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Abstract
The effective ripple is analysed for the final version of the quasi-axisymmetric
stellarator configuration with a low aspect ratio, CHS-qa. For the computation,
a method is used that is based on the integration along magnetic field lines in a
given magnetic field. Computations are done for magnetic fields presented in
Boozer magnetic coordinates as well as for magnetic fields produced directly
by currents in the modular coils of the device. The computations show the
significant advantage of CHS-qa over a conventional stellarator resulting from
the reduced effective ripple.

1. Introduction

Among stellarator optimization studies, which are presently performed worldwide, the CHS-qa
[1–3] design study occupies one of the important places. The CHS-qa is a quasi-axisymmetric
stellarator configuration with a low aspect ratio, which has been considered as one of the
candidates of a post-CHS [4,5] device. A number of studies [6–9] related to different versions
of the CHS-qa configuration have shown transport improvement and the possibility of its
control in experiments. As a result of studies of various versions of the CHS-qa configuration,
the final version 2b32 is chosen as the present candidate for the CHS-qa device.

The transport improvement in the so-called 1/ν regime is one of the important requirements
for optimized stellarator systems [10]. This improvement correlates with a decreasing effective
ripple, εeff , obtained from neoclassical transport computations in this regime. In this paper, the
effective ripple for the 2b32 configuration is analysed using a method based on integration along
magnetic field lines in a given magnetic field [11]. Computations are performed for magnetic
fields presented in Boozer magnetic coordinates [12] as well as for real-space magnetic fields
directly produced by currents in the modular coils of the device.

For the magnetic field presented in Boozer coordinates, a zero beta case as well as finite
beta cases are considered. For the finite beta case, a possible influence of the bootstrap current
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is taken into account. This is done for 〈β〉 ≈ 3% with a fixed boundary equilibrium and
for 〈β〉 ≈ 1.5% with a free boundary equilibrium. For magnetic fields directly produced by
modular coils, a possible influence of an additional vertical magnetic field is also analysed.
Being closely connected to the effective ripple, the bounce averaged trapped particle drift
velocity across magnetic surfaces is also discussed.

From the results obtained it follows that the effective ripple for CHS-qa is essentially
reduced compared to CHS. For the vacuum magnetic field this ripple is smaller than that for
the finite beta equilibrium that takes bootstrap current into account. However, even in this
less favourable case the effective ripple for CHS-qa is significantly smaller than those for
conventional stellarator configurations.

2. Effective ripple and 1/ν neoclassical transport

Minimization of the effective ripple, εeff , obtained from neoclassical transport computations
in the 1/ν regime is one of the key issues in stellarator optimization (see, e.g. [10]). In the
1/ν regime, the εeff value enters the expression for transport coefficients as a factor ε

3/2
eff . For

a conventional stellarator field, εeff coincides with the helical ripple εh (see, e.g. [13]). For an
arbitrary stellarator magnetic field, in accordance with [11], the quantity ε

3/2
eff can be calculated

with the help of the following expression:
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Here, R0 is the major radius of the torus, B0 is a reference magnetic field, ψ is the magnetic
surfaces label, kG = (h × (h · ∇)h) · ∇ψ/|∇ψ | is the geodesic curvature of a magnetic field
line with the unit vector h = B/B.

The quantity εeff is calculated by integration over the magnetic field line length, s, over the
sufficiently large interval 0–Ls , and by integration over the perpendicular adiabatic invariant
of trapped particles, J⊥, by means of the variable b′. Here, Babs

min and Babs
max are the minimum

and maximum values of B within the interval 0–Ls . The quantities smin
j and smax

j within the
sum over j in (1) correspond to the turning points of trapped particles.

For a magnetic field originally available in real-space coordinates, there is no necessity in a
field transformation to magnetic coordinates. In this case, formulae (1) must be supplemented
with the magnetic field line equations as well as with the equations for the vector P ≡ ∇ψ

(see, e.g. [11, 14])

dPi

ds
= − 1

B

∂Bj

∂ξ i
Pj , (2)

where Bj are the contra-variant components of B in real-space coordinates ξ i , and Pj =
∂ψ/∂ξj are the covariant components of P.

For calculations in Boozer coordinates [12] the quantity |∇ψ |kG can be presented as [15]
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and integration along magnetic field lines should be carried out using the field line elements

ds

B
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g dϕ, θ = θ0 + ιϕ,
√
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(4)
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with
√

g being the metric tensor determinant. Here, θ and ϕ are the Boozer angle-like magnetic
coordinates, cF (ψ)/2 and cI (ψ)/2 are the poloidal (external with respect to the magnetic
surface) and toroidal electric currents, ι is the rotational transform in units of 2π , ψ = �/(2π)

and � is the toroidal magnetic flux. To calculate the quantity ∇ψ one can use the relation with
the normal to the magnetic surface, N,

∇ψ = 1√
g

N, N = ∂r
∂θ

× ∂r
∂ϕ

(5)

and make use of the Boozer spectra for the coordinates of a magnetic surface.

3. Magnetic field for effective ripple calculations

The 2b32 configuration corresponds to a quasi-axisymmetric stellarator with the following
main parameters: aspect ratio of A = 3.2; major radius R0 = 1.5m; number of field periods
(along the torus) np = 2; and total number of modular coils is 20. Figure 1(a) shows the coil
system and the outermost magnetic surface for this configuration.

Briefly, the procedure of determination of the 2b32 magnetic field is described as follows:
the sets of data that are necessary for effective ripple computations are prepared using the finite
beta equilibrium code VMEC [16], which was adapted for conversion to Boozer coordinates.
To find the shape of a boundary surface for an optimized configuration, this code was
inserted into an optimization loop. The basic optimization goals are the reduction of the
non-axisymmetric components of the Boozer spectrum of the magnetic field strength together
with good properties of MHD stability, avoidance of dangerous low order resonances, etc.
Optimization runs are carried out for a zero beta equilibrium with a fixed boundary.

The resulting optimized boundary is then used to determine finite beta equilibria with
bootstrap current again using VMEC. The bootstrap current is calculated by the SPBSC

(a) (b)

Figure 1. (a) Coil system and outermost magnetic surface for the 2b32 configuration. (b) Cross-
sections of boundary surfaces for the 2b32 configuration for ϕ = 0 (curves 1 and 4), ϕ = π/4
(curves 2 and 5) and ϕ = π/2 (curves 3 and 6); solid lines represent the fixed boundary that is also
the starting boundary for free boundary calculations; dots represent the final boundary for the free
boundary equilibrium.
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code [17] (we use pure-QA condition for bootstrap current [18]) and has been studied for
CHS-qa as well as for CHS in [19]. The same optimized boundary is used as a starting
boundary for the computation of a free boundary VMEC equilibrium also taking into account
bootstrap current. All those VMEC equilibria are converted to Boozer coordinates. Finally,
the optimized boundary is used to compute the shapes of the modular coils and the respective
currents using the NESCOIL code [20, 21]. Here, it became necessary to further optimize
the coil shapes and currents in order to reduce the residual mirror ripple in the magnetic field
produced by the 20 modular coils. A more detailed discussion of all these topics can be found
in [6, 9].

For effective ripple computations in Boozer coordinates one needs the Boozer spectrum of
the magnetic field strength as well as Boozer spectra of cylindrical coordinates of the magnetic
surfaces. For each equilibrium, data sets with 578 harmonics for every quantity are used. The
radial dependences are determined on a set of discrete radial mesh points sk = (k − 0.5)/60,
k = 1, 2, . . . , 60. For the magnetic field produced by modular coils, a closed filamentary
conductor split into 48 short straight conductors models each of the coils. The magnetic field
and its spatial derivatives are calculated on the basis of the Biot–Savart law.

4. Computational results for CHS-qa

For all computations of ε
3/2
eff with the help of formula (1), on all flux surfaces the Boozer

component B00 is used as the reference magnetic field B0.
For intact magnetic surfaces, the integration is carried out over an integration interval of

250 magnetic field periods. For island magnetic surfaces as well as for their close vicinity it
is necessary to increase the integration interval several times.

4.1. Effective ripple in magnetic coordinates

Results related to effective ripple computations in magnetic coordinates are presented in
figures 1(b) and 2. Figure 1(b) shows cross-sections of the boundary surface used for obtaining
the Boozer spectra.

In figure 2, values for ε
3/2
eff are given as functions of r/a with r being the mean radius of a

flux surface and a being the mean radius of the boundary surface.
In magnetic coordinates, the r/a value is approximated by the

√
s value with s being

the normalized toroidal magnetic flux inside the flux surface (the normalization flux is the
flux inside the boundary surface). Curve 1 gives results for the zero beta case, which has
been chosen for the boundary surface shape determination during the optimization. Curves 2
and 3 correspond to the finite beta equilibria with a fixed boundary (〈β〉 ≈ 3%) with finite
bootstrap current and with zero toroidal current, respectively. Curve 4 relates to the free
boundary equilibrium with finite bootstrap current and 〈β〉 ≈ 1.5%. In all these cases,
the criteria of local Mercier stability and of local ballooning stability are satisfied. In cases
with finite bootstrap current, this current corresponds to the 1/ν neoclassical transport regime.

For comparison, curve 5 in figure 2 gives results for the magnetic field produced by the
modular coils (after additional optimization). This case is discussed in the next section in
detail.

It is of interest to compare the obtained results with the corresponding results for different
optimized configurations, particularly for the well studied optimized configuration W7-X [10].
From figure 2, it follows that for the equilibrium with a fixed boundary, in general, the level of
ε

3/2
eff does not exceed the corresponding level for W7-X (ε3/2

eff ≈ 10−3) computed by the same
method in [22].
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Figure 2. Parameter ε
3/2
eff in the 2b32 configuration with magnetic field in Boozer coordinates

for the zero beta case (curve 1); for the fixed boundary equilibrium 〈β〉 ≈ 3% with bootstrap
current (curve 2) and with negligible bootstrap current (curve 3); for the free boundary equilibrium
〈β〉 ≈ 1.5% with bootstrap current (curve 4). Curve 5 shows the results for the vacuum magnetic
field produced by modular coils (after additional optimization).

In a significant part of the confinement region except the near-edge part, ε
3/2
eff is smaller

for the zero toroidal current cases as for the equilibrium with bootstrap current. Results for
zero toroidal current turn out to be of the same level as for the quasi-helically symmetric
stellarator [23] (see results for the QHS configuration in [11]).

For the free boundary equilibrium with finite bootstrap current it turns out that for
〈β〉 ≈ 3% the convergence of the equilibrium becomes very slow. This slowing-down can be
explained by essential changes of the boundary surface shape during the free-boundary VMEC
run in the case of a rather big beta (see figure 1(b)). Therefore, to follow the tendency in the
effective ripple behaviour, a well converged equilibrium with 〈β〉 ≈ 1.5% is used instead of
an equilibrium with 〈β〉 ≈ 3%. As it follows from figure 1, for 〈β〉 ≈ 1.5% the confinement
region expands and the final boundary differs significantly from the starting boundary. This
change of the boundary shape leads to some increase in the effective ripple in the vicinity of
the plasma boundary (see figure 2). In this vicinity, the ε

3/2
eff parameter is approximately two

times larger than for the fixed boundary equilibrium with 〈β〉 ≈ 3% and bootstrap current.
It should be noted that ε

3/2
eff for a conventional stellarator with the same size is in the range

of (1–3) × 10−2.
In the ideal case of quasi-axial symmetry the harmonics Bmn should be absent in the Boozer

spectrum of B for non-zero n (m and n are the poloidal and toroidal harmonic numbers). The
effective ripple should be zero in such a case. However, for CHS-qa some small harmonics
with non-zero n are present in Boozer spectrum of B and this results in the finite value of the
effective ripple. From [9], the following list of the most important harmonics of B can be
obtained: harmonics (1,0), (2,0), which correspond to quasi-axial symmetry, and harmonics
(0,1), (−1,1), (1,1), (1,2), (2,2), which violate the quasi-symmetry. The latter harmonics are of
essentially smaller amplitudes in comparison with the quasi-symmetric ones. In section 4.3,
distributions of B on magnetic surfaces are considered (see figures 6–8). Note that in magnetic
coordinates the ripple from the discrete character of modular coils is not considered; however,
this ripple is taken into account for real-space calculations in the next subsection.
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4.2. Effective ripple in real-space coordinates

In the following, results obtained for the vacuum field produced by modular coils are presented.
Curves with label 1 in figure 3 show Poincaré plots of the outermost magnetic surface for the
final version of the modular coils obtained after additional optimization.

To assess the sensitivity of the effective ripple to magnetic field perturbations, the magnetic
field produced by the optimized modular coils is modified with a small additional homogeneous
vertical magnetic field B⊥ = ±0.01B0. This additional vertical field results in an inward or
outward shift of magnetic surfaces for B⊥ > 0 or B⊥ < 0, respectively, accompanied by a
pertinent increase or decrease of the confinement region. In addition, figure 3 shows Poincaré
plots of the outermost magnetic surfaces obtained with the additional vertical field. These
surfaces correspond to the following starting points of integration in the ϕ = 0 plane for z = 0:
Rst = 1.671 (B⊥ > 0); Rst = 1.699 (B⊥ = 0); and Rst = 1.735 (B⊥ < 0). Smaller values
of Rst result in small-scale island surfaces and in the appearance of regions with stochastic
behaviour of the magnetic field lines. A further decrease of Rst results in magnetic field lines
that leave the confinement region.

The corresponding results for ε
3/2
eff are shown in figure 4, curve 1 for the case without

perturbation. These results are not worse than the corresponding results obtained earlier in [8]
for the preceding CHS-qa version 2w39. However, the aspect ratio for 2b32 (3.2) is smaller
than the one for 2w39 (3.9). In addition, figure 4 shows the results for the perturbed magnetic
field. Also in these cases, the radius is normalized with the mean radius a of the outermost
magnetic surface of the unperturbed case. For B⊥ > 0 the values of ε

3/2
eff are somewhat larger

than for B⊥ = 0, whereas for B⊥ < 0 the values in a limited region are somewhat smaller. This
correlates with corresponding results in [9] where it is shown that the 1/ν diffusion coefficient
is reduced in the case of an outward shifted 2b32 configuration. However, one should bear in
mind that the confinement volume for the outward shifted configuration is also decreased.

The sharp increases of ε
3/2
eff in figure 4 result from island magnetic surfaces (ι = 4

11 for
B⊥ = 0 and B⊥ < 0, ι = 6

17 and 10
28 for B⊥ > 0). Curve 4 in figure 3 show the most

Figure 3. The outermost magnetic surfaces of the 2b32 configuration for the vacuum magnetic
field produced by modular coils for the unperturbed magnetic field and in the presence of an
additional vertical homogeneous magnetic field B⊥; 1: B⊥ = 0; 2: B⊥/B0 = −0.01 (outward
shifted configuration); 3: B⊥/B0 = 0.01 (inward shifted configuration); 4: island surfaces ι = 4

11
for B⊥ < 0.
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Figure 4. Parameter ε
3/2
eff for the vacuum magnetic field of 2b32 in the presence of an additional

vertical magnetic field B⊥: for B⊥ = 0 (curve 1) and for B⊥/B0 = ±0.01 (curve 2 for the
outward shifted configuration and curve 3 for the inward shifted configuration; a is the mean radius
of the outermost surface for B⊥ = 0); thick markers show results for island surfaces. Curve 4
shows ε

3/2
eff for the vacuum magnetic field produced by the modular coils 2b32s (before additional

optimization).

evident island surfaces corresponding to the case of B⊥ < 0 for ι = 4
11 . Different island

surfaces are not presented in the figure since the corresponding islands are of smaller sizes and
less visible in the figure scale. Inside the magnetic islands local magnetic configurations are
formed with their own spatial axes. The increase of the effective ripple shows that for these
local configurations the confinement properties can differ from those for the basic non-island
magnetic surfaces.

Curve 4 in figure 4 shows the results corresponding to the modular coils of the 2b32s

configuration. This is the initial modular coil system without any additional optimization
to reduce the residual mirror ripple of the vacuum magnetic field. The only difference of
configuration 2b32s from configuration 2b32 lies in somewhat different modular coil shapes
(see [9]). In major parts of the confinement region, ε

3/2
eff values for 2b32s are significantly

larger than those for 2b32 although the values still do not exceed the corresponding values
for W7-X.

4.3. Additional characteristics of the magnetic field

Some useful characteristics for the magnetic field of CHS-qa are presented in figures 5–8.
In figure 5, the rotational transform ι (in units of 2π ) is presented for the Boozer version

of 2b32 as well as for the field produced by modular coils. In all calculations, the θ coordinate
is counted in clockwise direction and the sign ‘−’ in ι means that the rotational transform has
anti-clockwise direction with increasing ϕ. There is a very good coincidence of ι for the zero
beta case in magnetic coordinates and for the vacuum field produced by modular coils.

For the finite beta case with zero toroidal current, the |ι| value slightly decreases in the
direction to the centre of the configuration. In the finite beta cases with bootstrap current,
a significant increase of |ι| is seen. From figure 5 one may expect that for finite beta cases
during the discharge several low order islands can arise, which, however, cannot be analysed
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Figure 5. Rotational transform for the vacuum magnetic field produced by modular coils (curve 1)
and for the magnetic field in Boozer coordinates: zero beta case (curve 2); fixed boundary
equilibrium 〈β〉 ≈ 3% with bootstrap current (curve 3) and with negligible bootstrap current
(curve 4); free boundary equilibrium 〈β〉 ≈ 1.5% with bootstrap current (curve 5).

in magnetic coordinates. As it follows from figure 4 for these islands the effective ripple can
be increased.

Figures 6–8 show distributions of the normalized magnetic field strength (b = B/B0)
along magnetic field lines for the zero beta case in magnetic coordinates and for the field
produced by modular coils. In figure 6, this quantity is shown for some inner magnetic
surfaces including a surface for the vacuum field before any additional optimization of the
modular coils (2b32s). For this surface, rather big magnetic field ripples B0,1 are seen in
contrast to the analogous magnetic surface for the vacuum field after additional optimization
(2b32). This is in agreement with the corresponding results of [9] and explains the bigger
effective ripple for the inner region of the vacuum field before the additional optimization of
the modular coils. For the corresponding vacuum magnetic surface with an optimized modular
coil system, the amplitude of the magnetic field ripples turns out to be essentially smaller. In
this case, it is of the same order as for the magnetic field ripples in magnetic coordinates for
the zero beta case. However, the number of local B minima for the field presented in magnetic
coordinates is essentially smaller than that for the field produced by optimized modular coils.
This is one of the reasons why ε

3/2
eff computed for the field produced by the optimized modular

coil system is larger than ε
3/2
eff computed in magnetic coordinates for the zero beta case.

For some intermediate surface and for the outer magnetic surface the distribution of
b = B/B0 along the magnetic field line is shown in figures 7 and 8 for the zero beta case
as well as for the vacuum field produced by the optimized modular coils, respectively. For
equivalent magnetic surfaces with close ratios of r/a the characteristics of the curves for both
magnetic field representations is rather close; however, in magnetic coordinates the curves are
much smoother.

4.4. Bounce-averaged drift velocity across magnetic surfaces

The bounce-averaged drift velocity of the trapped particle is an important characteristic of
the confinement properties of a stellarator configuration. The component of this velocity that
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Figure 6. Distribution of b = B/B0 along the magnetic field lines for the 2b32 configuration for
inner magnetic surfaces: for the vacuum magnetic field produced by modular coils for the 2b32s

version (a), for the final version (b) and for the Boozer presentation of the magnetic field in the
zero beta case (c); n is the number of integration steps with 1280 steps per magnetic field period;
every 10th local minima of B is marked by the corresponding number.

is normal to the magnetic surface, van, is of great interest since the asymmetric long-mean-
free path transport is directly connected just with this quantity. In particular, an appropriate
qualitative explanation of the effective ripple characteristics can be given with the help of this
component. Here, the van quantity is studied for a number of magnetic surfaces of the 2b32
configuration. The analogous study for CHS has already been carried out in [8]. Also for
van computations, a method based on integration along magnetic field lines [11, 24] is used.

The van quantity is calculated for the local minima of B placed along a magnetic field
line. The computational results are presented in a normalized form as a functional dependence
between the dimensionless parameters η and γ with

η = R0

J⊥B

ωc

τb

δψ

〈|∇ψ |〉 , γ = v‖i
v⊥0

. (6)

Here, τb is the bounce time, δψ is the increment in ψ during τb, v⊥0 = √
J⊥B0, 〈|∇ψ |〉 is

the averaged |∇ψ | value for the magnetic surface under consideration, and ωc = eB/(mc)

is the cyclotron frequency. The quantity v‖i is the parallel velocity v‖ at the point of a local
minimum of B for which the parameter η is calculated. The γ parameter is related to the
pitch angle at the point of the local minimum of B or, accordingly, to the depth of particle
trapping. In (6), the part δψ/(τb〈|∇ψ |〉) directly represents van and the part R0ωc/(J⊥B)

is of order of the inverse velocity of the ∇B drift. So, the parameter η is a normalized van,
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Figure 7. Same as figure 6 for intermediate and outer magnetic surfaces for the vacuum magnetic
field produced by modular coils.

where the normalization is performed in such a way that for a conventional stellarator magnetic
field [13], the result is η = ηm sin ϑ where ϑ is the poloidal angle in quasi-toroidal coordinates
and ηm=0.5.

Computations of η as functions of γ are done for minimum B points shown in figures 6–8.
Some characteristic results of these computations are presented in figures 9 and 10. The curves
are numbered in accordance with the numbering of the minima of B. The parameter η makes
sense only for the γ interval 0 � γ � γmax, which corresponds to the pitch angles of trapped
particles. The γmax value depends on the magnetic surface and the position of the corresponding
minimum of B.

In figures 9 and 10, the results for the full γ interval, which corresponds to trapping within
several minima of B, are shown only for a small number of curves. For such curves, transitions
are seen between γ values corresponding to trapping within different numbers of ripple wells.
They are marked by sharp changes of η. To avoid overloading of the figures, for most of the
curves only the biggest η values are shown, which correspond to particles being trapped within
one or two ripple wells.

Results of figure 9 relate to inner magnetic surfaces for the magnetic field produced by
modular coils with and without additional optimization and to the zero beta case in magnetic
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Figure 8. Same as figures 6 and 7 for the Boozer presentation of the magnetic field in the zero beta
case (k shows the magnetic surface number).

coordinates. It can be seen that for all three cases the maximum values of η are about 0.25.
However, the intervals of γ corresponding to the most important η values are larger for
the vacuum field before additional optimization (0.2) than those for the vacuum field after
additional optimization (0.1). The smallest values are obtained for the zero beta case in
magnetic coordinates (0.05). This correlates well with the characteristics of ε

3/2
eff (see figures 2

and 4) obtained for these cases.
Figure 10 shows the results of η computations for intermediate magnetic surfaces of the

vacuum magnetic field of the final version of modular coils and of the zero beta case in magnetic
coordinates. It can be seen that for the vacuum field the maximum η values (0.3) are slightly
larger than those for the zero beta case in magnetic coordinates (0.25). However, the intervals
of γ corresponding to the most important η values are somewhat larger now for the zero beta
case in magnetic coordinates. This compensates the role of the increase of η for the vacuum
field and leads to the approximate coincidence of ε

3/2
eff for these two cases.

Results for the outer magnetic surfaces are not shown here. In general, it turns out that
for the zero beta case in magnetic coordinates the maximum η reaches the value of 0.4 with
corresponding γ intervals up to 0.2. In addition, for the field produced by optimized modular
coils, a maximum η of 0.6 appears in rare cases with a corresponding γ of 0.1.
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Figure 9. Parameter η as a function of γ for the 2b32 configuration for inner magnetic surfaces.
Curves are numbered according to the numbering of the minima of B along the field line
(numbers of similar curves that are not shown are given in brackets): (a) r/a = 0.285, modular
coils before additional optimization (2b32s); (b) r/a = 0.282 45, modular coils (final version);
(c) r/a = 0.3028, zero beta case in Boozer coordinates.

5. Comparison with CHS results

Here, a comparison of the main results with analogous results obtained for CHS in [8] is
presented. In figure 11, ε

3/2
eff is presented as function of r/a for two CHS configurations,

the standard configuration and the drift-orbit-optimized (inward shifted) configuration. These
results are compared to the favourable results of CHS-qa with and without bootstrap current.
In particular, it has to be noted that the level of ε

3/2
eff for 2b32 is two orders of magnitude smaller

than the one for the standard configuration of CHS.

6. Conclusions

A study of the effective ripple, εeff , in CHS-qa has been started in [8] where for the preceding
CHS-qa version 2w39 favourable results for εeff were obtained. However, in [8] only the
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Figure 10. Same as figure 9 for intermediate magnetic surfaces: (a) r/a = 0.699, modular coils
(final version); (b) r/a = 0.7012, zero beta case in Boozer coordinates.

Figure 11. Parameter ε
3/2
eff compared to results of CHS: CHS, standard configuration (curve 1);

CHS, drift-orbit-optimized (inward shifted) configuration (curve 2); 2b32, free boundary
equilibrium 〈β〉 ≈ 1.5% with bootstrap current (curve 3); 2b32, fixed boundary equilibrium
〈β〉 ≈ 3% with bootstrap current (curve 4); 2b32, zero beta (curve 5).

vacuum magnetic field produced by modular coils was considered. In this paper, the study of
the effective ripple is continued for the new (final) version of CHS-qa (2b32) with a smaller
aspect ratio. Now, in addition to vacuum magnetic fields produced by modular coils, finite
beta equilibria in magnetic coordinates with and without bootstrap current are also studied.

The consideration starts from a zero beta case in magnetic coordinates and continues to the
vacuum magnetic field produced by modular coils. The shape and the currents in these coils
were found in accordance with the boundary surface for the zero beta case. Such an approach
is reasonable from the viewpoint of the possibility of a low beta operation in the experiment.
To find εeff features that correspond to higher beta values and finite bootstrap current, the same
boundary is used to obtain Boozer data for finite beta equilibria of 〈β〉 ≈ 3% with zero toroidal
current as well as with finite bootstrap current.
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For the zero beta case in magnetic coordinates and for the vacuum magnetic field produced
by modular coils, ε

3/2
eff stays below 10−4 for a significant part of confinement region (except

the near-edge part). This is the same level as reported for the quasi-helically symmetric
stellarator [23]. The representation as ε

3/2
eff is convenient since the 1/ν transport coefficients

are directly proportional to this parameter. Near the edge, ε
3/2
eff turns out to be not larger than

2 × 10−3. An additional vertical magnetic field of ±1% of the toroidal field does not strongly
increase (decrease) the effective ripple for the vacuum configuration. At the same time, this
field leads to an increase (decrease) of the confinement region and to an inward (outward) shift
of the configuration. It should be noted that near the edge of the configuration and for its inner
part εeff for the vacuum magnetic field produced by modular coils is somewhat larger than εeff

calculated in magnetic coordinates for the zero beta case. Relatively small additional magnetic
field ripples corresponding to discrete coils explain this increase.

For the finite beta equilibrium with bootstrap current, ε
3/2
eff is found to be larger than

for the zero beta case. However, in general, the level of ε
3/2
eff does not exceed the value of

approximately 10−3 and is two orders of magnitude smaller than the level for the standard
configuration of CHS.

The computational results for the bounce-averaged trapped particle drift velocity across
magnetic surfaces and the corresponding pitch angles correlate well with the obtained εeff

values.
The ε

3/2
eff level of 10−3 obtained for the fixed boundary equilibrium corresponds to the εeff

value of 10−2. An effective ripple of this order (1.5%) is reported in [10] for W7-X. So, for the
fixed boundary equilibrium the effective ripple for CHS-qa does not exceed the corresponding
level in W7-X.

For the free boundary VMEC equilibrium it turned out that with increasing beta the
convergence of the equilibrium with a finite bootstrap current becomes very slow. Therefore, to
follow the tendency in the effective ripple behaviour, instead of an equilibrium for 〈β〉 ≈ 3%, a
well converged equilibrium for 〈β〉 ≈ 1.5% is considered. For this beta value, the confinement
region expands and the boundary shape undergoes some changes. This leads to some increase
in the effective ripple in the vicinity of the plasma edge. However, for 〈β〉 ≈ 1.5% this increase
is not dramatic (ε3/2

eff = 3.3 × 10−3) and the effective ripple for CHS-qa remains essentially
smaller than that for the conventional stellarator.

In comparing various stellarator devices one should bear in mind that ε
3/2
eff is normalized

with R2
0 . Therefore, with identical values for the effective ripple, particle and energy fluxes in

the 1/ν regime scale with 1/R2
0 , thus making transport smaller in larger devices.
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