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Abstract

The analysis method of the Motional Stark Effect (MSE) diagnostic to measure the rotational transform
and current profiles in the Large Helical Device (LHD) has been improved. This was done by using the
VMEC code to calculate an equilibrium database for various pressure profiles and current profiles. This
method looks for the radial profile of the rotational transform in the equilibrium database that gives the
best fit to the polarization angle profiles measured with the MSE diagnostic. This analysis improves the
measurements of rotational transform especially near the magnetic axis, where the sensitivity of the polarization
angle measurements becomes low and the uncertainty due to error in the estimation of the Pfirsch-Schliiter
current becomes large. The radial profiles of the rotational transform and current profiles for Electron Cyclotron
Current Drive (ECCD) and Neutral Beam Current Drive (NBCD) are obtained in the new analysis method with
a sufficiently high accuracy to discuss the discrepancy of the current density profiles between the measurements

and the calculations.

1 Introduction

Nuclear fusion is regarded by many as the holy grail
of energy production. It offers a practically limitless
supply of clean and safe energy, compact power plants
and no climate change driving emissions [1]. However,
the realization of a viable nuclear fusion energy plant
is still far off as many problems need to be solved.

Magnetohydrodynamics (MHD) instabilities are a
big issue in fusion devices, causing a huge increase in
heat transport which leads to heat losses [2]. These
instabilities are highly sensitive to the magnetic shear
and are especially prevalent near the rational surfaces
of the safety factor ¢, the ratio of toroidal turns per
poloidal turn of the flux surface of field lines in the ma-
chine. In stellarators, the rotational transform ¢ = 1/¢
is often used. Control of the rotational transform and
magnetic shear would be a big step in increasing the
stability of nuclear fusion plasmas and indirectly in-
creasing the heating efficiency through better confine-
ment.

The rotational transform in the Large Helical Device
(LHD), one of the biggest stellarators in the world, is
a superposition of the rotational transform from the
toroidal plasma current and that from the current of
external coils. Therefore, there are two approaches to
control the rotational transform in LHD. One is control
by external coil current and the other is control by al-
tering the plasma current using non-inductive current
drive and screening currents. The sign and strength

of the magnetic shear have a significant influence on
transport and MHD stability, especially near the ra-
tional surface. By controlling the radial profile of the
toroidal plasma current, the strength of the magnetic
shear at the low-order rational surface can be changed.
Therefore, the goal of this research is to clarify the role
of non-inductive current drive and screening currents
on the control of the rotational transform and magnetic
shear.

Neutral Beam Current Drive (NBCD) and Electron
Cyclotron Current Drive (ECCD) are used to drive cur-
rent in LHD. The rotational transform in the plasma
core is determined by the current profile, while the ro-
tational transform at the boundary is determined by
the total current which is measured with Rogowski
coils. The Motional Stark Effect (MSE) diagnostic was
used to obtain the rotational transform and current
profile, since Rogowski coils only provide the total cur-
rent [3, 4, 5, 6, 7, 8. The MSE diagnostic measures
the pitch angle of the magnetic field inside the plasma.
Using the direction of the magnetic field, the toroidal
and poloidal components of the magnetic field can be
obtained. These are compared with model data to ob-
tain the rotational transform and magnetic shear. The
accuracy of the polarization angle measurements is not
high enough to derive the rotational transform near
the magnetic axis directly in LHD. This is because of a
lack of MSE measurements in the high field side across
the magnetic axis. Because of this, it is difficult to
distinguish the vertical magnetic field caused by the



plasma current and by the Pfirsch-Schliiter current in
the midplane [9]. On top of that, the uncertainty of the
Pfirsch-Schliiter current contribution causes a large er-
ror bar in the rotational transform near the core of
the plasma [10]. These complicating factors need to be
taken into account to obtain an accurate measurement
for the rotational transform. A large-scale equilibrium
database based on VMEC code calculation for real-
time magnetic coordinate mapping has been developed
for LHD [11]. In the analysis of MSE measurements,
this VMEC database is used to provide the rotational
transform profile during the shot interval (3 minutes)
of LHD experiments.

A new analysis technique for MSE measurements us-
ing this VMEC database has been developed in order
to provide the precise radial profile of the rotational
transform. This new analysis is a hybrid method of
two approaches presented in previous papers. One is to
select the best fit rotational transform from the VMEC
database to reproduce the polarization angle profile
measured [3]. The other is to calculate the individual
rotational transform values from the individual polar-
ization angle values using the linear relation between
the change in the rotational transform and the change
in the polarization angle [10]. The details of this hy-
brid analysis technique are described in this paper.

In section 2 the NBI and ECCD tools are introduced
as well as the concept of rotational transform and the
MSE diagnostic and its hurdles. In section 3 the ma-
chine, diagnostics and actuators used in this MSE ex-
periment are described. In section 4 the improved anal-
ysis script is treated, after which the method through
which the experiments were performed is given. In sec-
tion 5 the results obtained with the new analysis script
are shown. In section 6 a summary is given as well as
a proposal for future work.

2 Background information

2.1 NBI

Neutral beam injection (NBI) is a versatile tool that
can be used for plasma heating, current drive, mo-
mentum drive and fuelling. An injected beam needs
to consist of neutral particles because ions would be
deflected by the high magnetic field. After being in-
jected into the plasma, the particles are ionized again
through collisions with particles in the plasma and give
off their energy, heating the plasma. In Neutral Beam
Current Drive (NBCD), current is driven by creating
a difference in the momentum transfer coefficient be-
tween the bulk ions and the beam ions resulting in
a higher coulomb collision frequency for the bulk ions
than for the beam ions. This is achieved through either
a difference in ion charge or a difference in velocity be-
tween the ion populations [12]. NBI can be used to heat
both electrons and ions depending on the beam energy.
However, it has a very broad deposition width. Paral-
lel NBI with a negative ion source is used for NBCD
in LHD.

2.2 ECCD

In ECCD the plasma is heated using resonant absorp-
tion of electromagnetic waves following the wave par-
ticle resonance condition [13]

(1)

where w is the frequency of the wave, [ is the EC wave
harmonic number, w, = eB/mec is the electron cy-
clotron gyration frequency, + is the relativistic factor
and k|| and v are the wave number and particle veloc-
ity parallel to the magnetic field B respectively. The
high power electromagnetic waves from gyrotrons are
redirected and injected into the plasma. The electro-
magnetic waves deposit their energy to the electrons
at the radial position where the resonance condition
is met. Through oblique injection of the waves to the
magnetic field lines, electrons flowing in one direction
along the field line are selectively heated by the waves.
The resultant higher momentum leads to a lower colli-
sionality, which causes a longer slowing down time [12].
This in turn causes an increase in current. ECCD has
a very small deposition width, which makes it ideal for
localized current drive. It is also steerable and can be
aimed at any flux surface. However, the current drive
efficiency is relatively low and the wave frequency tun-
ability is limited.

w —Zwe/7 = kH’UH

2.3 Rotational transform

The safety factor g, the amount of toroidal turns a
magnetic field line in a given flux surface makes per
poloidal turn, is widely used to evaluate the stability
of fusion plasmas. At rational g values the magnetic
field lines are closed, leading to magnetic islands which
are often associated with MHD instabilities. The rota-
tional transform, defined as ¢« = 1/¢, is widely used in
heliotron and stellarator devices. ¢ or ¢ is determined
using the measured polarization angle +y,, which is the
projection of the magnetic pitch angle of Balmer alpha
line emission in the MSE diagnostic. Due to the obser-
vation geometry in the machine, changes in the rota-
tional transform are roughly proportional to changes in
the measured polarization angle. Due to the geometry
of the magnetic field in the toroidal device, changes in
the measured polarization angle are smaller closer to
the center for similar changes in the rotational trans-
form. Because of this, the slope d¢/d7, becomes bigger
near the center [10].

2.4 MSE

MSE polarimetry is a popular way to determine the
internal magnetic field of a plasma. It is based on the
Stark effect, where an electric field causes a splitting
and shift of atomic energy levels in an excited neutral
particle. In MSE polarimetry the motional Stark effect
is used, where a Lorentz electric field £, = v x B is
experienced by particles from the neutral beam mov-
ing with a velocity v through a magnetic field B. The



emission spectrum from the excited particles has spec-
tral lines corresponding to the transition energies of the
split energy levels. The polarization properties con-
tain linear components and a superposition of circular
components, which turn out to be perpendicular to the
Lorentz electric field E'y,. The polarization angle, which
is the projection in the plane of sight of the pitch angle
of the magnetic field, can then be used to determine
the ratio Bf;’i between the poloidal magnetic field By,
and the toroidal magnetic field By,,. This can then be
used to determine the ratio % between the toroidal
current I;, and By, in the plasma. From there, the
rotational transform ¢ can be obtained. The Balmer
alpha line is mostly used for measuring the polariza-
tion angle because the Balmer series is the only one in
the measurable spectrum and because of the relatively
high intensity of the alpha line [4].

The MSE diagnostic suffers from two big problems
that need to be solved before the measurements can be
properly analysed. First is the beam geometry. The
NBI probe beam cannot be aimed at the high field side
of the plasma due to the beam geometry as seen in fig-
ure 1. Any passing beam particles would damage the
machine. Because of this, the Pfirsch-Schliiter current,
a pressure driven current that is already present in the
plasma, cannot be evaluated properly. The Pfirsch-
Schliiter current creates an offset in the polarization
angle measurements which needs to be properly deter-
mined before the measurements can be analysed.

The second issue is the low sensitivity of the mea-
sured polarization angle to the rotational transform
near the magnetic axis. The change in polarization an-
gle for a changing rotational transform becomes small
near the plasma center and zero at the magnetic axis.
5‘;7; becomes very high near the plasma center. This
means a small measurement error causes a huge error in
the calculated rotational transform. The dependency
of the rotational transform calculation on 5% should
be reduced as much as possible to enable accurate mea-
surements close to the center.

3 Experimental Setup

The experiments were performed in the Large Helical
Device (LHD), a stellarator type fusion device in Toki,
Japan. The device has a major radius R, of 3.5 to 4.1
m, an average minor radius of 0.6 m and a magnetic
field of 0.5-3 T. The magnetic axis of plasmas in the
device is mostly at 3.6-3.75 m.

The Variational Moments Equilibrium Code
(VMEC) model is used to make an equilibrium
database containing the rotational transform profile,
the major radius of the magnetic axis of the plasma,
and the magnetic field profile for a plasma in equi-
librium for a given combination of pressure, pressure
profile, toroidal current and current profile [10, 11]. It

does so by minimizing the energy function [14]
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where W is the energy, B is the magnetic field in the
plasma, B, is the vacuum magnetic field, pg is the
vacuum permeability and p is the pressure, p is the
normalized minor radius.

Motional Stark Effect (MSE) measurements were
used to obtain the polarization angle required to ob-
tain the rotational transform from the VMEC model.
The MSE diagnostic consists of a spectrometer, opti-
cal fibers and 4 linear polarizers [10]. The polarizers
are tilted by 0, 45, 90 and 135 degrees with respect to
the horizontal direction. By comparing the difference
in light intensity between the perpendicular polariz-
ers, both the linearly polarized m component and the
circularly polarized ¢ component of the light can be
obtained. With both, the polarization angle can be
obtained by eliminating the circularly polarized com-
ponent and its overlap with the linearly polarized com-
ponent. The spectrometer setup is treated in more de-
tail in [10].

LHD is equipped with three negative-ion-based NBIs
with beam energies of 160 - 180 keV and two positive-
ion-based NBIs with beam energies of 40 keV for hydro-
gen beams and 60 keV / 80 keV for deuterium beams.
For a high energy beam, the negative ion sources are
used since the neutralization process has a higher cross-
section, which is essential at high particle energies [15].
One of the negative-ion-based NBIs (NBI #3) is used
as a probe beam for MSE measurements. They have
two ion sources each and are injected tangentially. Of
the three negative-ion based NBIS, the MSE probe and
one other are placed in the same direction and another
is placed in the opposite direction. By regulating the
amount of ion sources per NBI and the total power
injected, NBI effects in both directions can be tested.
The opposite direction NBI can also be used to cancel
out the probe effect in order to minimize the influence
of the probe on the experiment.

Electron Cyclotron Resonance Heating (ECRH) is
also available in LHD. Multiple ECRH beams are
present. The injection angle of each ECRH beam can
be steered two-dimensionally, so that the ECRH beams
can also be used for ECCD. The magnetic field strength
is adjusted to set the resonance layer at the magnetic
axis of the plasma for central ECCD.

Although the total toroidal plasma current and the
magnetic axis position can be obtained by the Ro-
gowski coils and Thomson scattering respectively, these
measurements are only used for cross-checking and not
for the main analysis. This is done in order to avoid the
error being influenced by the other diagnostics. Thom-
son scattering data is only used for the correction for
Pfirsch-Schliiter current contributions of the reference
shot, which is described in section 4.1.

(2)
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Figure 1: (a) gives a top view of the geometry of the MSE diagnostic. The red dots show the intersections of
the injected neutral beam and the lines of sight of several diagnostic channels [10]. (b) shows a plasma with
the magnetic axis at a major radius of 3.75 m [16]. (a) was reproduced from K. Ida, M. Yoshinuma, C. Suzuki,
T. Kobuchi, K. Y. Watanabe, LHD Experiment Group, Fusion Science and Technology 58 383-393 (2010) with
persmission of ATP Publishing. (b) was reproduced with permission from K. Ida, M. Yoshinuma, M. Yokoyama,
S. Inagaki, N. Tamura, B. J. Peterson, T. Morisaki, S. Masuzaki, A. Komori, Y. Nagayama, K. Tanaka, K.
Narihara, K. Y. Watanabe, C. D. Beidler and LHD experimental group, Nuclear Fusion 45 5 (2005).

4 Research Approach

4.1 Analysis Script

A new analysis program was made in python in order
to improve the accuracy of measurements of the
rotational transform, especially near the center. This
was done by taking into account the Pfirsch-Schliiter
current offset and by reducing the dependency of the

measurements on 2- which is large at the center due

5
to the geometry of%j'che diagnostic system. The pro-
gram was uploaded to the NIF'S server and integrated
in the system.

The program loads data from the server concerning
the measured polarization angles and its error, an
equilibrium database generated for the shot number
using the VMEC code and the measured pressure,
current, etc. The VMEC code generates an equilib-
rium database with calculated values for the rotational
transform, current profile, the pitch angle and the
polarization angle at the observation point of the MSE
diagnostic. It does this for the full parameter space of
four parameters; the central pressure Py, the pressure
peaking factor P,¢, the total toroidal current I, and
the current peaking factor I,¢. The pressure peaking
factor and the current peaking factor determine the
shape of the pressure and current profile respectively
as seen in tables 1 and 2.

The polarization angle varies significantly along
each sight line within the neutral beam diameter
and this variation causes a significant wavelength
dependence in the polarization angle, which needs

to be taken into account in the VMEC calculation.
However, the change of the polarization angle, the
difference from the polarization angle in the vacuum
magnetic field, has almost no wavelength dependence
[3], which confirms that the change in polarization
angle due to the toroidal current does not vary much
within the neutral beam diameter. This is because the
poloidal field caused by the toroidal current has more
or less toroidal symmetry and is constant within the
neutral beam width. Therefore, the polarization angle
calculated at the beam axis is used in this analysis
instead of the polarization angle averaged along the
sight line.

Pressure profile Py
Po(1 — p%)? 1.41
Po(1—p%)(1—p) | 2.14
Po(1 — p?)? 3.00
Po(1 — p?)3 4.00
Po(1 — p?)* 5.00

Table 1: The pressure profile for the normalized mi-
nor radius p = 7ers/agy and the central pressure
Py for different values of the pressure peaking fac-
tor P,y [11]. Reproduced with permission from C.
Suzuki, K. Ida, Y. Suzuki, M. Yoshida, M. Emoto, M.
Yokoyama, Plasma Physics and Controlled Fusion 55
014016 (2012).

Because the Pfirsch-Schliiter current contribution
due to the finite pressure in the reference shot is taken



Curl;eglt profile Ips
(1-p*) 10.0
(1-p2)8 9.0
(1-p?)7 8.0
(1-p?)8 7.0
(1-p?)3 6.0
(1-p?)* 5.0
(1-p%)3 4.0
(1-p%)? 3.0
(1-p?) 2.0
(1-p%)? 1.41
(1-p8)%2 —0.6(1 — p?)3 | 0.71
(1-p%)%2 = 0.9(1 — p?)3 | 0.21
(1-p%)2 —1.2(1 — p?)? | -0.49
(1-p%)2 = 1.5(1 — p?)3 | -1.49
(1-p%)2 = 1.8(1 — p?)? | -3.06
(1-p%)2 —2.1(1 — p?)3 | -5.91
(1-p%)% —2.4(1 — p?)3 | -12.6

Table 2: The current profile for the normalized minor
radius p = resy/agy for different values of the current
peaking factor I,y

into account as 7, cor in this analysis, the zero pres-
sure (i.e. much smaller than the pressure in the target
shot) is not a requirement for the reference shot. How-
ever, the toroidal current of the reference shot should
be as close to zero as possible. The measured polar-
ization angle v, mes contains a significant offset due to
the Faraday rotation from the windows in the magnetic
field, which depends on the configuration and strength
of the magnetic field. In order to subtract the offset
due to the Faraday rotation effect, measurements of
the polarization angle of the reference shot are nec-
essary for MSE measurements. Ideally the reference
shot has a current and pressure of 0. In this analy-
sis method the difference between the measured and
the calculated change in polarization angle resulting
from the current and pressure profile, vy 4irs and vy, cal
respectively, is minimized to determine the rotational
transform rather than using the absolute value of the
polarization angle.

In the previous analysis, Vp.diff = Vp,mes — Vp,ref
and Tp,cal = Vp,VMEC — 7p,vac where Tp,ref is the
measured polarization angle from the reference shot,
Yp,vMmEC is the polarization angle calculated by the
VMEC code for a set of parameters and <y, yqc is the
polarization angle calculated by the VMEC code for
a vacuum shot. Here it was assumed that the ref-
erence shot has zero current and zero pressure (zero
Pfirsch-Schliiter current). In the new analysis, the
procedure uses Yp,diff = Vp,mes — Vp,ref + Yp,cor and
Yp,cal = Vp,VMEC — Vpvac Where vy, cor is the Pfirsch-
Schliiter current contribution of the reference shot de-
fined as vp cor = Yp,VMEC(ref) — Vpvac by assuming the
reference shot has zero current but finite plasma pres-
sure. The difference in the polarization angle of the ref-
erence shot is caused by only Pfirsch-Schliiter currents
and can be calculated from the central pressure Py and
pressure peaking factor P,y that give the shift of mag-

netic axis consistent with the measurements. There-
fore, vp,cor is calculated from the shift of the magnetic
axis of the reference shot evaluated by the tempera-
ture profile measured with YAG Thomson scattering.
However, the central pressure Py and pressure peaking
factor P, of the target plasma are selected from the
data that gives the best fit to the measured polariza-
tion angle profile.

For each of the parameter sets from the VMEC
database, the calculated polarization angle v, virec
in equilibrium is taken. By comparing the expected
polarization angle for each equilibrium state in the pa-
rameter space [Py,Ppf,Ip,Ipf| and the experimentally
measured polarization angle, the most likely state of
the plasma can be deduced.  This comparison is done
through a calculation of x which is calculated by

xlt; Po, prvIpJpﬂ =

N
i Z(’Yp,diff[tv pi] — ’Yp,calc[POa va Ip) Ipf7 pi] )2
N i—1 ’Yp,error [tvpz]

3)

where x is evaluated for the time ¢, NV is the amount
of data points in the radial dimension, 7 is the radial
index and 7 error i the measurement error of v, mes-
The minimum value for x gives the equilibrium state
in the database that fits best to the measured data.
The division by 7p.error is done so that the accurate
measurements with a low error have a higher weight
in finding the minimum of x. Taking the equilibrium
state in the database with the lowest value of y, the
radial profile of the rotational transform tpestsir and
the polarization angle 7, pest ri+ With the best fit to the
experimental data are obtained.

Examples of x plots are shown in figure 2. The sensi-
tivity of x to the current peaking factor is higher than
the sensitivity of x to the total toroidal current. Since
the beam has a significant contribution to the pressure,
especially at the low density, the Thomson scattering
diagnostic fails to provide an accurate value for the
central pressure Py. As seen in figures 2a and 2b, the
sensitivity of x to the central pressure is not as high
as the sensitivity to the current peaking factor but still
higher than the sensitivity to the total toroidal current.
Since the x value is quite insensitive to the pressure
peaking factor as seen in figure 2c, the pressure peak-
ing factor can be preset to a constant value near the
measured value to reduce the computing time of the
analysis. The Rogowski coil measurements are only
used to determine the sign of the toroidal current and
check whether the fitted values of I, and I, are rea-
sonable. The program only looks for the minimum of
x in the dimension space where the sign of the current
density corresponds to that of the measured value.

Figure 3 shows the radial profile of the measured
polarization angle and the calculated polarization an-
gle which has the best fit to the measured values. The
correction due to the Pfirsch-Schliiter current contribu-
tion of the reference shot (the differences between the
two measured polarization angles) increases towards
the plasma centre and reaches 1 degree at the plasma
center 7.r5/agg = 0. The radial profile of the polar-



ization angle reproduced by the pressure and current
profiles in the database is consistent with the measured
polarization angle within the error bar. Therefore, the
variation of the pressure and current profiles shown in
table 1 and table 2 in the database is sufficient for this
measurement.
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Figure 2: Examples of calculated x values in the pa-
rameter space of: (a) the toroidal current and the cur-
rent peaking factor (I, I,r), (b) the toroidal current
and the central pressure (I, Fy), (c) the central pres-
sure and pressure peaking factor (Py, Ppy). The calcu-
lations are given at t = 2.3 s for shot number 82716.
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Figure 3: The radial profiles of the polarization angle
measured with (red) and without (blue) the correction
for the Pfirsch-Schliiter current contribution of the ref-
erence shot are given. The radial profile of the po-
larization angle calculated with the VMEC code (solid
line) which has the best fit to the measured values with
correction is given in red. The measurements are given
at t = 2.3 s for shot number 82716.

Before, the rotational transform profile was calcu-
lated by [3, 10]
oL

L[ta P] = lyacuum + T[ta p] (Vp,mes - ’7p,vacuum) (4)
Yp

where tygeuum and Yygeuum are the rotational trans-
form and polarization angle respectively of the vacuum
case in the database and d0¢/07, is calculated for each
point in the radial direction based on multiple values
in the parameter space of the VMEC database at that
radial position. Because §t/dv, becomes very large
near the magnetic axis of the plasma [10], the error
becomes very large for large differences between v, mes
and Vp,vacuum-

In the new analysis method, individual ¢ values are
calculated as

oL
L[t, P] = lbestfit T 7(7p,mes - 'Y;D,bestfit)
p

()
where tpestpit is the rotational transform for the equi-
librium state in the VMEC database with the lowest
x value. This method provides a ¢ profile that takes
into account the entire radial profile of the polariza-
tion angle and always satisfies the equilibrium condi-
tions, making unrealistic results less common. d¢/d7,,
which becomes very large near the center, no longer
contributes to the final result. The difference between
the methods is shown in figure 4. The old method
starts to diverge heavily near the center while the new
method gives much less divergence and the deviation
from the best fit VMEC equilibrium iota (red curve)
is relatively small even near the magnetic axis. Here,
the error bars of the rotational transform are evalu-
ated from the relative error bars of the polarization
angle. The uncertainty of the polarization angle in-
troduced by the evaluation of the Pfirsch-Schliiter cur-
rent is not included in these error bars. The contri-
bution of the Pfirsch-Schliiter current to the polariza-
tion angle compared to the contribution by the toroidal



current increases sharply towards the plasma center.
Even a small uncertainty in the polarization angle due
to the Pfirsch-Schliiter current contribution causes a
large uncertainty in the rotational transform because
of the large 6¢/67, near the plasma center. In the old
method, the values of the rotational transform become
unrealistic due to the incorrect assumption that the
Pfirsch-Schliiter current would be zero in the reference
shot. In the new method, the Pfirsch-Schliiter current
contribution of the reference shot is evaluated correctly
and the values of the rotational transform become more
realistic.
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Figure 4: The radial profiles of the measured rotational
transform for both the old and the new method for
shot 82716 at t = 2.3 s. The radial profile of the best
fit VMEC equilibrium rotational transform determined
with the new method is plotted in a red curve. The
rotational transform profile in the vacuum field cal-
culated with the VMEC code is plotted with a dashed
line. The plotted error bars of the rotational transform
are calculated as terror = Vp,error - 00/ 0Yp.

For every one of the four parameters (P, Py, Ip,
I,,¢), a 3-point polynomial fit was made to find a bet-
ter resolution for the minimum y. Taking the three
other parameters as a constant at the found values, a
second order polynomial was made for the three y val-
ues at the found parameter value and two neighbours
in the database. By calculating the minima of these
polynomials, a higher resolution was achieved for the
values of each of the four parameters at minimum Y.
The higher resolution parameters values are then used
to calculate a new ¢ value through a linear interpolation
of the ¢ values in the database mesh. This interpola-
tion process improves the accuracy of tpesifit €ven in
the course mesh of the VMEC database.

To better look at the effects of the currents, the
current profile was calculated from the total toroidal
current and the current peaking factor using the for-
mulas given in table 2. The current density profile
is currently only known for a specific set of current
peaking factors rather than the full range. The equa-
tions are currently implemented specifically for each
case throughout the known I, range and needs to be
automized before the script can handle flexible ranges.
As it is, it calculates the difference between the mea-

sured value of the current peaking factor and two states
in the VMEC database with neighbouring I,y values
for which the current density profile is known. It then
takes a weighted average as the current density profile.

The difference between the old method and the new
method is summarized in table 3. While the central
pressure, Py, pressure peaking factor, P,, and toroidal
current, I, are determined by the Thomson scattering
diagnostic and Rogowski coil measurements in the old
method, the Py, P,¢ and I, values that give the min-
imum yx are selected from a VMEC database in the
new method. Because of that the main analysis of the
MSE diagnostic becomes independent of other diagnos-
tics and the error of the rotational transform becomes
free of the uncertainty of Thomson scattering diagnos-
tic and Rogowski coil measurements. The Thomson
scattering diagnostic is used only to determine the cen-
tral pressure Py of the reference shot, and Rogowski
coil measurements are used only to determine the sign
of the toroidal current I,. The database of the cur-
rent peaking factor included only 11 profiles in the old
method and the database is expanded to 17 profiles by
including more peaked profiles in the new method. Due
to the addition of the other parameters, the total num-
ber of equilibrium states in the database for searching
the minimum x is 12155 for a full scan and 2431 for a
preset value of P, ¢ in the new method, while it was only
11 in the old method. A large number of equilibrium
states in the database contributes to improving the ac-
curacy of the rotational transform profile in the MSE
measurements. The pressure and Pfirsch-Schliiter cur-
rents of the reference shot were assumed to be zero in
the old method, but in the new method, the central
pressure of the reference shot is evaluated from the
Thomson scattering diagnostic measurements and the
change in polarization angle due to the Pfirsch-Schliiter
currents of the reference shot has been taken into ac-
count in the form of a correction to the polarization
angle, ¥p cor- The individual values of the rotational
transform ¢ are calculated through linear interpolation
of the best fit rotational transform in the new method,
while it was calculated from the rotational transform
in the vacuum field in the old method. This change
improves the accuracy of the calculation of individual
values of the rotational transform.

4.2 Experimental method

The effect of an NBCD direction switch on the behav-
ior of the plasma is tested. Shots with a switch in NBI
direction are compared to similar shots with a constant
direction. Due to the abnormally big change in non-
inductive current, the screening current is expected to
be very high.

The difference between NBCD and ECCD is also
tested. The ECCD setup is always aimed at the mag-
netic axis, so NBCD shots aimed at the axis are best
for this study. The difference in current drive efficiency,
time scales and screening current are studied. The ef-
fect of these three things on the current profile is then
translated to the effect on the rotational transform.



’ | Old method [3, 10]

New method

|

Py Determined by Thomson scattering Selected from VMEC database (11 values)
Py reference shot Assumed to be zero Determined by Thomson scattering
Py Determined by Thomson scattering Selected from VMEC database (5 values)

or preset

P,; reference shot | Not necessary because Py =0

Determined by Thomson scattering

1, Determined by Rogowski coils

Selected from VMEC database (13 values)

2
Sign of I, Determined by Rogowski coils

Determined by Rogowski coils

Ipf

Selected from VMEC database (11 values)

Selected from VMEC database (17 values)

Polarization angle | vy dif = Yp,mes — Vp,ref

Vp,dif = VYp,mes — Vp,ref + Vp,cor

Individual ¢ values

L= lyac + 0L/ 0V (Vp,mes — Vp,vac)

L = Lpestfit + 6’//67p(7p,mes — ’Yp,bestf’it)

Output

Best fit ¢ curve [3] OR 1 data point [10]

Best fit ¢ curve AND ¢ data point

Table 3: An overview of the differences between the old method and the new method for analysis of the MSE

diagnostic data.

MSE shots with long pulse discharges, low density
and high NBCD current are desirable for this study.
Long pulse discharges show a good representation of
the plasma behavior in time. NBCD and ECCD drive
a high current in low density plasmas. It will also cause
less absorption of the NBI power for the MSE probe
beam, making for a higher beam intensity inside the
plasma which leads to a stronger signal. High NBCD
currents mean that the background currents like the
Pfirsch-Schliiter current have less of an impact, which
increases the accuracy of the measurements.

A reference shot is taken for each measurement in
order to measure the polarization angle resulting from
the magnetic field caused by the external coils. This
reference shot has a discharge with low plasma density,
2 low power NBIs in opposite direction so that as little
as possible net toroidal current is driven and the same
magnetic configuration and beam energy as the probe
beam used in the actual measurement.

The expectation is that NBCD in the co-direction
will increase the rotational transform at the injection
radius just after it has been turned on due to non-
inductive current drive, while the screening current
around the injection radius will decrease the rotational
transform. The opposite counts for counter-direction
NBI. The ECCD has a smaller beam size, so the effect
is expected to be more localized. For off-axis current
drive, the center is expected to experience more screen-
ing current because it has a higher temperature, which
leads to a higher conductivity.

5 Results

There are three issues for which to test the new analy-
sis method. First is the difference between co-direction
and counter-direction ECCD measurements. Second
is the difference between ECCD and NBCD measure-
ments. Third is the difference in behavior between
NBCD with a constant beam direction and NBCD
with a switch in beam direction halfway. The main
concern in these initial measurements is whether the
new analysis method is able to discern the different
behaviors near the center with a high enough accu-

racy. All experiments were done for plasmas with the
magnetic axis at 3.75 m and a toroidal magnetic field
in the negative direction of 1.3-1.4 T. In the discharges
147317 and 147324 (3.75m, 1.375T), the 77GHz ECCD
setup was aimed at the magnetic axis for on-axis heat-
ing. However, in discharge 82716 (3.75m, 1.3T), the
frequencies of the gyrotrons used were 84GHz (0.15-
0.65s) and 82.7GHz (3.8-4.3s). Although the resonance
layer of 77 GHz ECH is located at the magnetic axis
in the plasma with the magnetic field of 1.375 T, there
is no resonance layer of 84 GHz ECH near the mag-
netic axis in the plasma with the magnetic field of 1.3
T. The ECRH beams are aimed at the innermost res-
onance layer which is apart from the magnetic axis for
ECRH (not for ECCD). The deposition locations of
those 84GHz or 82.7GHz ECRH beams are p ~ 0.45.
All the currents were normalized to toroidal magnetic
field because different By,, values were used during the
experiments and because the rotational transform de-
pends on iy /Bior

ECCD is expected to be more localized than NBCD
as the power deposition width calculated using the
ray tracing code LHDGauss is approximately 0.2a [17]
while the NBI deposition width calculated using the
FIT3D code is approximately 0.6a [18]. ECCD is also
aimed at the center while NBCD has a tangential in-
jection radius at 3.7 m, where a lot of the absorption
happens even more outward. NBCD is expected to
cause a gradual increase or decrease near the injection
radius until saturation. Right after turning it on or
switching direction, a transient current in the opposite
direction is expected due to screening current. Any
positive current is expected to cause the local ¢ above
the vacuum level, while a negative current is expected
to cause it to go below the vacuum level.

5.1 ECCD

First, the difference between the co-direction and
counter-direction ECCD is treated. As seen in figure
5, the 3 NBI beams are made to be nearly balanced
so as to almost cancel each other out. This way the
current drive by NBI is minimized so that the main
contribution to the current drive is from the ECCD.



The co-direction and counter-direction case have the
same inputted ECCD power. The probe NBI (#3) is
injected 2.3 s after the ECCD power is turned on for
MSE measurements.

Figures 6 and 7 show the current density profiles for
co- and counter-current ECCD against the normalized
effective minor radius r.s¢/agy, where rcss is the ef-
fective minor radius in regards to the magnetic axis
and agg is the effective minor radius where 99% of the
kinetic energy of the plasma is confined. The figures
show a peaked profile at the center with very little dif-
ference over time. A difference in peaking factor is seen
between the two cases, where the co-current case has
a peak current density around 100 kA /T /m? while the
counter-current case has a peak current density around
60 kA/T/m?2. This behavior can be seen throughout
the entire data set as seen in figure 8. This agrees with
calculations done using the TRAVIS ray tracing code
[19] which shows a deposition closer to the axis for co-
direction ECCD as seen in figure 9.

Figures 6 and 7 also show the expected behavior in
the rotational transform where figure 6 shows an ¢ well
above the vacuum profile within the error bar bound-
aries and figure 7 shows ¢ under it. Here, the error bar
calculated from the errors in the polarization angles is
plotted. As seen in figure 4, these error bars are com-
parable to the deviations of the iota values from the
best fit VMEC equilibrium iota curve, which confirms
that the variation of equilibrium iota profiles is suffi-
cient for these measurements. If the deviations would
significantly exceed the error bars, it would be a sign
that the variation of the equilibrium iota profiles is
insufficient. The measured current profiles shown in
figures 6 and 7 are broader than the current profiles es-
timated by the TRAVIS ray-tracing code shown in fig-
ure 9. The TRAVIS code provides the current density
profile in the steady-state where the screening current
becomes zero. In contrast, the total current plasma is
increasing in time in the ECCD discharge, which in-
dicates that the current density profile does not reach
the steady-state phase. Therefore, there should be a
significant effect of screening current in the measured
current density in this experiment. This would be one
of the reasons for the discrepancy between he simula-
tion and the measurements.
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Figure 5: The time evolution of the three NBIs (two
co-NBIs and 1 counter-NBI) and ECCD power for shot
number 147317 and 147234 (same waveform). The co-
NBI (#3) is used as a probe beam for the MSE mea-
surements. The radial profiles of the polarization angle
and the rotational transform at t = 6.4 s are plotted
for co-ECCD (shot 147317) and counter-ECCD (shot
147324).
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Figure 6: The radial profiles of the rotational transform
and current density at 5.5 s, 6.4 s and 7.0 s for shot
number 147317 measured using the MSE diagnostic for
co-ECCD.
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Figure 7: The radial profiles of the rotational transform
and current density at 5.5 s, 6.4 s and 7.0 s for shot
number 147324 measured using the MSE diagnostic for
counter-ECCD.
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Figure 8: The measured peak current density plotted
against the measured total current for measurements of
shot numbers 147317-147328. Both ECCD shots in the
co-direction and in the counter-direction are shown.
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Figure 9: The expected current density as a result of
ECCD as a function of the effective normalized minor
radius calculated using the ray-tracing code TRAVIS
for shot numbers 147317 and 147324.

5.2 NBCD

Figure 10 shows the change in polarization angle pro-
file and the rotational transform profile in a discharge
where the direction of the neutral beam is switched
from co-direction (#1) to counter-direction (#2) with
a continuous probe beam (#3) for MSE measurements.
The polarization angle in the core decreases at the
beginning of co-NBI (t = 1.1 s) but then gradually
increases due to the non-inductive current by co-NBI
(NBCD). When the co-NBI is injected into the plasma
early on, the rotational transform near the plasma
edge starts to increase in the direction of the non-
inductive current drive due to the low electron tem-
perature. However, when the screening current due
to the toroidal electric field driven by the edge §I/dt
is equal to the non-inductive current, the rotational
transform near the plasma center does not increase. In
a tokamak the screening current is generally smaller
than the non-inductive current. In LHD, this cur-
rent can be even larger than the non-inductive cur-
rent. Due to the transient negative current just after
the co-NBI, the rotational transform near the plasma
center decreases transiently. This behavior is observed



in the radial profile of the rotational transform at 1.1 s.
Then the core rotational transform increases over time
and eventually becomes larger than the vacuum rota-
tional transform (dashed line) during the co-NBI (t =
0.3-4.3 s) phase. When co-direction NBI is switched
to counter-direction, the rotational transform near the
plasma center increases due to the transient positive
current [20]. This positive current is clearly observed
at 4.7 s in figure 12 and also predicted by calculations
done using TASK3D code [10].

Figure 11 shows the expected energy deposition of
the NBI calculated using the FIT3D code. As seen in
figure 12 the current is located a lot more towards the
center of the plasma. A gradual increase of the cur-
rent density near the injection radius is observed near
the injection radius refs/ag9 = 0.2. At 1.1 s, a neg-
ative current is running through the center. Since no
significant ECCD is expected in shot 82716, the nega-
tive current at the core region is a screening current.
A steady rise in current over time is seen at the re-
gion where energy deposition is expected. At 2.6 s, the
outer current density has not increased much whereas
the central current density has risen considerably. Over
time, the central current keeps steadily rising. This
same behavior is followed in the rotational transforms
seen in figure 10.

The co-direction NBCD is switched to counter-
direction NBCD just after 4.3 s. Then, right after
the switch, the current density at the outer region of
the plasma is pushed down by the direct current drive
while the current density in the center of the plasma
(refp/agy < 0.2) increases, likely due to the screening
current. After the outer current has stabilized, we see
a slight decrease in the central current density at 5.3 s
where the total current is reduced by the NBCD.
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Figure 10: The time evolution of the three NBIs (two
co-NBIs and 1 counter-NBI) and ECCD power for shot
number 82716. The co-NBI (#3) is used as a probe
beam for the MSE measurements. The radial profiles
of the polarization angle and the rotational transform
at 1.1 s, 2.6 s and 4.7 s are plotted. The direction of
the NBCD is switched at t = 4.3 s from co-direction to
counter-direction.
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Figure 11: The radial profiles of the deposition power
calculated with the FIT3D code for both co- and
counter NBI with 1 MW of heating power.
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Figure 12: The radial profile of the current density at
1.1s,2.6s,3.8s,4.7s and 5.3 s for shot number 82716
measured using the MSE diagnostic.

6 Conclusion

A program was developed to improve the MSE spec-
trometry analysis method. The accuracy was increased
by subtracting the calculated polarization angle for fi-
nite pressure reference shots from the measured polar-
ization angle to take the Pfirsch-Schliiter current into
account. The high impact of 557;, especially near the
magnetic axis, was reduced by using a precalculated
¢ value from the VMEC database and using that as
the baseline instead of the vacuum ¢. This improved
analysis method made it possible to see the expected
behavior of NBCD and ECCD near the magnetic axis
of the plasma for the first time. A difference in peak-
ing for co-direction current drive and counter-direction
current drive could be recognized. A significant impact
of screening current near the axis for NBCD was also
recognized after switching the direction of the beam.

The total plasma current [, can be measured from
the polarization angle at the plasma edge (refs/age =
1). However, there is no channel for the polarization
angle measurements at the plasma edge and the to-
tal plasma current is evaluated by extrapolation of
the measured polarization angle. The error bar of
the polarization angle becomes larger near the plasma
edge (reff/agg > 0.8). The measurements of the to-
tal plasma current are less accurate than the measure-
ments of current density and rotational transform in
the core region. Therefore, the precise measurement
of the current density profile is not obtained due to a
lack of MSE measurements near the plasma edge, al-
though the measurement of the rotational transform in
the core region is accurate enough to discuss the mag-
netic shear in the core region.

For future work on the analysis program, a full error
analysis should be done. The current density should
have a more generally applicable calculation. As is,
it can only calculate the density profile for a manu-
ally inserted range of peaking profile factors in which
it can interpolate but not extrapolate. The current
density should also have an error bar to give better
insight in the quality of the data. While the method
shows the ability to see temporal changes, more data
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is needed in order to quantify any effects of the cur-
rent drive, of screen currents and of current diffusion
on the rotational transform. More shots comparing
the NBCD vs ECCD and continuous beam vs direc-
tion switch are needed, especially near the start of cur-
rent drive. Apart from that, the dependence of the
effects of NBCD and ECCD on the radial position of
the magnetic axis of the plasma could be studied to
determine current drive efficiency. The impact of short
ECCD pulses could be tested to see whether the screen-
ing current cancels out the non-inductive current and
only the peaking factor changes or whether the total
toroidal current increases even at short pulses.

The improved analysis technique has been used for
precise measurements of the radial profile of the rota-
tional transform to obtain a better understanding of
MHD instabilities [21, 22].
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