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The effect of the pitch modulation of the helical coils on the core plasma performance of the LHD-type
helical fusion reactor has been examined. The analysis of the MHD stability and neoclassical transport for the
pitch modulation @ = 0.0 and 0.1 has been conducted based on the finite-beta equilibrium calculated by the HINT
code. It was found that the MHD stability is clearly improved without deteriorating the energy transport property
by changing the pitch modulation @ from 0.1 to 0.0. The reachable operation region expands to the higher
density and the expected fusion gain can increase from ~10 to ~20. Because the change of the pitch modulation
a from 0.1 to 0.0 requires only a slight change in the shape of the helical coils, the engineering design including
the maintenance method that has been examined for the reactor with @ = 0.1 can be applied without a major

modification.
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1. Introduction

Helical systems inherently have good features as a fu-
sion power plant (capability of steady-state operation and
high plant efficiency) and various concepts have been pro-
posed by taking advantage of a high degree of freedom for
the coil design. Among them, the heliotron system with
two continuous helical coils has been leading the reactor
design activity of the helical system for more than 20 years
based on the quantity of the experimental data of the Large
Helical Device (LHD), the experience in the construction
and operation of the LHD, and the achievements of the en-
gineering R&Ds in the National Institute for Fusion Sci-
ence [1]. Recently, accuracy of the core plasma physics
design of the LHD-type helical fusion reactor has been sig-
nificantly improved by the combination of a new prediction
method of the plasma parameters based on the direct ex-
trapolation from the reference LHD experimental data and
the validation of the predicted plasma parameters by uti-
lizing the physics analysis tools developed for the analysis
of the LHD experiment. Feasibility of the engineering de-
sign has also been improved through the three-dimensional
design of the engineering components with consideration
of the construction and the maintenance methods. Conse-
quently, conceptual design of the LHD-type helical reac-
tor FFHR-c1, which can demonstrate a year-long steady-
state electric power generation with self-sufficient elec-
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tricity and tritium fuel, has been proposed based on the
core plasma performance confirmed by the LHD experi-
ment [2].

On the other hand, a trade-off between good energy
confinement and MHD stability has been recognized as
one of the most important issues of the LHD-type heliotron
system. If simultaneous achievement of good energy con-
finement and MHD stability at the higher level is realized,
the requirement on the engineering design can be relaxed.
This leads to the improvement of the attractiveness and the
feasibility of the reactor design through the reduction of
the construction cost and the developmental risk of the en-
gineering components.

In the previous study, the effect of the pitch modula-
tion of the helical coil @, which is one of the key parameters
of the helical coil winding law, on the core plasma perfor-
mance has been examined. The result indicated the possi-
bility of simultaneous improvement of MHD stability and
neoclassical transport by changing o from 0.1 (the same
as that of the LHD) to 0.0 [2]. In that study, however, the
analyses were conducted using the MHD equilibrium cal-
culated by the 3D MHD equilibrium code VMEC [3] with
the condition that the shape of the last closed flux surface
(LCFS) is assumed to be the same as that in the vacuum
equilibrium. Although this calculation method provides a
fairly good estimation of the plasma property at the finite
beta conditions, there is a concern regarding the reliability
of the calculation results especially in the case of a high
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beta condition. On the other hand, it has been confirmed
that the HINT code [4], which does not assume the exis-
tence of the nested magnetic surfaces, can reproduce the
pressure profile and the Shafranov shift of the experimental
results more accurately than the VMEC code. Because the
calculation results of the MHD equilibrium and the neo-
classical transport strongly depend on the MHD equilib-
rium, the calculation by the HINT code is important from
the viewpoint of the improvement of the reliability and
the cross-checking of the calculation result by the VMEC
code.

Therefore, the effect of the pitch modulation on the
core plasma performance of the LHD-type helical fusion
reactor has been examined using the MHD equilibrium cal-
culated by HINT code in this study. In the next section, a
brief explanation of the helical coil winding law and the
pitch modulation is given. Section 3 shows the calculation
results regarding the effect of the pitch modulation on the
MHD stability and the neoclassical transport. Section 4
shows the effect of the change in the pitch modulation on
the operation region of the LHD-type helical fusion reac-
tor.

2. Helical Coil Winding Law and
Pitch Modulation

The trajectory of the guiding center of the helical coil
of the heliotron device is described as follows:

R =R. +a.cos0, (1)
Z =a.siné, 2)
o= —%(b—asin(%qﬁ), 3)

where R., a, 0, ¢, m, € and « are helical coil major radius,
helical coil minor radius, poloidal angle, toroidal angle,
toroidal pitch number, poloidal pitch number (the num-
ber of helical coils) and pitch modulation, respectively. In
place of the helical coil minor radius, helical pitch param-
eter

ma

R’ “4)

Ye =
is often used both in the physics analysis and in the engi-
neering design. In the past, heliotron devices with various
sets of these coil design parameters have been designed
and constructed [5-8]. In the conceptual design study of
the LHD-type helical reactor FFHR, the same set of the
coil design parameters as that of the LHD has been se-
lected: m = 10, { = 2 and @ = 0.1. Regarding the he-
lical pitch parameter, the geometric shape of the helical
coils of the LHD corresponds to y. = 1.25. However, the
helical coil of the LHD consists of three blocks and the
current center of the helical coil can be varied by chang-
ing the ratio of the current of each block. In the design
study of FFHR-d1, y. = 1.2 has been selected because
the magnetic surface structure which is similar to that in
the vacuum equilibrium can be achieved with a high beta

condition (By ~ 8%) in this configuration by applying ad-
equate vertical field [9]. The change in the pitch number
m and the number of helical coils ¢ requires a fundamental
revision of the engineering design. Therefore, in this study
the pitch modulation @ was selected as a key parameter
and the other parameters were set to be the same as those
of FFHR-d1: m = 10, ¢ = 2 and y. = 1.2. Figure 1 shows
the trajectory of the guiding center of one helical coil with
pitch modulations on the plane of the toroidal angle and
the poloidal angle. Figure 2 shows the comparison of the
shape of the helical coil for @ = 0.1 and 0.0. The change
of the helical coil shape by the change of @ from 0.1 to 0.0
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Fig. 1 Comparison of the trajectory of the guiding center of the
helical coil. The thick solid blue line and the thick dotted
red line correspond to & = 0.1 and 0.0, respectively. The
thin green line is a reference of @ = 0.5.
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Fig. 2 (a) Comparison of the 3D shape of helical coil for @ = 0.0
(solid object) and 0.1 (broken lines). (b) Comparison of
the poloidal cross-section of the helical coil for @ = 0.0
(red) and 0.1 (blue).
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is quite small.

The effect of @ on the plasma performance was al-
ready investigated in the design activity of the LHD. Al-
though it was expected that both the MHD stability and the
particle confinement improve with decreasing @, @ = 0.1
was finally selected to ensure the effective divertor configu-
ration. In the case of a reactor with a larger size, the area of
the helical coil becomes relatively small. In addition, sev-
eral methods to increase the space between the helical coil
and the plasma has been proposed, for example, the change
of the cross-sectional shape of the coil and the placement
of supplementary helical coils [10]. The physics analysis
tools have also been significantly improved from the days
of the LHD design phase. Therefore, the close investiga-
tion of the plasma performance for @ = 0.0 is important
from the viewpoint of the reactor design. Regarding the
effect of the pitch modulation @, another approach of the
configuration optimization by the simultaneous change of
the pitch modulation and the ratio of helical coil minor ra-
dius in the vertical direction to that in the horizontal di-

rection has also been proposed from the viewpoint of the
vacuum field structure [11]. In this study, we focused on
the analysis of @ = 0.0 because it is important to extract
the effect of the change in the pitch modulation.

3. Effect of the Pitch Modulation on
Core Plasma Performance
In this study, examination of the effect of the pitch
modulation on the core plasma performance was con-
ducted by the following 3 methods.

- 3D MHD equilibrium analysis by HINT [4]
- linear MHD stability analysis by KSPDIAG [12]
- neoclassical transport analysis by GSRAKE [13]

In the MHD equilibrium analysis, the calculation result can
be applied to the device of a similar shape by similarity ex-
pansion if the beta value is the same. Because there are
several design options with a different size for the FFHR,
the reference data with the size of the LHD (R. = 3.9m)
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Fig. 3 The magnetic surface shape at horizontally-elongated poloidal cross-section calculated by the HINT code with different beta values
and magnetic axis positions at the vacuum equilibrium for the reference device with R, = 3.9 m. The upper side (magenta color)
and the lower side (orange color) of each plot correspond to @ = 0.1 and 0.0, respectively. The shape of the helical coils is also

plotted.
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Fig. 4 Comparison of the radial profiles of rotational transform
and the Mercier parameter D, at the peak beta of By =
3.0%. Thick solid lines and thin broken lines correspond
to @ = 0.1 and 0.0, respectively. The line color of red,
green, and blue correspond to the magnetic axis posi-
tion at the vacuum equilibrium of Ry yac/R. = 3.5/3.9,
3.55/3.9, and 3.6/3.9, respectively.

has been prepared by the HINT code. In the calculations
of KSPDIAG and GSRAKE, the MHD equilibrium calcu-
lated by the VMEC with the shape of the LCFS that is
scaled from the reference data obtained by the HINT cal-
culation was used.

Figure 3 shows the comparison of magnetic sur-
face shapes of @ = 0.1 and 0.0 of the reference device
(R. = 3.9m) at horizontally-elongated poloidal cross-
section with different magnetic axis positions at the vac-
uum equilibrium Ry v,c (corresponds to the difference in
the currents of the vertical field coils) for the peak beta of
Bo = 0.1%, 3.0% and 6.0%, respectively. The results show
that the shift of magnetic axis position by the increase of
the beta value does not depend so much on @. On the other
hand, the volume enclosed by the LCFS strongly depends
on « and the magnetic axis position. The magnetic axis
position that gives the maximum volume for @ = 0.0 is to
be further inward than that for & = 0.1.

Figure 4 shows the radial profile of the rotational
transform and the Mercier parameter D; [14] for differ-
ent magnetic axis positions and pitch modulations. It was
found that the rotational transform in the core region of
a = 0.0 is smaller than that of @ = 0.1 for any magnetic
axis position. The Mercier parameter D; of @ = 0.0 is
smaller than that of @ = 0.1 in the entire plasma region for
any magnetic axis position. Figure 5 shows the relation be-
tween the rotational transform and the Mercier parameter.
In the LHD experiment, it has been observed that a low-
n MHD mode becomes unstable and causes the collapse
of the core pressure when D; at m/n = 1/1 rational sur-
face (corresponding to the radial position with ¢/27 = 1)
exceeds 0.2 - 0.3. Because D; at the radial position of
t/2x = 1 for @« = 0.0 is smaller than that of @ = 0.1,
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Fig. 5 Comparison of the profiles of the Mercier parameter as
a function of the rotational transform at the beak beta of
Bo = 3.0%. Thick solid lines and thin broken lines corre-
spond to @ = 0.1 and 0.0, respectively. The values at the
horizontal axis of 1 correspond to that of D; atm/n = 1/1
rational surface. The meaning of the line type and color
is identical to those of Fig. 4.
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Fig. 6 Comparison of the radial profile of the neoclassical en-
ergy loss at the peak beta of Sy = 3.0%. The meaning of
the line type and color is identical to those of Fig. 4.

it can be concluded that @ = 0.0 is better than @ = 0.1
from the viewpoint of the MHD stability. In the case of
Rax vac/Re = 3.55/3.9, m/n = 2/1 rational surface emerges
around the core region. Because the rotational transform
in the core region decreases with increasing the beta value,
this m/n = 2/1 rational surface can emerge in the case of
Raxvac/Re < 3.55/3.9. Although there is no clear crite-
rion for the MHD stability at m/n = 2/1 rational surface,
this effect of the decreasing in the core rotational transform
should be carefully investigated. On the other hand, the
rotational transform can be controlled by a method other
than the change in the magnetic axis position, for exam-
ple, control of the quadrupole field components. There-
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fore, @ = 0.0 is considered to be better than 0.1 from the
viewpoint of MHD stability.

Figure 6 shows the radial profile of neoclassical en-
ergy loss. The results indicate that there is an optimum
magnetic axis position that minimizes the neoclassical
transport and the optimum position is different between
a = 0.0 and 0.1. Tt is expected that the optimum mag-
netic axis position for @ = 0.0 is to be more outward than
that of @ = 0.1, which is preferable from the viewpoint of
the suppression of the MHD stability.

4. Effect of the Pitch Modulation on
the Operation Region of the LHD-
Type Helical Fusion Reactor

To investigate the impact of the change in the pitch
modulation on the operation region of the LHD-type he-
lical fusion reactor, parametric scans of the electron den-
sity and the electron temperature have been conducted for
FFHR-cl with R, = 10.92m and B, = 7.3 T. In this analy-
sis, the same radial profile of the electron density as that in
the previous study is assumed. The radial profile of the ion
density is assumed to be the same as that of the electron
density. The radial profiles of the electron temperature and
the ion temperature are calculated from those of the elec-
tron pressure and ion pressure, which are given as

Pe(p) = yope. P(P)Pot B *ne(0)"°, (5)
Pi(p) = yope. P(p) Pt B**ni(p)"®, (6)

where B, n. and n; are the magnetic field strength, the elec-
tron density and the ion density, respectively. The terms of
the total absorbed power in Egs. (5) and (6) are given as

Papse = Mo Po + Naux Paux — Prad — Peis @)
Pabs,i = Peia (8)

where 774, Py, Mauxs Pauxs Prad, and P are the absorbed
efficiency of alpha heating, the alpha power, the absorbed
efficiency of auxiliary heating, the auxiliary heating power,
the power loss by radiation and the equipartition power
from electrons to ions, respectively. p(p) in Egs. (5) and
(6) is the gyro-Bohm normalized pressure of the reference
LHD experimental data

Pe.exp ()

= 504 0.8 0.6’
Pabs,exp BeXP Meexp (p)

plo) ©)
where the subscript ‘exp’ denotes that the parameters are
obtained from the reference LHD experimental data. yppg.
in Eqgs. (5) and (6) are the confinement improvement factor
related to the peakedness of the heating profile [15]. The
definition is given by

(Pdep/Pdepl)avg 06
YOPE« =\ "5 5 [ ° (10)
(Pdep/Pdepl)avg,exp
! Pdep(p)
Pyep /P, vg = dp, 11
( dep/ depl)a g f(; Pdep(l) Y (11)
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Fig. 7 Radial profiles of (upper) normalized electron density
and (lower) gyro-Bohm normalized pressure used in this
study.

dv

o )dp’. (12)

0
Pdep(p) = j(; Pabs(p,)(
The radial profile of the normalized electron density and
the gyro-Bohm normalized pressure used in this study are
shown in Fig. 7.

Figure 8 shows the plasma operation contour
(POPCON) plot for the pitch modulations of @ = 0.1 and
0.0. In the calculation for @ = 0.1, the MHD equilib-
rium which is the same as that in the previous study [2]
was used. In the calculation for @ = 0.0, the MHD equi-
librium with R,y vac/R: = 3.55/3.9 and By = 3.0% (shown
in Fig.3) was used. The contours of Mercier parameter
D; at m/n = 1/1 rational surface, the ratio of the neo-
classical transport loss to the accumulative volume inte-
gral of the absorbed power (the maximum value in the
radial profile) (OneoS/Pabs)max and the fusion gain Q are
plotted. In the LHD experiment, it has been observed that
Dy at m/n = 1/1 rational surface is limited up to 0.2 -
0.3. It has also been observed that a certain ratio of the
energy loss is caused by the anomalous transport, hence
(OneoS /Pabs)max < 1. In Fig. 8, the region that does not
satisfy these conditions is shaded. Comparing the region
without shading, it was found that the reachable operation
region extends to the higher density in the case of @ = 0.0
because of the decrease in D; at the same density or beta
value. Consequently, the achievable fusion gain can in-
crease from ~10 to ~20 by changing @ from 0.1 to 0.0. The
increase of the fusion gain by changing @ can also be con-
firmed by the calculation using the VMEC code. However,
the estimated neoclassical energy loss at the same electron
density and temperature is larger because the shift of the
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Fig. 8 POPCON plot of (a) « = 0.1 and (b) @ = 0.0. Con-
tours of the Mercier parameter (broken blue curve), the
ratio of the neoclassical energy loss to the total absorbed
power (dotted green curve) and the fusion gain (red solid
curve) are plotted. The area without shading corresponds
to the reachable operation region with the physics condi-
tions confirmed by the LHD experiment.

magnetic axis position is overestimated. The estimated fu-
sion power at the same electron density and temperature
is smaller because the plasma volume is underestimated.
These factors cause the shift of the operation limit due to
the neoclassical energy loss to the lower temperature side
and the shift of the contours of the fusion gain to the higher
density and temperature side, resulting in an underestima-
tion of the fusion gain by a factor of ~0.7. Consequently,
the calculation by the HINT code is important for accurate
evaluation of the reachable operation region and the fusion
gain.

5. Summary

The effect of the pitch modulation of the helical coil
on the core plasma performance of the LHD-type helical
fusion reactor has been examined. It was confirmed that
the Mercier parameter, which is an index for the MHD
stability, is clearly improved without deteriorating the en-
ergy transport property by changing the pitch modulation
a from 0.1 to 0.0. This improvement expands the reach-
able operation region to higher density and the achievable
fusion gain of FFHR-c1 can increase from ~10 to ~20.

Although further detailed physics analysis including
the fast particle confinement and bootstrap current is re-
quired, it was confirmed that the plasma performance of
the LHD-type helical reactor can be improved by a slight
change in the winding law of the helical coils. There is
room for further improvement of the plasma performance
by optimizing the winding law. This means the plasma
performance of the LHD-type helical fusion reactor can be
significantly improved without major impact on the engi-
neering design including a maintenance method that has
been established in the past study. It is expected that the
design feasibility and the attractiveness of the LHD-type
helical fusion reactor will be enhanced by such optimiza-
tion of the helical coil winding law.
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