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In this article the neutral beam deposition profile of each neutral beam source in KSTAR is reported. Since
the neutral beam system of KSTAR is the main heating and current drive source, it is crucial to estimate and
reconstruct the neutral beam deposition profile with high accuracy. A fully non-inductive discharge experiment
is conducted to minimize Ohmic current effect on the interpretation. An each beam source is switched off one

by one longer than the current diffusion time scale. Reconstructed beam driven current is derived by extracting
the total current profile from non-beam driven current components such as bootstrap, electron cyclotron, and
Ohmic. By comparing numerical beam modeling, beam driven deposition profile per each beam source is

quantitatively interpreted.

1. Introduction

One of the main milestones of KSTAR [1] is to demonstrate a long-
pulse operation with fully non-inductive condition. In order to sustain
plasma current, neutral beam current drive (NBCD) [2-4] system is
installed as the main heating and current (H&CD) system. The NBCD
profile is crucial in terms of designing the steady state operation
scenario. Experimental investigation and verification of NBCD had
been widely conducted in International Tokamak physics activity joint
experiments [5], NSTX [6], and DIII-D [7,8]. However, the actual NBCD
profile in KSTAR has never been explored systematically. Thus, the
first systematic approach to deriving a neutral beam deposition profile
in KSTAR is performed after operation of the second neutral beam
injection (NBI) system. To investigate NBI characteristics, this paper
reports the dedicated experiment and numerical modeling activity to
evaluate neutral beam deposition profile. The remainder of the paper
is organized as follows. Section 2 presents experiment purpose and
setup of a low loop voltage discharge. In Section 3, reconstructed
and computed NBCD profile are compared. Finally, conclusions are
presented and future plans are discussed in Section 4.

2. Experiment setup
2.1. A fully non-inductive discharge
In order to analyze neutral beam deposition profile, it is required to

subtract neutral beam current drive profile from total current profile.
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To minimize external heating sources, a low loop voltage and high
beam driven current fraction scenario is prepared. The experimental
setup for this experiment is designed to draw high efficiency of the
NB current drive (NBCD) in the known way that is called as *high g’
discharges [9].

As shown in the figure 3 of Ref. [10], near-center electron cyclotron
current drive (ECCD) injections (mirror aim target vertical target Z <
+10 cm from the midplane) onto diverted H-mode at high-B; invoke
a stationary high g, shot with fully non-inductive current drive. Under
this experiment, R,,,;,, = 1.8 m, By 4, = 2.49 T, I, ~ 450-500 kA, are
used to develop a diverted high-$, discharge, Pyz ~ 5 MW with 4 NB
sources 90(NBI1-A)/90(NBI1-B)/70(NBI1-C)/60(NBI2-B) keV, « ~1.9,
do9s ~ 8.8, f, ~ 2.2-2.4,1; ~ 0.8, fy ~ 1.6-2.0, as shown in Fig. 1.

The fully non-inductive condition obtained in the shot number
27281, as shown in Fig. 1, can be found by scanning the appropriate
I, level under the same heating conditions that achieve the reference
loop voltage signal to be very close to zero, where it is assumed that
the Ohmic current drive vanishes; the reference loop voltage signal was
chosen as the unintegrated voltage reading of the flux loop diagnostics
at the midplane inboard. The I, scan clarified the total amount of the
noninductive current drive is about 480 kA, which was chosen as the
I, target for the discharge in Fig. 1.

As mentioned above, the gyrotron aiming is important for the onset
of the fully noninductive CDs ; Among the two gyrotrons used in the
discharge, only the EC4 140 GHz gyrotron has been used to trigger the
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Fig. 1. Shot 27281 with fully non-inductive discharge. From top to bottom, (a) plasma current [kA] (b) beam power in MW by source (c) loop voltage PCLV23 measured at the
reference flux point (both raw data and averaged data shown) (d) Normalized gy and (e) gyrotron injection profiles. NBI1-A/B/C and NBI2-B denote the ion source names shown
in Fig. 2. Two gyrotrons, labeled as EC2 and EC4 respectively, are used, but only the EC4 has been used at the center of plasma in order to onset the high f, condition.

high-f,. Targeting the beam toroidal angle = 15 degrees and vertical Z
position = 2.7 cm at the resonance position R=1.792 m, this gyrotron
is expected to give enough current drive with 0.7 MW power; since the
density was not high, no cutoff was detected.

Two NBI systems, NBI1 and NBI2, are used to compare the de-
position profiles of 4 neutral beam sources in this experiment. All of
the three beam sources in NBI1 are used in plasma core heating and
approaching H-mode, as it has been successfully utilized as a main
external heating source with 5.5 MW from 3 beam sources for the
last decade. For the second NBI system, only NBI2-B is used since
the other beam sources are not operational yet. NBI2 is designed to
provide on-axis and off-axis current drive by arranging the three beam

sources vertically. NBI2-A is an on-axis beam as NBI1, while NBI2-B
and NBI2-C are up-looking and down-looking beams, respectively. The
configuration of the two NBI systems is shown in Fig. 2. NBI2-B is more
favorable to pitch angle alignment, so its operation started first.

In this experiment, NBCDs of NBI1 and NBI2-B are explored by
switching off a single beam source for 1 s, which is longer than the
current diffusion time scale, in a fully non-inductive discharge. The
loop voltage remains close to zero during the shot. The plasma current
is decomposed to NBCD, ECCD, and bootstrap current by NUBEAM [12—
14] analysis with this condition, I, ~ In; = Inpcp + Igcep +

Ipg.
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Fig. 2. (a) Arrangement of KSTAR NBI1 and NBI2 in top view. (b) A side view of KSTAR NBI2 [10].
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Fig. 3. CCD [11] Data obtained for the beam deposition of source NBI1-A(a) and NBI1-B(b).
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Fig. 4. Inferred beam injection geometry of NBI1-A and NBI1-B in a bird view of
KSTAR geometry.

3. Neutral beam deposition profile

Experimental data processing and numerical modeling are con-
ducted to derive NBI deposition profile. Two different methods were
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prepared and the results are compared with experimental and modeling
values of NBI One is beam footprint imaging to find beam injection
location in Section 3.1 and the other one is an estimation of beam
component from the total reconstructed current profile in Section 3.2

3.1. Evaluation of the position of the neutral beam injection

To clarify beam path modeling, the beam footprint is pictured with
the fast camera system [11]. Accelerated and neutralized fast particle
paths are confirmed. Considering the camera installation location, eval-
uation of the tangential position of the neutral beam is conducted at
the poloidal cross section. A simple data processing script is utilized in
order to analyze camera data. The algorithm of this program consists
of the following steps: (1) Gather and add up the data for a given
time-frame (2) Generate an analysis window (defined by height, width
and position) and return the sum of all the data contained in this
analysis window. (3) Move the analysis window over the whole analysis
domain, in order to find the position of the maximum value returned by
step 2. It is assumed that this position corresponds to the position of the
beam center, observed on the camera. (4) Use the NBI source location
and the position obtained in step 3, to determine the tangential position
of the neutral beam injection.

Here, the results are obtained with the data from specific KSTAR
discharge, which is designed to measure beam deposition. This shot
consists of sequential injection of single beam source one by one into a
high-density deuterium gas. Pressure at the main chamber is about 103
mbar. There is no external magnetic field from toroidal and poloidal
field coils.
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Fig. 5. Comparison neutral beam current drive profile from EFIT and NUBEAM. Since each neutral beam is turned-off one by one, regarding four time slices in Fig. 1 are selected:
(a) 5.95 s with all beam (b) 6.8 s with NBI1-B off (¢) 7.85 s with NBI1-C off (d) 8.85 s with NBI2-B off.
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Fig. 6. Shot 27281 number beam deposition profiles of NBI1-A(a), NBI1-B(b), NBI1-C(c), and NBI2-B(d). At each figure time is from Fig. 5(a,b,c,d).

Fig. 3 shows the poloidal location and Fig. 4 visualizes the radial
position obtained for sources NBI1-A and NBI1-B, respectively. The red
square corresponds to the analysis window that contains the maximum
injection. The red point corresponds to the center of this window. In the
NBI1-A case as shown in Fig. 3(a), the radial position on the picture
is 1514 mm, corresponding to a tangential position of 1486 mm. In
the NBI1-B case, the radial position is 1717 mm, which corresponds
to a tangential position of 1692 mm. The vertical blue line in Fig. 3
corresponds to the expected radial position of the beam, obtained from
the KSTAR NBI geometry design. For those two sources, measured
points and designed targets are quite consistent. However, it must be
noted that there is no good result for sources NBI1-C and NBI2-B.
Concerning source NBI1-C, the NB trajectory is inward, and the data
observed are disturbed by the NBI shine-through. For the source NBI2-
B, the NBI trajectory does not intersect the camera; so, there is no
observable data. Therefore, those two beam paths are assumed that it is
separated from NB1-A and NB1-B as much as the blueprint. Fig. 4 shows
the results of the beam deposition analysis. The blue circles correspond
to the inner and outer plasma boundary limits. The orange curved line
shows the pixel position of the camera. The red lines show the NBI
trajectory from the source to the image captured by the camera. Finally,
this information is then used to determine the tangential position of
the neutral beam deposition and transferred to input data for the next
subsection analysis.

3.2. Reconstruction of neutral beam deposition profile

Since beam deposition profile cannot be directly measured in KSTAR
in current diagnostic system, an alternative strategy is applied to
infer beam deposition profile. First of all, beam driven current profile
from equilibrium reconstruction (Jypgr;r) and beam driven cur-
rent profile from modeling (Jyp yypran) are compared to verify
the accuracy of NUBEAM. The MHD equilibrium and its total cur-
rent profile are reconstructed from kinetic EFIT [15] with MSE [16]
and kinetic constraints. Subtracting computed external current pro-
file from TRANSP [17] from the reconstructed total current profile
s(Inp.grrr) is estimated. (Jy g prir = Jrorar.erim = JboorstrapTRAN SP—
Jeceprranse = Jommierransp) Fig. 5 shows comparison results of
Jnp.erir and Jyp yypEay- Beam injection location used in NUBEAM
analysis is from Section 3.1. Except edge region (p,,. > 0.8), all regions
show consistent profile between reconstructed one and computed one.
The edge regime has relatively more error-source, such as diagnostic
and bootstrap current estimation.

Finally, the beam deposition profile could be inferred with NUBEAM
modeling based on the validation processes above. Beam shield current
is computed neoclassical way [18] and Z effective profile is assumed
to be constant value 2. NUBEAM beam ion confinement coefficient is
adjusted to match total neutron rate and total stored energy. Fig. 6 is
the result of beam deposition profile from NUBEAM. At each figure,
there are four different time slices where one of the beam source
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is off, and they have their particular plasma characteristics such as
collisionality and beam ion slowing-down time. Therefore, the amount
of beam deposition could be different with the same injection power,
but the peaking position is consistent among the four used sources. The
NBI1 system targets to plasma core and the second beam system aims at
the off-axis region. This inferred beam deposition profile result suggests
that the neutral beam aiming target position is well-aligned with the
original design. Finally, it confirms that NB system commissioning has
been successfully finished for NB1-A, NB1-B, NB1-C, and NB2-B.

4. Conclusion

KSTAR has been operated more than a decade with neutral beam
systems. The diagnostics system and the numerical modeling capabili-
ties have matured enough to enable the integrated interpretation. The
neutral beam deposition profile is a critical ingredient for almost every
physics interpretation in KSTAR and the integrated analysis is essential
to show its profile. In this paper, the dedicated experiment has been
conducted to investigate deposition profiles. The reconstructed NBCD
profile and computed one shows consistent results. Finally, the neutral
beam deposition profile has been successfully evaluated and supports
the successful commissioning process of neutral beam system.
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