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Abstract

Roles of bumpy field on collisionless particle con-
finement in helical-axis heliotrons are investigated
with the model magnetic field and particle orbit cal-
culations in the Boozer coordinates. The mod-B,,.p
contours can be shifted in the major radius direction
with the control of the bumpy field, where Bp,» is
the minimum value of {B| in the toroidal direction
within one field period. The area of closed mod-B,,.,
contours is a useful measure to evalnate global colli-
sionless particle confinement as long as the mod-Bo,,,
contours connect toroidally. Negative value of ratio
between the bumpy and the helicity components con-
tributes to obtain the largest area of closed mod-B,,,x
contours for finite ratio between the foroidicity and
the helicity components. The radial variation of the
bumpy fleld attributes to realize a toroidally localized
mod- B, structure, which is significantly effective to
improve collisionless particle confinement.
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1 Introduction

A new concept. helical-axis heliotron [1]. has
been proposed for constructing the new exper-

imental device (Heliotron J [2]) after Heliotron

E [3] at the Institute of Advanced Energy (IAE).
Kvoto University. The study of heliotron configu-
rations originallv developed at kyoto University
continues in Japan and led to realize the opti-
mized heliotron device. the Large Helical Device
(LHD) [4] at the National Institute for Fusion Sci-
ence {NIFS).

The compatibility between good particle con-
finement and sufficient magnetohydrodynamic
(MHD) stability has been pursued in the He-
liotron E {major radius Ry = 2.2 m, minor radius
¢ = 0.2 m and magnetic field strength B = 2 T},
however; it has been rather difficult. The par-
ticle confinement can be improved both in ECH
and NBI plasmas for the magnetic configuration
with the magnetic axis shifted 2 cm inward at
zero beta. However, this magnetic configuration
has a rather high magnetic hill and clear MHD
instabilities are typically observed [5]. On the
other hard, configurations with the magnetic axis
shifted outward to enhance magnetic well deteri-
orate particle confinement particularly in finite
beta plasmas. The one way to break this incom-
patibility was the application of toroidal field of
about 5 % of main helical field to form shallow
magnetic well in the plasma core region, which
improves the MHD stability up to {(3) ~ 1% [6].
Here {3} denotes the volume averaged beta value.
To pursue further improvement or compatibility
between good particle confinement and suflicient
MHD stability to surpass these experimental re-
sults, it is necessary to form vacuum magnetic
well in the entire plasma region, especially in the
edge region. However, it has not been easy to
realize such magnetic configurations in L = 2
planar-axis heliotrons. where L is the pole num-

ber of the helical coil winding.



The helical-axis heliotron concept arises to re-
lease the limitation of planar-axis configurations
to realize good particle confinement and sufficient
MHD stability simultanecusly. The main require-
ments for this compatibility are the formation of
vacuum magnetic well in the entire plasma region
and the reduction of ripple transport due to the
control of magnetic field ripple. The bootstrap
current control is also considered to investigate
its effects on plasma confinement properties. The
helical-axis heliotron configurations can be pro-
duced by the modulated I = 1 helical coil as
shown in Ref. [1]. The coil system is rather sim-
ple compared to the modular coil system. There-
fore, there is a sufficient space with easy access to
the plasma for the heating and diagnostics, and
this seems an advantage to design a flexible ex-
perimental device.

The main characteristics of helical-axis he-

liotrons are briefly summarized as follows.

o For the magnetic spectrum in the Boozer
coordinates {Boozer spectrum), the bumpy
field is comparable to the main helical field
with the opposite sign each other, which is
effective to suppress neoclassical ripple trans-

port.

o The collisionless particle confinement is im-
proved to some extent in finite beta equilib-

ria.

e The radial electric field can significantly im-
prove collisionless particle confinement even
if it is rather small compared to the particle

energy.

e The vacuum magnetic well is formed in the

entire plasma region to stabilize interchange

modes and to investigate effects of magnetic

well on those instabilities.

e The magnetic configuration can be con-
trolled relatively in a wide range by chang-
ing current ratios in helical, poloidal and
toroidal coil sets. Especially, the bumpy field
can change its sign by coantrolling currents
in the toroidal coils, and its role on confine-
ment properties can be investigated in a wide

range.

e The bootstrap current can also be controlled

with the bumpy field.

e There exists a possibility of the natural di-

vertor.

There are some problems to be solved to make
the helical-axis heliotron concept more attractive.
The Pfirsch-Schliiter current is rather large in the
previous study of helical-axis heliotrons {1], which
causes a significant change of rotational transform
in finite beta equilibria. This may cause the ap-
pearance of low order rational surfaces to deteri-
orate MHD stability, and therefore, the behavior
of magnetic islands should also be clarified, for
example, by the HINT code {7].

To realize high beta plasma confinement in
helical-axis heliotrons, it is also essential to im-
prove particle confinement properties. Since the
bumpy field has been negligibly small in conven-
tional planar-axis heliotrons, the typical model
magnetic field includes only the torodicity and
helicity components other than the uniform mag-
netic field {8].

typically appears in helical-axis heliotrons, it is

However, since the bumpy field

essential to understand its roles on plasma con-

finement properties. As the first step, roles of



humpy fieid on collisionless particle confinement

will be investigated in this paper.

Generally. helical axis configurations (such as
the W7-X [9] and heliacs) have several magnetic
field components other than the toreidicity and
helicity in the Boozer spectrum [10]. Therefore.
it is necessary to examine particle confinement
properties not based on the simple model mag-
netic field, but by following many particle orbits
in the realistic configuration to evaluate collision-
less particle confinement properties. However, it
would be effective to have some guidance for ob-
taining more attractive physical properties based
on a simpler analysis. The typical helical-axis
heliotron configuration have predominant helic-
ity, toroidicity and bumpy field component and
other components have relatively small amplitude
in the Boozer spectrum. Thus, the model mag-
netic field including the bumpy field is used to
grasp effects of the magnetic spectrum on colli-
sionless particle confinement properties in helical-

axis heliotrons.

This paper is organized as follows. Section 2
describes characteristics of mod-B,,;, contours
in helical-axis heliotrons for clarifving roles of
radially constant bumpy field. The appropri-
ate bumpy field to maximize the closed mod-
B, area is shown and relationship between the
closed mod-B,,,, area and the collisionless par-
ticle confinement is examined. It is shown that
the toroidal localization of mod- B,,,,, contours by
the radially varving bumpy field has favorable ef-
fects on global collisionless particle confinement
in Section 3. Finally, summary will be given in

Section 4.

2 Control of Mod-B,,, Struc-
ture with the Bumpy Field

To study particle confinement properties in
realistic magnetic configurations, it usually re-
quire time consuming orbit following calculations.
However, if one considers only deeply trapped
particles, 1t 1s possible to predict their trajecto-
ries only by the structure of the magnetic field
strength. The reason can be explained by using
the longitudinal adiabatic invariant J, which can
be expressed as J = mjg vy dl

x VE — puBmm —€® also in helical svstems.

Here {E.u,e) is (kinetic energy, magnetic mo-
ment, charge) of the particle, @ the electric field
potential and B,,;, the smallest magnetic fleld
strength along the magnetic field line in one he-
lical pitch. Since particles move with keeping E
and p, the deeply trapped particles can be con-
sidered to follow the line of B, +e®/i = const.
When the electric potential is not taken into ac-
count, B.,, = const line corresponds to the
deeply trapped particle trajectory. Moreover,
in the case of small rotational transform per a
field period, ¢/M <« 1, the magnetic field line
can be considered to stay in the constant {¢,6),
and thus, Bn., = ming|B(¢,0.()|. Here, M
is the number of the field peried. For analyz-
Ing magnetic spectrum, the Boozer coordinates
(v,85.¢p) [11] is utilized in this paper, where 3 is
the normalized toroidal flux function and 5 ((g)

the poloidal (toroidal) angle.

As the first step to study collisionless particle
confinement in helical-axis heliotrons, the mod-
B.n structure 1s considered. Since the bumpy
field has been negligibly small in conventional he-

lictrons, the frequently used model magnetic field



has been

BBy =1—¢;cosbp — ey cos{LBg — M g), (1)

where ¢ (¢5) denotes the toroidicity (helicity)
of the magnetic field. It is typical that ¢, is
proportional to (r/e)? in L = 2 planar-axis he-
liotrons, where 7/a is the normalized average ra-
dius. On the other hand, since the bumpy field
typically appears in helical-axis heliotrons, the
above model magnetic field is extended to include

it based on the multiple helicity approach [12] as
B/Bg=1—¢r —¢gcos{in+a), {2)

where e = ¢ cosfpg,
€ = \/fi-f—?ehfbcos 6p +¢€ and § = Lfp —
M{p. The phase angle ¢ is defined by cosa =

{€n, + € cosOp) /ey . The ¢ denotes the bumpy
field component. Both ¢ and ¢, are assumed to
be proportional to (r/a) as typically valid in he-
lical axis heliotrons/stellarators [1, 9, 10]. For
convenience, ¢; is written as €; = e,(r/a) and ¢
as €, = €pq(7/a), where €y, (€5,) is the toroidicity
(helicity) at the plasma edge, respectively. It is
also assumed that €, and ¢, are positive as in
Ref. [1] by the definition of the model magnetic
field, eq.(2). In this section, the bumpy field is as-
sumed to be radially constant for simplicity. The
roles of radial variation of the bumpy field will be
discussed in Section 3.
1t is noted that

Brin(z,y) _
By h
T 2+ x (3)
1 - €ra— — [ €1, ——5— + 26h06— + ¢}
a a a

for the model magnetic field, eq.(2), where z =
rcosfg and y = rsinfg. Therefore, when ¢, #

€. deeplyv trapped particle trajectory with the
kinetic energy £ and the magnetic moment yu is

obtained from

2 2
0 T4+ y T 5 E z
€ —— + 2¢p 66—+ 6 =1 — — — ¢, —
\/ha P + Zep ba+ b wBa 3

(4)

as
(2 = X} + €°4° = pyy, - (5)
where
Fea(1- )
€ha€h T £t e
X - _ * nUBO
dtp = 2 a2 a,
ha ta
2
2 — Eha
2 = he 8)
I, -4 (
(-5 2
P — ——Jépa + Ebfta}
%)
Pﬁtp = pigedi] a2

(€he — €ha)’
Equation {5} shows that mod- B,,,, contours are
elliptic with the elongation e when €3, > €. and
hyperbola when €, < €,. Particularly. for the
case of €5, = €4 = €¢,, mod- B,,;, contours can be

expressed as

2= B+, (1)
where
E
] m ) _
‘8 — E ( JU'BO> b
- 9 € ’
(8)
7 = - o
= E .
2ale, + (1 — —)]
[ ’ uBo

In this case, mod- B,,;, are parabolic and they are
not closed. In this paper, the condition €z, > €,
is assumed as typically valid for helical-axis he-
liotrons {1}, where mod- B,,;, contours can close.

The closed mod-B,;, contour exists until it

contacts the plasma boundary at (r/a,85) =



(1.0) {outer side of a torus) or (r/a.fg} = (1.7}
(mner side of a torus) or pg, = 0. These condi-
tions lead to the appropriate range of the bumpy
field to close the mod-B,,,, contour, depending
on €;,/€n, and the value of By,,,. It is noted that
E/(1#Bg) = Bpmun/Bo. because deeply trapped
particles have zero velocity parallel to magnetic
field. In the case of €, > ¢, the appropriate
range of €/¢p, to close mod-B,,;, is described

a8

Bm:n

<1 —€pea:
D

no closed mod- By ,

TTEITL

1 —¢€ha < Sl_fia-

0

A_lﬁﬁ 1— Bmz-n -1 - ft_a S f—b
Cha BO €ha €ha

1 Bm;n fia
I <2 (1- _ G
( ) T €ha (] By ) +
{I)
mrn €y
1m e < <14 e,
o fha
1 Bm;n ) 1 Bmzn €ia
- f{1- <2 {1 p1-- S
€ra ( Bo T €he ~ fha ( B ) €hea
(H) ()

(9)
The condition (I) arises from the mod-By,.» con-

tour with B,/ Bo in the range of 1 — ¢, <
Bmm.

< 1 — &, contacts the plasma boundary

0
at (r/e,8g) = (1,0), and (H) from that the mod-

B contour with 1 — €, <
0

shrinks to p4:, = 0. The condition (II) gives the

contact of the mod- B, contour in the range of

B .
1 — €py < "~ with the plasma boundary at

(rla.8g) = (1?5). As an example, behavior of
mod- B, contours is examined for the case of
€ = 0.17 and ¢, /€, = 0.5. If one considers
the mod- By, contour with Bp,;, /By = 0.85, the

appropriate range of €;/¢;, for the closed contour

1» obtalined as
— 0618 < ey /epa < —0.382. (10)

Figure 1 shows the mod- B, with B/ By =
0.85 for /ey, = —0.618 (dotted curve) and
€r/€ér, = —0.382 (chain curve). Ii clearly
demonstrates that the mod-B,,;, contour with
B/ Bg = 0.85 is shifted in the major radius
direction with the bumpy field control. Since the
bumpy field can be controlled externally by the
toroidal coil currents {1], it can be considered
that helical-axis heliotrons have more flexibilty
to control the mod- B...» structure than conven-
tional planar-axis heliotrons, where the inward
magnetic axis shift is tvpically necessary to im-
prove trapped particle confinement {13].

The above expressions in (9) are plotted in
Fig. 2.

B.in/Bo and vertical one € /ep,.

The horizontal axis denotes the ratio
Four cases
with different ¢;,/¢5, are examined here, and
€a/€hs = 0.0,0.25,0.5 and 0.75 cases are shown
by solid, dotted, chain and finer dotted lines, re-
spectively. The numbers (I}, (II) and () on each
line correspond to expressions in (9). The mod-
Bnin contours are closed in the region surrounded
by the lines for each €;,/ep, case. It is seen that
the region for the closed mod-B,,;, contours are
shifted into negative €; /¢y, region as €;,/€p, 15 in-
creased. This result is understood by considering
the change of magnetic field ripple structure as
€10/ €ns 15 increased. As €, /€, is increased, the
bottom values of the helicity {L = 1)-induced rip-
ples are varied along the magnetic field line due
to the toroidicity. This variation can be aligned
bv the satellite component of the . = 1 helical
field. which is the £ = 0 bumpy field as shown
in Ref. [14]. For larger ¢,/ €, cases, larger nega-

tive ¢/ ¢pq Is Tequired to align the bottom of the



magnetic field ripples.

in conventional heliotrons, the closed mod-
B,.:n area is one of the figures of merit to eval-
uate collisionless particle confirement [15]. Here,
it is examined whether this is also valid in helical-
axis heliotrons or not. The fraction of the closed
mod-B,,;, area to that of the plasma boundary

is obtained as:

Pd B 2
TPdtp (%) [(1 - ggn> €ha + €b€ta]
f = =

Ta? €hal€l — &, )32

)
(11)
where 7pgep(paip/e) is the closed mod- B,,;, area.
It is noted that f increases monotonously as
€y/€ne is varied in the direction from negative
value to positive one. This tendency to enlarge
the closed mod- B,,,, area is opposite to the clo-
sure of mod-B,.;;, contour, and therefore, a care-
ful choice of €, /ex, is essential to a closed mod-
B.i» contour with a sufficient area. Figure 3
shows the dependence of f on €,/ex, for sev-
eral cases of €,/€r,. Each line denotes the same
€t0/€ne as in Fig. 2. The maximum value of f for
each €, /€¢p, case is obtained only by the value
of ¢,/¢p, corresponding to the closed mod-B,,;,
contour with Bp.n/Be = 1 — €hq- It should be
noted that the value of €/¢),, giving the maxi-
mum f for each &,/€, case, is always negative
for €5 /€he # 0.

'Fo investigate relations between the value of
f and collisionless particle confinement, collision-
less particle orbits are followed by solving the
guiding center equations in the Boozer coordi-
nates [16]. For reference, three configurations
A (f=1), B (f = 0866) and C (f = 0.661)
shown in Fig. 3 are picked up. It is noted that
A is a helically symmetric configuration. Parti-

cle motions of collisionless protons are followed

for the average magnetic field strength of 1 T on
the magnetic axis. They are launched from mag-
netic surfaces with rfa = 0.25,0.5 and 0.75 with a
uniform distribution in the pitch angle of the ve-
locity space (15 points). The launching points are
uniformly distributed in the poloidal {10 points)
and toroidal (18 points) angles on each magnetic
surface. The number of launched particles from
each point is determined by considering the vari-
ation of the area element, d5 = J{V¥|d8rd(p
on a magnetic surface [17]. Here, J denotes the
Jacobian of the Boeozer coordinates. The total
number of followed particles is 6105. The pro-
ton temperature profile is assumed as T,(r/a) =
1.0[t — (r/a)?] keV. This profile gives the pro-
ton energy of 0.9375. 0.75 and 0.4375 keV at the
above three radii, respectively. As for reference.
1 keV protons have p;/a ~ 2.4 x 1072, where p;
is the proton Larmor radius. This ratio corre-
gsponds to that of 70 keV proton in the W7-X
with @ = 0.53 m and By = 2.5 T {9]. The particle
orbits are followed for 2 ms. For this period, an
1 keV proton with only parallel velocity initially
makes about 80 circuits of a torus. The orbit foi-
lowing is also stopped, when the particle crosses
the plasma boundary. This orbit following time is
an allowable choice because collisionless particle
loss rates almost saturate before 2 ms as shown
later. The radial electric field is known to be ef-
fective to improve bulk trapped particle confine-
ment in helical systems [1, 15], however; it is less
effective for energetic particles such as e parti-
cles. Therefore, it is not taken into account in

this paper.

Figure 4 shows the time trace of lost particles
for three configurations, A, B and C. The frac-

tion of trapped particles for each case is also in-



dicated by the dot. It is noted that all particles
are well confired in the configuration A. The loss
rate is increased as f is decreased (that is. A —
B — C). It is noted that the loss rates almost
saturate before 2 ms. For example, the loss rate
for the configuration B increases only 4 % when
particles are followed for 6 ms. It is considered
from Figs. 3 and 4 that the closed mod-B,,,, area
can be utilized to measure global collisionless par-
ticle confinement in helical-axis heliotrons as well
as in conventional heliotrons. This measure is
useful to judge collisionless particle confinement
when several helical-axis heliotron configurations

are compared.

3 Toroidal Localization of

Mod-B,,;, Structure

In the previous section, the bumpy field com-
ponent has been assumed to be radially constant
to make the model magnetic field analytically
tractable. However, it is typical to have a ra-
dial variation in helical-axis heliotrons [1]. There-
fore, roles of radial variation of the bumpy field
on collisionless particle confinement is examined
in this section for the case with fixed ¢, = 0.2
and €, /€p, = 0.5. The bumpy field in the model

magnetic field (2) is changed as:

€ == 61+ 6b(T/a)2] .

(12)

where ¢, is the bumpy field component on the
magnetic axis, and this value is assumed to be the
same as in eq.{2). It is interpreted that the radial
variation arises from the increase of the bumpy
field amplitude towards the plasma edge. It is
noted that this type of variation is frequently seen

for finite beta equilibria in helical-axis heliotrons.

|

Figures 3 show the variation of mod-B,,,, as
6y is increased and each figure includes 4 pan-
els. Here {a) shows the magnetic field spectra
in the Boozer coordinates, (b) mod-B;,,, con-
tours projected on a poloidal cross section (that is
{{r/a)cos@p.(r/a)sinfg) plane), (c) mod- Bm,n
contours projected on a ((g,(r/a)sinfg) plane,
respectively. The panel (c) is useful to investi-
gate the toroidal extension of the mod-B,,., con-
tours. The panel (d) shows the variation of the
magnetic field strength |B| on the equatorial line

with sinflg = 0 at (g = 0 and (1/2){27/M).

Figures 5.1 show mod- B,,, structure for §; = 0
case. corresponding to the configuration B men-
tioned above. In this case, the outermost closed
0 and (g =
(1/2)(27 /M) as shown in Fig. 5.1{c). This means
the existence of the same magnetic field strength
at (g = 0 and (g = (1/2)(27/M) (see Fig.
5.1(d)). As 6y is increased to 0.5, the magnetic

mod- B,,,, contour connects (g =

field strength on the equatorial line increases at
(g = 0 and decreases at (g = (1/2)(2r /M) with
keeping the same strength on the magnetic axis
(see Fig. 5.2{d)). The radial width of the outer-
most closed mod-By;n contour is shown by the
arrow in Fig. 5.2(d), which connects the same
magnetic field strength at (g = 0 and (g =
(1/2)2x/M).
tours have a tendency to localize around (g =
{(1/2)(2x /M). When & is increased up to 2.0 (this
kind of profile of the bumpy field seems possible

The non-closed mod-B,,;, con-

in finite beta equilibria in helical-axis heliotrons),
the magnetic field strength on the equatorial line
at {g = (1/2)(2x /M) becomes different from the
other two poloidal cross sections. This causes
the significant toroidal localization of closed mod-

Bnun contours around (g = (1/2)(2x/M) as in



Figs. 5.3(c) and (d). The required &, to localize
mod-B,,;, contours around (g ~ (1/2)(27/M)
may be roughly estimated from the profile of mag-
netic field strength on the equatorial line at (g =
0 and (g = (1/2)(2x/M). The normalized mini-
mum field strength at (g = 0, B/Bolmin¢g=0, is

(56 < -
265

(6b . (13)

On the other hand, the normalized maximum
field strength at {p = (1/2)(2x /M),

B/Bﬂima:r,CB:(I/?}{Qﬁr/M)v as:
(65 2 - )7

((5 <ﬁ€ha_€ta)
b= 2€y ’
(14)

From relations (13) and (14), a condition for

expressed as:

€ha T €tg
2¢y

)
)

1- 65(1 + 61)) - (eha + €ta)

(Eha + €ta )2
461}(5{,

€hy + €
1**65-}- ha ta

€ha — €

1+ e{i+ &)+ (€ha — €a) Tt”
€p

(fha - fta)z

1 _
T 46,8

&y that the minimum magnetic field strength at

(B
(1/2)(2n /M) is shown as

0 is larger than the maximum at (g =

_ (fb.a + €0 + 266) + \/2{(€ha + €b)2 + (Eta + 65)2}

6 2
2¢;
{15)
which gives & 2 1.2 for €4, = 0.2,¢;, = 0.1 and
€ = —0.1.

The effect of the localization of closed mod-
B, contour on collisionless particle confinernent
is also examined with the orbit following calcu-
lation. Collisionless particle loss rates are com-
pared for different & cases. They are obtained
by following 6105 protons with the same assump-
tions and conditions as used to obtain Fig. 4. Fig-

ure 6 shows loss rates for 6, = 0.0,0.5 and 2.0,

which correspond to configurations shown in Figs.
5.1, 5.2 and 5.3, respectively. It is noted that the
closed mod- By, area is the largest for & = 0.0
among three configurations as seen in Figs. 5, and
almost similar for both 8, — 0.5 and 2.0 cases.
However, the loss rate is the largest for & = 0.0
case, and significantly reduces as §; is increased.
This implies that the closed mod-B,,,,, area is not
a good measure for the collisionless particle con-
finement when the closed mod-B,,;, contours are
toroidally localized.

The reason for this loss rate reduction is inves-
tigated from typical trapped particle orbits. Fig-
ures 7 show particle orbits with v = 0 initially
which are launched from (r/a,8g) = (0.75,0.0)
with (g 0,{1/4)2x /M) and (1/2)(2x/M)
{green, blue and red, respectively). Figure 7.1 is
for 6, = 0.0, Fig. 7.2 for §, = 1.0 and Fig. 7.3
for &, = 2.0, respectively. The panel {a) shows

orbit trajectories projected on the poloidal cross
The
green-colored orbit in Fig. 7.1 is almost deeply

section and panel (b) on ((g,05) plane.

trapped particle because its initial point is on the
mod- B, (see Fig. 5.1(c)). However, since this
starting point is a saddle point of the magnetic
field strength. the particle with a non-zero paral-
lel velocity (even much smaller than perpendicu-
lar velocity) "slips” and it deviates from the mod-
Boin.
in Fig. 7.1 are lost due to the radial drift mo-

The two other particles (blue and red)

tion. They are also trapped in the bumpy ripple
and do not move toroidal direction largely. How-
ever, they have larger parallel velocity than that
of green-colored particle, and therefore, they do
not follow the mod- B,,,, contour and are quickly
lost. As 8, is increased to 1.0 as shown in Fig.

7.2, closed mod-B,,;, contours localize around



(1 027/ MYV S (g S (3/ 1027/ M. 1n this case.
the particle launched from (g = 0 (green) is not
a deeply trapped particle and the trajectory does
not reflect the mod- B,,,, structure. The parti-
cles from {g = (1/4)(2=/M) and (1/2){27/M)
(blue and red) are toroidally localized around
(g ={(1/2)(2x /M) as in Fig. 7.2{b) and they al-
most follow the mod-B,,,, contours. If one in-
creases 9; further to 2.0 as in Fig. 7.3, closed
mod- B,,., contours are significantly localized as
in Fig. 5.3. The particle from (g = (1/2)(2x/M}
(red) follows mod-B.,, because the mod-B.,
passes through the point (r/a,fg) = (0.75.0.0).
Even the particle started from (g = 0 is com-
pletely trapped in the bumpyv ripple centered at
(g = (1/2)(2x /M )}, and it repeats bounce mo-
tions in the same toroidal field ripple.

Magnetic field topography is also valuable to
consider the reason for this improvement with
the radial variation of the bumpy field. Figures
8 show the distribution of (a) the magnetic field
strength | B|, (b) the normalized poloidal deriva-
tive of |B{, (1/B)(?B/88g), and {c) the normal-
ized radial derivative of |B|, (v/B)9B/dv) on
the rfa = 0.75 magnetic surface for one field
period. Figure 8.1 is for the configuration with
8y = 0.0 and Fig. 8.2 for 6, = 2.0. The latter
two quantities strongly affect the particle orbit
behavior through the radial and poloidal drift in

the Boozer coordinates [16]

6(8BI aB )?

o - (o8B, 98
T\ 9850/ ,

o = (0 20) B (0d ),
Y\ dv o vy m Y

where the same notations as in Ref. [16] are used.
When the currentless (£ = 0), zero beta (g = 0),
zero radial electric field {® = 0) cases are consid-

ered, 3B/80g (9B/0v) contributes to the radial

(poloidal) drift directly. The region surrounding
the locationof B, in Figs. ®.1{a} and 8.2(a) cor-
responds 1o the local minimum of the magnetic
field strength. This region extends to the entire
toroidal field period in Fig. 8.1(a), causing the
toroidally connected mod-B,.,, contours in Fig.
5.1. On the other hand. it is toroidally localized
as shown in Fig. 8.2(a) for é, = 2.0 case. which
gives the significant toroidal localization of mod-
Binin contours in Fig. 5.3. The |B| depends more
on the toroidal angle due to the larger bumpy field
at rfa = 0.75 for §, = 2.0 case. The normalized
poloidal derivative of |B} shown in Figs. 8.1(b)
and 8.2(b) does not alter (except the derivative
of |B|) by the introduction of the radial varia-
tion of the bumpy field. which does not have the
poloidal angle dependence. This fact implies that
the magnitude of the radial drift is almost the
same for these two configurations. The signifi-
cant difference of the radial derivative of |B| is
seen by comparing Figs. 8.1(c) and 8.2(c). The
maximum value of |{v/B)(8B/d¢){ is about 0.1
for &, = 0.0 case, and. on the other hand, it is
about 0.2 for &, = 2.0 case, located at the cen-
ter of the Fig. 82(c}. The notable point is that
the location of the maximum |(¢/B)8B/84)]| is
far from the local minimum of |Bj} for §, = 0.0
case. but it is well alinged for 8§, = 2.0 case.
Since deeply trapped particles appear around the
local minimum of [B|, the enhancement of the
poloidal drift in the same region for &, = 2.0 case
effectively reduces the collisionless particle loss as
shown in Fig. 6. It should be noted that only the
bumpy field can enhance the poloidal drifi with
keeping the radial drift unchanged by introduc-
ing the radijal variation of the amplitude, because

other dominant field components depend on the



poloidal angle 6g, which also enhances the radial
drift.

These modifications of trapped particle or-
bits caused by the well alignmenet of the larger
poloidal drift region to the region of local min-
imum of the magnetic field strength cause the
improvement of collisionless particle confinement.
This is realized by the introduction of the in-
crease of the bumpy field towards the plasma
edge, which may be obtained in finite beta equi-
libria in helical-axis heliotrons. At zero beta, the
control of toroidal coil current will produce such
profile of the bumpy field. Thus the bumpy field is
worth for improving collisionless particle confine-
ment in helical-axis heliotrons with the flexibility

for the bumpy field control.

4 Summary

Roles of bumpy field on collisionless parti-
cle confinement in helical-axis heliotrons have
been considered based on the mod- B,,;, structure
and orbit calculations in the Boozer coordinates.
The typical model magnetic field for conventional
planar-axis heliotrons include only helicity and
toroidicity components in the Boozer spectrum.
However, since the bumpy field component typi-
cally appears in helical-axis heliotrons, the model
magnetic field has been extended to include it.

Mod- By, contours projected on a poloidal
cross section become elliptic shape depending
on the ratio between the toroidicity and helic-
ity. The center of mod-B,,., contour can be
shifted with the bumpy field. Thus helical-axis
heliotrons have a larger flexibility to control the
mod- By, structure than conventional planar-

axis heliotrons. Therefore, the inward magnetic
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axis shift. which is usually required to align the
mod-B,,;, contours with magnetic surfaces in
conventional heliotrons, is not necessarily essen-
tial in helical-axis heliotrons. This property is fa-
vorable to obtain the compatibility between suffi-
cient MHD properties and good particle confine-
ment. The conditions for the existence of the
closed mod-B,,;, contours lead to the appropri-
ate range of the ratio of ¢;/¢;, depending on the
Bn value or the particle energy. It becomes
more negative as the ratio of €;/¢; is increased.
This negative value of ¢;/¢; is required to align
the bottom of the magnetic field ripple, which is
necessary to close mod-B,,;, contours. Accord-
ing to the orbit following calculations, collision-
less particle loss rate is decreased as the closed
mod- B,,,, area projected on the poloidal cross
section is increased. Therefore, the closed mod-
B area can be utilized as the measure to eval-
uate the collisionless particle confinement as long
as the mod-B,;, contours extend throughout a

torus.

Mod-B,,;, contours are torcidally localized
when the bumpy field amplitude is increased to-
This is due to the

formatior of local minimum of the magnetic

wards the plasma edge.

field strength around the toroidal angle where
the bumpy field contributes to weaken the field
strength. The orbit calculations show the sig-
nificant improvement of collisionless particle con-
finement in the presence of toroidally localized
mod- B,,., contours. The collisionless particles
with almost only perpendicular velocity follow
these toroidally localized mod-B,,,, contours in
one field period after being trapped in the bumpy
field ripple. This occurs even if they are launched

from the toroidal angle where mod- B,,,, contours



do not pass. which is the main reason for the
significant improvement. The magnetic field to-
pography is also valuable to consider the reason
for the improvement. The region with the large
poloidal drift is well alinged to the region of the
local minimum of the magnetic field strength with
keeping the radial drift unchanged for the config-
uration with the radially increasing bumpy field.
The bumpy field is the only field component with-
out the poloidal dependence. which does not in-
duce the radial drift even if the radial variation
of the amplitude is introduced. Since the bumpy
field component can be controlled in a wide range
through the coil current control in helical-axis he-
liotrons, it should be worth investigating a suit-

able coil current distribution based on this study.
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Figure Captions

Fig.1: Mod-B,,;n with B /Be = 0.85 for
€y /€ne = —0.618 (dotted curve) and €, /ex, =
—0.382 (chain curve) in the case of €5, = 0.17
and ¢, /€en, = 0.5.

Fig. 2:
mod-B,,;, contour in the range of 0.8 <
Bran/Bo £ 0.95 in the cases of ,/€p, =
0.0,0.25.0.5 and 0.75 {solid, dotted, chain
and finer dotted line, respectively) with
€2 = 0.2. The numbers (I), (I} and (HI)

on each line correspond to those in (9).

The range of €/en, to close the

Fig. 3: The fraction of closed mod- B,,;,, area to
the plasma cross section, f, as a function of
€y/€n, Tor several cases of ¢4, /¢j,. Each line

denotes the same €;,/¢p, as in Fig. 2.

Fig. 4: Time trace of lost particles for three con-
figurations, A, B and C indicated in Fig.
3. The fraction of trapped particles for each
case is also indicated by the dot.

Fig.5.1-3:
the Boozer coordinates for €,/er, = 0.5
and € /€y, = —0.5. (b) Mod-B,,,, con-

tours projected on a poloidal cross sec-

(a) Magnetic field spectra in

tion. {c¢) Mod-B,,;, contours projected on a
((B,{r/a)sin g} plane. (d) The variation of
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the magnetic field strength |B| on the equa-
torial line on (g = 0 and (1/2){(2x/M}.

Fig. 6: Time trace of lost particles for three con-
figurations with several §; values. The frac-
tion of trapped particles is also indicated by
the dot.

Fig. 7: (a) Poloidal projection of collisionless
particle orbits with ¥, = 0 initially in the
configuration with €, /en, = 0.5, e /ep, =
—0.5, and & = 0.0 (Fig.7.1), & = 1.0
(Fig. 7.2) and ¢; = 2.0 (Fig.7.3). They
are launched from (r/a,6p) = (0.75,0.0)
with (g = 0,(1/4)(27 /M) and (1/2)(2x /M)
(green, blue and red, respectively). (b) Par-
ticle trajectory on ({p.fg) plane for the cor-

responding particles shown in panel (a).

Fig. 8.1-2: The distribution of (a) the mag-
netic field strength |B|, (b) the normalized
poloidal derivative of |B|, (1/B)(8B/39R),
and (e) the normalized radial derivative of
|B|, (¢/B){(8B /&) on the r/a = 0.75 mag-

netic surface for one field period.
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