling either the neoclassical or the turbulent transport would
be an effective strategy to enhance the plasma confinement.
We tackle this question using power balance analysis
combined with numerical simulations from tailored experi-
ments in LHD and W7-X, as described below.

Experimental setup and plasma profiles.—The dis-
charges for the LHD experiment No. 152264 and the
W7-X program No. 20180821.017 are designed by
employing 2 megawatts of electron cyclotron resonance
(ECR) power [14-16] introduced into each device, with the
ECR absorption located slightly of axis in LHD. As a result
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FIG. 2. Rotational transform 1/2z (left) and effective helical
ripple €4 (right) along the plasma radius, for the W7-X stellarator
in its standard vacuum configuration and the LHD heliotron in its
inward shifted vacuum configuration.

of this heating scheme, a moderate line averaged density
(n,) ~1.5x 10" m=3 is achieved. The two discharges
feature similar plasma performances, with the confinement
time for the LHD experiment (160 msec) being somewhat
larger than that for the W7-X program (120 msec).
Interestingly, despite these similarities, the measured pro-
files are strikingly different, as evidenced by Fig. 3. Indeed,
the electron density profile n, is almost flat for W7-X [17]
in the plasma core, whereas for LHD it exhibits a hollow
shape [18,19]. Furthermore, the ion temperature 7'; reaches
comparable values in the plasma center for the two devices,
although LHD tends to sustain higher ion temperatures
in the plasma periphery. The electron temperature 7, is
peaked in the W7-X core due to the strongly localized ECR
heating, and it falls off rapidly towards the plasma edge. In
LHD, T, is less peaked, and retains relatively large values
towards the plasma edge.

Power balance and simulations.—The disparity between
the plasma profiles in the two experiments is
an indicator of different dominant transport processes.
We, therefore, conduct a power balance analysis for the
characterization of the transport, focusing on the ions as
the fusion relevant particle species. Our goal is to extract
the neoclassical and turbulent contributions from the total
ion heat transport. Using the measured density and temper-
ature profiles, the neoclassical ion energy flux ONC is
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FIG. 3. Profiles of electron density n,, electron temperature 7,
ion temperature 7;, and absorbed ECR heating power along
the plasma radius for the LHD experiment No. 152264 at
t =447 sec and the W7-X program No. 20180821.017 at
t =4.30 sec. T, and n, were measured with Thomson scattering
diagnostics [20,21]. In LHD, n, was also measured using a
multichannel far infrared interferometer system [22]. T; and the
radial electric field E, in LHD were measured with active
charge exchange recombination spectroscopy (CXRS), using
short 20 ms blips of perpendicular neutral beam injection [23].
In W7-X, T; was also measured with a CXRS system [24].
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FIG. 4. Experimental (dashed dotted lines) and neoclassical (solid lines) ion heat conductivities for W7-X (left) and LHD (middle),
and anomalous heat conductivities (diamonds, right), as extracted from the power balance analysis. The squares (right) correspond to the
simulated values of the heat transport. The experimental heat conductivities (dashed dotted lines) are repeated in the right panel for
comparison. The shaded areas reflect uncertainties stemming from the error bars of the plasma profiles.

calculated using the code DKES [25,26], which solves the
monoenergetic linearized drift kinetic equation as a func-
tion of a set of dimensionless quantities (flux surface,
collisionality and E x B drift velocity). The transport
coefficients are subsequently obtained by an energy con-
volution over the Maxwellian distribution. The remaining
energy losses, referred to as “anomalous transport,” are
thought to be caused by plasma turbulence. The results of
the power balance analysis are summarized in Fig. 4. In
accordance with the magnetic field optimization, the neo-
classical ion diffusivity yN¢ is much lower for the W7-X
stellarator compared to that for the LHD heliotron.
A remarkable feature, however, is that the anomalous
ion diffusivity yANO, defined as yFXP — 4NC | is significantly
larger for the optimized W7-X stellarator.

In order to evaluate the relative strength of the anomalous
transport in the two devices, we first identify the relevant
type of small scale turbulence that can be excited in such
plasmas [27]. To this end, we employ two numerical
solvers of the nonlinear set of gyrokinetic equations
[28]: The GENE code [29], for the simulations in the
W7-X stellarator, and the GKV code [30-32], for the
simulations in the LHD heliotron. The gyrokinetic solvers
are operated in the “flux tube” geometry [33], namely,
we construct a slender computational box along a single
magnetic field line on a flux surface. For the W7-X
simulations, we select the surface p = r/a = 0.6 and the
field line @ = 0 (¢ = g0 — {, where 0 is the poloidal angle
of the torus, { is the toroidal angle and ¢ is the safety
factor). For the LHD simulations, we select the surface
p = 0.5 and the field line a = z/10. [We note in passing
that the slightly different radial location is dictated by the
disparity of the profiles in the two configurations; we
expect stronger turbulence at p = 0.5 for LHD compared
to p = 0.6.] In each configuration, the flux tube crosses
the region of most unfavorable curvature on the surface
within one poloidal turn. According to the measured
profiles, the normalized ion temperature and density
gradients, and the electron to ion temperature ratio for
W7-Xread a/Ly, =—a/T;dT;/dr=2.0,a/L, = 1.07 and

T,/T; = 2.28, whereas for LHD they read a/Ly, = 0.65,
a/L,=—-0.63 and T,/T;=2. The linear gyrokinetic
calculations reveal that the most prominent instability for
both experiments, at the radii of interest, is ion temperature
gradient (ITG) driven [10,34]. The associated growth rates,
shown in Fig. 5 (inset), suggest that the ITG instability
is much stronger in the W7-X stellarator. Using these
parameters, we also performed nonlinear gyrokinetic sim-
ulations, in order to estimate the ITG turbulence in the two
configurations, treating both ions and electrons as gyroki-
netic species. Simplifications in the simulations settings are
thought to have a minor impact. For instance, both plasmas
have very low beta values (0.23% in W7-X and 0.28% in
LHD) and are found in the low collisionality regime for
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FIG. 5. Jon heat fluxes, normalized to gyroBohm units
Qg = p2cyP;/a?, inferred from turbulence simulations for
W7-X and LHD, according to the measured profiles (P; is the
ion pressure, a is the minor radius, p, = c¢,/Q; is the ion
gyroradius, ¢, = /T;/m; is the ion sound speed, Q; =
qB/m;c is the ion gyrofrequency, B is the magnetic field, ¢ is
the ion charge and m; is the ion mass). The inset figure shows the
growth rates of the ITG instability as a function of the binormal
wave number normalized to the ion gyroradius.
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the entire plasma volume. These conditions justify to a
large degree the treatment of the plasma as electrostatic and
collisionless for our simulations. In addition, at radius
p = 0.6, the neoclassical radial electric field in W7-X is
close to zero due to the field changing its sign. For LHD,
the poloidal Mach number is larger, but nevertheless stays
below M, = 0.15. Numerical simulations for the inward
shifted configuration, considering twice as high M ,, have
demonstrated that the effect of the radial electric field
on ITG turbulence is minimal [35]. The outcome of the
gyrokinetic nonlinear simulations, shown in Fig. 5, pro-
vides the ion heat fluxes, normalized to gyroBohm units.
We find that the average ion heat flux for W7-X is over an
order of magnitude larger than that for LHD. Converting
to ion heat diffusivities, the simulated average values are
s =0.732 (m*/ sec) and yHHP = 0.214 (m?/ sec). A
comparison against the experimental values of the ion heat
diffusivity is shown in Fig. 4 (right panel).

Although we have identified the weak instability as the
main reason for the lower heat transport in the LHD
heliotron, in the following, we also examine effects that
might play a secondary, but still significant, role.
Specifically, we investigate the role of the zonal flows
[36] for the turbulence saturation. It is already known that
ITG turbulence is significantly affected by the zonal flows
in the W7-X [37] stellarator as well as the LHD heliotron
[38—40]. The strength of the zonal flows produced in a
magnetic configuration is dependent on the turbulence
drive. In general, the stronger the drive becomes, the more
zonal flow content is necessary to achieve saturation.
Therefore, in order to better assess the relative contribution
of the zonal flows to the turbulent transport in each device,
we prefer to follow a generic approach, using a more
simplified set of parameters than that dictated by the
profiles, namely we apply for both devices a/Ly, =3,
also setting a/L, =0 and T,/T; = 1. These parameters
remain, however, realistic, and can be reproduced by most
of the discharges of similar type, especially towards the
plasma periphery. The electrons in these simulations are
considered adiabatic. From the nonlinear simulations,
shown in Fig. 6, we deduce that the shearing effect imposed
on the turbulence eddies is more efficient in the heliotron
device, by employing a specific figure of merit. This is
defined as the ratio y,,, /€25, where the growth rate y,, is
maximized over the poloidal wave number, and Qr = BV%
is the shearing rate, defined through the radial derivative of
the E x B velocity V of the zonal flow (B is the normalized
magnetic field modulus). We extract from the simulations
that the ratio is significantly smaller for LHD (0.018)
compared to W7-X (0.230), suggesting that the zonal flows
should be more important for the saturation of ITG turbu-
lence in LHD compared to W7-X. A plausible explanation
for the stronger impact of the zonal flows in LHD can be
based on the localization of the density fluctuations along the
flux tube. Since the turbulence in LHD appears less localized
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FIG. 6. Ion heat fluxes, normalized to gyroBohm units (for

definitions, see Fig. 5), inferred from turbulence simulations for
W7-X and LHD. For the ITG simulations, we have used the same
normalized ion temperature gradient a/Ly =3 and adiabatic
electrons, whereas for the ETG simulations, we have used the
same electron temperature gradient a/Ly =3 and adiabatic
ions. For all simulations, a/L, =0 and T,/T; = 1 is assumed.

compared to that in W7-X, this implies that the space filling
factor [37], which directly enters the nonlinear zonal flow
drive, should be larger in LHD.

Furthermore, we have performed gyrokinetic simula-
tions for the electron temperature gradient (ETG) driven
turbulence, applying gradients similar to the ITG simu-
lations, i.e., a/Ly, =3, a/L, =0 and T,/T; = 1. The
ETG simulations are conducted assuming adiabatic ions.
Since ETG turbulence hardly responds to the zonal flows
[41], the turbulence level may relate only to the geometric
properties of the configuration, such as the local magnetic
curvature. In Fig. 6, we show that the normalized ETG heat
flux for the W7-X stellarator is lower than that for the LHD
heliotron. From this observation, we expect that, in the
absence of zonal flows, the ITG simulation would predict
also a lower ion heat flux for W7-X. The fact, however, that
the ion heat flux for the W7-X is instead larger, emphasizes
the key role of zonal flows for the ITG turbulence
saturation, particularly for LHD.

Conclusions.—Conducting low-density, low-power ECR
heated experiments on two large fusion facilities, namely,
the optimized stellarator Wendelstein 7-X (W7-X) and the
large helical device (LHD), combined with gyrokinetic
simulations, we conclude that quite distinct transport
processes may lead to similar plasma performances. In
the LHD heliotron, the neoclassical transport appears to
dominate over the entire plasma radius, while the turbulent
transport is relatively benign. On the other hand, in the
optimized W7-X stellarator, the neoclassical contribution to
the transport is much lower than that for the LHD heliotron,
and turbulence emerges as an important factor for the
anomalous ion heat losses. In addition to the larger growth
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rate for the ITG mode, we have identified the zonal flows as
a plausible reason for the stronger ITG turbulence in the
W7-X stellarator compared to the LHD heliotron. The
figure of merit that represents the relative strength of zonal
flows, expressed by the ratio y,,,«/Q, is found to be much
smaller in the heliotron device, hinting at a more effective
shearing of the turbulence eddies.

Our work suggests that a next step reactor sized stellarator
design should address both neoclassical and turbulent trans-
port, through shaping of the magnetic field geometry.
Preliminary attempts have demonstrated the feasibility of
this approach, applying a global search optimization scheme
in the W7-X configuration space [42—-44]. Meanwhile,
current experiments should continue to explore favorable
plasma scenarios. For instance, injections of frozen hydrogen
pellets in W7-X [45] seem to suppress ITG turbulence
thanks to the steep density gradient, which is typically
induced by the fuel [46]. As a result, enhanced performances
have been achieved, exceeding the predictions from the
empirical ISS04 scaling [47].
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