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HINT Computation with the Bootstrap Gurrent
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Abstract
The revised HINT computation for calculating a stellarator equilibrium with islands under the

effects of the self-consistent bootstrap current is presented. To check the validity of the revised

computation, it is applied to a helias equilibrium with islands'
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1. lntroduction
To study three-dimensional (3-D) MHD equilibria

with islands under the effects of the bootstrap current,

the HINT code [,2] is revised, which originally treats

only currentless equilibria. The calculation is based on a

time-dependent relaxation technique using small values

of resistivity and viscosity. The original HINT code was

applied to finite beta three-dimensional equilibria

without a net toroidal current, because three-dimensional

equilibria have the possibility of net current-free steady

operation. The most important advantage of the HINT

code is that it does not need to assume the existence of

nested flux surfaces in an equilibrium. Thus. the HINT

code enables us to investigate quantitatively; l) the

deterioration of magnetic surfaces due to the magnetic

island formation and 2) the self-healing of magnetic

islands in finite beta plasmas in three-dimensional

currentless equilibria [3-5].
Although the three-dimensional equilibria have a

possibility to exist under the curentless condition, the

net toroidal current, namely, the bootstrap current can

flow according to the experimental condition. Properties

of a Large Helical Device (LHD) [6] equilibrium with

the self-consistent bootstrap current are examined [7,8]

and the effects of the net toroidal current on the Mercier

stabitity are also investigated [9] under the assumption

that nested good flux surfaces exist. The bootstrap

current changes the rotational transform so drastically

that the resonance condition for appearance of the

magnetic island will be altered' which leads to the

formation and/or self-healing of magnetic islands' To

investigate such phenomena, the HINT code has been

revised. In this paper, we propose the revised HINT

computational method and apply it to some helias

equilibrium with islands in order to check the validity of

the new HINT code.

2. Modification of the HINT Computation
In the HINT code, an MHD equilibrium is obtained

starting from an arbitrary nonequilibrium initial plasma

and vacuum field configuration by means of a time-

dependent relaxation method with small values of

resistivity 4 and viscosity v. Calculations are performed

in the three steps.

The first step (A-step) is the relaxation process of

the pressure along magnetic field lines. To speed up the

relaxation of the pressure, we make an average of
pressure, p, along a field line, and interpolate a value of
pressure at each grid point by using the averages p [3].
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p+F=ry!2.
!a(rc'

where I means the length along the field line.

(1)

In the second step (B-step), calculation of the
bootstrap current is performed under conditions of a

fixed pressure profile and a fixed magnetic field, if and
only ifclosed flux surfaces are found. In the calculation
of the bootstrap current, we employed the Boozer
coordinates @, e, 0, where ryis the toroidal magnetic
flux divided by 2n, and 0 and ( are the poloidal and
toroidal angles, respectively. If the collisionality of
electrons is same as one of ions, the bootstrap current is
expressed in each collisionality limit as follows;

(i ' u)," = - Gu, It,*+ L,n q ), ,r,-\ 'dvl dv )
where ( ) means the flux surface average, n is the
density and I is the temperature (p = 2nT; n = hi = tt., T
= Ti = 7., and n, T n r/p in this work). Z, and L2 are the
transport coefficients, which are composed of the
viscosity and the friction coefficients, and Go" is the
geometrical factor given in Refs. [Z-10]. To evaluate the
bootstrap current through ES. e), the spectra of the
magnetic field strength in the Boozer coordinates are
needed with some surface quantities t7-101. To obtain
the spectra of the magnetic field strength and surface
quantities, we use the methods of Boozer Il l] and Rome

[2] with the magnetic field line tracing. To estimate the
bootstrap current in various collisionality regimes, we
use the connection formula derived in Ref. [9], instead
of Eq. (2).

The calculation scheme of the bootstrap current in
the island regions is briefly described as follows. Even if
an equilibrium contains islands or stochastic regions, we
can construct the magnetic coordinates (ty, 0, () by
using the method of the quasi-magnetic coordinates
[3]. The profile of pressure in the island becomes flat,
when the numerical equilibrium sufficiently achieves the
relaxation state, because the islands are generated by
bifurcating from a rational surface. Thus, the gradients
of pressure and temperature, dpld,ty and, dTldry, become
zero in the islands, and the value ofthe bootstrap curent
is zero, by assuming that the formulation of the
bootstrap current, ES. Q), is also appropriate in the
quasi-magnetic coordinates. Note that the bootstrap
current also becomes zero in the stochastic region
outside the outermost surface, because p = 0 in this
region. To numerically distinguish sufficiently large
islands from negligibly small islands (or rational

surfaces), we trace a field line started from a fixed point
(an O point of the island) and calculate the residue, .f,
of Cary and Hanson [14]. If the residue satisfies the
condition 1 > n > €n, the island is decided to be
numerically visible, where ra is a small parameter, I >>

€n ) 0, and defines the size of the negligibly small
islands. In order to decide the boundary of islands,
contour lines of the pressure can be used. We define that
the island region is given by the condition p\!"|^,a> p >
p\;luno, where p\tlu"a = pi,runa t Ep, pi"r^d is the pressure at
an O point of the island, and eo is a small parameter
with I >> tplp;"rund > 0 and gives the width of the island
region. Note that in progress of the relaxation process
the profile of pressure in islands is not exactly flat. The
bootstrap current is given as zero in the island region
with the condition p(itluna > p > p!"L,a, while the current
in all plasma regions except islands is calculated by the
connection formula based on E,C.e).

The third step (C-step) is the relaxation process of
the magnetic field under a fixed pressure profile
U,2,151. To calculate the MHD equilibrium with the net
toroidal current. we revise the Faraday equation in the
C-step, according to Refs. 116,171. If there are closed
magnetic surfaces in the plasma region, the Faraday
equation can be generalized as

(3)
where B U.B>6"/(R) = 0 in the island region and regions
in which closed magnetic surfaces do not exist.

Solving numerically the above relaxation equations
in the revised HINT computation, we find a 3-D MHD
equilibrium with the bootstrap current in a helical
system.

3. Results of the Revised HINT
Computation and Discussions
To check the validity of the revised HINT

computation, the revised code is applied to a helias
equilibrium with the field period of M = 5 and the
magnetic field strength of Be - 4 T at the magnetic axis,
where there is no island in the vacuum maenetic field
structure.

For the central beta value Fr= 8.5Vo, the magnetic
field structure of the helias equilibrium is shown in Fig.
I under the currentless condition, and the island chain
with the rotational transform of tl2tt= 5/6 is generated.

AB

dt
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Fig. 1 poincare plots of magnetic field lines for a currentless helias equilibrium. Here, the value of the magnetic field

strength at the magnetic axis is given as Bo = 4T'
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Fig. 3 Profiles of the bootstrap current and the rotational
transform are given as functions of the miner
radius, rla * 'lV T" = 1.8 keV dnd no = 7.8 x 1020 1l
m3 are given.

From this figure we easily conclude that there exist

closed magnetic surfaces in the equilibrium, and the

magnetic coordinates can be constructed. The pressure

profile becomes flat in the island region as shown in

Fig. 2. In this region the bootstrap current should be

zero, according to the idea of the B-step. If the bootstrap

current is calculated actually by using the equilibrium
quantities for this case, the profile of the net current is

described with the rotational transform in Fig. 3. Here

we define in Fig. 3 that the temperature and the density
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Fig.2 The pressure profile of the currentless helias
equilibrium.
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Fig. 4 Poincare plots of magnetic field lines for the
helias equilibrium with the self-consistent
bootstrap current of about 7 kA.

ila

Fig. 5 Profiles of the bootstrap current and the rotational
transform for the final result. Io = 2 keV and no =
6.8 x 1020 1/m3 are defined.

at the magnetic axis, Ts and, ns, are equal to 1.8 keV and
7.8 x 1020 1/m3, respectively. The zero net current
appears in the island region with Ll27t = 516 and the total
value of the net current is estimated to be about 4 kA for
this case.
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Continuing the revised HINT computation, we have
the final result as shown in Fig.4. The islands at t/2n=
5/6 are suppressed by the effects of the self-consistent
bootstrap current. Profiles of the bootstrap current and
the rotational transform are given in Fig. 5. The net
current makes a rapid ascent of the rotational transform
at tl27t = 5/6 as compared with the currentless case, and
as a result the island region is healed and reduced to a
rational surface.

We continue to study the effects of the self-
consistent bootstrap current in order to understand the
physical mechanism of the island suppression and
especially focus on the relation to the 'self-healine'.
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