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Abstract:

Magnetic field lines and particle orbits are analyzed in the periphery of the Large Helical Device
(LHD), which is called chaotic field line region. The inner and outer borders of the chaotic field
line region are determined precisely. It is found that the particles confined in the chaotic field line
region are classified into two groups that are passing particles and reflected particles. Passing particles
have long lifetime, because of the long connection length of the chaotic fieid line. Reflected particles
are confined because they are trapped by the magnefic mirror in the chaotic field line region due
to the strong adiabaticity. There exist the exceptional particles among the reflected particles. The
mechanisms of the exceptional particles are described by the analysis of the magnetic structure in the

chaotic field line region. The precise comparison between R

configuration is carried cut.

1 Introduction

The confinement of particles is of great importance in the
research of helical devices, such as the Large Helical De-
vice {LHD) at the National Institute for Fusion Science
(NIFS) in Japan. LHD, the largest helical device in the
world, uses superconducting magnets with £/m = 2/10,
R/a = 3.9m/0.6 m and By =~ 3T heliotron type mag-
netic field configuration with no toroidal coils [1I. The
specification of LHD is shown in Table 1 for references.

Table 1: Specification of LHD [1].

Major radius R 39m
Minor radius a 0.6 m
Plasma volume 20-30 m®
Toroidal mode number m 10
Poioidal mode nwnber £ 2

By (|B| on magnetic axis) 3T

In helical devices, particles are usually classified into
three groups called passing particles, blocked particles and
localized particles {2]. The blocked particles trapped in
the toroidal magnetic ripple are thought to cause the de-
tertoration of plasma confinement in toroidal machines.
Especially, in the helical machines, the localized particle

= 3.75m and R, = 3.6 m magnetic

trapped in the helical magnetic ripple have been believed
to be extremely harmful to plasma confinement, because
the rotational transform cannot cancel the toroidal drift
of these particles and so these particles are eventually lost
to the vacuum vessel wall [3, 4].

In the analysis of the high energy particles which are
produced by the perpendicular Neutral Beam Injection
{NBI) in Heliotron E, Hanatani et al. {5] have been found
that most of localized particles are confined in Heliotron
E and that the high heating efficiency is obtained because
there exists re-entering particles in £ = 2 heliotron config-
urations. On the other hand, in the particle orbit analysis
in £ = 2 helical device such as LHD, it has been reported
that there exists the large loss region in the velocity space
and that reflected particles (blocked particles and local-
ized particles) which have small y| are lost to the outside
the Last Closed Magnetic Surface (LCMS) {6]. The dif-
ference of the conclusions for the localized particles con-
finement is due to the difference of the assumption for the
particle loss boundary. Fowler et al. {7] have pointed out
that the treatment of the loss boundary is very impor-
tan: in the particle orbit analysis in helical systemms and
that the orbit loss is decreased about 30 % when the loss
boundary is set at vacuum vessel wall. Watanabe et al. [8]
have also pointed out the Importance of the loss bound-
ary and found that almost all reflected particles show the



good confinement characteristics in LHD.

The objects of these studies have mostly been just the
core plasma {5, 7, 8]. In order to achieve the high plasma
confinement, however, the peripheral plasma plays the fol-
lowing important roles:

- to protect the core plasma from the cooling down by
neutrals outside the plasma.

- to reduce the heat load to the divertor plate without
losing high-performance core plasma confinement.

Therefore, it is important to study the plasma behavior in
the periphery of LHD, and to confirm whether the periph-
eral plasma of LHD can play these important roles. Thus,
we analyze the particle orbit traced from the outside of the
LCMS. In the peripheral region, passing particles would
have the finite lifetime, since the magnetic field lines reach
the wall. Reflected particles, on the other hand, are likely
to be confined in the peripheral region. The purpose of
the present paper is to show characteristics of the particle
orbits in the peripheral region of LHD due o the strong
adiabaticity for the reflected particles [9] and to indicate
that the particles can actually play important and useful
roles in the region outside the LCMS.

In LHD, there exists a magnetic fleld line region usu-
ally called the ergodic or the stochastic region. Because
there are many magnetic islands in the peripheral region
of LHD, this region cannot be expressed in "ergodic”. We
cannot call this region ”the stochastic region”, since this
region Is not controlled by some stochastic processes but
controlled by a simple Hamiltonian system. So, in this
paper, we call this field line region the chaotic field line re-
gion. Akao [10] has reported the detailed structure of the
peripheral region in LHD. It has been shown that there ex-
ist the three different regions: the chaotic region near the
LCMS, the whisker region, and the inter-whisker region
outside the chaotic region. In the chaotic field line region,
feld lines exhibit chaotic behavior and have long connec-
tion lengths. Whisker field lines regularly repeat three
processes: stretching, folding, and nesting or they exhibit
irregular behaviors. As a result of such processes, whisker
fielé lines have long connection lengths. Inter-whisker
field lines have short connection lengths and they exhibit
only regular behavior. Although behaviors of chaotic field
Iines have been clarified, the magnetic field used in Akao’s
paper is slightly different from the magnetic field in actual
LHD. Moreover, the quantitative analysis of chaotic field
lines has not been done. Thus, i is the second purpose of
this paper to analyze the magnetic field lines in the pe-
ripheral region of LHD with the actual vacuum magnstic
feld and to clarify the borders of the chaotic field line
region. The connection lengths of chaotic field lines are
also studied precisely.

LHD can be operated in the various positions of the
magnetic axis, which is placed at R, = 3.75m in the stan-

o

dard magnetic configuration, by controlling the current of
coils. As the results of the recent experiments of LUD., it
is reported that the plasma confinement is improved by
the inward shift of the magnetic axis to Ry = 3.6 m [11].
We study the difference between these magnetic configu-
rations in regard to the magnetic field structure and the
particle orbit. And we clarify the reason of the improve-
ment of the plasma confinerment in B, = 3.6 m configu-
ration.

The resulis of the field line fracing in the chaotic field
line region are shown in §2. In §3 the particle orbit in the
chaotic field line region is described. Section 4 is devoted
to summary and discussion.
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Figure 1: Poincare plot of the Last Closed Magnetic Sur-
face (LCMS) in LHD at the toroidal angle ¢ = 0. The
toroidal angle ¢ = 0 denotes the horizontally elongated
poloidal plane in LHD. Gray points represent the LCMS
in the Ryx = 3.75 m configuration. Black points denoie
the LCMS in the R,x = 3.6m configuration. The vacuum
vessel wall and helical coils of LHD are also shown.

2 Field Line Tracing in the
Chaotic Field Line Region

The inner border of the chaoctic field line region is the
LCMS. In order to determine the position of the LCMS,
we sweep the starting points of the field line trace on the
line (¢ = 0, Z = 0). The position of the LCMS is numer-
ically determined by the field line tracing during 20,000
circulations in the magnetic field direction and the oppo-
site direction. In the case of R, = 3.75 m, the position
of the LCMS is found at R = 4.5732 m for the step size
of scanning R = 10~* m. The position of the LCMS is
also found at R = 4.5405 m in the case of R,x = 3.6 m.



As depicted in Fig. 1, the core plasma region (inside the
LCMS) of Ry = 3.75 m configuration is slightly smaller
than that of Ha = 3.6 m configuration
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Figure 2: Poincare plot of the divertor field lines at the
toroidal angle v = 0 in the case of Rax = 3.753m(a) and
B, = 3.6m(b). Black points represent the LCMS. Gray
points denote the region through which divertor feld fines
have passed. Starting points are shown for references.

Chaotic field lines reach the divertor plate after a lot
of circulation around the torus. So in order to determine
the outer boundary of the chaotic field line region, the
field lines are traced from the starting points outside the
LCMS and make Poincare plots excluding the field lines
the connection length of which are shorter than 5 toroidal
turns. The outer boundaries of the chaotic field lire region
on p = 0 are summarized in Table 2 in which the widths
of the chaotic field line region Acpaes are also shown. It
is seen from Table 2 that the chaotic field line region of

Rax = 3.73 w configuration is thicker than that of Ra. =
3 6 m in the outside the torus.

Table 2- Outer boundaries of the chaotic field line region.

Ry =370m Ry =36m
R A A haos R Zz Achacs
3.7500  0.4698 0.03253 | 3.6000 04671 0.0097
3.7500 -0.4743 0.0370 | 3.6000 -0.4671 0.0097
4.7831  0.0000 0.2159 | 4.6398 0.0000 0.0993
2.7293 0.0000 0.1897 | 2.6134 0.0600 0.1395

CONNECTION LENGTH (m)

CONNECTION LENGTH (m)

Figure 3: Connection lengths of the divertor field lines
which are traced from the positions near the divertor plate
to the plasma core in the case of Ry = 3.75 m{a) and
R = 3.6 m(b).

In order to confirm above resuits, divertor feid lines
are traced from positions on the divertor plate (p = 0)
toward the plasma region as shown in Fig. 2. The deter-
mined LCMS coincides with the inner border of Poincare
plots of the divertor field line tracing. It is also seen that
divertor field lines spread out as far as the determined
outer boundary of the chaotic field line region.

Figure 3(a} shows the connection lengths of the diver-
tor field lines which are traced from the positions equal
to Fig. 2 in the Ru = 3.73 m magnetic field. The longest



connection length of the divertor field Line is up to al-
most 20 kin. The connection lengths of divertor field lines
are long compared to tokamaks in which the connection
length of divertor field line is almost 100 m {12]. Although
such long field lines can approach the core region, short
field lines cannot approach the core. In other words, the
chaotic field lines that are traced from the chaotic field
line region to the divertor plate have sufficiently long con-
nection lengths. Especially, the chaotic field lines passing
through near the LCMS have long connection lengths, as
shown by Akao [10].

Similarly, the connection lengths of divertor field lines
are also long in the case of B, = 3.6 m. It is seen from
Fig. 3(b) that there are three peaks of the connection
length in Rax = 3.6 m configuration corresponding to the
whisker field lines as shown in Fig 2.

3 Particle Orbit in the Chaotic
Field Line Region

Usually, particles orbit in helical devices have been classi-
fied into the groups: passing particles, localized particles
and blocked particles [2]. However, it would not be suit-
able to discuss the particle orbit with such a classificasion,
because the transition between the localized particles and
the blocked particles is possible without collisions. In this
paper, we classify the particle orbits in LHD into the pass-
ing particles and the reflected particles. The reflected par-
ticles inclucde both the non-chaotic orbit particles and the
chaotic orbit particles. The non-chaotic orbit particles
traced from the core plasma region make the clear drift
surface on Poincare plots. The chaotic orbit particles are
the particles that repeatedly transit between the localized
orbit and the blocked orbit, and are eventually lost after
many times circulation around the torus [8]. We trace the
1 keV proton from the chaotic field line region during 200
toroidal turns of the thermal speed around the torus (~
15.8 msec) without collisions.

Table 3: Starting points of iracing particles. {R.x =
3.75m, o=10)
name R Z
Upper 3.75 0.4373 <7 <£0.4698
Lower 3.73 04743 < Z < -0.4373
Outer 4.5732<R<4.7891 0
Inner 2.7293<R<2.9190 0

For the case of R. = 3.75m, the starting points of trac-
Ing particles are set as shown in Table 3. The initial pitch
angles are given from 0 to & with step size w/40. The par-
ticle confinement characteristics in the chaotic field line
region are summarized in Fig. 4.
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Figure 4: Relationships among initial positions and initial
pitch angles in the case of Rux = 3.75 m. Black points
denote the initial conditions of lost particles. Horizontal
axis is the initial pitch angle of the particle and vertical
axis represents Z axis from which particles are traced In
Figs. 4(a)-(b). In Figs. 4(c)}-(d}, horizontal axis is the
initial pitch angle of the particle and vertical axis denotes
R axis.
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Figure 3: Poincare plots of the passing particles and the
chaos orbit particles at the toroidal angle w = 0. Black
points represent the LCMS. Gray points denote the region
through which particles have passed. The starting points
are also shown for reference.
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Figure 6: Poincare plot of reflected particles traced in the R,y = 3.75 m magnetic configuration at the toroidal angle
@ = 0. Particles traced from the upper, lower, outer and inner side of the torus are shown in Figs. 6(a)-(d), respectively.
The starting points are also shown for reference.
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Figure 7: Poincare plots of reflected particles on the
equatorial plane. These reflected particles traced from
the outer side and the inner side of the torus in the
Rax = 3.75 m magnetic configuration.

As shown i Fig. 4, most of passing particles which
have small v, are lost, because the chaotic field lines
reach the vacuum vessel wall. Passing particles traced
from the starting points near the LCMS are not lost in
our calculations (during 200 toroidal turns), since the con-
nection lengths of the chaotic field lines are long enough
as described in §2. Furthermore, there exist the confined
passing particles trapped in magnetic islands. Such par-
ticles are distributed even near the outer boundary of the
chaotic field line region. QOf course, the lifetime of pass-
ing particles mainly depend on the connection lengths of
chaotic field lines. It can be seen from Fig. 5 that the pass-
ing particles move around the LCMS and are lost through
the divertor field lines when they reach the vacuum vessel
wall.

If particles circulate many times around the torus before
reaching the divertor plate, they will lose their energy
by collisions and radiations. Such a situation has been
observed in the LHD experiment, in which the electron
temperature on the divertor plate ~ 20-30eV [13]. This is
preferable to the effective divertor function.

Figure 4 shows that the almost all reflected particles
which start from the inner side, the upper side, and the
lower side are not lost to the vacuum vessel wall. These
reflected particles are trapped by the magnetic mirror in
the chaotic field line region. It is also shown that there
exist lost particles among the reflected particles started
from the outer side in Fig. 4(d). These lost reflected par-

ticles include both the non-chaotic orbit particles and the
chaotic orbit particles.

Table 4: Starting points of tracing particles (Rax = 3.6 m,

p=0)
name R Z
Upper 36 0.4373< Z <0.4671
Lower 3.6 —0.4671< Z < —-0.4373
Oufer 4.5405< K <4.6398 0
Inner 2.6154<R<2.739%4 0
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Figure 8: Relationships among initial positions and initial
pitch angles in the case of R,y = 3.6 m. Black points
dencte the initial conditions of lost particles. Horizontal
axis is the initial pitch angle of the particle and vertical
axis represents Z axis from which particles are traced in
Figs. 8(a)-(b}. In Figs. 8(c)-(d), horizontal axis is the
initial pitch angle of the particle and vertical axis denotes
R axis.

Poincare plots of reflected particles are shown in Fig. 6.
It can be seen from Figs. 6{a)-(b} that reflected particles
started from the upper and lower side move between the
inner and outer sides of the torus and do not get into the
core plasma region. As shown in Fig. 6(c), the orbit of
reflected particles started from the outer side can be clas-
sified into two types. First type is the non-chaotic orbit
particles that are confined in the chaotic field line region
and circulate around the magnetic axis. Second type is
the particles that are lost not through the divertor field
lines (marked with A). As seen from Fig. 6(d), there are
two types of orbits. Non-chaotic orbit particles are con-
fined in the chaotic field line region and circulate around



the magnetic axis (Fig 7). Exceptional particles marked
with B entrance and exit between the core region and
the chaotic field line region. Particles-B are likely to cool
down the core plasma region.

The particles confined in the chaotic field line region
bring out a new concept for the peripheral plasma of LD,
i.e.. the plasma blanket. The plasma blanket could play
an important role to prevent the core plasma from cooling
down by cold neutrals outside the plasma.
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Figure 9: Poincare piot of refiected particies at the

toroidal angle ¢ = C. Particles traced from the inner side
of torus are shown in Fig. 9(a} and particles traced from
the outer side of torus are shown in Fig. 9(b). Gray points
show the region through which particles have passed. The
starting points are also shown for reference.

In R,, = 3.6 m magnetic configuration, we also trace
the particles from the starting points shown in Iable 4.
Initial pitch angles are also given from 0 to w with step

~1

size w/40. The particle confinement characteristics in the
chaotic field line region are summarized in Fig. 8
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Figure 10: Contour maps of [B] in the case of Rax =
3.73m(a) and Rax = 3.6 m(b}. LCMS is also shown for
reference.

Although the confinement characteristics in Hax
3.6 m configuration are almost same with that in R,
3.75 m configuration, therc are three differences. First is
that there exists she passing particles which have the long
lifetime in the upper side and the lower side. Second is
that there are many lost passing particles in the inner side.
Third is that the number of the lost reflected particles in
the outer side is smaller than that in the R, = 3.75m
case. These differences between two magnetic configura-
tions are due to the difference of the field structure of the
chaotic field line region. In R,, = 3.6 m configuration,
the magnetic isiands would distribute as far as the outer
boundary of the chaotic field line region. Thus, there ex-



ist the passing particles which have the long lifetime in
the R,x = 3.6 m case. As shown in Fig. 2, the inner
and outer side structure of the whisker field lines is in-
verted, comparing between two magnetic configurations.
This inversion would cause the differences of the particle
confinement characteristics in the inner and outer side.

The particle orbit features on the Poincare plots (Fig. 9)
in the R, = 3.6 m configuration is also similar to that in
the Rax = 3.75 m configuration (Fig. 6). However, the
orbits of the reflected particles started from the inner and
outer side are different. There do not exist the particles
entrancing and exiting between the core region and the
chaotic field line reigon in Fig 9(a).
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Figure 11: Loss canals in LHD. Fig. 11(a) shows the R, =
3.75 m magnetic configuration and Fig. 11(b) represents
the R, = 3.6 m magnetic configuration. LCMS and the
ion orbits are shown for references.

The mechanism of particles entrancing and exiting be-
tween the core region and the chaotic field line region can
be explained by the differences of the field strength on
the LCMS. It can been seen from Fig. 10(a) that the field
strength at the inner side of the torus is stronger than that
at the outer sides of torus in the R, = 3.75 m configura-

tion. If the particle started from the inner side move on
the LCMS, it feels weaker field. Then, by the conservation
of the kinetic energy, v increase, so that the transition
to the chaotic orbit particles would occurs. The chaotic
orbit particles can entrance and exit between the core re-
gion and the chaotic field line region. On the contrary,
there are no reflected particles entrancing and exiting be-
tween the core region and the chaotic field line region in
the R,x = 3.6 m configuration, because the field strength
on the LCMS is almost same between the inner and outer
side of torus (Fig. 10(b)). Therefore, the energy confine-
ment in the R,y = 3.6 m configuration would be better
than that in the R, = 3.75 m configuration.
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Figure 12: Positions of loss canals. Fig. 12(a) shows
the R,x = 3.75 m magnetic configuration and Fig. 12(b)
showw the R,x = 3.6 m magnetic configuration. Chaotic
field line region is shown for references.

There do not also exist the particles lost not through




the divertor field line in the R, = 3.6 m case (Fig. 9(b))
Ttus difference from the R, = 3.753m can be explained by
the loss canal in the chaotic field line region. Particles-A
in Fig. 6(c) are restricted to the deeply trapped particles
In the magnetic muror {v) = 0}. These particles should
drift on the curve determined by

B-VB =0, (1)

and
| B| = constant. (2)

By the numerical analysis of the R, = 3.75 m magnetic
configuration, it is found that there exists the curves con-
necting the chaotic field line region and the vacuum vessel
wall (Fig 11{a)). Particles-A is lost through these curves
called the loss canals. The loss canals is also found in the
R.. = 3.6 m case (Fig 11(b)), with almost same config-
uration to the R,x = 3.75 m case. The difference of the
particle orbits is due to the positions of the loss canals. As
shown in Fig. 12(b), the loss canals are located outside the
chaotic field line region in the R,y = 3.6 m configuration.
Thus, in Fig 9{b), there exist no particles lost through the
loss canals in the R, = 3.6 m case.

4 Summary and Discussion

The magnetic field structure and the particle orbit in the
periphery of LHD have been studied numerically.

The border of the chaotic field line region has been de-
termined precisely. It has been found that the core plasma
region in R, = 3.6 m maguetic configuration is slightly
bigger than that of Ry = 3.75 m magnetic configura-
tion. On the contrary, the chaotic field line region in
R. = 3.6 m magnetic configuration is thicker than that
of R, = 3.75 m magnetic configuration. The connection
lengths of the divertor field lines have been also studied.
It has been found that the chaotic field lines in LHD have
sufficiently long connection lengths (Z20km) in the both
magnetic configuration.

The particles confined in the chaotic field line region
consist of two groups. Group-1 are the passing particles
that have long lifetime because of the extremely long con-
nection length of the chaotic field line. Although passing
particles in the chactic field line region are eventually lost,
such particies are expected 10 reduce the thermal load to
the divertor plate by collision or bremsstrahlung. Group-2
are the non-chaotic orbit particies that are confined by the
magnetic mirror in the chaotic field line region. Group-2
particles are perfectly confined in the chaotic field line re-
giou in the case of no collisions. The basic period length
of reflected particle motion is small compared with that of
the passing particle motion. Thus. reflected particies can
manifest strong adiabaticity and be confined in collision
less case [9]. Group-1 and group-2 particles arc expected

to be the plasmma blanket that protects the core plasma
from cooling down by neutrals cutside the plasma.

It has been also found that there are two types excep-
tional reflected particles in R, = 3.75 m case. First type
called particles-A is the particles lost not through the di-
vertor field line Second tvpe called particles-B is the
particles entrancing and exiting between the core plasma
region and the chaotic field line region. The mechanisms
of the exceptional particles have been also studied by the
magnetic structure analysis. Particles-A, deeply trapped
by the magnetic mirror, are lost through the loss canals
which are determined by the cross-lines of |B| = counst.
plane and B - VB = 0 plane. The mechanism of the
particles-B which entrance and exit between the core re-
gion and the chaotic field line region can be explained by
the differences of the field strength on the LCMS and the
conservation of the kinetic energy. It would be one of
the factors of the improvement of the plasma confinerent
that there do not exist the particles-B in the Ry = 3.6m
configuration.

If the resonance position of the electron cyclotron
heating (ECH) or the icn cyclotron resonance frequency
(ICRF} heating is placed at loss canals, electrons or ions
can be removed selectively from the chaotic field line re-
gion. As a result, the peripheral potential would be able
to be controlled. These active potential control method
are expected to improve the core plasma confinement. In
addition, such a peripheral potential control should be
useful to remove the *He ash produced by D-T or p-!'B
fusion reaction, if the ICRF frequency is set equal to the
iHe cyclotron frequency. However, the active potential
controi and the *He ash removal methods cannot be used
in Rax = 3.6 m configuration, since the loss canals are
located outside the chaotic field line region.

Particles having vy ~ 0 move along the cross-lines of
|B{ = const. plane and B - VB = ( plane. These cross-
lines from the chaotic field line region are shown in Fig. 13.
This implies that the deeply trapped particles are confined
in the weak magnetic field region between helical coiis and
circulate around the magnetic axis with the same pitch of
the rotation of helical coils. There are a cross-line which
entrances and exits between the core plasma region and
the chaoctic field line region and the cross-lines located in
the chaotic field line region, as shown in Fig. 13. Particles
move along those cross-lines are confirmed In
orhit computations.

In this paper, the effects of the collisions between par-
ticles are not considered. Of cause, collisions have the
important effects on the particle orbit. A major effect
of collisions on the particle orbit in the chaotic field line
region is the pitch-angle scattering, By the pitch-angle
scattering, the transition between passing particles and
refiected particies occurs. This transition would noi have
a serious effect on the plasma confinement in the chaotic

ur particle
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Figure 13: Cross-lines of | B| = const. planc and B-VB =
0 plane in the chaotic field line region. Fig. 13(a) shows
the R = 3.75 m magnetic configuration and Fig. 13(b)
shows the R.x = 3.6 m magnetic configuration. X shows
the direction to the major axis of the magnetic surface and
Y shows the direction to the minor axis in the rotating
helical coordinates [8]. The range of toroidal angle ¢ is
shown by colors of points,

Blue: (8n — 1)7/20 < @ < (8n+ 1)7/20,

Green: (8n+ 1)m/20 < ¢ < (8n + 3)m/20,

Red: (8n+ 3)7/20 < ¢ < (8n + 5)7/20,

Purple: (8n+ 3)7/20 < ¢ < (8n+ T)7/20

=010 )

field line region, because both passing and reflected par-
ticles are well-confined in the chaotic field line region.

‘We have not considered the heat transport, the particle
diffusion, the electric field and the charge exchange effect.
These effects on the peripheral plasma are very important.
Further analysis that includes these effects will be carried
out in the future.
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