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Abstract

The possibility of occurence of the L-H transition is examined in I = 2 heliotron and quasi-
symmetric {QS) stellarators based on the nonlinear incompressible poloidal viscosity for the
plateau to Pfirsch-Schliiter regime. Fourier spectra of the magnetic field strength |B| in the
Hamada coordinates are employed for the calculation. The appearance of the local maxima
of poloidal viscosity as a function of poloidal flow velocity greatly depend on the relative
amplitudes between the toroidicity and helicities in the magnetic fleld. Effects of magnetic
configuration control such as the inward magnetic axis shift and quadrupole field control on
the poloidal viscosity are investigated in the Large Helical Device {LHD)-like L = 2 heliotron.
Finite beta effects are also briefly studied based on the fixed boundary magnetohyvdrodynamic
(MHD) equilibria. Due to the well suppressed non-symmetric magnetic spectra in the Boozer
coordinates for QS configurations, QS properties are well maintained even in the Hamada
coordinates. Therefore, the single clear local maximumn can be obtained for QS configurations.
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1 Introduction

An explanation of the physical mechanisms for the occurence of L-H transition is
based on the bifurcation of the radial electric field through the existence of local maxima
in the poloidal viscosity as a function of the poloidal flow velocity [1, 2]. Subsequent
suppression of the turbulent fluctuations is due to the E x B velocity shear and the

diamagnetic angular velocity shear [3, 4]. Plasma poloidal viscosity is a nonlinear



function of the radial electric field and has a local maximum. The qualitative results
based on this bifurcation model are in good agreement with the measurements in the
L-H transition as demonstrated in several tokamaks [1, 2, 5, 6].

In the previous papers [7, 8], this bifurcation model which is extended to non-
symmetric magnetic configurations was applied to several heliotron/stellarator config-
urations. The approximate truncated magnetic field spectra were used there to com-
pare several heliotron/stellarator devices with different relative amplitudes between the
toroidicity and helicities in the magnetic field. Therefore, the only representative con-
figuration was considered there for the Large Helical Device (LHD) [9] which will have
first experiments in the March 1998.

The LHD has a geometrical major radius of 3.9 m and consistes of 2 helical coils
with 10 field periods and three pairs of poloidal coils. This coil design allows to control
magnetic configuration properties in a wide range. The so-called standard configura-
tion 1s optimized from the viewpoints of high beta plasmas, good energetic particle
confinement and divertor operation [9]. The standard magnetic configuration has a
planar magnetic axis with the major radius of 3.75 m or the magnetic axis is shifted
15 cm inward from the geometrical major radius. It is noted that the magnetic surface
- cross section averaged in the toroidal direction is almost circular. The dipole and/or
quadrupole magnetic field control are possible with utilizing the large flexibility of the
combination of coil current ratios, which contributes to vary the magnetic axis position
and/or to deform the toroidal-averaged magnetic surface cross section to horizontally
or vertically elongated one.

On the other hand, the concept of quasi-symmetric (QS) configurations [10, 11, 12]
have been considered for the improvement of energetic particle confinement by realizing
the symmetric properties for the magnetic field. It is noted that the HSX [13] is based
on quasi-helically symmetric (QHS) concept. Some plasma confinement properties of
quasi-axisymmetric {QAS) configurations have been reported [14, 15]. One another
attractive aspect of the QS configurations would be maintaining the plasma rotation
to suppress the anomalous transport due to plasma flow shear by reducing the viscous
damping.

In this paper, above mentioned configurations are examined from the point of view
of the nonlinear poloidal viscosity to clarify the possibility of the bifurcation of the
poloidal flow velocity, which may be relevant to the L-H transition. Effects of magnetic
configuration control are also investigated for the LHD, which may give a guidance

for the forthcoming experiments. This paper is organized as follows. In Section 2,



the expression of the poloidal viscosity calculated in this paper is re-written from Ref.
[8] and re-explained very shortly for convenience. Section 3 is devoted to explain the
results for a wide variety of configurations possible in LHD-like L = 2 heliotron and

QS configurations. Brief summary will be given in Section 4.

2 Nonlinear Incompressible Poloidal Viscosity

The bifurcation theory of poloidal rotation 1s employed to tokamaks as the model
for the L-H transition [3]. It has been extended to stellarators/heliotrons to suggest
a new set of experiments that can be performed in a controlled manner for examining
this theory [7]. Based on this work, the nonlinear incompressible poloidal viscosity has
been calculated to clarify the characteristics of present and next generation stellara-
tor/heliotron devices from the L-H transition point of view. The derivation of nonlinear
incompressible poloidal viscosity based on drift kinetic equations with plasma flows is

described in Ref. {7]. The same notations are used in this paper. From the definition
(B, -V - I} = ([ domal(+*/2) - (3:3/2) B, - VB/B), (1)

and some assumptions as described in Ref. [8], the poloidal viscosity in the plateau to

Pfirsch-Schliter regime can be obtained as [7)
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where V, p = —c(dP/dr)/(NevrB,), V,r = —c(dT [dr}/(evr B,), and M, = —cE, [(Byvr).
In obtaining eq. (2), The conversion formula is employed to express Hamada coordi-
nates [16] in terms of standard toroidal coordinates for a tokamak [17]. Thus eq. {2) is
approximate. It is noted that M, is positive for E, < 0. The second term in eq. (2) is
related to the charge exchange momentum loss and v.sy = N, {00}, where N, is the
neutral density and {ov},, is the reaction rate of charge exchange reaction. The physi-
cal model of the L - H transition based on the nonlinear poloidal viscosity is explained
briefly in Appendix in Ref. [8].

The three dimensional equilibrium code VMEC [18] {fixed boundary version) has
been applied to calculate currentless equilibria. The pressure profile for finite beta cases

is assumed as
PZPO(1 _¢’T)27
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which is frequently observed in CHS [19} experiments. In Ref. [8], representative mag-
netic field components for several experimental devices are chosen based on the Boozer
coordinates [20] to clarify the general dependence of poloidal viscosity on the mag-
netic field structure. However; the poloidal viscosity, eq. (2), is obtained based on
the Hamada coordinates. Therefore, more accurately, magnetic field spectra in the
Hamada coordinates should be used to calculate the poloidal viscosity based on eq.
(2). The transformation between the Boozer and the Hamada coordinates is clarified
in Ref. [21]. It is pointed out there that the magnetic field spectra in the Hamada
coordinates 1s broader than those in the Boozer coordinates especially in the region of
plasma periphery, where the poloidal viscosity is considered in this paper. This clarified
transformation from the Boozer to the Hamada coordinates is utilized to obtain the

magnetic field spectra in the Hamada coordinates with a sufficient accuracy.

3 Properties of Poloidal Viscosity in L. = 2 He-

liotron and quasi-symmetric Stellarators

In this section, the nonlinear poloidal viscosity is calculated for LHD-like L =
2 heliotron and quasi-symmetric stellarators to clarify the relationships between the
magnetic field spectra in the Hamada coordinates and the poloidal plasma rotation

properties.

3.1 LHD-like L = 2 Heliotron

The LHD has two helical coils with ten field periods and three pairs of poloidal coils.
These two helical coils are designed so that each helical coil current can be controlled
individually, which allows to realize spatial axis configurations [22]. Moreover, each
helical coil consists of three current layers, which makes possible to vary the effective
minor radius of helical coils [23]. On the other hand, three pairs of poloidal coils are
utilized to control dipole and/or quadrupole and hexapole field to vary the plasma sur-
face cross sections which influences the magnetohydrodynamic (MHD) equilibrium and
stability properties. These experimental flexibility is a great advantage to investigate
a wide range of magnetic configurations to approach the desirable or optimized helical
systems for the future.

As described above, the LHD can produce a wide variety of magnetic configurations.

Among these several configurations, the so-called standard configuration is optimized to



make compatible high beta plasmas with good energetic particle confinement by shifting
the magnetic axis about 15 cm inward compared to the geometrical major radius of
the device [24]. This inward magnetic axis shift strongly correlates to restore helical
symmetry in the magnetic configuration. In this optimization process. the plasma
rotation properties have not been taken into account. Therefore, the poloidal viscosity
in typical magnetic configurations possible in the LHD are studied in this subsection,
which wil} provide the direction to optimize LHD experiments further or make them
more atiractive to clarify the toroidal plasma physics.

The LHD standard-like configuration is considered to compare with the previous
results shown in Ref. [8]. The poincaré plots of magnetic field lines for this configura-
tion are shown in Fig. 1{a) at ¢ = 0,(1/4)(2x/10) and (1/2)(27/10), where o is the
geometrical toroidal angle. It is noted that the toroidal-averaged magnetic surface cross
sections are almost circle. Figure 1{b) represents the Fourier spectra of magnetic field
strength |B| in the Boozer coordinates, and Fig. 1(c) in the Hamada coordinates both

on the magnetic surface at r/a ~ 0.98. The magnetic field strength |B| is expressed as
B = Bpa{r)cos{mb — n(),

where 8 (¢} is the poloidal (toroidal) angle in each coordinate system and r the label
of the magnetic surface. They are normalized with the uniform magnetic field strength
on that magnetic surface, that is, €n n = Bmn/Boo(r ~ 0.98a) are shown. It is clearly
seen from Fig. 1(b) that the magnetic field spectra in the Boozer coordinates reflect the
real geometry of magnetic configuration with the toroidicity €;5 and the helicity €; 0.
However, the helicity €;10 is converted to other helical components such as €710 and
€310 due to the mode coupling in the transformation to the Hamada coordinates. This
structure of the magnetic field components in the Hamada coordinates strongly deviate
from the simple intuitions for the magnetic field spectra. It should be noted that the
relative error of the magnetic field strength in the transformation is about 2 x 107° at
the most between Fig. 1(b) and 1(c).

Figure 2 shows the normalized poloidal viscosity
Hppn = (Bp- V- H)/(Nmiv%—x'ﬁ/él) (3)

versus poloidal Mach number M, in the LHD standard-like configuration for V, p =
02,V,7 = 0.1 and (Vyi,vers/(vr/Rq)} = (1,0.01),(1,0.1) and (12, 0.01) cases. The
safety factor is ¢ ~ 0.91 in this case. In Ref. [25], V, p = 0.1 and V, 7 = 0.2 are as-

sumed, however; effects of these choices on II,,, is fairly weak. Figure 2 clearly shows
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the fairly weak effects of plasma parameters such as effective ion-ion collision frequency
(v.;) and/or neutral-ion collision frequency v.;;/(vr/Rg). Therefore, the following cal-
culations are performed with (v, vess/(vr/Bq)) = (1,0.01). It is shown in Ref. [8] that
the local maximum of poloidal viscosity can occur at the poloidal Mach number M,
somewhat larger than |m —ng|/m, where ¢ is the safety factor. Accordingly, €310 causes
the local maximum around M, 2 2 and ¢, 1, gives it around M, 2 8. Therefore, it can
be said that the local maximum appearing around M, ~ 3 arises from the helicity with
(m,n) = (3,10). This helicity induced local maximum (HM) shades the toroidicity in-
duced local maximum {TM) around M, < 2. The curves shown in Fig. 2 with the large
HM and almost shaded TM is qualitatively the same as those in Figs. 8 and 9 {used
the same parameters as here) in Ref. [8]. In Ref. [8], the model magnetic field spectra
similar to those in the Boozer coordinates are used to calculate I, ., and therefore,
the dominant helicity is € 30, which causes the local maximum around M, 2 3.5. This
Mach number is larger than those for above mentioned e3 14, which makes possible to
leave TM unshaded to some extent. This comparison implies that the helicity caus-
ing the local maximum at far from or too close to the TM around A7, 2 1 is effective
to stand out the TM. The remarkable TM makes possible the bifurcation of poloidal
Mach number at relatively small Mach number. It would be necessary to grasp some
tendencies to control the helicities in the Hamada coordinates to vary HM to realize the
remarkable TM, because the Fourier spectra of |B| in the Hamada coordinates are not
easy to guess from the real geometry as shown in Fig. 1(c). Therefore, several typical
magnetic configurations possible with the LHD coil system are considered in the fol-
lowing to clarify the relationships between magnetic configuration control and poloidal
rotation properties.

Figure 3 shows the poloidal plasma viscosity for three vacuum configurations with
A = —30,-15 (standard-like), and 0 cm, where A denotes the magnetic axis shift
compared to the geometrical major radius, By = 3.9 m. It is easily seen that the
configuration with larger inward magnetic axis shift causes the less remarkable TM
(around M, Z 1) or more enhanced HM. Especially, the dependence of II, ,, on M, in
the configuration without inward magnetic axis shift (A = 0 cm) is similar to that
in tokamalks. For reference, six dominant magnetic field components in the Hamada
coordinates are listed for these configurations in Table I. It should be noted that the
toroidicity € o becomes smaller as |A| is increased or the magnetic axis is shifted more
inward. This tendency can be understood qualitatively as follows. As well known, when

the straight helical configurations are bent into the torus geometry, the magnetic axis is



shifted outward compared to its original position due to the toroidicity to maintain an
equilibrium. Therefore, inward magnetic axis shift strongly correlates to restore helical
symmetry with reduced toroidicity. From Fig. 3, magnetic configurations with smaller
inward magnetic axis shift may be favorable from the point of views of the poloidal
rotation properties, although particle orbit properties would be deteriorated compared
to the standard-like configuration [9].

By utilizing the poloidal coil sets so as to control quadrupole field, magnetic surface
cross sections are varied to vertically or horizontally elongated (in the toroidal average)
shape. Here one example configuration which has a horizontally elongated shape in
toroidal average with almost the same inward magnetic axis shift (A = —13 cm) as
the standard-like configuration is examined. Magnetic surface cross sections on three
poloidal cross sections are shown in Fig. 4{a}, where largely horizontally elongated cross
section appears at ¢ = (1/2)(2x/10) and the vertically elongated cross section at ¢ = 0
in the standard-like configuration (cf., Fig. 1{a)) becomes more circular one. Table II
lists the five dominant magnetic field components for this configuration. As compared
to the standard-like configuration with A = —13 cm listed in the Table 1, the toroidicity
€10 1s almost the same, however; helicities causing HM around small M, such as ¢339
are significantly suppressed. The dominant helicity to cause HM around small M, is
€4,10 for this case, however; it has a relatively small amplitude compared to that of €3¢
in the standard-like case. As shown in Fig. 4(b), this €, ;o makes HM around M, 2 1.2
with smaller contribution to II,,, which arises the broad and weak local maximum
with smaller II,, , compared to that in the standard-like configuration. For reference,
the result for the vertically elongated case with A = —16 cm is also shown in Fig. 4(b).
Figure 4(b} implies that there is a possibility to control the dependence of M, on the
poloidal viscosity through the variation of plasma surface cross sections.

As for the finite beta effects on poloidal viscosity, they are examined in the standard-
like configuration and shown in Fig. 5 for 8(0) = 0,4 and 8% cases with the above
described pressure profile. It shows that there is only a little change among these
three cases. It implies that there is little variation of magnetic field spectra in the
Hamada coordinates in the plasma periphery. However, it should be noted that the fixed
boundary version of the VMEC is applied in this paper, and therefore, the shape of the
plasma periphery is unchanged even in finite beta equilibria. The HINT code calculation
shows the possibility of magnetic surface breaking around the plasma periphery due to
the finite pressure in L = 2 heliotron/torsatrons [26]. In these cases, the determination

of plasma periphery where this model should be applied itself would be a complex



problem, because plasma periphery is significantly unclear due to the superposition
of magnetic islands with several toroidal and poloidal mode numbers. The effects of
magnetic islands on viscous damping of plasma rotation in the W7-AS has been recently
investigated correlated with the limifed window of the rotational transform for the L-H
transition [27]. It is reported that there is a possibility of the significant enhancement
of poloidal viscous damping rate in the neighborhood of magnetic islands. Therefore,
more accurate situations should be considered to clarify finite beta effects on poloidal

viscosity, which would strongly depend on the experimental observations.

3.2 A Quasi-Axisymmetric (QAS) Stellarator

The quasi-axisymmetric configurations have been considered for the improvement
of energetic particle confinement with realizing the magnetic configuration with a sym-
metry [11]. Some MHD analyses on QAS configurations and the effects of the bootstrap
current on MHD properties have been studied [14] to improve this concept further.

One another attractive aspect of the QAS configuration would be maintaining of the
plasma rotation to suppress the anomalous transport due to the plasma flow velocity
shear. The QAS configuration is typically discussed based on the Boozer coordinates
because the guiding center equations in the Boozer coordinates are easily computable
with only the knowledge of the magnetic field strength and some magnetic surface
quantities. However, there is a possibility to have significantly different magnetic field
components between the Boozer and the Hamada coordinates as shown in Fig. 1{b) and
(c). If there are some helical components in the Hamada coordinates, the dependence of
the poloidal viscosity on the poloidal Mach number may be similar to that in the non-
symunetric helical systems, which largely makes the QAS configurations less attractive.
Therefore, it is essential to examine that QAS configurations in the Boozer coordinates
have QAS properties even in the Hamada coordinates or not to consider the poloidal
rotation properties.

Figure 6 shows the normalized poloidal viscosity as a function of poloidal Mach num-
ber for a reference QAS configuration described in Ref. [14]. The result demonstrates
that helicities are well suppressed or QAS properties are well maintained even in the
Hamada coordinates. This is probably due to the suppressed helicities in the Boozer
coordinates, which contribute to the mode coupling very little in the transformation to
the Hamada coordinates. Therefore, the bifurcation of the poloidal Mach number can
be anticipated in QAS configurations as observed during the L-H transition in many

tokamalks, which would make the QAS concept more attractive for proceeding to the



real experiments.

3.3 A Quasi-Helically Symmetric (QHS) Stellarator

Finally, a QHS configuration is mentioned. The equation (2) is obtained by us-
ing the relation that the geometrical inverse aspect ratio is almost comparable to the
toroidicity in the magnetic field [28], which is not the case for QHS configurations.
Thus, more accurately, the expression of the poloidal viscosity which is appropriate for
QHS configurations should be derived. However, the main purpose to consider QHS
configurations here is to grasp the effects of magnetic field spectrum control on the
poloidal viscosity, and therefore, the eq. (2) is applied. The example QHS configura-
tion is obtained through the plasma boundary modulations with M =5 [29].

Analogous to QAS configurations, the example QHS configuration maintains QHS
properties even in the Hamada coordinates due to the significantly weak mode coupling
in the coordinate transformation. Therefore, the example QHS configuration has one
clear local maximum around M, 2 |m—ngl/m (about 2.8 for this case}, which is clearly
shown in Fig. 7. It is noted that the weak local maximum also appears around M, ~ 1,
however; this is due to the above mentioned approximation, and thus, the value of I, ,,
is much smaller than the TM arising from the toroidicity in the magnetic field (cf., Fig.
6). It should be also noted that the value of II,,, for the HM is {rn — ng| times smaller
than that for the TM if ¢3¢ and €n, are almost the same. This is due to the factor
m/(m — nq) appearing 1n eq. (2).

The HSX device [13] is also a QHS configuration with the dominant helicity with
(m.n) = (1,4). The poloidal viscosity as a function of M, was calculated in Ref.
[30], which makes the single clear HM around M, ~ 4. The magnetic field spectra in
the Boozer coordinates are utilized for this calculation, however; as mentioned above,
the result would be qualitatively unchanged even if the magnetic field spectra in the

Hamada coordinates are employed.

4 Summary

The nonlinear poloidal viscosity in the plasma periphery has been evaluated for the
L = 2 LHD-like heliotron and quasi-axisymmetric (QS) stellarators, which indicates
the possibility of occurenece of the L-H transition. When the poloidal viscosity as a
function of the poloidal Mach number M, has a local maximum, poloidal Mach number
has a possibility to bifurcate from lower M, (L mode) to higher M, (I mode}. The



appearance of local maxima depends on the relative amplitudes between toroidicity and
helicities in the magnetic field.

In the LHD standard-like configuration, Fourier spectra of the magnetic field strength
{B| in the Hamada coordinates are significantly different from those in the Boozer co-
ordinates. The dominant helicity in the Boozer coordinates with the same poloidal and
toroidal mode numbers as the L = 2 helical coil windings is converted to its satellites
due to the mode coupling in the coordinate transformation. These helicities cause their
local maxima around M, 2 im — ng|/m, where m (n) detotes the poloidal {toroidal)
mode number and ¢ the safety factor. These helicity induced local maxima (HM) shade
the toroidicity induced local maxima (TM) occuring around M, 2 1, which would make
difficult to realize the bifurcation of M, in the appropriate Mach number.

Effects of magnetic configuration control on the poloidal viscosity are also inves-
tigated to approach the favorable properties from the viewpoints of poloidal rotation
in the LHD-like I = 2 heliotron. The less inward magnetic axis shift at zero beta
is attractive for the possibility of the bifurcation of the poloidal flow velocity. The
quadrupole induced horizontally elongation of the magnetic surface cross sections effec-
tively decreases II,,, to maintain the poloidal flow velocity. However; these magnetic
configurations have degraded properties on the particle orbit confinement compared to
the LHD standard-like configuration. Therefore, compatibility between these properties
should be explored based on the investigations of the relationships between magnetic
configuration control and magnetic field spectra. The magnetic field spectra in the
Hamada coordinates often deviate from those in the Boozer coordinates, and are dif-
ficult to consider intuitively. Therefore, it would be helpful to derivate the expression
for the poloidal viscosity in the Boozer coordinates to grasp the effects of magnetic
configuration control on the poloidal rotation properties.

QS configurations are also examined because the maintaining of the plasma rotation
is considered as the one of the attractions for QS concepts. The QS properties are
typically discussed in the Boozer coordinates from the particle orbit point of views.
The QS properties in the Boozer coordinates are well maintained even in the Hamada
coordinates. This is due to the well suppressed non-symmetric magnetic field spectra
in the Boozer coordinates, which causes very little mode coupling in the coordinate
transformation to the Hamada coordinates. Therefore, TM (HM) appears sufficiently
clearly in an example QAS (QHS) configuration, which implies that there is a possibility
of the bifurcation of the poloidal flow velocity in the appropriate Mach number.

These clear local maxima appearing around different M, (M, ~ 2 (4) for an example

10



QAS (QHS) configuration) and the variation of the dependence of poloidal viscosity on
M, possible by the magnetic configuration control in LHD-like L = 2 heliotron would

provide the good opportunity to test this bifurcation model in a wide range.
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A cm

0 (EI,Q) 0.159 (64,10) 0.093 (601_10) 0.088 (611_10) 0.068 (62,10) 0.065 (65’10) 0.064

—15 (61,10) (6.139 (63’10) 0.128 (61’0) 0.123 (60,10) 0.118 (61’_10) 0.061 (64,10) 0.059

—30 (62_10) 0.202 (61,10) 0.148 (60,_10) 0.061 (63.20) 0.060 (6170) 0.057 (63,10) 0.051

Table. I Dominant magnetic field spectra in the Hamada coordinates for three vacuum

configurations with different inward magnetic axis shift A.

iHoriZ(J}:L’Ea.I, A=-13cm | (€10)0.120 (€9 —10) 0.086 (€1 _19) 0.073 (€410) 0.067 (€1,10) 0.061

Vertical, A=-16 cm (63’10) 0.133 (60’_10) -0.103 (61,0) 0.102 (61’10) 0.099 (61,_10) 0.057

Table. I Dominant magnetic field spectra in the Hamada coordinates for the configu-

ration with A = —13 cm with the horizontally elongated magnetic surface cross

sections in the toroidal average.
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Figure Captions

Fig. 1: (a) Poincaré plots of magnetic field lines at ¢ = 0,{1/4)(2=/10) and (1/2)(27/10)
from left to right, respectively, for the LHD standard-like configuration. (b)
Fourter spectra of the magnetic field strength in the Boozer coordinates for the
configuration shown in Fig. 1{a). The m (n)} denotes the poloidal (toroidal} mode
number, respectively. (¢) Fourier spactra of the magnetic field strength in the

Hamada coordinates for the configurations shown in Fig. 1(a).

Fig. 2: Normalized poloidal viscosity Il,, versus poloidal Mach number M, for the
LHD standard-like configuration shown in Fig. 1(a). The results for (v.,, vess/(vr/ Rq)) =
(1,0.01),(1,0.1) and (12, 0.01) cases are shown.

Fig. 3: I, , versus M, for three vacuum configurations with diffrent values of inward

magnetic axis shift, A.

Fig. 4: (a) Poincaré plots of magnetic field lines at ¢ = 0,(1/4){(2%/10) and (1/2)(27/10)
from left to right, respectively, for the horizontally elongated magnetic surface
cross sections due to the quadrupole field control in LHD-like coil system. (b)
Il versus M, for the configuration shown in Fig.4(a). For reference, the re-
sults for the LHD standard-like configuration and vertically elongated case with

A = —16 cm are also shown.
Fig. 5: II,,,, versus M, for finite beta cases in the LHD standard-like configuration.
Fig. 6: I, versus M, for a reference QAS configuration [14].

Fig. 7: 11, , versus M, for an example QHS configuration [29].
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