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It is calculated that the geodesic winding D-shaped helical magnetic field configuration can actively control
the confinement and exhaust of alpha particles. A trapped particle orbit diagram (TPOD), which shows the
presence of re-entering particles and specifies the loss-cone depth, is obtained from the deeply trapped particle
orbits in a helical mirror magnetic field. The loss-cone depth becomes shallow when the magnetic axis is shifted
to the inner side. On the other hand, the loss-cone depth can reach to the magnetic axis when the magnetic axis
is shifted fairly to the outer side. Active control of the confinement and exhaust of 3.52MeV alpha particles by
controlling the magnetic axis position is also confirmed by collisionless orbit calculations.
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1. Introduction

LHD-type magnetic configuration (¢ = 2 Heliotron
configuration) is produced by continuous helical and ver-
tical coil systems. LHD experiments have achieved an av-
erage beta value of 5% without beta collapse. The high
helical symmetry of the magnetic surface with an elliptical
cross-section and good confinement of high-energy parti-
cles of standard LHD configurations has been numerically
confirmed [1].

The LHD helical coils are wound as y = p¢+a. sin p¢
on a torus with a circular cross-section (the major radius is
Ry = 3.9 m and the minor radius of the helical coil center
is a. = 0.975 m) with a small pitch modulation factor @, =
0.1. p is the helical pitch number (= m/€ = 5) and y, ¢ is
the poloidal and toroidal angle, respectively.

In LHD-type fusion reactor (FFHR) design studies,
the balance of blanket space (= ¢: the narrowest space be-
tween the chaotic field lines and the inner wall of the he-
lical coils) and the plasma volume are important. Kozaki
pointed out that the dependence of the coil pitch parame-
ter ¥y (= pac/Ro) of the magnetic structure is essential in
LHD-type reactors. It is critically sensitive not only for
optimizing the plasma volume but also for selecting the
optimum blanket conditions [2]. Sufficient blanket space
is necessary for adequate tritium breeding and shielding
the magnet. For this purpose, the small y configuration is
preferable, but it leads to reduction in the plasma volume.

For the compatibility of the sufficient blanket space
and the large plasma volume in reduced-size helical re-
actors, the D-shaped cross-section of the last closed flux
surface (LCFS) was studied [3]. If the cross-section of
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the magnetic surface becomes concave to the helical coils,
it becomes easy to prepare the sufficient blanket space.
For this purpose, the magnetic configuration is constructed
by helical coils wound along the geodesic line of a torus,
which we call the “winding frame” for the helical coils [3].
The effective value of the coil pitch parameter y of the
geodesic line is reduced (increased) in the inboard (out-
board) side of the torus. Therefore, sufficient space be-
tween the first wall and the LCFS is reserved, and the
position of the magnetic axis shifts close to the center of
the two helical coils, which leads to a large plasma vol-
ume and the formation of a magnetic well. Helical coils
wound along the geodesic line of a torus with an elongated
cross-section can produce magnetic configurations with D-
shaped magnetic surface, with magnetic well in the core
region and high magnetic shear in the peripheral region.
However, in general, the alpha-particle confinement of the
geodesic winding helical reactor is poor compared to the
LHD configuration. The performance of the DT alpha-
particle confinement improves by increasing of the elon-
gation factor « of the cross-section of the winding frame.
Nonetheless, the direct loss rate of alpha particles reaches
13% for an elongation factor « = 1.8 [3].

In order to search for higher performance magnetic
field configurations, we have calculated the magnetic field
by introducing a new winding frame of the helical coils. To
improve the efficiency of the analysis of the performance of
the magnetic field to alpha-particle confinement, we have
developed a new diagram, the “trapped particle orbit di-
agram (TPOD).” The TPOD is useful for evaluating the
performance of the high-energy particle confinement in a
helical system without particle orbit calculations. The di-
agram shows that the loss-cone depth becomes shallow in
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the geodesic winding D-shaped helical magnetic field con-
figuration when the magnetic axis is shifted to the inner
side. On the other hand, the loss-cone depth can reach
to the magnetic axis when the magnetic axis is shifted
fairly to the outer side. Thus, the dynamic control of the
alpha-particle confinement performance becomes feasible
by controlling the position of the magnetic axis.

In Sec.2, we describe the TPOD and apply it to the
LHD-type magnetic configuration. In Sec. 3, we describe
the helical winding coil along the geodesic line on the torus
with a new elongated cross-section. It is shown that the
geodesic winding D-shaped helical magnetic field configu-
ration can actively control the confinement and the exhaust
of alpha particles. We discuss the results in Sec. 4.

2. Trapped Particle Orbit Diagram

In a helical system, the particles are classified into
three types: passing particles, chaotic orbit particles, and
reflecting particles according to the ratio of the velocity
component parallel to the magnetic field and the veloc-
ity component perpendicular to the magnetic field (v /v.).
The performance of a helical-type nuclear fusion reactor
is strongly influenced by the orbit of the reflective parti-
cles whose characteristics can be analyzed by the orbit of
deeply trapped particles. The orbit is uniquely determined
by the condition of being trapped in the bottom of the heli-
cal magnetic mirror and of drifting on a constant magnetic
field intensity surface
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Mod-Bmin contours projected on the poloidal cross
section have been used to evaluate the global collisionless
particle confinement [4]. However, the evaluation of parti-
cle confinement through Mod-Bmin contours projected on
the poloidal cross-section becomes difficult when the mag-
netic field has two or more bottoms of a helical magnetic
mirror. Furthermore, because the typical Mod—Bmin con-
tour is constructed using a magnetic coordinates system,
a realistic particle loss cannot be evaluated, on account of
the trapped particles that are confined in the outside region
of the LCFS in LHD-type magnetic configurations [1, 5].

Therefore, we have developed a “trapped particle orbit
diagram (TPOD)” using a real coordinates system that can
describe the shape of the vacuum vessel wall. Drift orbits
given by eq. (1) are solved numerically. Starting points are
allocated on multiple poloidal planes to correspond to the
case of multiple bottoms of the helical magnetic mirror.
The particle-loss boundary is set at the vacuum vessel wall.

Particles become loss-cone particles (direct-loss parti-
cles) if the trajectory given by eq. (1) reaches the vacuum
vessel wall. When the trajectory gets across the LCFS but
does not reach the vacuum vessel wall, the particle is a con-
fined particle (re-entering particle). When the local mini-
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Fig. 1 TPOD for the magnetic field produced by the helical coils
whose winding law is given by eq.(3). The horizontal
axis is the toroidal angle ¢ (¢ = 0,27/10,47/10, is for
the horizontally long cross-section, and ¢ = 7/10,37/10
is for the vertically long cross-section of the magnetic
surfaces). The vertical axis X is the rotating helical co-
ordinate along the long axis of the magnetic surface. X,
is the position of the magnetic axis and pj is the mi-
nor radius of the LCES. The loss-cone orbits are shown
by the black dots. The trapped particle orbits in the lo-
cal minimum of the helical mirror are shown by the red
dots. The blue dots represent the orbits passing through
the local maximum points satisfying the condition given
by eq.(2). The loss-cone depth is the distance of the
deepest surface of the loss-cone particles measured from
the LCFS. D¢ is the normalized value of the loss-cone
depth by the minor radius of the LCFS (= pjef). Dic =1
shows that loss-cone particles exist even on the magnetic
axis. D¢ = 0 shows that loss-cone particles do not exist
inside the LCFS.

mum |B]| condition breaks

B 2
0> (|B| v) IB|., @
the deeply trapped particle orbit becomes chaotic. When
the local minimum |B| condition breaks outside of LCFS,
the particle becomes a chaotic orbit particle with a finite
life time and flows out to a divertor tile along the divertor
leg.

First, in Fig. 1, we show the TPOD of the magnetic
configuration in which the performance of high-energy
particle confinement is poor although the form of the mag-
netic surface is excellent. The magnetic field is produced
by LHD-type helical coils with relatively large pitch mod-
ulation factor @, compared to the LHD

X =pop+acsinpp, a.=04. 3)

The TPOD in Fig. 1 indicates that the large majority
of deeply trapped particles cannot be confined and flow
into the vacuum vessel wall regardless of the divertor legs.
We confirmed this by the particle orbit computations us-
ing the magnetic field produced by the helical coils with
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Fig. 2 Poincaré plots of E = 40keV protons corresponding to
the TPOD given by Fig. 1. The chaotic field lines are
shown by the very small black dots and the closed mag-
netic surfaces are shown by the tiny white dots. The direct
loss rate of £ = 40keV protons is R, = 18.4%.

eq. (3). Birth points are equally distributed inside the mag-
netic surface (o/picrs < 0.8) with uniformly distributed ini-
tial pitch angles. The upper limit of the numerical compu-
tation is set to 1.2519 ms, which is the time needed to reach
100 toroidal turns (= 103 helical pitch) of thermal speed of
E = 40keV protons. This time is sufficient to distinguish
between integrable orbits and chaotic orbits. Moreover, be-
cause the the chaotic orbit particles with a life time longer
than the upper limit computation time are few, the particles
that remain in the vacuum vessel after the end of the com-
putation are treated as confined particles. Poincaré plots
of E = 40keV protons, whose orbits are equivalent to
the 3.52 MeV alpha particles in a DT fusion reactor with
Rop = 13m and By = 7T are shown in Fig.2. Puncture
points are color-coded according to the life time 7 of the
E = 40keV protons:

red: 0.0000 < 7(ms) < 0.0125
yellow: 0.0125 < 7(ms) < 0.0250
green: 0.0250 < 7(ms) < 0.0626
cyan: 0.0626 < t(ms) < 0.1252
blue: 0.1252 < 7(ms) < 0.1252

magenta: 1.2519 < 7(ms)

The LHD helical coils have a small pitch modulation
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Fig. 3 The TPOD for the typical magnetic configuration of the
LHD. (a): For the case of the standard configuration
R.x = 3.6 m (inner magnetic axis case). Loss-cone orbit is
not present. There are few re-entering particles. (b): For
the case of another standard configuration R,x = 3.75m
(outer magnetic axis case). Loss-cone orbit is not present.
There are re-entering particles not few. (c): For the case
of one of large outer magnetic axis position, R,x = 3.9 m.
A shallow loss-cone region exists. There are many re-
entering particles.

of a. = 0.1. This small pitch modulation was determined
by considering the gap distance between the first wall and
LCFS, and the confinement properties of the high-energy
particles [6]. The TPOD for the typical magnetic configu-
ration of the LHD is shown in Fig. 3. This diagram shows
that banana orbits in the inner shift magnetic axis configu-
ration are bound almost on one magnetic surface, as shown
in Fig. 3 (a). On the other hand, banana orbits in the outer
shift magnetic configuration traverse the magnetic surface
and produce re-entering particles, as shown in Figs. 3 (b,c).
The loss-cone region does not exist in the standard configu-
rations as shown in Figs. 3 (a,b) (D¢ = 0). A shallow loss-
cone region exists for the large outer shifted magnetic axis
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Fig. 4 (a): Temperature profile as a function of the minor radius
p of the magnetic surface. (b): Collisionless loss rate of
3.5MeV particles in the LHD magnetic field configura-
tion. The horizontal axis shows the major radius of the
magnetic axis.

configuration, as shown in Fig. 3 (c). We have confirmed
through particle orbit calculations that no re-entering par-
ticles protrude from the boundary of the chaotic field lines.
In regions near the magnetic axis of the horizontally long
cross-section of the magnetic surface, there are helical
mirror-trapped particles that do not circulate around the
torus. On the other hand, near the magnetic axis of verti-
cally long cross-section of the magnetic surface, all deeply
trapped reflecting particles become chaotic orbit particles
that circulate around the torus.

To see the influence of the loss-cone depth, we have
calculated the direct loss rate of alpha particles for a fusion
reactor with a similar extension of the LHD. The proba-
bility of the birth position of 3.52MeV alpha particles is
calculated under the condition of uniform density distribu-
tion and temperature distribution shown in Fig. 4 (a).

The loss-cone depth D ¢ is reflected in the direct loss
rate of 3.52MeV alpha particles; however, the effect is
small. The performance of the LHD magnetic field con-
figuration is very high for the confinement of 3.52 MeV, as
shown in Fig. 4 (b).

3. Geodesic Winding Helical Coils
and Alpha-Particle Confinement
Control by Magnetic Axis Position
Control
The geodesic winding on a toroidal surface with a con-

stant major radius R and a constant minor radius a was

studied for the superconducting magnetic energy storage

(SMES) [7] to reduce the electromagnetic stress working
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Fig.5 “A” is the winding frame of the helical coils used in the
present paper. “C” is the winding frame of the LHD heli-
cal coils.

in coils systems. In order to express the various types of
winding frames with only a few parameters (a;, a,, az), we
use the following form for the cross-section of the winding
frame

x @ poloidal angle
Ry : major radius of the helical coil

a. : minor radius of the helical coil
r—Ry = a. X ———— cosy, 4
07 T T gy cosy X @)
Z = a. Xazsiny, 5)

where r and z are the standard cylindrical coordinates. Fig-
ure 5 shows the examples of the D-shaped winding frame,
including the winding frame of the LHD. The construction
of the geodesic winding helical coils is carried out by the
same procedure as that in [3]. An example of the helical
coils and the assembly of helical coils, the vertical mag-
netic field coils, and the vacuum vessel is shown in Fig. 6.

The volume of magnetic surface Vi, the thickness
of the chaotic field line layer, and the compactness of the
divertor field lines significantly change depending on the
vertical magnetic field coils. Figure 7 shows a Poincaré
plot of lines of force under a carefully selected configura-
tion of vertical magnetic field coils. The winding frame of
the helical coils is described as “A” in Fig. 5.

The compatibility of the sufficient blanket space and
the large plasma volume is satisfied in a reduced-size heli-
cal reactor (Viggs = 71.6m>, Ry = 3.9m) .

The distributions of the specific volume U and the ro-
tational transform ¢/2m are shown in Fig.8. A magnetic
well exists (6U/U,x = 0.021) in the core plasma region,
and high magnetic shear is present in the peripheral region.

The TPOD for the geodesic winding D-shaped helical
magnetic field configurations are shown in Fig. 9, for the
case of inner and outer magnetic axis configurations.

This diagram shows that no re-entering particles ex-
ist in these geodesic winding D-shaped helical magnetic
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Fig. 6 (a): Geodesic winding helical coils with winding frame
“A” shown in Fig. 5. (b): Assembly of helical coils, ver-
tical magnetic field coils, and vacuum vessel.

X Rax=39M, V| cpg=71.6 M X

X X

Fig. 7 Poincaré plot of lines of force at the poloidal cross-
section at ¢ = 0 and ¢ = n1/10. The cross-sections of the
helical coils, vertical field coils, and the vacuum vessel
are also shown. The cross-section of the winding frame
for the helical coils is also show by cyan chain line.

field configurations. The loss-cone depth Dy becomes
shallow for the inner shift magnetic axis configuration.
For the large outer shift magnetic axis configuration, the
loss-cone depth reaches the magnetic axis as shown in
Fig.9(b). Thus, the geodesic winding D-shaped helical
magnetic field configuration can actively control the con-
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Fig. 8 Distribution of the rotational transform (red) and the spe-
cific volume (blue) of lines of force (case for R, = 4 m).
The horizontal axis R is the major radius at the ¢ = 0
poloidal cross-section. The position of the magnetic axis
and the positions of the LCFS are shown by chain line
and broken lines, respectively.
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Fig.9 The TPOD for the geodesic winding D-shaped helical
magnetic field configuration. (a): For the case of the inner
magnetic axis case (R,x = 3.75m). (b): For the case of
the large outer magnetic axis position case (R,x = 4.0 m).

finement and exhaust of alpha particles by controlling the
the shift of the magnetic axis position.

To confirm this possibility, we have performed the
numerical computations of the collisionless orbit of
3.52MeV alpha particles. The birth position of alpha parti-
cles is uniform inside the magnetic surface of p/pjs < 0.8.
The initial pitch angle is also uniform in the range [0.7].
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Fig. 10 The dependence of the magnetic axis position R, to the
direct loss rate of 3.52 MeV alpha particle (R, ) and of fuel
ions (Rp for 30keV deuterium), in the geodesic wind-
ing D-shaped helical magnetic field configuration. The
magnetic axis positional dependence of the volume of
the LCFS Vi, in the case of a geodesic winding fusion
reactor and of the LHD winding fusion reactor are also
shown. The major radius of helical coils is assumed to be
Ry=13m. B,y =7T.

The numerical results are summarized in Fig. 10. When
the alpha particles are accumulated in the fusion reactor,
the alpha-particle loss flux from the core plasma can be
increased by the outer shift of the magnetic axis position,
whereas the increase in the loss flux of the fuel plasma is
suppressed low (Rp in Fig. 10).

4. Discussion

To realize fusion reactors at an early stage, it is neces-
sary to mitigate the severe engineering issues, by innova-
tive concept of core plasma physics. We have proposed a
geodesic winding helical reactor with D-shaped magnetic
surface, based on the progress of LHD experimental re-

sults, design study of FFHR and experiences of tokamak.
The geodesic winding D-shaped helical magnetic field
configuration has the following merits.

e The geodesic winding allows the tightening winding
of the helical coils. Consequently, the helical coil
winding is expected to be mechanically stable and
easy to manufacture.

o The stability of the magnetic surface position, includ-
ing the divertor leg structure.

e The stability of high-beta and high-density plasma be-
cause of the magnetic well in the core plasma region
and the high magnetic shear in the peripheral region.

e The improvement in confinement because of the large
plasma volume and D-shaped magnetic surface.

e Large horizontal ports can be set up in the geodesic
winding D-shaped helical magnetic field configura-
tion as shown in Fig. 6 (b).

In addition to the above-mentioned, we showed that the
confinement and exhaust of alpha particles can be con-
trolled in the geodesic winding D-shaped helical magnetic
field configuration. Furthermore, the reduction of the coil
magnetic stress by geodesic winding will be investigated
in the future.

In a fusion reactor, it is expected that the plasma beta
value exceeds 5% and the plasma current considerably
modifies the vacuum magnetic field. However, because
the LHD-type magnetic field configuration has three sets
of vertical magnetic field coils, it can be expected that an
optimal magnetic field similar to the vacuum case can be
constructed by using appropriate current values of the ver-
tical magnetic field coils. The confirmation of this possi-
bility in finite beta plasma is a future research topic.
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