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Abstract
A new approach to the transport improvement in helical magnetic axis stellarator is proposed. First of
all, the proposal is presented for L=1 helical axis systems with roughly quasihelical symmetry, then its
compatibility with equilibrium and stability would be optimized and controlled. In the optimization, three
key requirements are considered; the reduction of effective toroidal curvature ep for localized trapped
particles, the suppression of indirect magnetic island formation and the magnetic well improvement by
some field modifications. The important features is to find the field modifications to satisfy the other two
requirements. The reduced ep configuration is found to be nearly omnigenous while far from quasihelical,
giving rise to the possibility of stellarator design study in a wider parameter domain than quasisymmetry
approaches. Up-to-date results show both the negative coil pitch modulation and the superposition of a
relatively weak L=—1 field to satisfy the compatibility within the central beta value up to 2% calculated.
The compatibility study at higher beta and lower aspect ratio is progressing by optimizing configuration

parameters with the combination of some field modifications proposed to improve magnetic well.

1. INTRODUCTION

As reported in previous paper for L=1 systems (major radius R=2.1m)[1], the small N(field
period number) system(N=4) satisfies Mercier criterion up to a volume average beta < 3 >~
4.5% due to the formation of a global magnetic well at zero beta by means of both the negative
coil pitch modulation(a* = —0.45) in coil winding law # = N + o sin Ny and the superposition
of toroidal magnetic field. On the other hand, the large N system(N=17) with a* = —0.2 has
the significantly small loss rate of ~ 2.5% when < 8 >=0 and p;/R = 3.5 x 1073 for 100keV
protons (uniformly distributed in velocity and spatial spaces) started at aspect ratio A=15. The
aspect ratio is R/a = 7.5 ~ 10 depending on «*. For comparison, the N=4 system with an
optimum bumpy field has a loss rate of ~ 22% when < 8 >=0 and p;/R = 2 x 1073,~ 19% when
< 3 >=2.9% and p;/R = 2 x 1073, for 1keV protons started at aspect ration A=23. Here p; is ion
Larmor radius. In this paper, the optimization study of L=1 system is carried out by optimizing
N number and coil aspect ratio so that the equilibrium, stability and transport are compatible at
high beta and low aspect ratio. In this study, three key requirements are considered as follows.

2. THREE KEY REQUIREMENTS FOR OPTIMIZATION
It follows from near-axis analysis that L=1 helical fields have roughly quasihelical symmetry for
which magnetic field strength B is a function of only a single linear combination of the angles,
say ¢ = Ny — LO: One can think of ¢ as roughly constant if one were to remain under a given
coil. :On axis the pressure gradient vanishes, so B must have non-vanishing gradient in order to
balance magnetic curvature in the equation, j x B = kB2 —V | B?/2 = 0. Hence, L=1 fields must
be present. Thus, if only a single helicity is present, it must be L=1. However, the quasihelical
symmetry is disturbed by both the toroidal magnetic Fourier term B, ,, = Bo 1 and the presence
of the satellite harmonics of main L=1 helical field By 1, Bn,14i(i = £1,£2,---), although i # —1
harmonics are relatively small. These symmetry-breaking terms depend on field modifications to
improve magnetic well, and their effects on stability, equilibrium and transport are optimized and



controlled if necessary.

2.1. Reduction of effective toroidal curvature
For the transport optimization of stellarator, there are two quasisymmetric approaches, or quasi-
helical[2] and quasitoroidal[3] symmetrizations. In parallel with quasisymmetric approaches, om-
nigeneity techniques for directly reducing the particle drifts away from magnetic surfaces have
been developed[4]; the bounce action, or zero-order bounce adiabatic invariant Jy is constant on
a magnetic surface. New approach to the transport improvement and the low aspect ratio in
helical magnetic axis stellarator as L=1 systems is proposed. We introduce the effective toroidal
curvature term eg for localized trapped particles[5], defined as ey = —2(By1 + Bn,z—1) /Bo, in
magnetic field Fourier decomposition B, ,,, where n and m are toroidal and poloidal harmonic
number, respectively. For L=1 systems, both By and By are main helical symmetry-breaking
terms, depending on field modifications proposed for improving magnetic well. Especially, the
negative pitch modulation(a* < 0) in coil winding law § = N¢ + o* sin Ny, which forms a local
magnetic well in vacuum, reduces er and then leads to a nearly complete collisionless particle
confinement in the case of N (field period number)=17, o* = —0.2(major radius R = 2.1m, coil
aspect ratio R/ Rc=T7). The smallness of e means a cancellation of two symmetry-breaking terms
for localized trapped particles, then an effectively quasihelical symmetrization for them. Really
the singular solutions of drift equations with the introduction of er predict the better trapped
particle confinement in configuration with the smaller ratio of |er /ey |, where e, = 2Bn,1 /By is
main helical harmonic field. Actually the predictions agree well with the observations by particle
orbits calculation. Furthermore, the neoclassical transport losses in the low-collisionality(1/v)
regime is the smaller in the smaller er configuration. In order to understand more physically the
favorable transport, the topological properties of magnetic field strength B and second adiabatic
invariant Jy are examined as function of a*. As the results, in the case of a* = —0.2, N = 17, in
which helically trapped particles are completely collisionlessly confined, i) the By, (local minima
of B along field lines in a given surface)-contours have the largest area of closed surfaces, which
reveals good confinement of deeply trapped particles, ii) the Jy-contours are closer to magnetic
surfaces and the B-contours have nearly equal angular spacing on a magnetic surface while the
magnetic lines are far from quasihelical, showing to be nearly omnigenous, and iii) the Bpax(local
maxima of B along field lines in a given surface)-contours have a relatively small area of closed
surfaces and a large deviation from magnetic surfaces, which explains the observed loss particles to
be transient particles and/or toroidally trapped particles. These topological properties of B and
Jo indicate that the configuration with reduced er is nearly omnigenous. Actually, this reduced
er can be seen also in low aspect ratio stellarator/tokamak hybrid, which is optimized by aligning
J*(integral along @peozer) contours with the flux surfaces[6]. This new approach to transport
improvement gives rise to the possibility of stellarator design study in wider parameter domain
than quasisymmetric approaches. The minimization of ey for the lower aspect ratio device is
predicted to be attained by adjusting By in accordance with the larger By 1 in the lower aspect
ratio. Accordingly the reduction of ep term is required for improving transport in the optimization
study and the increase of By o by its external superposition if necessary for lowering aspect ratio.

2.2. Suppression of magnetic island formation
Second is the suppression of magnetic islands, which are caused by resonant pressure driven
currents in three-dimensional MHD equilibria[7]. There are two distinct resonant currents; direct
currents caused by the variation of [ d¢/B in the vacuum field and indirect(nonlinear) currents



caused by a variation of [ d¢/B that rises in the presence of finite 3. The former can be minimized
by proper design of the stellarator. The latter, on the other hand, are intrinsic to the 3-D nature of
the equilibrium and give a fundamental 3 limit. Even at  smaller than the equilibrium £ limit(5eq)
at which the magnetic axis shifts halfway to the wall, we generally expect the largest islands to
form at the lowest-order rational surfaces, because they couple nonlinearly most readily to the
nonresonant vacuum magnetic field Fourier components 57‘{7 mzé}\/,,l(Lzl field) and 5(‘)/7 1 (toroidal
effect) which are intrinsic to 3-D equilibria. At a resonant surface we have + = n/m with ¢/N <1
so that n/N < m, the finite 5 Fourier amplitude 0y, ,, is then

Snm ~ (14 (m = 1)/3) {881 /n (On,1) Jin—nyn—1(00,1) + SN 1T /N—1(ON 1) Ty (B0,1) }

where J; is the Bessel function of order ¢, n must be a multiple of N, 6,, 1 = (3L§ﬂ05]‘\/,71
/3272a?(n —¢)?), L, is the length of the magnetic axis, 3y is on-axis beta, a is plasma radius. At
low (3,0 is small and we can approximate Jy (6;) ~ (1/!) (Hj’k/2)g, then §,,,, is proportional
to 8™~ ! and increases with decreasing N. Even though the vacuum field has no resonant terms
in this case, the finite [ field resonates with every rational surface. The islands do not overlap at
small 3 because of the exponential decay of the d,, ,,; but they increase in width with increasing
[ to give an equilibrium 3 limit. This behavior is intrinsic to the 3-D nature of the vacuum field
having at least two Fourier components 5& ; and 5]‘\/,71. For a given resonant ¢y, ,,, the corresponding
resonant field component is approximately given by

Biy nan/Bo ~ BoL/4ma®de/dp - Gum [0 (0 = po) o} + 3 (1) + afpo

where pg corresponds to the rational surface. The corresponding island half-width at ¢ = n/m

is approximately given by W ~ \/2L.B1, m/TBomde/dp. All quantities here are evaluated
at the rational surface. The width scales as ™2, and means the easier formation of indirect
resonant islands in the smaller N helical magnetic axis systems, then the lower (., and/or the
more deteriorate transport. In fact, L=1 systems with N = 17 and ¢+ < 1 are found to form
negligibly small islands because they have higher-order rational surfaces with m > N. Then, the
indirect resonant currents are much smaller than the direct resonant currents. The critical beta
value (o, above which beta the island width is equal to half the plasma radius, is much higher
than unity, indicating negligibly small effect on 3.,. For the quasitoroidal symmetry approach
with N = 2, aspect ratio of 4.5(HHM2)[3], however, the indirect island formation degrading (.,
and/or transport may be possible because relatively large By and small By couple to give a
finite width of indirect resonant islands if there exists low m rational surface.

2.3.Field modifications for magnetic well improvement
Third is the magnetic well improvement by some field modifications proposed[8]; the negative
pitch modulation in coil winding law and the superposition of relatively weak L=—1 field, mul-
tipole(dipole and quadrupole) and toroidal fields on standard L=1 systems. Furthermore, the
smaller N system(N = 4, o = —0.45) forms a global magnetic well in vacuum to satisfy Mercier
criterion up to a volume average beta < 3 >~ 4.5%, although the transport is worse than that
in the larger N systems. The important features of this approach is to optimize N number into
the compatibility of three key requirements at higher beta, with the combination of some field
modifications improving magnetic well. The smaller IV systems are the easier for the improvement
of magnetic well, on the other hand the larger N systems for both the suppression of magnetic

island formation and the transport improvement.



3. COMPATIBILITY OF TRANSPORT AND STABILITY
Up-to-date results obtained with the use of VMEC 3-D MHD equilibrium code, Mercier stability
code and the numerical analysis of indirect(nonlinear) islands are summarized as follows. The
large N (=17) systems with field modifications, which improve a local magnetic well, satisfy three
key requirements within the central beta value up to Sy=2% calculated, above which beta value
it is not easy to obtain VMEC code solution with good convergence for the large N helical axis
systems. That is, the plasma is marginally stable against Mercier localized modes, the nonlinearly
resonant island width is negligibly small because of small beta effect on m mode number of rational
surface, and the increase of beta value leads to the smaller effective toroidal curvature, then the
more attractive transport features. The L=1 system with a large anti-well and without any field
modifications is unstable against Mercier modes. The compatibility is observed to be better for
L=1 system with N=17, o = —0.2 and for L=+1 system with N=17, coil current ratio of
|[Ir——1/Ir=1] = 0.3. The toroidal shift of magnetic axis at Fp=2% is 15%~ 50% of minor radius
depending on field modifications. Next problem to be solved is to optimize N number into the
compatibility of three key requirements at higher beta and lower aspect ratio by applying field
modifications for magnetic well improvement and superposing By if necessary for transport

improvement in lower aspect ratio.

4.CONCLUSIONS

A new approach to the transport improvement in helical magnetic axis stellarator is proposed.
First of all, the proposal is tried for L=1 helical systems, then the compatibility with the equi-
librium and stability are optimized considering three key requirements. The important features
of this optimization study is to find the magnetic well improving field modifications to satisfy
the reduction of effective toroidal curvature er for localized trapped particles and the suppression
of magnetic island formation. The reduced er configuration is near the omnigeneity condition,
the property whereby the bounce averaged cross-flux-surface drift vanishes, then giving rise to
the possibility of stellarrator design study in a wider parameter domain than quasisymmetry ap-
proaches. Up-to-date results show both modifications of negative coil pitch modulation and the
superposition of L=—1 field to satisfy the compatibility for L=1 systems with a relatively large
value of field period number N within the central beta value up to fy=2% calculated(above which
beta value it is not easy to obtain VMEC code solution with good convergence for the large N
helical magnetic axis systems). The better compatibility at higher beta and lower aspect ratio is
progressing by optimizing N, R/Rc(coil aspect ratio), By o(one of the nearest satellite harmonics
of L=1 field)with the combination of some field modifications improving magnetic well.
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