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The central ion temperature in the large helical device (LHD), as measured by charge-exchange
recombination spectroscopy, has been improved to a record 5.6 keV by combining 21 MW of neutral
beam heating with the injection of a carbon pellet. The intensity of the neutral beam emission of the

hydrogen Balmer line (Ha : n = 3 — 2) was observed to weaken along the beam injection axis following

the carbon pellet injection due to the increased beam attenuation. The beam-emission intensity was

reconstructed by calculating the density distribution, and the beam-stopping coefficients, along a beam

injection axis and was found to fit well to the measured beam-emission for a mixed hydrogen and

carbon target plasma. The dynamics of the neutral beam deposition power and the carbon fraction

were estimated from the beam-emission measurements using data from ADAS. We conclude that the

beam deposition power in a carbon pellet discharge is enhanced over that of a pure hydrogen discharge.
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1. Introduction

In many magnetically confined fusion devices,
neutral beam injectors (NBIs) are widely used to pro-
duce high performance plasmas [1-5]. In future de-
vices, such as the International Thermonuclear Exper-
imental Reactor (ITER), it is anticipated to heat the
plasma with neutral beams which perform at higher
The higher
energy beams will be based on negative ion sources.

In the large helical device (LHD), we have a
low energy perpendicular NBI (BL4) and three high-
energy tangential NBIs (BL1, BL2, and BL3), as
shown in Fig. 1. In particular, two tanjential beam
lines (BL1 and BL2) with the hydrogen negative-
ion sources have operated continuously for over ten
years [5]. One 180 keV tangential neutral beam passes
through the plasma and impacts carbon armor tiles on

energies than most current systems [6].

the inner surface of the LHD vacuum vessel. We mea-
sure the beam deposition power with a thermocouple
placed on the beam armor tiles, and the measured
beam deposition efficiency is calculated by averaging
over a single discharge [7].

In a recent LHD experiment, with four neutral
beam injectors and the injection of a carbon pellet,
the central ion temperature was found to be signif-
icantly higher than in NBI-only heated discharges.
The beam deposition in this discharge was investi-
gated by observing the hydrogen Balmer emission
(Ho : n = 3 — 2) from one of the injected neutral
beams.

In this article we present the dynamics of beam-
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Fig. 1 Schematic view of LHD equipped with three tan-
gential NBIs and a perpendicular NBI. T'wo optical
sight lines set along the BL3 injector allow observa-
tion of the Ha spectrum of the beam-emission. BL3
has two ion sources (3A and 3B), the beams ex-
tracted from the 3A (beam-3A) and the 3B (beam-
3B) are tilted small angles from the beam line axis
to pass through the beam injection port. L is the
distance from the ion source.

emission evolution in a NBI/carbon pellet heated dis-
charge. We calculate the beam-emission intensity us-
ing the beam stopping coefficients and the target-
plasma density along the beam injection axis. Finally,
we discuss the beam deposition power and the carbon
fraction in a high ion-temperature discharge.
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Fig. 2 Time sequence of a carbon pellet discharge heated
by electron cyclotron heating and four NBIs. BL4 is
also used with CXRS to obtain the ion temperature
profile.

2. Beam-emission Measurement

Figure 1 shows the arrangement of two sight lines
through an outer port of LHD that are used for beam-
emission measurements. The upstream sight line and
the downstream sight line are tilted at 62.4" and 134.7°
respectively with respect to the beam injection axis of
the third beam line (BL3) [8]. Each neutral beam
forms Gaussian distribution in horizontal, and the
standard deviation ¢ is 12 cm at the armor posi-
tion in a typical operation. The divergence angle of
the single beamlet is less than 10 mrad. The neu-
tral beam becomes maximum strength on the beam
axis. Since beam emission intensity is proportional
to the product of the residual beam density and the
electron density of the target plasma, the beam emis-
sion signal also becomes maximum intensity at the
About 70% of the beam
emission signal is generated from the 20 area around
the beam center. Optical emission from the neutral
beams and the plasma discharge are corrected by a
small lens, and transferred by a quartz optical fiber to
a 25 cm Czerny-Turner spectrometer with a grating
of 1800 grooves/mm. The spectrometric system was
calibrated using an Urbricht sphere with a standard
lamp.

The wavelength of the beam-emission Ha spec-

position of beam center.

trum is shifted in the observed spectrum due to the
Doppler effect induced by the beam speed and the
observation angle. Hence, we can observe the beam-
emission Ha spectrum separated from the dominant
Ha emission (656.3 nm) emitted from the background
plasma. The weak beam-emission signals are detected
using an intensified charge-coupled device (ICCD) de-
tector cooled to -20 ‘C which is positioned at the
focal plane of the spectrometer. We can simultane-
ously acquire the beam-emission spectrum of both the
upstream and the downstream positions because the

spectra shift in opposite directions.
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Fig. 3 (a) Dynamics of the averaged electron density 7,
the electron temperature and the ion temperature
in the carbon pellet discharge of shot 90982. The
waveforms in discharge 90985 without a carbon pel-
let is also plotted. (b) Dynamics of the intensity of
the beam-emission Ha spectrum at the upstream
and downstream positions. Circles and squares give
the beam-emission intensity in the discharge 90982
and 90985, respectively. The open symbols are
measured at the upstream position, and the solid
symbols are measured at the downstream position.
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Fig. 4 Outer half radial profiles of electron density (a),
electron temperature (b), and ion temperature (c)
for the LHD sequence time t = 2.1 s, t = 2.23 s,
and ¢t = 2.4 s in the carbon pellet discharge.

3. High-Temperature Discharge using
Carbon Pellet Injection

Figure 2 shows the sequence of events for the car-
bon pellet discharge in LHD shot number 90982. The
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magnetic field axis is 3.6 m long and the magnetic
field strength is 2.9 T. The plasma is initiated by
electron-cyclotron heating, which is then sustained by
two tangential NBIs (BL1 and BL2), giving a low line-
averaged electron densities of 7y = 0.4 x 10'° m~3, as
measured by a far-infrared laser interferometer (see
Fig. 3(a)). A small carbon pellet, with a diameter
of 1.4 mm, was injected into the plasma at ¢ = 1.8
s causing the electron density to increase rapidly as
much as an order of magnitude. Additional tangen-
tial NBI heating (BL3) was introduced 100 ms after
the carbon pellet injection : this system was used for
measurements of the beam-emission. Just over 100 ms
later the low-energy NBI heating (BL4) was started to
further increase the ion heating : this system is used
for the charge-exchange recombination spectroscopy
(CXRS) to measure the ion temperature profile.

At t = 2.4 s, the electron density decreased to
e = 1.3 x 10" m~3 and the ion temperature in-
creased to T; = 5.6 keV. In a similar discharge in hy-
drogen, without the carbon pellet injection (shot num-
ber 90985), the electron density built up smoothly as
a result of the NBI injection. The electron density of
this pellet-free discharge reached the same density as
that for the carbon pellet discharge at t = 2.4 s. The
central ion temperature in pellet-free discharge is 4.1
keV, which is slightly higher than the electron temper-
ature measured with a Thomson-scattering system.

The beam-emission intensities in the discharge
with and without carbon pellet are plotted in Fig.
3(b). We clearly observed the beam-emission spec-
trum at both upstream and downstream positions at
the beginning of the beam injection in the pellet-free
discharge of shot 90985. However, for the carbon pel-
let discharge 90982, the beam-emission at both the
observation positions was not seen in the 100 ms fol-
lowing the BL3 beam injection. We posit that strong
beam attenuation occurs during this period of beam
injection in the carbon pellet discharge. The beam-
emission intensity does increase with time after t =1.9
s and we suggest that the beam particle penetration
increases then because beam-emission intensity is pro-
portional to the residual beam density. After ¢ =
2.4 s both discharges exhibit almost the same beam-
emission, and the ion temperature is maintained at 5
keV in the carbon pellet discharge.

4. Estimating the Neutral Beam Atten-

uation and Carbon Fraction
Figure 4 shows the profiles of the electron den-

sity ne, the electron temperature T,, and the ion tem-
perature T; for the outer half of LHD at three times
following carbon pellet injection. The electron den-
sity profile is measured by Thomson scattering and
forms a peak at t = 2.1 s after carbon pellet injection,

as shown in Fig. 4(a). The central electron density
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Fig. 5 Electron density distribution of the target plasma
along the beam injection axis for the LHD sequence
time ¢t = 2.1 s (circles), t = 2.23 s (triangles) and
t = 2.4 s (squares). The bold line is the major
radius R from LHD center.

decreases to n. = 1.3 x 10! m™3 with a flat profile
at t = 2.4 s. The electron temperature profiles vary
little over this period, with a central temperature of
T. = 3.8 keV, as shown in Fig. 4(b). At ¢t = 2.1 s,
when the density distribution is peaked, the ion tem-
perature distribution adopts the same shape as the T,
distribution, and the central T; grows to 5.6 keV until
t = 2.4 s, as shown in Fig. 4(c). Understanding of
the dynamics of the ion heating power is required to
explain the increase in ion temperature.

If the radial density distributions along the beam
injection axis is known, we can estimate the beam at-
tenuation. The intensity of the Ha beam-emission is
proportional to the electron density, the beam den-
sity, and the beam-emission coefficient [9]. In our ex-
perimental configuration, the local beam-emission flux
®(L) at the position L along the beam injection axis
is expressed as

(I)(L) o8 ne(L)ecr(L)Nb(L)v (1>

where n.(L), €.-(L), and Ny(L)are the local elec-
tron density, the emission coefficient, and the neutral
beam density, respectively, at the point L. In the
present work, we used beam-stopping coefficient, S,
from the Atomic Data and Analysis Structure (ADAS)
database [10-12]. The local beam density N,(L) is
given by the exponential function

L m
Ny(L) = Ny(P)exp(— /P ne(l)Scr(l)\/;dl),(Q)

where the N,(P) is the neutral beam density path
through the beam injection port at port position P,
ne(l) is the local electron density, S..(I) is the local
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stopping coefficient, m is the mass of the beam parti-
cles, and F is the beam energy. In addition, we define
the beam attenuation factor n = Ny(L)/Ny(P).

The neutral beam passes through the plasma,
with a path length through plasma of nearly 5m. Fig-
ure 5 shows the major radius of LHD and the electron
density distribution, for the three times of Fig. 4,
along the beam injection path where the horizontal
axis L is the distance from the BL3 ion source. At
L = 17.5 m along the beam path it comes closest to
the center of LHD. The electron densities of the tar-
get plasma reach a maximum near this closest point
at t = 2.1 sand at t = 2.233 s. At t = 2.4 s, the tar-
get plasma density is almost constant along the beam
injection path.

Figure 6(a) shows the reconstructed beam-
emission intensities at both the upstream and down-
stream positions. In this analysis, we have added
the beam-emission intensities at two positions on the
beam center of two beams (beam-3A and beam-3B),
since the beam-emission is maximum intensity at the
beam center due to its Gaussian profile. If we as-
sume a pure hydrogen discharge for shot 90982 (recall
it has a carbon pellet injection) strong beam-emission
appears at t = 2.1 s in the calculated beam-emission
due to the increase in penetration of the beam parti-
cles, as shown by the narrow lines in Fig. 6(a). How-
ever as these calculated intensities are not consistent
with the measurements, we need adopt a mixed hy-
drogen and carbon model for the target plasma. The
carbon fraction is defined as nc/(ng + ne), where
nc and ng is the carbon density and the hydrogen
density, respectively. Figures 6(b) and 6(c) show the
reconstructed beam-emission intensities obtained by
assuming a fixed carbon fraction at both the upstream
and downstream positions, respectively. With an in-
creasing carbon fraction, the beam-emission intensity
decreases at both positions due to greater beam atten-
uation. For a 20% carbon fraction, the beam-emission
intensity decreases by 30% over that for a pure hy-
drogen discharge in the upstream position at ¢t = 2.1
s. We expect the signal strength to be unobservable
at the downstream position with this carbon fraction.
From this result, we can estimate the dynamics of the
carbon fraction, which are shown by the cross marks
in Fig. 7. we find that the plasma is composed of
about 28% carbon particles at ¢t = 2.03 s, which de-
creases to 0.5% at t = 2.4 s when the maximum 7T is
achieved. As shown in Fig. 3(a), the electron density
rapidly increases by as much as an order of magni-
tude after the carbon pellet injection. If the carbon
particles fully ionize, the plasma carbon fraction in-
creases to approximately 60%. Thus, the carbon den-
sity decreases faster than the electron density while
T; rises. From this analysis, the reconstructed beam-
emission intensities, calculated in a mixed hydrogen-
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Fig. 6 (a) Thin lines show the reconstructed beam-
emission intensities calculated with ADAS coeffi-
cients and under the assumption of a pure hydrogen
plasma with the same density profile as shot 90982.
Bold lines are the result of fitting the reconstructed
beam-emission intensities for the mixed hydrogen
and carbon plasma. Continuous lines and dashed
lines give the estimated values at the upstream and
downstream positions, respectively. Squares and
circles give the measured value at the upstream and
downstream position, respectively. Panels (b) and
(c) show the reconstructed beam-emission intensi-
ties calculated from the constant carbon fraction
at the upstream and downstream positions, respec-
tively.
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Fig. 7 Crosses show the estimated carbon fraction
nc/(nag + nc) in the carbon pellet discharge.
Squares show the beam deposition power estimated
by beam-emission measurement using the mixed
hydrogen-carbon target model in the carbon pel-
let discharge 90982. The data shown by the trian-
gles are based on assuming a pure hydrogen target
model in 90982. Diamonds show the beam depo-
sition power for shot 90985 with no carbon pellet,
estimated from the beam-emission measurement.

carbon model for both the upstream and downstream
position, fit well to the measured beam-emission in-
tensities (see bold lines in Fig. 6(a)).

Figure 8 shows the beam attenuation factors n
along the beam injection axis at the time ¢t = 2.1 s,
t =223 s, and t = 2.4 s. Because the target plasma
discharge contains 13% carbon impurities at ¢ = 2.1
s, 80% of the neutral beam particles are deposited
before the point of closest approach to the center at
L = 17.5 m, and 97% of the neutral beam particles
injected are deposited into the plasma. At ¢t = 2.4
s, when the density distribution is flat with a 0.5%
carbon impurities, the beam deposition rate is reduced
to 55%. Here, we have estimated the evolution of
the beam deposition power (Pyep), defined as Pye, =
(1 = n) X Piyyp, where Py, is the input beam power
passing through the beam injection port.

The square symbols in Fig. 7 show the beam
deposition power estimated from the beam-emission
measurement of the carbon pellet discharge of shot
90982. The maximum deposited power is 4.2 MW
at t = 2.1 s which decreases to 2.4 MW at ¢t = 2.4
s, which is almost the same deposition power as for
the pellet-free discharge of the shot 90985 (diamond
symbols). Compared with a pellet-free discharge, the
neutral-beam heating power improves about 2 MW
due to the injection of a carbon pellet at the begin-
ning of the BL3 beam injection. The triangle symbols
in Fig. 7 show the beam deposition power assuming
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Fig. 8 Beam attenuation factors n along the beam injec-
tion axis at the LHD sequence times t = 2.1 s,
t = 2.23 s, and t = 2.4 s, plotted as the dashed
line, the chain double-dashed line, and the solid
line, respectively, in the carbon pellet discharge.

hydrogen-only discharge after carbon pellet injection.
The difference in the deposited beam power between
pure hydrogen discharge and discharge with 13% car-
bon with the same density profile at ¢ = 2.1 s is 0.8
MW, which we believe is the net effect of carbon in
this discharge.

In conclusion, the central ion temperature has
been improved to 5.6 keV by combining 21 MW of NBI
heating with a carbon pellet injection. Strong beam
attenuation is observed with beam-emission Ha spec-
troscopy and the carbon fraction and beam deposition
power have been estimated by comparing the beam-
emission with an ADAS calculation. The beam depo-
sition power for carbon pellet discharge is enhanced by
the carbon pellet until the ion temperature saturates.
The method of diagnosing beam attenuation using the
beam-emission has been shown to be useful for under-
standing the dynamics of the beam deposition power.
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