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Abstract

®

CrossMark

The equilibrium of the Chinese first quasi-axisymmetric stellarator (CFQS) has been
investigated by the HINT code. It is found that the stochastization of magnetic field lines
expands with the increase in the volume-averaged beta value () in the plasma boundary. In
the high-/3 regime, the generation of large magnetic islands at rational surfaces not only leads
to an effective shrinkage of the plasma confinement region but also increases the outward shift
of the magnetic axis. With bootstrap current effects, the low-order islands spread over the
whole plasma area, leading to a stochastization of magnetic field lines due to island chain
overlapping. However, for a flat pressure profile, the magnetic islands are significantly
suppressed so that the magnetic surfaces can be fairly maintained. Moreover, the
magnetohydrodynamic (MHD) instabilities in the optimized CFQS configurations have been
simulated by the MEGA code. The linear properties of unstable resistive MHD modes are
studied. The results show that in the CFQS the main MHD behaviour is dominated by the
resistive ballooning modes with strong mode coupling. The mode structure and resistivity

scaling are consistent with related theories.

Keywords: stellarator, three-dimensional equilibrium, quasi-axisymmetric stellarator,
magnetic island, bootstrap current, stochastic magnetic field lines, magnetohydrodynamics

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

1. Introduction

A quasi-axisymmetric stellarator (QAS) [1], as one type of
optimized stellarator, has been widely studied in the past. In
the QAS, neoclassical transport properties are similar to those
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in tokamaks, while there is no requirement for the inductively
driven current. Therefore, the QAS is a three-dimensional (3D)
tokamak-like device that combines the advantages of stellara-
tors and tokamaks [1, 2]. To explore the potential merits of the
advanced stellarator configuration, several devices with quasi-
axisymmetric features have been designed, such as the com-
pact helical system (CHS)-qa [3—7], the National Compact
Stellarator Experiment [8—11] and the Evolutive Stellarator of
Lorraine [12, 13].

© 2021 IAEA, Vienna Printed in the UK
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Currently, a new compact QAS, the Chinese first quasi-
axisymmetric stellarator (CFQS) is being designed as a joint
project between Southwest Jiaotong University in China and
the National Institute for Fusion Science in Japan [14]. The
details of the CFQS design have been introduced in recent
publications [15—-19]. The basic parameters are as follows: the
toroidal magnetic field By = 1.0 T, the major radius R = 1.0 m,
the aspect ratio A = 4.0 and the toroidal periodic number
Np = 2.

In [15, 17], the magnetohydrodynamic (MHD) equilibrium
of the CFQS with (or without) bootstrap currents has been cal-
culated using the VMEC code [20], which is based on the
assumption of perfect nested flux surfaces. However, in the
QAS configuration, magnetic islands and the stochastization
of field lines due to overlapping of island chains can natu-
rally exist in the 3D MHD equilibrium [21], in particular, in
the high-( regime with substantial bootstrap currents [17, 22].
As a consequence, the destruction of the nested magnetic flux
surfaces is unavoidable. Therefore, it is necessary to calcu-
late the CFQS equilibrium, including magnetic islands, for a
good understanding of the basic properties of the QAS in finite
plasma beta cases. Moreover, investigation of the magnetic
topology near the plasma edge is also important for evaluat-
ing plasma confinement properties. For these purposes, in the
present study we have calculated the free-boundary equilib-
rium of the CFQS with finite plasma pressure and currents
using the HINT code [21].

On the other hand, in the QAS configuration with a low-
aspect ratio, the bootstrap current is usually substantial, and
hence, the MHD instabilities could be stronger than those in
other stellarator configurations. We therefore perform the non-
linear MHD simulation for the typical configuration of the
CFQS by the MEGA code [23]. The growth rate and spa-
tial structure of the modes with finite plasma dissipation are
discussed in detail.

The rest of this paper is organized as follows. In section 2,
the equilibria with magnetic islands using the HINT code are
discussed. Section 3 presents the simulations and analyses of
the MHD stability. Finally, a summary is given in section 4.

2. Calculations of the CFQS equilibrium

HINT is a 3D MHD equilibrium code that uses the relaxation
method without requiring nested flux surfaces like the VMEC
code [20]. A brief introduction to this code has been given
in [21]. In the new version of the HINT code, the cylindrical
coordinate (R, ¢, Z) is used with a high numerical accuracy.
The single-fluid nonlinear MHD equations are solved using
the relaxation method [24, 25]. The relaxation consists of two
steps: (i) plasma pressure relaxation; and (ii) magnetic field
relaxation. In step one, the magnetic field B is fixed and the
plasma pressure (p) is calculated by B - Vp = 0. For the sec-
ond step, the magnetic field is calculated by reduced MHD
equations as
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Figure 1. Comparison of the radial dependence of the rotational
transform, ¢/27, in the vacuum case between the HINT (red) and
VMEC (blue) codes.

where the plasma pressure comes from the result of step one,
t is the time, v is the plasma velocity, j = V x B is the
total current density, jo is the initial current density, je is the
net toroidal current like the bootstrap current, 7 is the dissi-
pative parameter and the plasma density is assumed to be a
constant.

In this section, typical configurations of the CFQS are cal-
culated by the HINT code. For a benchmark between the HINT
and VMEC codes, we have computed the rotational transform,
/27, in the vacuum case for the CFQS using the two codes.
The results are shown in figure 1. It can be seen that the free-
boundary equilibrium obtained by the VMEC code is in good
agreement with that by the HINT code in the case of without
plasma. In such a scenario, the rotational transform between
/27 = 2/6 and 2/5 avoids the low-order rational surfaces with
a relatively weak magnetic shear.

After the benchmark, we further calculated the equilib-
rium with finite beta ({) is volume-averaged) for the CFQS
using the HINT code without considering the effects of the
bootstrap current. The Poincaré plots of magnetic surfaces are
illustrated in figure 2. In the calculation, the pressure profile,
p = po(1 — )2, is employed with p, being the plasma pres-
sure on the axis and 1 being the toroidal flux. It is shown
that the ergodization of magnetic surfaces due to overlapping
of island chains is enhanced with the increase in (53) at the
plasma boundary. The reasons may be as follows: the increase
in () induces changes in the iota profile, which generates a
lot of low-order rational surfaces and, consequently, the island
chains. Then, the overlap of the island chains results in stochas-
tization of field lines at the plasma boundary and shrinkage
of nested magnetic flux surfaces. From this point of view, in
contrast to the situation in tokamaks, in stellarators the intrin-
sic 3D magnetic configuration may induce the generation of
islands, even in vacuum fields, i.e. without any plasma or equi-
librium response, because the field components may interact
resonantly with field lines which have the appropriate rational
value of the rotational transform. It should be noted that under
the present CFQS configuration the magnetic surfaces can still
be well maintained until () is larger than 1.4%, as shown
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Figure 2. Poincaré plots of magnetic surfaces for different volume-averaged beta values ({3) = 0.0%, 1.4%, 1.58%) at two toroidal angles
(a)—(c) ¢ = 0° and (d)—(f) » = 90°. The green line denotes the boundary of the vacuum vessel.

in figures 2(b) and (e). It has been proposed that, to reduce
the deformation of the magnetic flux surfaces in the CFQS,
in addition to 16 modular coils, external auxiliary coils with
appropriate currents should be employed in high (3) cases
[19]. Recently, Kinoshita et al reported the additional coil sys-
tems of the CFQS, including poloidal field coils to control the
plasma position and shape and toroidal field coils to control
the iota profile [19], which support a possible way to achieve
an island divertor configuration for the CFQS [26].

To gain insight into the dependence of the magnetic axis
position on the (3) value, the average positions of the mag-
netic axis are calculated by the HINT and VMEC codes for
different (/3). The results are shown in figure 3, where R, is the
average position of the magnetic axis in the major radius direc-
tion. It can be seen that within the range of (8) < 1.4% both
the HINT and VMEC calculations show good consistency, and
the R,y increases almost linearly with increasing (/3). However,
when (f3) is larger than ~1.4%, the increase in the magnetic
axis shift estimated by HINT is faster than that by VMEC.
The possible reason is that in the calculation of HINT the
/2w = 2/6 island chains emerge, which may play a pushing
role for an outward shift on the magnetic axis. This point can
also be seen in figures 2(c) and (f), where four larger islands
appear on the left side of the magnetic axis, while on the right
side there are only two islands.

In the quasi-axisymmetric magnetic configuration of the
CFQS, a substantial bootstrap current can be present in the
high-3 regime [17, 18]. Therefore, the equilibrium, including
bootstrap currents, should be calculated to explore the con-
figuration properties. In this work, the bootstrap current was
estimated using the BOOTSJ code based on the drift kinetic
model, as described in [27]. The calculations were iterated

1.3

1.2 : : :

0 0.5 1.5

]
<f3>[%]

Figure 3. The average position of the magnetic axis in the major
radius direction, R, as a function of (/) calculated by the HINT
(red line) and VMEC (blue line) codes.

many times until the BOOTSIJ calculation based on the equi-
librium with bootstrap currents results in the same bootstrap
current profile so that the final bootstrap current profiles and
amplitudes are convergent.

To study the effects of the bootstrap current, we consider
two cases of the density profile, i.e. case 1: the parabolic den-
sity profile n(1)) = n(0) - (1 — 1) and case 2: the flat density
profile n(y)) = n(0) - (1 — 0.8 + 1.31)* — 1.5¢)%). The form
of the flat density profile has been widely used for CHS [22],
CHS-qa [22, 28] and CFQS [17] when evaluating the boot-
strap current effects. In this work, to focus on the profile effect,
the central electron and ion densities on the axis are fixed as
1(0) = n;(0) = 10" m~3. The electron and ion temperature
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Figure 4. (a) The bootstrap current (Ips) as a function of (/3), and (b) the radial profile of the bootstrap current density (d/ps/ds) at (3) ~ 1%
for the parabolic density profile (case 1) and the flat density profile (case 2) calculated by the BOOTSJ code. The dashed lines in figure 4(b)

are the best fitting of the tenth-order polynomial.
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Figure 5. Poincaré plots of magnetic surfaces for (a) and (b) case 1 and (c) and (d) case 2 at different (/3) values, where the black, blue and
red colours mark the regions of p/py < 1%, 1% < p/po < 10%, and p/py > 10%, respectively. The green line denotes the boundary of the

vacuum vessel.

profiles are Te(1)) = Te(0) - (1 — ¢) and Ti(¥)) = T5(0) - (1 — )
with 75(0) = 0.75T.(0). The central values of the tempera-
ture depend on central plasma beta (or pressure) values. For
example, in figure 4 for a central beta value Sy = 2.5% with
B, = 1.0 T, T.(0) = 3.55 keV and T;(0) = 2.66 keV. From

figures 4(a) and (b), we can see that a flat density profile
can effectively reduce the amplitude of bootstrap currents and
change the current density profile significantly. For the present
CFQS design of {8) ~ 1%, the amplitude of the bootstrap
current (/) is about 30 kA and 20 kA for cases 1 and 2,
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Figure 6. The rotational transform, magnetic well depth and plasma pressure as a function of the effective radius (rs): (a) and (b) case 1

and (c¢) and (d) case 2 for different (/3) values.

respectively. It is interesting to note that in case 1, the profile of
the bootstrap current density (d/,s/ds) has a peak in the range
of r/la ~ (0.3-0.6), which may result in a reversed magnetic
shear in the bulk plasma, whereas in case 2 the flat profile of
dlys/ds in the central region suggests a locally weak magnetic
shear. It should be noted that the spikes in the current profiles
occur when the rotational transform crosses low-order rational
surfaces.

To further survey the properties of islands in the QAS, we
have calculated the equilibria of the CFQS with the bootstrap
current using the HINT code. The Poincaré plots of magnetic
surfaces are depicted in figure 5 for cases 1 and 2, where the
black, blue and red colours mark the region of p/py < 1%,
1% < plpy < 10%, and p/py > 10%, respectively. The related
parameters used in this figure are the same as we used in
figure 4. For case 1, figures 5(a) and (b) show that with increas-
ing beta from 0.74% to 1% the widths of the 2/4 island and 4/9
island chains both increase so that the space between these two
island chains becomes smaller. Thus, the island chains con-
nected to intermediate rationals, in particular 6/13 and 8/17
islands, grow as well and their overlap contributes to the gen-
eration of the stochastic region between the 4/9 and 2/4 islands.
For case 2, as shown in figures 5(c) and (d), the magnetic
islands and the field line stochastization are remarkably sup-
pressed in comparison with case 1. In such a scenario the iota
profiles do not contain the ¢/2m = 2/4 resonance, and hence, a
2/4 island cannot appear in the magnetic topology of the field.

Although the boundary 4/9 island chain remains, the good flux
surfaces are still kept over the entire plasma area. Furthermore,
the 4/9 island chains in cases 1 and 2 exhibit different island
phases, which is possibly due to different distributions of equi-
librium currents and net currents in the two calculations. These
results offer a possible prediction for the high-3 equilibrium of
the CFQS and suggest that the high-/3 operation scenarios can
be realized if density profiles can be controlled by the elec-
tron cyclotron resonance heating, pellet injection and so on.
Besides, a change in the temperature profiles may also serve
the same goal.

In previous studies, it has been reported that the rotational
transform and the magnetic well depth can be enhanced by
increasing the bootstrap current in the QAS [22]. To identify
the dependence of rotational transforms on bootstrap currents,
the iota profiles and magnetic well depths for different (/3)
values are calculated and plotted in figure 6 as a function of
the effective radius (reer = +/S/7), where S is the averaged
areas of the poloidal cross section [25]. Here, the magnetic
well depth is defined by (V,,'(0) — V,)'(a))/V,’(0) for the QAS
[22], where V, is the plasma volume and prime denotes the
derivative with respect to the toroidal flux.

For case 1, we can see that the iota values can cross
0.4 or 0.5 when the (f) is high enough. The increase in
the iota value results from enhanced bootstrap currents. With
the increase in (f3), the iota profile changes from monotonic
to non-monotonic, indicating a transition from a weak to a
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reversed magnetic shear. It is also found that the iota values
are rather sensitive to (3), especially in the low (3) cases. In
the case of (8) ~ (0.7%—1%), the double iota = 2/4 ratio-
nal surfaces are formed, which may trigger a fast-growing
double kink/tearing instability. Figure 6(b) further indicates
that with the increase in (f3), the value of the magnetic well
depth increases from 0% to 4.5% at the last closed flux surface
(retr ~= 0.2).

For case 2, it is also interesting to find that most of the
iota profiles do not cross rational surfaces because of the small
amplitude of the bootstrap current in comparison with case 1.
This is the main reason why the good flux surfaces can be kept
in such a case, as shown in figures 5(c) and (d). At a higher
beta, the magnetic well profile in the radial range regr < 0.2 m
increases slightly faster in case 1 than thatin case 2, which may
result from the different peaking of the pressure profiles in the
real space of the final HINT equilibria due to the changes in the
magnetic configuration in the outer region. This point is con-
firmed by the final pressure distributions plotted in figures 6(b)
and (d).

3. MHD stability analysis

The study of MHD instabilities is essential in the evalua-
tion of the basic properties of QAS configurations; in partic-
ular, the ideal instabilities, including the kink and ballooning
modes, have attracted close attention in the physical design
and optimization of the QAS [5, 28, 29]. As an initial value
MHD code, the MEGA code is a powerful tool for studying
nonlinear MHD instabilities in 3D tokamaks and stellarators
[23, 30, 31]. Therefore, in this work, simulations of global
MHD stabilities have been carried out by the MEGA code
for case 2 and the equilibrium configurations calculated in
section 2 with (8)=1.2% are used. In the simulation, the
potential MHD instabilities are considered self-consistently by
adopting an initial random perturbation. The plasma viscosity
and diffusion coefficients are set to be 107> to maintain the
numerical stability. The plasma resistivity, 7, is taken to be
5 x 1073 (unless stated in other specific cases). The growth
rate and frequency of the modes are normalized by the Alfvén
frequency (wa) in the equilibrium of case 2 in which the
Alfvén time is ~1.4 x 1077 s with the plasma density being
1 x 10" m=3. A Boozer coordinate system of the equilib-
rium was constructed for the spectral analysis of the simulation
results [31].

The radial eigenmode structures of the unstable modes,
with the dominant toroidal mode number n = —4 and the
poloidal mode number m = 0—10, are shown in figure 7, where
the radial velocity (v;) is normalized to the Alfvén velocity
va. The dominant mode numbers (n = —4 and m = 8, 9 and
10) are related to the rational values 4/8 (=1/2), 4/9 and 4/10
(=2/5). The peaking locations are all near the rational surface
of 1/2 and also close to the weak shear regions, as shown in
figure 6(c). It is clear that the radial structure shows a strong
mode coupling around the same location.

Considering the important role of the plasma resistivity in
its effect on MHD instabilities, we have calculated the depen-
dence of the mode growth rate on the resistivity. The results
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Figure 7. The radial profiles of the normalized radial velocity for
m=0-10 and n = —4.
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Figure 8. The linear growth rate of the mode, v = d(In Ey)/dt, as a
function of plasma resistivity and the fitting by '3 with (8) ~ 1.2%.

are shown in figure 8, where the linear growth rate defined by
~v = d(In Ey)/dr and E is the kinetic energy. It can be seen that,
for the high-n regimes of > 10~*, the mode is unstable. For
the low-7 regimes of 7 < 107>, the mode is stabilized. In the
region of 107* < 1 < 1073, the '3 scaling of growth rates
obtained from the present simulation is in agreement with the
theory of resistive ballooning modes in stellarators [32]. This
suggests that in CFQS plasmas the resistive MHD mode could
be the ballooning-type instabilities. A possible stabilization
of the ballooning modes due to favourable average curvature
effects at low resistivity regimes has also been discussed in
[33].

To show the mode structure more clearly, we plot contours
of the toroidal electric field in figure 9, where the white dashed
line denotes the last closed flux surface. It can be seen that the
mode is growing with an initial random perturbation and its
structure displays a clear symmetric breaking in the good and
bad curvature regions, which is the typical characteristic of the
resistive ballooning mode. In addition, it has been found that
the spatial location of the mode is closely related to the local
pressure gradient (not shown here).
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To clarify plasma beta effects, we have computed the
growth rate and frequency of the modes as a function of ([3).
The results are depicted in figure 10. A strong dependence of
the growth rate on () is observed along with a zero-mode fre-
quency. This implies that the mode is a pure MHD mode. Note
that when the () value exceeds 1.6%, the iota profile might be
close to 1/2 (=2/4), for which n = —2 is the dominant mode.
In the present case, the mode is always dominated by n = —4
when () <1.6%. Moreover, figure 10 shows that the mode
is stable when the (/) is smaller than ~1%, which suggests a
beta limit for the present design of the CFQS. Here, we have
to bear in mind that the above beta dependence for the mode
growth rate and frequency includes a dependence on toroidal
currents. When we change the beta value, the bootstrap cur-
rent also varies (see figure 4(a)), which may impose an impact
on the growth rate and frequency of the modes. The missing
values of the growth rate could be roughly estimated by an
interpolation in figure 10. It should be noted that, as an impor-
tant MHD instability in the QAS [28, 34], the ideal external
kink mode is not discussed here. This mode might be unstable
when the rotational transform at the plasma boundary exceeds
0.5 [28] and, therefore, it should be investigated in the future.

4. Summary

In this paper, the equilibrium with magnetic islands in the
CFQS QAS has been calculated by the HINT code. In high

beta cases, the impact of magnetic islands on the magnetic
axis shift has been discussed. The resistive MHD mode was
simulated by the MEGA code for the CFQS. The main results
obtained in this paper are summarized as follows.

(a) For the finite plasma beta, the magnetic island chains are
generated and a stochastization of magnetic field lines
expands with increasing beta values at the plasma bound-
ary. In high beta cases, the outward shift of the magnetic
axis is enhanced.

(b) With bootstrap current effects, the low-order islands
spread over the whole plasma region, which leads to a
shrinkage of nested flux surfaces. Nevertheless, a flat pres-
sure profile can significantly reduce the island width and
field line stochastization due to the absence of certain
rational surfaces, and hence, the nested flux surfaces can
be relatively well maintained.

(c) The simulation of MHD instabilities for the CFQS config-
uration indicates that the MHD modes are dominated by
the resistive ballooning mode with strong mode coupling.
A resistivity scaling of the mode growth rate in the QAS,
~ o< n'3, is also consistent with the theory of resistive
ballooning modes.
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