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Abstract
We demonstrate favorable stability properties of maximum-J stellarators, exemplified by the
Wendelstein 7-X (W7-X) device, in scenarios with low plasma beta. A large number of
electrostatic linear gyrokinetic simulations are conducted to scan the relevant parameter space for
different configurations, resulting in stability maps that account for the key micro-instabilities
thought to drive turbulent transport. These maps exhibit a ‘stability valley’ in the region where
the normalized ion temperature gradient is roughly equal to the normalized density gradient. In
this valley, the electrostatic instabilities are partly suppressed thanks to the maximum-J property
of the W7-X field. This property varies across different W7-X configurations, and this
measurable difference is demonstrated to affect the size of the stability valley. Finally, the impact
of the isotope effect and collisions on the valley is examined.

Keywords: stellarators, gyrokinetics, plasma instabilities, Wendelstein 7-X, turbulence

(Some figures may appear in colour only in the online journal)

1. Introduction

Energy and particle losses in magnetically confined fusion
reactors are attributed to turbulent transport, driven by micro-
instabilities, and neoclassical transport (NC), due to colli-
sions. The NC transport, which is minimal in the plasma core
of tokamak devices due to their inherent symmetry, is the
dominant contribution in stellarators at high enough temper-
ature [1]. The optimisation of the Wendelstein 7-X (W7-X)
stellarator has resulted in a NC transport level comparable to
that in tokamaks, and at high beta the magnetic configuration
tends to become increasingly quasi-isodynamic (QI) [2]. In
addition, in certain configurations, W7-X satisfies the max-
imum-J property (for most orbits), which means that the
second adiabatic invariant ò=J mv dl∣∣ is a monotonically
decreasing function of the plasma radius and thus reaches its

maximum value at the magnetic axis [3]. Thanks to these
properties, regions of trapped electrons and regions of bad
curvature are not coincident, which theoretically should lead
to resilience against density-gradient-driven trapped electron
modes (TEMs) [4, 5], which are replaced by relatively weak
ion-driven TEMs (iTEMs) [6, 7]. Experiments in the first
operation campaigns of W7-X show evidence of reduced NC
transport [8, 9]. It is therefore expected that the turbulent
transport is the main cause of radial losses in discharges
where the NC transport is not sufficient to explain the
experimental results [10–12], as in the core of tokamak
configurations, where the reduced NC contribution leads to a
transport dominated by turbulence. The turbulence is gener-
ated by micro-instabilities which are driven by gradients of
the electron and ion temperatures, and the plasma den-
sity [13, 14].

In this study, we assess the effect of the magnetic geo-
metry in W7-X on linear micro-instabilities with gyrokinetic
simulations using the GENE code [15] to explore the space of
the possible experimental profiles for Te /Ti=1 (typical in
the plasma periphery and the core in high density discharges)
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for different magnetic configurations. The central result of
this work is that, contrary to tokamaks and non-maximum-J
stellarators, W7-X has a wide region in the space of possible
profiles—where the transition between the ion temperature
gradient (ITG) instability and the trapped electron mode
(TEM) occurs—with distinctly reduced linear growth rates,
forming a ‘stability valley’. W7-X discharges in which
hydrogen pellets or laser blow-off injections were performed
seem to access this particularly favorable region [16]. Inter-
estingly, the diagnostic analysis of such discharges demon-
strate a substantial reduction of the turbulence levels [17]. The
aim of the paper is to describe the conditions under which the
stability valley is generated, and to study key parameters to
control it.

The paper is structured as follows: first, the stability
valley is presented and the theoretical background to under-
stand its generation is discussed. The second section deals
with magnetic configuration effects in W7-X, whereas the
importance of other parameters, such as the normalized
electron temperature gradient (ETG), isotope mass, and col-
lisions are studied in the third section. Finally, the main
findings are summarized in the last section.

2. Existence of a ‘stability valley’

We first present and analyze the electrostatic stability maps
associated with various W7-X configurations. These maps are
created by plotting the maximum linear growth rate γ from
gyrokinetic simulations as a function of the normalized ITG
a LTi

and electron density gradients a Lne
(here, a is the

minor radius of the device and = --L T dT dr1T i i
1

i
is the

inverse gradient scale length, similarly defined for the density
gradient). The electron to ion temperature ration is kept
constant at =T T 1e i and their gradients are also taken to be
equal. Such maps suggest how to interpret particular exper-
imental conditions with respect to micro-instabilities, hinting

at which mechanisms might be involved in the turbulent
transport, and allowing different plasmas with similar temp-
erature ratios to be compared. We consider only scales
comparable to ion gyroradius but much larger than the elec-
tron gyroradius, and thus restrict our attention to ITG and
TEM instabilities. We made this choice because, first, these
scales are usually where the important contribution to the ion
turbulent transport take place in fusion devices. In fact, most
of the diagnostics for turbulence in W7-X are designed to
measure fluctuations on these scales. Second, we note that in
W7-X, radial transport by the ETG instability is theoretically
expected to not play an important role compared with the
ITGs and TEMs [18]. The latter instabilities are naturally
identified through their opposite direction of propagation.

Each map includes 64 linear, local (using the most unstable
flux-tube) simulations performed with the GENE code. They
have the same parameters; both species are kinetically treated
with a resolution of nx×ny×nz×nv×nw=31×1×
128×48×8. The stability maps of the study are simulated
with the same temperature for ions and electrons Ti=Te and
mainly assume the same electron and ion normalized gradients

=a L a LT Ti e
and =a L a Ln ni e

. Compared with [4], we have
extended the stability map, using sufficiently large normalized
gradients, to capture the complete shape of the valley. By
changing the temperature ratio, the shape of the map barely
changes; only the overall amplitude is affected. The impact of
independently varying a LTe

is briefly examined in section 4.1.
The stability map in W7-X is characterized by three dis-

tinct regions (figure 1): One, on the top-left, where the ITG is
the dominant instability with a/LTi>a/Lne; second, on the
bottom-right, dominated by TEM, propagating in the electron
diamagnetic drift direction, with >a L a L ;n Te i

and finally, a
third region along the main diagonal, around h = »L L 1i n Te i

,
where the linear growth rate is significantly reduced or close to
zero. In this region of the map, the plasma can either have a
dominant mixed ITG/TEM mode or two separated, reduced
ITG and TEM modes propagating in the ion direction.

Figure 1. Stability map for W7-X high iota configuration in 2D (left) and 3D (right).
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2.1. Maximum-J criterion

The valley of reduced growth rate, exhibited by the stability
map, is produced by the peculiar geometry of Wendelstein
7-X, in particular its maximum-J property. The stability maps
for a typical tokamak, a non-maximum-J stellarator (HSX)
and W7-X are compared in figure 2. In the first two cases, the
map shows a monotonic increase of the linear growth rate
with higher gradients, in contrast to W7-X, with its char-
acteristic stability valley along the main diagonal ηi≈1. This
last result demonstrates a failing of the naive intuition con-
necting stronger free energy sources (gradients) with higher
linear growth rates. At the same time, figure 2(d) shows the
variation of

t
¶
¶

J

s

1

b
along the radial direction for these three

configurations, where τb is the averaged bounce time for
deeply trapped particles, at the location where the curvature is
most unfavorable, and s=r2 /a2. The tokamak and HSX
configurations have >

t
¶
¶

0J

s

1

b
, which means that they are

minimum-J configurations (J is a monotonically increasing
function with a minimum on the axis), whereas W7-X has

<
t

¶
¶

0J

s

1

b
, the so-called maximum-J property.

In tokamaks, the ITG instability is mitigated as the
density gradient is increased, if electrons are assumed adia-
batic. Once, however, kinetic electrons are included, the
density gradient increases the linear growth rate γ, signaling
the transition to a dominant TEM instability [14]. In config-
urations like W7-X, however, this situation is entirely dif-
ferent, since the ITG enjoys a gradual reduction as the density
gradient becomes stronger, due to the influence of trapped
electrons. In addition, the TEM activity is suppressed for
specific parameters [4, 5], or can persist in a weakened form
when driven by ions (iTEM) [6, 7]. The reduction of the ITG
together with the weaker TEM activity, typically co-existing
as a ‘mixed mode’, produce a transition region where the
maximum growth rate is substantially reduced, thanks to the

Figure 2. 3D stability maps for Deuterium plasmas in some magnetic configurations: (a) tokamak (b) HSX (c) W7-X at s=r2 /a2=0.25.
(d) Maximum-J property along the radial direction for these configurations.
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stabilizing effect of the density gradient. These processes are
explained mathematically below. In the theory of iTEMs [7],
we have a quadratic dispersion relation

w w+ + =P Q R 0, 12 ( )

w w g= -
 -

= +
Q Q PR

P
i

4

2
, 2

2

[ ] ( )

where the real part of the frequency and the growth rate are
defined as

w = - Q P2 , 3[ ] ( )
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where l is the arc-length along the magnetic field, l0, l1 its
value at two consecutive bounce points, λ=v⊥

2 /(v2B) and
= ^b k m T eBi i

2 2( ) . The symbol

òt
l

=
-

dl

B l1
j

l

l

1

2

( )

is proportional to the time between two consecutive bounce
points and f the bounce-averaged electrostatic potential
between these points. Furthermore, w i* is the diamagnetic
frequency, ωdi the ion drift frequency, wde¯ is the orbit-aver-
aged electron drift frequency and G = -b I b en n

b( ) ( ) with In the
nth-order modified Bessel function. The first term in
equation (7), the ion contribution to the instability, is denoted
as Ri and the remaining term, the electron contribution, is
denoted as Re. P is positive definite [7], which means that in
order to have an instability R>0 is necessary (equation (4)).
In general both terms in R can be positive and contribute to
destabilization, and we know from [3] that

w w
t a

= -
¶
¶

-
¶
¶

a

a

k T

e

d n

ds

J

s

k

k

Jln
. 8e de

e e s
2

2* ¯ ( )
⎛
⎝⎜

⎞
⎠⎟

In omnigenous (which also includes quasi-isodynamic) con-
figurations =

a
¶
¶

0J . Alternatively, if ks=0 (the ballooning

angle is set to 0), this expression reduces to

w w
t

= -
¶
¶

ak T

e

d n

ds

J

s

ln
. 9e de

e e
2

2* ¯ ( )

Assuming typical profiles, with < 0dn

ds
e , the inclusion of the

maximum-J condition <¶
¶

0J

s
in the last expression will make

Re<0, and electrons help to stabilize the mode [7]. On the
other hand, the typical sign for the ion contribution in the
unfavorable curvature region w w > 0i di* ˆ will produce Ri>0
and ions will drive the instability. This means that if we can
find situations where the electron and ion contributions are
similar (Re∼−Ri), then the instability is entirely suppressed
or significantly reduced. The contributions from both species
each have two terms, one associated with the density gradient
and another one associated with the temperature gradient.
With the appropriate balance between these terms, the elec-
tron contribution outweighs the ion contribution and the
instability can be suppressed, creating the valley. Note that
the ion and electron density gradients are equal (quasi-neu-
trality) and our study mainly considers equal temperatures.
Thus for clarity, a representation of equation (7) grouping the
terms proportional to the temperature gradient (terms with
hi e, ) in R∇T, and the rest of the terms, proportional to the
density gradient, in R n is useful. In this representation both
terms can be positive or negative.

Hollow density profiles (dne/ds>0) are in principle
possible but have never been encountered in W7-X dis-
charges thus far. For such profiles, Re>0 for a maximum-J
device, and consequently the stabilizing effect of the electrons
is reversed and the stability valley disappears, as it is indeed
confirmed by our simulations.

3. Configuration effects on the valley structure

The degree to which the maximum-J property is satisfied
varies between different magnetic configurations of W7-X
(which are realised by varying the currents on the 70 super-
conducting coils), and so does therefore the valley structure.
As shown in figure 3, all the W7-X configurations considered
demonstrate a valley, except for the low mirror configuration,
figure 3(d). The main differences among W7-X configura-
tions are the width and depth of the stability valley. Both high
mirror and high iota configurations have a deep valley, where
the strong reduction of the instability leads to low linear
growth rates (blue region), with the valley for the high mirror
configuration being the widest. This is due to the property of
the high mirror configuration displacing trapped electrons
away from regions of unfavorable curvature. Actually, this
effect is enhanced for W7-X configurations with even higher
mirror ratio, although above a specific level of this ratio no
significant improvement regarding the maximum-J property is
found. On the other hand, the standard configuration shows a
shallow valley, where the linear growth rate is reduced but not
as much as in the other two cases (light-blue and green
regions).
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These findings can be readily connected to a specific
measure for the description of the maximum-J property. The
quantity

t
¶
¶

J

s

1

b
is different in each configuration, leading to

variation in the size of the stabilizing term, Re in equation (7).
The radial dependence of this measure for each W7-X con-
figuration is plotted in figure 3(e). The configurations with
more negative values of

t
¶
¶

J

s

1

b
indeed do show deeper valleys

with stronger suppression of the growth rate (stability maps
are generated at s=0.25). Furthermore, the low mirror
configuration is the only one far from the maximum-J prop-
erty with >

t
¶
¶

0J

s

1

b
, which suggests absence of a valley in the

stability map, figure 3(d), similar to what is observed in the
tokamak or other non-maximum-J stellarators. This result is
especially noteworthy for W7-X, because it enables a com-
parison of the possible effects of the valley using the low
mirror configuration as a counter-example in the same device.
The standard configuration, for the magnetic surface con-
sidered, is close to constant-J ( »

t
¶
¶

0J

s

1

b
) producing a shallow

valley. This means that stabilization is observed, but the effect

is weaker than in the high mirror or high iota configurations,
where the growth rates are close to zero.

In order to characterize the width of the valley, we can
define the direction perpendicular to the η=1 diagonal.
Along that direction, the valley can be expanded towards
a/LT>a/Ln (up-left in the map) suppressing the ITG
instability, or towards a/LT<a/Ln (down-right in the map)
suppressing the TEM instability. For instance, in the high
mirror configuration, where the valley is wider than in other
configurations due to a greater suppression of the ITG mode.

4. Controlling the stability valley

Apart from the magnetic configuration, there are certain
plasma parameters that can be used to modify the valley.
Some of them are present in equation (7), like the normalized
ETG a LTe

(included in terms with ηe) and the isotope effect
(embedded in the parameter b). Other effects, like collisions,
require the inclusion of more terms in the iTEM model.

Figure 3. 3D stability maps for Deuterium plasmas in (a) high iota (b) high mirror (c) standard and (d) low mirror W7-X configurations at
s=0.25. (e) Figure of merit for the maximum-J property along the radial direction for the high iota (hi), high mirror (hm), standard (sd) and
low mirror (lm) configurations.
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Figure 4. 2D stability maps for W7-X standard configuration with =a L a LT Te i (left) and =a L 0Te (right) and Deuterium plasmas.

Figure 5. 2D stability maps for W7-X high iota configuration with (a) Hydrogen and (b) Deuterium. (c) Ri n and Ri T weight terms of the
iTEM instability considering Hydrogen (H) and Deuterium(D).
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4.1. Effect of the ETG

The impact of a LTe
is studied comparing a map with

=a L 0Te
with the previous analyzed condition where

=a L a LT Te i
, as in figure 4 for the standard configuration of

W7-X. In general, a LTe
stabilizes somewhat the TEM

instability (right-side of the map, a/Ln≈8), due to the fur-
ther decrease of Re<0 in equation (7) through ηe. At the
same time, a LTe

destabilizes a mode for intermediate density
gradients and high temperature gradients (top-center region of
the maps, a/Ln≈3 and a/LT≈8) in figure 4. This mode is a
mixed ITG-iTEM mode where the iTEM instability seems to
be temperature driven. The net result from both effects is that
the valley is pushed down to slightly smaller ηi values,
becoming more shallow as a LTe

is increased.

4.2. Isotope effect

The isotope mass is also an important parameter in the iTEM
model. Comparing the stability maps for the W7-X high iota
configuration with Hydrogen and Deuterium, figure 5, a sig-
nificant difference can be observed for larger normalized
gradients (top-right corner of the maps). In the case of Deu-
terium, the valley is extended along the diagonal η≈1, for
Hydrogen the valley ends at lower normalized gradients. This
means that W7-X Deuterium plasmas are more stable than
Hydrogen ones, and thus we expect more favorable regions
on the map for Deuterium discharges.

We can use the iTEM model for a qualitative analysis of
the isotope effect. In equation (7), the electron contribution,
Re, is unaltered as it does not depend on the ion mass. As for
the first term in equation (7), the ion contribution, the isotope
mass is included in the parameter = ^b k m T eBi i

2 2( ) .
Grouping the ion terms in two, one associated to the temp-
erature gradients (proportional to ηi) and one associated to the
density gradients, we have

ò w w w h f= + R R R
dl

B
, 10i i n i di i T i i

2
* *( ˆ )∣ ∣ ( )

= G -
G - G

R b
b b b

2
, 11i n 0

0 1( ) ( ( ) ( )) ( )

= G - + - GR b b b b b1 3 2 . 12i T 0
2

1( )( ) ( ) ( ) ( )

The weights for the density and temperature effects
equations (11)–(12) are monotonically decreasing functions
of b, which it is itself proportional to ion mass, as we observe
in figure 5(c). When the latter parameter is increased, the
stability valley is thus extended by suppression of the TEM
instability. The isotope effect is visible only when both nor-
malized density and temperature gradients are high. In this
case, the ion contribution Ri, can be reduced due to the iso-
tope mass, down to the level set by the stabilizing electron
contribution (which is unaffected). Both contributions are
proportional to the gradients but only one is reduced by the
isotope effect which suggest that the reduction of Ri is
amplified with high gradients when it is compared with Re.
Also, the iTEM mode could be more strongly influenced by
isotope in the ‘fluid’ limit, approached at large gradients
(w wi di*  ).

The isotope effect is concentrated in the ion contribution,
reducing its magnitude, and in tokamaks, with the TEM usually
dominated by the electron contribution, will not produce a
strong impact in the linear growth rate. But, in the case of
stellarators with a configuration close to maximum-J, like the
standard configuration of W7-X, it could be a key factor.

4.3. Effect of collisions

Finally, the inclusion of collisions in the simulations is stu-
died in figure 6. The stability map for the high iota config-
uration is generated with a collisionality ν=0.057, a typical
value from experiments in GENE units. Comparing the ori-
ginal map with those including collisions, figures 5(a) and 6,
we find that collisions tend to considerably reduce the TEM
instability, although the valley shape is maintained. In part-
icular, the linear growth rate in the bottom-right corner of the
figure 6 is reduced more than 50%, increasing the stability
valley conditions along the TEM-dominated region. This is
due to the tendency of collisions to de-trap particles, thus
reducing the trapped particle population which in turns alle-
viates the TEM instability [19]. The ITG-TEM mixed modes
are also affected, exhibiting a smaller reduction of the linear
growth rates in the rest of the stability map, as compared with
pure TEM.

5. Conclusions

In this study we have investigated a region of the electrostatic
instability space in maximum-J stellarators (in particular for
W7-X) which we term ‘stability valley’, with suppressed
micro-instabilities on scales comparable to, or smaller than
the ion gyroradius but smaller than the electron gyroradius.
The stability valley is present in most configurations of W7-
X, and occurs when the normalized temperature and density
gradients are similar, i.e. ηi≈1. The width and depth of the
valleys vary across configurations, depending on their relative

Figure 6. 2D stability map for W7-X high iota configuration
including collisions in a Hydrogen plasma, ν=0.057 in GENE
normalized units.
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ability to suppress ITG and TEM instabilities, but in general
the valley grows as ¶

¶
J

s
becomes more negative.

Assuming that the suppression of the micro-instabilities
leads to reduced turbulent transport, the properties of the
valley could open possibilities for operation with reduced
losses, when the appropriate profile conditions are satisfied
and sustained in time. From the theoretical perspective, the
control of the valley properties is fundamental to extend
the region of suppressed micro-instabilities and to facilitate
the access to this region. The valley is a mainly geometrical
effect, but certain plasma parameters can be used to control its
properties, e.g. the normalized ETG can be used to produce
the valley at smaller ηi values. The isotope used for the
plasma seems to be an important parameter, and heavy iso-
topes help to produce valley conditions with higher normal-
ized gradients, which we expect to be especially convenient
for future W7-X campaigns with Deuterium or reactors
powered by Deuterium-Tritium fuel. Finally, it seems that
collisions help to reduce TEMs and TEM mixed modes,
improving the stability valley conditions in the TEM-domi-
nated region. Preliminary work addressing the role of
electromagnetic effects on the structure of the stability valley
have shown that, as expected [20], both ITG and TEM
instabilities are reduced in large beta conditions. A thorough
study of these instabilities, together with the role of kinetic
ballooning modes is reserved for an upcoming publication.
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