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A systematic study of the impact of impurities on the turbulent heat fluxes is presented for the stellarator
Wendelstein 7-X (W7-X) and, for comparison, the Large Helical Device and ITER. By means of nonlinear
multispecies gyrokinetic simulations, it is shown that impurities, depending on the sign of their density
gradient, can significantly enhance or reduce turbulent ion heat losses. For the relevant scenario of
turbulence reduction, an optimal impurity concentration that minimizes the ion heat diffusivity emerges as a
universal feature. This result demonstrates the potential of impurities for controlling turbulence and
accessing enhanced confinement regimes in fusion plasmas and, in particular, in W7-X.
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The stellarator is a promising concept for magnetic
confinement fusion reactors, mainly due to its intrinsic
steady-state operation and absence of disruptions.
Nonetheless, the actual possibility for the stellarator to
become competitive against the tokamak has historically
been handicapped by two main difficulties: the substan-
tially larger neoclassical particle and heat losses caused by
the three-dimensionality of the magnetic field, and the more
challenging engineering and manufacturing required to
build stellarators, compared to tokamaks. In relation to
these two difficulties, Wendelstein 7-X (W7-X), the most
advanced stellarator in operation, has represented a huge
leap forward. First, W7-X has been optimized for reduced
neoclassical transport by a careful tailoring of the magnetic
configuration. The success of this optimization strategy has
been demonstrated experimentally, leading to record values
of the fusion triple product in stellarators [1]. Second,
despite the complexity of the system of modular coils
needed to produce the desired configuration, measured
errors are smaller than one part in 100 000 [2], which meets
the crucial milestone of building a large optimized stella-
rator within restrictive tolerances.
W7-X has also brought to the forefront other questions to

which less importance has traditionally been given.
Because of the successful reduction of neoclassical losses,
turbulence has become, in general, the main transport
channel. In standard ECRH W7-X plasmas, power balance
analyses show that heat fluxes are predominantly turbulent

throughout the entire plasma volume [3]. In those scenarios
a stiff turbulent heat transport has been pointed out as the
reason why the core ion temperature clamps at approx-
imately 1.5 keV, which is considerably lower than the
values predicted by neoclassical theory. So far, a higher
core ion temperature has only been achieved in high
performance scenarios with reduced turbulence, where
the neoclassical optimization of W7-X has been exper-
imentally confirmed [1]. Such scenarios have been tran-
siently reached by means of series of cryogenic pellet
injections, which increase the density gradient of the main
species and moves the operation point from a region in the
space of profile gradients where ion-temperature-gradient
(ITG) turbulence is close to be maximal to a region where it
is significantly attenuated. This mechanism for reducing
turbulence has been confirmed by means of numerical
simulations [4] and is demonstrated to be particularly
efficient in W7-X, in comparison with other stellarator
configurations [5]. Since steady state operation is one of the
main advantages of the stellarator concept, as well as a
central goal of the W7-X project, the identification of
additional mechanisms that mitigate turbulent heat losses
beyond a transient phase is, therefore, pressingly required.
In this Letter, we report on the role of impurities as a highly
efficient actuator on turbulence. In order to assess the
universality of the effects found, the Large Helical Device
(LHD, Japan) and ITER are also considered. We have
found that impurities can reduce or enhance the turbulent
fluctuations and associated ion heat transport. In the three
devices, an optimal concentration is found that minimizes
the ion heat flux. Moreover, among the three, only W7-X
exhibits a remarkable reduction in electron heat transport,
mirroring the trend observed for the ion heat flux with
varying impurity content. This work emphasizes the great
potential of injecting impurities and controlling its con-
centration toward improving the plasma performance.
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Moreover, it also warns about conditions where impurities
increase the turbulent heat losses.
The results that follow are obtained by means of

electrostatic collisionless nonlinear simulations performed
in flux tube geometry with the gyrokinetic code stella
[6], which has already been applied to W7-X transport
studies in a number of previous works [5,7–11]. All simu-
lations are performed at the radial position r=a ¼ 0.7. Here,
r is the flux surface label and a is the minor radius of the
device. We assume that the plasma consists of hydrogen
nuclei, electrons, and a single impurity species with
densities ni, ne, and nz, respectively, all with the same
temperature T and normalized temperature gradient
a=LT ¼ 3.0. Here, the normalized gradient of a physical
quantity X is defined as a=LX ¼ −ad lnX=dr. The equi-
librium density of electrons and impurities as well as their
normalized gradients are constrained by the lowest-order
quasineutrality equation and its radial derivative. Namely,

ne ¼ ni þ Znz; ð1Þ

a=Lne ¼ ðni=neÞa=Lni þ ðZnz=neÞa=Lnz ; ð2Þ

with Z the charge state of the impurity. Throughout the
present study, the main ion density, taken as reference
value, and its density gradient (a=Lni ¼ 1.0) have remained
unchanged [12].
For W7-X, we have performed a scan of the impurity

density gradient a=Lnz in the range ½−6; 6� for C6þ and
Fe16þ impurities at concentrations such that Zeff ¼ 1.4,
with Zeff ¼

P
j Z

2
jnj=ne and j running over the ion species

of the plasma. Figures 1(a) and 1(b) display, respectively,
the ion (Qi) and electron (Qe) heat fluxes in gyro-Bohm
units for these series of simulations. The electron heat flux
is multiplied by ni=ne in order to balance out the Qe
increase due to the fact that ne=ni > 1when Zeff > 1. In the
first place, comparing the black and red curves of,
respectively, Qi and Qe, with their values with no impu-
rities, shown in gray, it can be clearly observed that both
fluxes are modified by the presence of impurities. Roughly,
Qi and Qe are enhanced when the impurity density is
hollow and are reduced when the impurity density is
peaked. Second, the impact of carbon is appreciably
stronger than that of the heavier and more highly charged
iron impurity.
Figure 2 shows, for LHD and ITER as well,Qi andQe as

a function of a=Lnz considering C
6þ as impurity. Although

more moderate in these two devices, Qi reduction (or
enhancement) occurs when a=Lnz is positive (or negative),
as in W7-X. This dependence of Qi on a=Lnz strongly
resembles the role that impurities have on the ITG stability
in simplified geometries [27–30]. In those references, the
linear growth rate increases or decreases depending on
whether the main ions and impurities have, respectively,
antiparallel or parallel density gradients. The results

discussed so far in this Letter demonstrate that the ion
heat reduction or enhancement holds for nonlinear turbu-
lence, regardless of the magnetic geometry, and when all
species are treated kinetically. In contrast, the effect on Qe
is clearly less pronounced and the trend is different from
one device to another: for LHD, Qe is practically inde-
pendent on a=Lnz ; for ITER, Qe increases with increasing
a=Lnz , transitioning from a slight reduction to enhance-
ment; and only W7-X exhibits a similar behavior for Qe as
for Qi.
It must be emphasized that, when impurities are included

in these simulations, the only bulk plasma parameters

(a) (b)

FIG. 1. Main ion (a) and electron (b) heat fluxes as a function of
the impurity density gradient in W7-X, considering Fe16þ

(squares) and C6þ (circles), each as a single impurity in a plasma
with Zeff ¼ 1.4. For all the figures of the Letter, quantities have
been averaged over time during the saturated phase. In addition,
heat fluxes are normalized to the ion gyro-Bohm value [12], and
heat flux levels in the absence of impurities are indicated by the
dashed gray line.

(a) (b)

FIG. 2. Main ion (a) and electron (b) heat fluxes as a function of
the impurity density gradient, considering C6þ and Zeff ¼ 1.4 for
W7-X, LHD, and ITER. The inset shows the inconsistent case
where a=Lni ¼ a=Lne (see main text). Throughout this work, an
overbar denotes normalization of the quantity with respect to its
value in the absence of impurities.
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modified are the electron density and its gradient, con-
sistently with Eqs. (1) and (2) (in the scan along a=Lnz from
−6 to 6, a=Lne has been modified from 0.4 to 1.4). Since
a=Lne is a free energy source for the electrons, one might
wonder whether the differences in Qe are due to the sole
presence of the impurity or due to the different impact each
configuration might experience to the modification of
a=Lne . To investigate this, we have performed simulations
inconsistent with Eq. (2), forcing a=Lne ¼ a=Lni , despite
the presence of the impurity. The results, depicted in the
inset of Fig. 2(b), allow us to conclude that Qe in different
configurations shows different trends mostly due to the sole
presence of the impurity, and not due to a=Lne . This
conclusion does not change qualitatively when compared
with the data in the main figure. Nevertheless, a correction
due to the modification of a=Lne , that we explore further
below, can be inferred.
Beyond heat fluxes, the amplitude of the electrostatic

potential fluctuations is, analogously to Qi, enhanced or
reduced, as Fig. 3(a) shows for the case with C6þ and the
three analyzed devices. Figures 3(b) and 3(c) depict the
ratio of, respectively, the ion and electron heat fluxes over
the squared electrostatic fluctuations hφ2i, where h…i
denotes the average over the flux tube volume. For ions,
Qi=hφ2i depends weakly on a=Lnz , which indicates that the
ion heat flux is strongly tied to the fluctuation level of the
potential. In other words, the ion heat flux decreases or
increases as turbulent fluctuations do. In contrast, Fig. 3(c)
shows thatQe increases more sharply with a=Lnz than hφ2i
does. Remarkably, all devices exhibit a similar trend, which
roughly follows that of a=Lne , depicted for clarity. As
a=Lne is equally increased in all three devices, the align-
ment is not surprising. This indicates that, ultimately,
despite the different impact that the presence of the
impurity alone has on Qe for each device [see inset of

Fig. 2(b)], the correction due to a=Lne is comparable for all
three devices, at least in this case of a moderate Zeff of 1.4.
With regard to the case of turbulence reduction, it is then

natural to wonder how large the impurity concentration
must be in order to maximize heat flux reduction (impurity-
induced reduction of turbulence in tokamak [31] and
stellarator [22,32–34] experiments is moderately reported,
and simulations have occasionally pointed out to this
impurity effect in tokamak geometry [35,36]). To answer
this question, a scan in the effective charge has been
performed for the case of C6þ with a=Lnz ¼ 6. For W7-X,
the results for the main ion and impurity heat fluxes are
represented in Fig. 4(a) and for the electron heat flux in
Fig. 4(b). Both Qi and Qe decrease with growing effective
charge up to the value Zeff ¼ 2. The decrease is more
significant for Qi, which is reduced by an order of
magnitude, than for Qe, which is halved. In contrast, for
Zeff > 2 both Qi and Qe grow with Zeff . In the range from
Zeff ≈ 2 to Zeff ≈ 3, Qi recovers approximately one third of
its value in the absence of impurities, whereasQe enhances
its level clearly above that without impurities. This increas-
ing trend is due to the increasing value of a=Lne imposed by
Eq. (2). Ignoring Eq. (2), i.e., forcing a=Lne ¼ a=Lni
(dashed lines), makes Qe and Qi decrease mononotically
with Zeff in the entire represented range. Furthermore, the
impurity heat flux consistently remains low and does not
counterbalance the decrease in the heat flux of the main
species. Similar Zeff scans for LHD and ITER, depicted in
Fig. 5, reveal the local minimum of Qi as a universal
feature, occurring at a value of Zeff ∼ 1.5–2.0. On the other
hand, the impurity heat flux increases strongly with Zeff ,
and the electron heat flux is not decreased with increasing
Zeff , in contrast to W7-X. However, the idea of an optimal
concentration for overall reduction of turbulence holds. For
instance, at Zeff ∼ 1.75 in LHD, Qi is minimum, and
neither Qe nor QC6þ have increased much—interestingly,

(a) (b) (c)

FIG. 3. For C6þ impurities at a concentration such that
Zeff ¼ 1.4: dependence on the impurity density gradient of
(a) the averaged squared potential fluctuations, hφ2i, and
(b) the main ion and (c) electron heat fluxes over hφ2i for
W7-X, LHD and ITER. For clarity, a=Lne is illustrated in (c).

(a) (b)

FIG. 4. For W7-X, heat fluxes of (a) main and impurity ions,
and (b) electrons as a function of Zeff , with C6þ the only impurity
present in the plasma.
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carbon injections have traditionally assisted in accessing
high-Ti plasmas with internal transport barriers in LHD
[22], and the dependence of ion heat diffusivity on carbon
concentration, with an evident resemblance to our QiðZeffÞ
curve, has been reported in [32].
Returning to the evidently interesting case of W7-X, the

reasonwhyQe is not reduced asmuch asQi in the range from
Zeff ¼ 1 up to 2, and why it increases more significantly than
Qi beyond that range is likely due to the transition to an
electron-density-gradient-driven dominated turbulence, as is
shown next. Let ðδnsÞ2ðθÞ be the squared density fluctuations
of species s as a function of the poloidal coordinate,
and ðδnÞ2max ¼maxfδn2i ðθÞ;δn2eðθÞ;δn2zðθÞ;θ∈ ½−π;π�g the

largest density fluctuation amplitude found along θ.
Figures 6(a)–6(e) show, for Zeff ¼ f1.0; 1.5; 2.0; 2.5; 3.0g,
ðδnsÞ2ðθÞ=ðδnÞ2max for themain ions, electrons, and C6þ. The
squared electrostatic potential fluctuations as a function
of the poloidal angle, φ2ðθÞ, normalized to its maximum
value, φ2

max ¼ max fφ2ðθÞ; θ∈ ½−π; π�g, is also represented.
Examining this figure, it can be observed how the increase of
Zeff modifies the turbulent electrostatic potential, from
strongly localized at the center to becoming spread out along
the flux tube. Moreover, the main ion density fluctuations
become significantly reduced with respect to those of the
electrons, particularly for Zeff ¼ f2.5; 3.0g. For these high
impurity concentration cases, δn2eðθÞ coincides almost
exactly with Z2δn2zðθÞ, pointing out that the main ions do
not respond to the turbulence. In addition, electron density
fluctuations are strongly localized in the regions of magnetic
fieldwells [see Fig. 6(f) for themagnetic field strength,B, as a
function of θ]. This indicates that, as Zeff and, consequently,
a=Lne increase, turbulence acquires a vigorous TEM char-
acter, as we anticipated above. Such a change in the
turbulence characteristics explains why the electron heat flux
increases abruptly for Zeff > 2 while the ion heat flux is not
affected to the same extent in Fig. 4.
In summary, in this Letter we have presented the first

systematic numerical study of the effect of impurities on
bulk turbulence in W7-X and, for comparison, in LHD and
ITER. By means of nonlinear gyrokinetic simulations, we
have demonstrated that impurities can effectively alter
turbulent heat transport. This finding is robust and

(a) (b)

FIG. 5. For LHD and ITER, heat fluxes of (a) main and
impurity ions, and (b) electrons as a function of Zeff , with C6þ the
only impurity present in the plasma.

FIG. 6. For the Zeff scan depicted in Fig. 4: (a)–(e) shows the normalized electrostatic potential fluctuations, φ2=φ2
max, and normalized

density fluctuations, ðδnsÞ2=ðδnÞ2max, of main ions, electrons, and C6þ as a function of the poloidal coordinate; (f) shows the modulus of
the magnetic field.
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manifests both for electron and, more substantially, ion heat
fluxes in the three configurations. This has obvious interest
for future reactors, as the main ions are the reactants in the
fusion fuel. When the density gradient of impurities and
main species are, roughly, parallel (respectively, antipar-
allel), turbulent fluctuations and ion heat losses decrease
(respectively, increase). As for the electron heat flux, the
combination of the impurity effect and the response of the
configuration to modifications of a=Lne forced by quasi-
neutrality, introduces differences across the devices, which
will be thoroughly addressed in upcoming studies. A
central message of the present work is that, regardless of
the magnetic configuration, the ion heat flux reaches a
minimum value at a specific impurity concentration, that
could be seen as an optimal impurity content to operate
with as long as radiative losses were tolerable. As a
particularly interesting case, in W7-X, when Qi is reduced,
Qe is also reduced and the impurity heat flux remains low.
In summary, the present study emphasizes the ambivalent
role of impurities and their potential to enhance or degrade
the performance of magnetically confined plasmas through
its active role on turbulence.
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