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Abstract. The direction of the bootstrap current is inverted in the outward shifted plasmas of the Large Helical
Device (LHD). In order to verify the reliability of the theoretical models of the bootstrap current in helical
plasmas, the rotational transform profiles are observed by the Motional Stark Effect measurement in the
bootstrap current carrying plasmas of the LHD, and they are compared with the numerical simulations of the
toroidal current profile including the bootstrap current. Since the toroidal current profile is not in the steady state
in these plasmas, taking care of the inversely induced component of the toroidal current and finite duration of the
resistive diffusion of the toroidal current are important in the numerical simulations. Reasonable agreement can
be obtained between the rotational transform profiles measured in the experiments and those calculated in the
numerical simulations

1. Introduction

Since the rotational transform profile, which has important roles on the magnetohydro-
dynamics (MHD) stability and transport, is sensitive to the net plasma current, it is
indispensable to estimate the toroidal current profile quantitatively. In the LHD, Ohmic
current is not driven actively by the external circuit, and observed total toroidal current is
mainly driven by the non-inductive current, such as the bootstrap current and Ohkawa current.
Since the total toroidal current does not reach the steady state in most of the LHD experiments,
the current ramp-up due to the non-inductive current induces the toroidal electric field
inversely in accordance with Faraday’s law. In addition to that, high electric conductivities of
plasmas cause slow radial diffusion of the toroidal currents. In order to estimate the toroidal
current profile quantitatively, therefore, not only a theoretical model for the non-inductive
current but also that for the current profile evolution is required even in helical plasmas, in
which the current profile evolutions have not been studied extensively. Otherwise, theoretical
models of the non-inductive current, such as the bootstrap current, in helical plasmas cannot
be verified properly by the experiments.

It is predicted theoretically for LHD plasmas that the configuration dependence of the
bootstrap current is strong in the outward shifted plasmas and it affects the MHD equilibrium
limit [1]. In the previous studies, total amount of the bootstrap current was estimated
experimentally in the LHD plasmas and compared with that obtained from the theoretical
calculation [2]. But there had previously been no experimental estimation of the radial profile
of the bootstrap current. The Motional Stark Effect (MSE) measurement is now equipped in
the LHD [3], and the rotational transform profile can be measured. Moreover, a numerical
simulation code, TASK/EI+BSC [4, 5], is available to calculate the time evolution of the
bootstrap current profile consistently with the three-dimensional (3D) MHD equilibrium. The
TASK/EI+BSC code solves a time evolution equation of the rotational transform profile,
which is equivalent to the toroidal current profile, by the iterative calculation with the 3D
MHD equilibrium and the bootstrap current calculations. In this paper, we compare the
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rotational transform profile obtained by the MSE measurement and that calculated by the
numerical simulation of the toroidal current including the bootstrap current component and
the inductive current component.

2. Numerical Simulation of the Toroidal Current Evolution

In the BSC code [6], the bootstrap current is estimated based on the momentum method for
asymmetric devices proposed by K.C. Shaing et al. [7, 8], where the linearized drift kinetic
equation is solved analytically, and connection formula from 1/v to Pfirsch-Schiilter
collisional regime is applied.

A conservation equation of the rotational transform . is derived from the contravariant
component of Faraday’s law:
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normalized by its value at the plasma boundary, V=V /(2r)’, V is volume inside the flux
surface. Primes denotes derivative with respect to s, 7, 1is the neoclassical parallel resistivity,
(j-B) and (j,,-B) correspond to the flux averaged parallel current density and
non-inductive current density, respectively. When we use the relation between (j-B) and ,
we can obtain,
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where ¢, = & /2r, <BQ> is flux surface average of the square of magnetic field strength,

p 1is pressure, S, and S, are the susceptance matrix defined in Ref.[9]. This equation is

solved in the TASK/EI code with the MHD equilibrium quantities obtained by the VMEC
code [10] and non-inductive current (the bootstrap current in the present case) calculated by
the BSC code.

The equilibrium and bootstrap current data are supplied to the TASK/EI and the rotational
transform is evolved during some time interval, which is typically 100ms for LHD plasmas.
In the equation of the rotational transform evolution, we assumed that MHD equilibrium
quantities such as susceptance matrix are consistent with evolved . (in this sense, the
equation is intrinsically non-linear), but we also assumed that change of . and the resultant
change of MHD quantities are negligibly small during the time interval. Then, the updated
rotational transform profile along with the experimentally obtained density and temperature
profiles are used as input of the equilibrium code, and bootstrap current is re-estimated by the
BSC again. These procedures are iterated during the simulation.

3. Dependence of the Bootstrap Current Profile on the Plasma Position

In order to verify the capability of the bootstrap current calculation code, BSC code, the total
amount of the toroidal current calculated by the BSC code is compared with that estimated
experimentally. We estimate the non-inductive current by taking into account of the mutual
coupling due to the structure surrounding the plasma, such as coils, vacuum vessel and so on.
Figure 1 shows the dependence of the non-inductive current obtained experimentally on the
magnetic configurations with different magnetic axis. The volume averaged beta values are



40 T T T

® Experiment
—s«— Theo. Pred.

30+ 4

L

(KA}

MI

Fig.1 The magnetic axis position dependence
of the non-inductive current obtained
experimentally and the comparison
between experimental results and the
theoretical prediction.

almost same, <Bg;;>=0.33~0.41%. The data
are obtained under the same condition of NB
injection; co NB has the port through power
of 2MW with beam energy of 150keV, and
two counter NBs have 0.6MW with 120keV
and IMW with 150keV, respectively. Circles
denote the experimental data and a line
denotes the theoretical prediction of the
bootstrap current by the BSC code. We find
that the bootstrap current is the most probable
candidate as a driving mechanism of the
non-inductive current in LHD experiments
under the balanced NB injection.

The rotational transform profile is measured
by the MSE in LHD plasmas of which
vacuum  magnetic axis  position  are
Raxis=3.9m. Time evolution of this discharge
is shown in Fig.2. In this NB balanced
injection discharge, <B4;,>~0.5% and the total
toroidal current reaches around 10kA. Figure
3 shows time evolution of the electron
density and temperature profiles of this
discharge obtained from the experiment. In
Fig.3, the radial variable p=s"
corresponds to the representative normalized
minor radius. The electron density has a
rather flat or hollow profile. The electron
temperature has a bell-shaped profile and its
profile is almost constant in time. Figure 3
also shows a pressure profile when we
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Fig.2 Time evolution of experimentally
observed electron densities, volume
averaged beta, and the total plasma
current for R.is=3.9m case.
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Fig.3 Time evolutions of electron density
profile, electron temperature profile,
and pressure profile measured in the
experiment for Riis=3.9m case
shown in Fig.2.
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Fig4  Time evolution of the rotational Fig.5  Time evolution oftheﬂu'x averaged
transform profile obtained by the MSE parallel current profile obtained by the
measurement for Ris=3.9m case. numerical simulation  for  Ruis=3.9m
) case.
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Fig.6  Time evolution of the rotational P
transform profile obtained by the
numerical simulation for R.is=3.9m
case.

Fig.7  Dependence of the rotational
transform profile at t=3.1s on the assumed
current profile for R.is=3.9m case.

assume that the ion temperature is equal to the electron temperature. These profiles obtained
from the experiment are used in the numerical simulation of the plasma current.

In Fig.4, the rotational transform profiles obtained by the MSE measurement for the
Raxis=3.9m case corresponding to Figs.3 and 4 are shown. It can be seen from Fig.4 that the
central value of the rotational transform is around 0.6, and its minimum is about 0.55 and
located around p=0.4~0.5. Time evolution of the rotational transform profile is calculated by
the TASK/EI+BSC with the VMEC. In this calculation, experimentally estimated time
evolution of density and temperature profiles in Fig.3 is used. Measured total current in Fig.2
is also used as a boundary condition of the rotational transform evolution. Figure 4 shows
time evolution of the flux averaged parallel current profiles obtained by the numerical
simulation. The current density is almost zero around the half radial position and slightly
positive near the edge, and it is increased with time near the plasma center. Total current at
t = 3.1s 1is about 10kA. On the other hand, the bootstrap current calculated by the BSC is
positive in the entire region, and total bootstrap current is about 30kA. Corresponding
rotational transform profile is shown in Fig.6. This profile does not change in time except for
the central region, as same as that in Fig.4 estimated by the MSE measurement. Finally, the
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current for Ryis=4.05m case.

rotational transform estimated by the
simulation is compared in Fig.7 with those o
calculated by using two different current
profiles. One 1is that calculated by the
VMEC code with the currentless constraint. :
Another is that obtained from the VMEC P 0
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equilibrium calculation by taking the
bootstrap  current into account but
neglecting the inverse inductive current.
The currentless equilibrium gives the
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but increase of that near the plasma center
cannot be reproduced. If we neglect the
inductive current, we cannot explain the
small total current and obtain larger
rotational transform near the edge. From
these results, we can conclude that the
numerical result is consistent quantitatively
with the measured one for this case.

Fig.9 Time evolutions of electron density profile,
electron temperature profile, and pressure
profile measured in the experiment for

] ) Raxis=4.05m case shown in Fig.é§.
Since the configuration dependence of the

bootstrap current around Rgis=4.05m is R
more sensitive than that around R,=3.9m, L # 82582
as is shown in Fig.1, dependence of the 08
theoretical model is more pronounced in the

Raxis=4.05m case. Therefore, this

configuration is more suitable to verify the 06
theoretical model for the bootstrap current
calculation. Time evolution of this
discharge is shown in Fig.8. In this 0.4
discharge, <Pgi.>~0.4% and the total ]
toroidal current flows inverse direction 02 04 _06 08 10
compared to the case of Ruis=3.9m and P

reaches around —14kA . Figure 9 shows
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) ; . Fig.10 Time evolution of the rotational
time evolutions of the electron density transform profile obtained by the MSE
measurement for Ris=4.05m case.
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profile, temperature profile, and pressure
profile of this discharge obtained from the
experiment. The electron density profile is
quite flat and increases with time. In Fig.10,
the rotational transform profiles obtained by
the MSE measurement for the R.;=4.05m
case corresponding to Figs.8 and 9 are
shown. It can be seen from Fig.10 that the
rotational transform is almost uniform and
its value is around 0.68. It is found from
Fig.10 that the rotational transform at the
edge decreases in time slightly. This is
consistent to the behavior of the total current
evolution.

Figure 11 shows time evolution of the flux
averaged parallel current profiles obtained
by the numerical simulation. The net current
is negative except for the central region. The
bootstrap current profile shown in Fig.11
has similar profile but total amount of the
bootstrap current is about —5.5kA at
t = 3.9s  while the total current observed in

the experiment is around —14kA | The

result of the time evolution calculation of
the rotational transform profile for the
configuration with R,is—=4.05m, which
corresponds to Fig.10, is shown in Fig.12.
Both the numerical result and the measured
one show flat rotational transform profiles
around 0.68. But there is a small difference
at the plasma center. As we can see in Fig.13,
neglecting the plasma current, 1i.e.
currentless  equilibrium, gives larger
rotational  transform than the MSE
measurement on the overall region.
Neglecting the inductive current, i.e.
considering only the bootstrap current in the
MHD equilibrium calculation, gives too
large rotational transform at the center. In
those sense, the numerical simulation by
considering the inductive current shows
reasonable agreement with the experimental
observation. But more accurate bootstrap
current calculation, such as that using the
DKES code, is expected to improve the
agreement since the theoretical model used
in the BSC is not sufficiently accurate when
the bootstrap current is nearly zero.
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Fig. 11 Time evolution of the flux averaged
parallel current profile obtained by the
numerical simulation for R.is=4.05m case.
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Fig. 12 Time evolution of the rotational
transform  profile  obtained by the
calculation for Ris= 4.05m case.

09 =39 [sec]

v without inductive current

08 1
—

07 | e

t 06 /\

with inductive current ]

0.5 1 | currentless

04}

0.3

0 02 04 06 08 1
p

Fig. 13 Dependence of the rotational
transform profile at t=3.9s on the assumed
current profile for R,is=4.05m case.
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4. Conclusion

The MSE measurement and numerical simulation of the rotational transform profile are
performed in the bootstrap current flowing outward-shifted LHD plasmas. The bootstrap
currents estimated by the BSC code increase the rotational transform in LHD plasmas of
which vacuum magnetic axis position are Ryyis=3.9m. Observed net toroidal currents (10kA)
are well below the bootstrap currents (30kA), and can be explained by the existence of the
inverse inductive currents, which are taken into account in the numerical simulation. If we
neglect the net plasma current or inverse inductive current in the equilibrium calculation, the
rotational transform profile measured by the MSE cannot be reproduced. Numerical result
which is consistent with the experimental observation can be obtained quantitatively.

For the case of R.is=4.05m, negative or subtractive total toroidal currents are observed in the
experiment. The direction of the subtractive bootstrap current is opposite to that of the
bootstrap currents in tokamaks and corresponds with that in the straight helical plasmas.
Theoretical prediction showed that, in L=2 heliotron, the bootstrap current flows opposite
direction when the plasma is shifted outward. Therefore, the observation can be explained
qualitatively by the bootstrap current calculation by the BSC code. However, the amount of
the calculated bootstrap current (—5.5kA) is different from the observed total current (—14kA).
This can be also explained by the existence of the inductive current. Since bootstrap current
flows in the positive or additive direction at the plasma center but does in the subtractive
direction elsewhere than the plasma center in the case of Ruis=4.05m, accurate estimations of
the bootstrap current are required. In this paper, we found that the numerical simulation
preformed by considering bootstrap current estimated by the BSC code and the inductive
current shows reasonable agreement with the experimental observation. But more accurate
bootstrap current calculation, such as that using the DKES code, is expected to improve the
agreement since the theoretical model used in the BSC is not sufficiently accurate when the
bootstrap current is nearly zero. That is a future problem we should resolve.
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