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The stellarator is a type of fusion energy device that—if properly designed—could provide clean, safe,
and abundant energy to the grid. To generate this energy, a stellarator must keep a hot mixture of charged
particles (known as a plasma) sufficiently confined by using a fully shaped magnetic field. If this is
achieved, the heat from fusion reactions within the plasma can be harvested as energy. We present a
novel method for designing reactor-relevant stellarator magnetic fields, which combine several key physi-
cal properties. These include plasma stability, excellent confinement of the fast-moving particles generated
by fusion reactions, and reduction of the turbulence that is known to limit the performance of the most
advanced stellarator experiment in the world, Wendelstein 7-X.
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I. INTRODUCTION

Fusion has, for decades, been heralded as humanity’s
ideal energy source, if only it could be realized practically.
A hypothetical fusion reactor would produce clean, abun-
dant, safe, and energy-dense power [1] through the fusion
of deuterium and tritium (DT) atoms. Fusion is the pro-
cess that powers the Sun and other stars, meaning that
such a reactor would be, in essence, a “star in a bottle.”
Stars facilitate fusion reactions by virtue of the material
that comprises them, a plasma, which is held together by
the immense gravity of the stars. As we cannot create such
strong gravitational fields in an Earth-bound fusion reac-
tor, we must be a bit more creative with how we cage this
plasma.

Stellarators are a family of fusion devices that rely
on twisted magnetic fields to confine plasmas inside a
toroidal vessel. If a fusion-relevant DT plasma is main-
tained, fusion reactions will naturally occur between parti-
cles within it, generating energy that could be harvested to
power an electrical grid.

Such plasmas can be designed through optimization,
where the magnetic geometry is tailored to stabilize the
plasma and minimize its heat and particle losses. Several
key properties and loss mechanisms—including bulk
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stability and the collisional transport of particles—have
already been addressed with the design, construction, and
successful operation of existing devices, most notably the
world’s largest stellarator, Wendelstein 7-X (W7-X) [2],
operating in Greifswald, Germany. Other aspects, such as
adequate fast-ion confinement and the reduction of trans-
port caused by plasma turbulence, are areas of active
research, as these features—particularly turbulence—are
outstanding problems in W7-X.

Our work tackles these outstanding problems, specifi-
cally for a class of stellarator configurations called “quasi-
isodynamic” (QI), by introducing a method to find such
stellarator designs that combine traditional criteria with
those needed for a next-generation fusion device. This
includes, for the first time in an optimized QI stellara-
tor, the direct minimization of losses caused by plasma
turbulence.

The QI stellarator may be compared with a more con-
ventional and simply shaped type of fusion device, the
tokamak [3]. Tokamaks keep the particles generated from
DT fusion reactions, known as “fast ions,” contained
within their plasmas. These ions carry large amounts of
energy and thus it is crucial that they remain confined
within a fusion reactor. Stellarators do not confine these
particles unless specifically designed to do so.

Tokamaks are able to confine fast ions by driving strong
currents in their plasmas. These currents are essential
for tokamak operation but can also cause severe disrup-
tions and inhibit steady-state operation. Unlike tokamaks,
stellarators do not require externally driven currents; how-
ever, they may still be plagued by the so-called bootstrap
current that spontaneously arises in their plasmas [4,5].

Published by the American Physical Society
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This current vanishes if a stellarator is designed to be
exactly QI, allowing these stellarators to enjoy “current-
free” operation [6]. It has also been shown that some
amount of deviation from an exactly QI field can still yield
low bootstrap currents [7,8].

The attractive properties of QI stellarators stem from the
motion of “trapped” particles, confined to regions in which
the magnetic field strength B remains below some value B,
(the exact value of which is determined by the direction of
motion of the particle). When a trapped particle encounters
a field strength equal to its associated B,, it “bounces” back
in the direction from which it came. A conserved quan-
tity of the bouncing particle motion is the second adiabatic
invariant, defined as

J =~2mH /11— Bﬁ dl, )
bounce *

where the “bounce integral” is taken between the points
along a field line at which B = B, = H/u, [ is the distance
along said field line, H = muv?/2 is the kinetic energy, i =
mv? /2B is the first adiabatic invariant of the particle, and
m 1is the mass of the particle.

Trapped particles in a QI magnetic field can exhibit
the maximum-J property, mathematically expressed as
dJ/ds < 0, for a fixed B,. Here, s denotes the normalized
toroidal magnetic flux, acting as a radial variable, such that
s = 0 holds at the plasma center and s = 1 at the plasma
boundary. In other words, in a “maximum-7" field, [J will
be largest in the plasma center and smallest at its edge.
The maximum-J property improves the confinement of
fast particles [7-9], while imparting a high degree of mag-
netohydrodnamics (MHD) stability, related to the vacuum
“magnetic well” [4,10,11].

Turbulence driven by trapped electrons is relatively
benign in experimental campaigns in W7-X [12,13] but
turbulence driven by the ion temperature gradient (ITG)
is not. Because, as observed in W7-X [14—16], ITG turbu-
lence is expected to limit modern stellarator performance,
next-generation stellarator reactor designs would benefit
greatly if energy losses driven by ITG turbulence could be
made significantly lower than in W7-X.

Our ITG turbulence-minimization strategy is based on
two observations of how this turbulence behaves. First,
ITG turbulence is generally excited in regions in which
the magnetic curvature aligns with the plasma tempera-
ture gradient, which we call “bad” curvature. Second, the
intensity of this turbulence depends on the compression
of neighboring magnetic flux surfaces at these locations
[17]. Intuitively, this follows from the expression for the
temperature gradient: |VT| = T (s)|Vs|. For a fixed plasma
profile T(s), lower flux surface compression (i.e., smaller
|Vs|) leads to lower ITG turbulence.

To date, no MHD-stable, maximum-./, QI stellara-
tors have been designed for which ITG turbulence has

FIG. 1. The plasma boundary of a SQuID configuration. Black
lines represent magnetic field lines.

been specifically minimized. Here, we outline a novel
approach to designing such stellarators, to which we give
the moniker Stable Quasi-/sodynamic Designs (SQuIDs).
The SQuID presented in this work is shown in Fig. 1.

We compare this SQuID with another QI configuration
found through the same approach but without ITG tur-
bulence minimization, allowing us to explore trade-offs
regarding the desired physics properties. For reference,
these new configurations are also compared against W7-
X. We find that this SQuID addresses all the criteria
we have set out to achieve: its QI quality grants excel-
lent fast-ion confinement, good confinement of collisional
thermal particles, and small toroidal currents. It is MHD
stable, owing to the maximum- property, which—along
with our explicit turbulence reduction scheme—yields low
levels of turbulence.

II. OPTIMIZATION METHOD

Given the shape of the boundary of a stellarator plasma,
along with its pressure and current profiles, one can cal-
culate its equilibrium magnetic field [18]. In other words,
given these profiles (which are generally fixed during opti-
mization), a boundary shape is sufficient information for
calculating many properties of the magnetic field through-
out that plasma. The boundary-surface shape of the plasma
can be given by a Fourier series:

R(0.9) =) Fn cos(md — ngynp),

m,n

Z0,4) =Y zymsin(md — ngne),

m,n

)

where ¢ is the azimuthal toroidal angle, ¢ is a poloidal
angle, and ng, is the number of field periods [19-21].
To optimize the plasma boundary, r,, and z,, are var-
ied, such that various “target functions,” listed below, are
minimized. These optimizations have been done using the
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FIG. 2. The B contours of a perfectly QI field on a flux surface,
in Boozer coordinates. Magnetic field lines are shown in black.

SIMSOPT suite [22] and the equilibrium code VMEC [19],
following the general methodology of Goodman et al. [7].

A. QI target

Defined intuitively, the magnetic field on a flux surface
is QI if and only if it satisfies three conditions [7,23] when
plotted in Boozer coordinates [24] (0, ¢):

(1) All curves of constant magnetic field close
poloidally (but not toroidally) on all flux surfaces
(i.e., from bottom to top in Fig. 2).

(2) The contours of maximum field strength must be
straight lines at toroidal angle ¢ = 0 and 27 /ng,
where ng, is the number of identical field periods of
the stellarator.

(3) The bounce distance (§) along a field line between
consecutive points with B =B, (with B < B,
between the points) must be the same along each
field line.

An artificial perfectly QI field is shown in Fig. 2. In
Fig. 3, we show the magnetic field for a set of actual
configurations that are approximately QI.

In a QI field, 3J/9c|s5, = 0 holds for any {«,B.},
where « is the field-line label, defined by B = Vi x V.

To obtain QI fields through numerical optimization, we
penalize unwanted defects of an input equilibrium field
Bi(s,0,¢). To do this, we first take a similar approach to
the Squash and Stretch described in Goodman et al. [7],
which transforms B; into a constructed field B¢(s, 6, @)
with no local trapping wells or transitioning particles. With
A = 1/B,, we then define the following quantities:

. 9
Jf@,a):/ “sien (1= 2B) VT =3Bl ()
1

. )
Jch,a) = V1 —=2ABcdl, “4)
1
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FIG. 3. The B contours near the plasma boundary, in Boozer

coordinates, for various QI configurations (coil ripple is not
included): (a) W7-X, (b) QPS (the quasippoloidal stellarator
design) [25], (c¢) QIPC (the quasi-isodynamic stellarator design
with poloidally closed contours) [26,27], and (d) the CIEMAT-
QI4 configuration [8].

where d/; = B;dg/(B; - V) and (¢1, ¢;) are the bounce
points in B¢. The QI penalty function, fqr, is

. - 2
) — Jelna;
Jai(s) ZMJ <~71( sai) — Jc( oq)) R

(Jr + Je)

where (-) denotes an average of all calculated values. Note
that for = 0 if and only if B; is perfectly QI. This target
is used to improve what we will refer to as “QI qual-
ity” but the ultimate quantification of such quality must
be deferred to the evaluation of the key physics quanti-
ties, i.e., the bootstrap current, fast-particle confinement,
and neoclassical effective ripple.

B. Maximum-.7 target

Using the above definitions, we can design a target func-

tion that favors maximum-.7 fields. First, we evaluate J¢
on multiple flux surfaces and define

ch(s + AS,)\,,O{,’) - jC(S,)\,aj)
As (Jels + As) + Te(s)

asj(s’ )\'9 o, a]) =
(6

By definition, a maximum-7 field satisfies the condition
9sJ < 0. We also seek a large |9, |, in order to improve
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fast-particle confinement [7,8] and mitigate the turbulence
driven by trapped particles [7,28,29]. Hence we define the
maximum-_/ target as

fowng & Y M, (0T .3 0))eg s Ts) ()

A

where M,(X,X,) = max(0,X — X,)? and ()ay is an aver-
age over o;. Based on a numerical study of the values of
3,7 of well-confined particles in highly optimized QI stel-
larators (similar to those presented in Goodman et al. [7]),
we choose a target radial derivative 77 = —0.06. A more
negative T’ targets “more maximum-.7" fields.

C.ITG target

Pioneering efforts in turbulence optimization have
devised targets for reducing ITG turbulence by, e.g., reduc-
ing the curvature of the magnetic field [30-33] or by
exploiting the mode properties close to the threshold for
the onset of the instability [34]. In this work, we follow
a related approach, which we find compatible with the
simultaneous optimization for QI quality of the magnetic
field. We use a target to minimize |Vs| in regions of “bad”
curvature (defined by ¥ < 0, where Kk = B x k - V) as
ITG turbulence tends to peak in regions of bad curvature.
An appeal of this approach is its simplicity and physical
transparency (although newer approaches that use turbu-
lence simulations as optimization criteria [35] also show
promise).

We begin by calculating ¥ and Vs on a fine grid on a flux
surface and construct £ = (amin® (—k)|Vs|)?, where ® is
the Heaviside step function and ay, is the effective minor
radius of the plasma boundary, following the convention in
the VMEC code. We then define &95 as the value of £ below
which 95% of the calculated values lie and construct the
target function fy, to be

2 27 /ngy
fos /0 a9 /0 d6 £(0, 9O Eos — £0,0)). (8)

This approach ensures that the number of points with ¥ <
0 will not impact the target-function output.

D. Other targets

To control other properties of interest, we include a
few generic terms in our target function. We use the
function fy o« M;(A, A;) to control the mirror ratio A =
(Bmax - Bmin)/(Bmax + Bmin)|s=0, where Bmin (Bmax) is
the minimum (maximum) B on the flux surface. We also
introduce f o< M,(4,4;) and fz o< My(B, B;) to limit the
aspect ratio 4 and the average normalized plasma pressure
B = fol ds(2,uop (s) /B(s)2>s, respectively (both calculated
by VMEC). We define f, o« M;(Je(s = 0) — 1], 0.01) +
M;(|t(s = 1) — tedgel,0.01), which sets ¢ on axis (ta) and
at the plasma boundary (tedge).

SQuiD
B(T)
15
~
N
0.85
Elongated QI
B(T)
15
]
-~
0.87

FIG. 4. The plasma boundaries of the SQuID (top) and elon-
gated QI configuration (bottom). Half a field period is removed
to highlight the most compressed plasma cross sections.

The target function used for the SQuID optimization
is thus fsquip = for + Wvyfvs + fmax 7 +fa + 14 + 1 + 11,
where fqr and fm.c 7 are targeted on s € (0,1) and fv,
is targeted on s € [0.1,0.5]. Note that every component
of fsoup is an inequality constraint, except for for and
fvs. Hence, during optimization, we set the weightings for
these inequality constraints to be arbitrarily high and adjust
only the relative weight, wy,, between fqr and fv,. For the
SQuID, wy; is set to the largest value that has maintained
other properties of interest in the configuration. We com-
pare the SQuID to another QI configuration, optimized in
the same way but with wy, set to zero.

III. RESULTS

The configurations shown in Fig. 4 have been optimized
starting from the W7-X standard configuration, impos-
ing ng = 4. Both configurations have the same aspect
ratio (4 >~ 10), mirror ratio (A =~ 0.25), pressure profile
(p(s) < 1 — s), normalized plasma pressure (8 = 2%), and
rotational transform (¢ =~ [0.80, 0.95]). Optimizations have
also been performed for ¢ ~ [0.86,0.95] to avoid the 4/5
rational surface, with nearly identical results.

The configuration for which wy; = 0 has excellent QI
quality (see Fig. 5), confirming the effectiveness of our QI
target. Its flux surfaces, however, appear extremely elon-
gated (see Fig. 4), a feature associated with large |Vs|
and, thus, strong ITG drive. We dub this configuration
“elongated QI.”

The SQuID, on the other hand, is less elongated (see
Fig. 4) but retains good QI quality (see Fig. 6) and enjoys
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FIG. 5. The B contours, in Boozer coordinates, on four flux
surfaces for the elongated QI configuration: (a) |B| at s = 0.25;
(b) |Bl ats = 0.5; (c) |B] ats = 0.75; (d) |B| ats = 1.

all the benefits thereof. Its maximum value of ani,|Vs| in
a bad-curvature region is approximately 2.3, compared to
approximately 6.5 in the elongated QI configuration. This
flux compression reduction at the cost of a roughly 1.6-
times increase in fqr over the elongated QI configuration.

IV. ANALYSIS

A. Fast-particle confinement

To evaluate the confinement of fusion-born «-particle
orbits, we have used the SIMPLE code [36] to follow the
trajectories of 5000 alpha particles for 0.2 s (the typical
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FIG. 6. The B contours, in Boozer coordinates, on four flux
surfaces for the SQuID: (a) |B| at s = 0.25; (b) |B| at s = 0.5;
(¢) |Blats = 0.75; (d) |B] ats = 1.
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FIG. 7. The alpha-particle losses for W7-X STD and the new
QI configurations on s = 0.25, once the boundary is scaled to
various minor radii.

collisional slowing-down time in a reactor), with uni-
formly distributed pitch angle and 3.5 MeV of kinetic
energy, isotropically (in real space) on the flux surface
s = 0.25. As is common practice, we have scaled the mean
on-axis field to Byy = 5.7 T, the same as the ARIES-CS
stellarator design [37].

The minor radius of the torus, ami, plays a key role in
fast-ion confinement and at typical reactor scales (amyin ~
1.7 m [21]) we have calculated zero fast-ion losses in both
QI configurations. Hence it is predicted that, in a reactor
scenario, these configurations would enjoy excellent ion
confinement. However, to account for possible variation in
actual reactor designs, we have repeated the calculation for
various values of ayiy, with the corresponding fast-ion loss
fractions shown in Fig. 7.

It is considered acceptable for a reactor to lose approx-
imately 1% of fast particles generated at s = 0.25 [38],
which is satisfied for apmi, = 0.5 m for the elongated QI
configuration and ay,;, = 0.6 m for the SQuID. For larger
amin, both QI configurations have zero losses, indicating
that both have reactor-relevant fast-ion confinement.

B. Neoclassical transport

While fast ions hardly interact with thermal particles in
a confined plasma, such thermal particles “collide” among
themselves, causing losses due to neoclassical transport.
In the so-called 1/v regime (here, v is the particle colli-
sion frequency), weakly collisional trapped particles may
drift out of the plasma. These transport fluxes are propor-
tional to the effective ripple (in a conventional stellarator,
this coincides with the helical ripple) 82142 [39], which must
be sufficiently small in a fusion reactor. We have used the
NEO code [39] to calculate 82&2 for the elongated QI con-
figuration and the SQuID, along with the W7-X standard
(STD) configuration, shown in Fig. 8.
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FIG. 8. The transport magnitude 8;42 over the plasma radius,
for the W7-X standard and the QI configurations.

Both new configurations have lower 8;42 than W7-X

STD, which has eg’{ffz within an acceptable range for a
reactor [40], meaning that this quantity is also within a
reactor-relevant range for the new configurations.

C. Maximum-J property

In Fig. 9, we display J contours along the plasma
radius for the elongated QI configuration, the SQuID, and
the W7-X “high-mirror” (HM) configuration (one of the
most maximum-.J variants of the device). For all equi-
libria, the volume-averaged plasma pressure is f = 2%.
We find that for the 30% most deeply trapped particles,
i.e., (Bx — Bmin)/ (Bmax — Bmin) = 0.3, the QI configura-
tions are maximum-7, as J is a decreasing function of
the plasma radius. Similar results have been found for all
other particles (not shown here).

It should be noted that if 8 is increased, the plasma
equilibria become even more maximum-J/.

W7-X HM B = 2%

Elongated Ql SQuID

]
6.2 2.0 6.5

J J J

FIG. 9. The contours of J, for the 30% most deeply trapped
particles for the new QI configurations and W7-X HM. The radial
coordinate is the flux-surface label s and the polar coordinate is
the poloidal angle 6. At 8 = 2%, the maximum-7 property is
fulfilled for the elongated QI and the SQuID, as 7 is largest in
the center and decreases toward the plasma radius.
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FIG. 10. The monoenergetic bootstrap current coefficient Dj,,
for W7-X HM and the new QI configurations (s = 0.25), as a
function of the particle collisionality v*, for radial electric field
(@) E,/vB = 0.0 and (b) E,/vB = 1073,

D. Bootstrap current

The toroidal bootstrap current appearing in fusion
devices can cause significant problems with both con-
finement and stability and interferes with island-divertor
operation. It is therefore desirable to minimize this current.
Theoretically, in a perfect QI configuration, the bootstrap
current would vanish at low collisionality [6,41]. A well-
designed QI target can thus be used to obtain a small
bootstrap current [7], which is the approach followed
here.

We therefore present, in Fig. 10, the normalized
monoenergetic bootstrap current coefficient [40] for both
new configurations in comparison with W7-X HM at s =
0.25, which has the lowest bootstrap current among all
reference configurations and has therefore been chosen
to make the comparison as stringent as possible. Here,
V* = Ry, v/(1v) is the monoenergetic collisionality, where
Ry is the major radius of the torus and v is the par-
ticle velocity. Two values of normalized radial electric
field have been chosen, as they are indicative of val-
ues of relevance for electrons (E,/vB = 0) and for ions
(E./vB =1073).

If a configuration has |D3,| < 0.01 over the entire range
of v* and E,/vB values of relevance, negligible values
of the bootstrap current density are assured. The elon-
gated QI clearly fulfills this requirement, while the SQuID
has D3, values somewhat outside of this interval at the
smallest values of v* for E,/vB = 0. We have therefore
also calculated profiles of the bootstrap current density in
SQuID, for a selection of plasma profiles that would pro-
duce 600 MW of «-particle heating in a reactor. In none of
these cases is the bootstrap current density large enough
to adversely affect the plasma equilibrium and the total
current enclosed within the plasma always remains below
10kA, so that performance of the island divertor would
also be unaffected.

From these results, we conclude that both new configu-
rations have reactor-relevant bootstrap currents.
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FIG. 11. The ITG growth rates for W7-X standard and the QI
configurations with § = 0 as a function of the ion temperature
gradient apin/Lr;.

E. ITG turbulence

To evaluate the reduction of ITG-driven turbulence, we
perform gyrokinetic [42,43] simulations. These use a thin
“flux-tube” domain [44], which follows a magnetic field
line for one poloidal turn on the flux surfaces s = 0.09
(core) or s = 0.5 (plasma periphery). The tubes are posi-
tioned such that they cross the region with 8 = ¢ =0,
where ITG turbulence fluctuations are generally excited.
Moreover, we neglect gradients that do not drive ITG tur-
bulence (i.e., in density and electron temperature) and also
collisions. The simulations have been conducted assum-
ing either vacuum or 8 = 2% conditions, although in both
cases the ITG turbulence is assumed to be electrostatic.
This choice implies the strongest turbulence response,
avoiding its reduction by electromagnetic effects [45,46]
in QI configurations showing a small Shafranov shift.

1. Growth rates

Before investigating the turbulence itself, we first study
the linear nature of the ITG instability, which—although
not by itself a reliable predictor of the turbulence inten-
sity—serves as a measure of the turbulence drive. For this,
using the GENE code [47], we calculate the growth rate
y maximized over the wave number k, of the instabil-
ity as a function of the normalized temperature gradient
(@min/L1;, = —(amin/T;)(dT;/dr), where T; is the ion tem-
perature and 7 = ap;,s'/? is the radial coordinate), for the
two new configurations and W7-X STD, under vacuum
conditions (8 = 0). Here, the electrons are treated in the
“adiabatic” limit, namely, assuming a Boltzmann response
and, in all simulations, collisions have been neglected. This
setup, despite its simplicity, already captures the impact of
the optimization, as evidenced by the outcome shown in
Fig. 11.

We observe lower growth rates over the entire range of
gradients for the ITG-optimized SQuID, as compared to

Q
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FIG. 12. The ion heat fluxes caused by ITG-driven turbulence,
for the W7-X standard and the QI configurations (for 8 = 0),
over the ion temperature gradient, on the surfaces (a) s = 0.09
and (b) s = 0.5.

the elongated QI configuration, which confirms the effec-
tiveness of the target function fy, in reducing the ITG
drive. Moreover, the SQuID is more stable than the W7-
X standard configuration, while the higher growth rates of
the elongated QI configuration reflect the compressed flux
surfaces depicted in Fig. 4.

2. Ion heat fluxes

As an overall measure of the severity of turbulence, we
calculate the radial ion heat flux (normalized to gyro-Bohm
units) Q;/Q,p, while varying the normalized temperature
gradient amin/L7,. In Fig. 12, we present simulation results
for the two new configurations and the standard W7-X
configuration, all at § = 0, using the nonlinear gyrokinetic
code GX [48,49].

Consistent with the linear picture, the SQuID boasts
the lowest heat fluxes over the entire range of gradients
among all configurations. Interestingly, the heat fluxes for
the elongated QI configuration are lower than these for the
W7-X standard configuration, at least at the outer radial
position s = 0.5. This seems to contradict the linear obser-
vations, suggesting that nonlinear effects of the magnetic
geometry are significant. As explained later, zonal flows
[50] seem to be an important factor for understanding this
behavior. Overall, the better performance for the SQuID
persists for both surfaces and, in actuality, over the entire
plasma radius (for a fixed gradient amin/Lt, = 2.5), as
shown in Fig. 13.

We next address the effect of the maximum-.7 property
on ITG turbulence, which, in accordance with Fig. 9, calls
for plasmas with 8 = 2% instead of vacuum fields. The
electron dynamics must now also be simulated kinetically
to capture the effects of trapped electrons.

In Fig. 13, we include GENE simulation results of these
computationally intensive simulations with an additional
data point for each of the three configurations, choosing
s = 0.5 and amin/L7, = 2.5. In all configurations, the inclu-
sion of kinetic electron physics results in an increase in
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FIG. 13. The ion heat fluxes caused by ITG-driven turbulence,
for W7-X STD and the new configurations, with adiabatic elec-
trons (lines) and kinetic electrons (symbols) for amin/Lr, = 2.5
(see text for details).

ion heat flux, compared to the adiabatic electron case. This
increase for the QI configurations is small as compared
to W7-X, presumably due to the maximum-7 property
[28,51]. Both new configurations have significantly lower
ITG heat flux than W7-X, with the SQuID being the clear
winner overall.

3. Zonal flows

Amidst the chaotic motion of ITG turbulence, zonal
flows can evolve as self-organized plasma E x B flows,
spanning the entire toroidal magnetic surface and directed
mostly poloidally, i.e., the short way around. These flows
can lead to the “shearing” of turbulent eddies [52], thus
reducing ITG-driven turbulence. The effect of zonal flows
in stellarators, which has been verified in analytical the-
ory as well as experimentally [53—57], has characteris-
tics peculiar to stellarator geometry, notably the existence

1.0 1 —— W7XSTD
— Elongated QI
— SQuiD
0.5

Zonal flow potential ®/®g
©
o

|
S
w
1

Time (103 amin/c;)

FIG. 14. The linear response of zonal flows for the new con-
figurations and W7-X STD.

of slowly decaying oscillations [58]. These oscillations
exhibit long characteristic time scales in well-optimized
stellarators, much longer than those of the geodesic acous-
tic modes (GAMs) that are observed in tokamaks. Slow
oscillations are visible in Fig. 14, which stand out from
the GAMs as the dominant contribution to the frequency
spectrum.

It is thought that the decay rate of these oscillations,
which largely depends on the specific magnetic geometry,
controls the levels of turbulence [59], as slower-decaying
oscillations contribute to turbulence mitigation.

The slow decay rate of the zonal flows of the SQuID,
in comparison to that of W7-X STD, is striking. Although
the detailed mechanism of zonal-flow enhancement in the
SQuID (and other QI stellarators [7], including the elon-
gated QI configuration) warrants further study [60], we
argue that an improved QI quality of the configuration is
related to the larger amplitude and slower decay rate of the
oscillations.

By performing nonlinear simulations with zonal flows
artificially set to zero, we have verified that zonal flows
significantly reduce the turbulent heat flux in the elongated
QI configuration, e.g., by a factor of 2.5 for a/Ly, = 2.5,
and contribute to the turbulence reduction in the SQuID as
well.

F. MHD stability

The SQuID configuration shows good ideal MHD stabil-
ity properties, while the elongated QI case could be consid-
ered excellent in this regard. We have evaluated Mercier’s
criterion [61], a standard measure of MHD stability, using
a formulation in magnetic coordinates [62], and found a
stability limit of volume-averaged 8 of around 2.5% for
the SQuID. The elongated QI configuration appears more
stable, with a 8 limit of around 8.5%. This is similar to the
MHD-stability properties of the QIPC design, which has
a stability limit of around B8 = 8% [27], and better than
W7-X, which has this limit around 8 = 5% [63].

V. DISCUSSION AND OUTLOOK

This work introduces a novel family of QI stellara-
tors, termed “SQuIDs,” found using a new numerical
optimization method, which is capable of addressing a
wealth of physics design criteria. Indeed, for the first time,
net-current-free stable plasmas with excellent particle con-
finement and low turbulence are attainable, overcoming
the main outstanding hurdles on the path toward reactor-
relevant equilibria.

These SQuID equilibria are MHD stable, essentially as
a result of imposing the maximum-.7 property. The latter
is expected to stabilize turbulence caused by the trapped-
electron mode (TEM) [28,29,64,65]. The optimization has
been aimed at reducing the ITG turbulent heat flux to lev-
els well below that of the W7-X stellarator, which has set
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FIG. 15. Two views of the plasma boundaries (top and bottom)
of two compact 4 = 6.7 SQuIDs with ng, = 2 (left) and ng, =3

(right).

the performance limit of the experiment in certain plasma-
heating scenarios. The imposed ITG target is also expected
to control the instability driven by the electron tempera-
ture gradient (ETG), due to the dual nature of ETG and
ITG modes [47]. In addition, ETG turbulence is expected
to be of minor concern in reactor conditions, due to the
effective coupling of ion and electron temperatures at high
plasma densities [66]. Finally, the presented SQuID has
been found to enjoy small collisional thermal transport,
bootstrap current, and fast-ion losses.

Our findings suggest significant flexibility in the design
of reactor-relevant QI stellarators, opening up the possi-
bility of exploring the vast parameter space of SQuIDs.
In Fig. 15, we present two additional SQuID configura-
tions with aspect ratio 4 = 6.7, one with three field periods
and the other with two field periods. These SQuIDs have
excellent QI quality and negligible fast-ion losses at reac-
tor scales and their compactness is an attractive feature
in an economical fusion reactor. The ¢ profiles avoid low-
order rational surfaces but approach such a surface at the
boundary, which should yield a chain of magnetic islands,
compatible with an island divertor.

The SQuID with ng =2 has been additionally opti-
mized for compatibility with filamentary coils in addition
to all other properties of interest, using the figure of merit
described by Kappel er al. [67]. We expect similar or,
perhaps, lower ITG turbulent-driven heat losses than the
ng, = 4 SQuID presented, according to values obtained for
the target fv,, in combination with the smaller aspect ratios
[68]. These examples illustrate the reliability of our new
target function, as various different optimization criteria
can be “baked in” to SQuIDs with relative ease.

In this work, we have focused on aspects of QI stellara-
tor optimization related to plasma physics but engineering
issues must also be considered. Further exploration of
SQuID diversity, including coil optimization and system
studies aimed at a stellarator reactor solution, is currently
under way.
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