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ABSTRACT

A new multi-tracer technique in the Tracer-Encapsulated Solid Pellet (TESPEL) method has been developed in order to acquire
simultaneously the information about the behaviors of various impurities, i.e., to study concurrently the behaviors of low- and mid/high-Z
impurities in magnetically confined high-temperature plasmas. In this new technique, an inorganic compound (for example, lithium titanate,
Li,TiO3) is proposed to be used as a tracer embedded in the core of the TESPEL, instead of pure elements. The results of the proof-of-
principle experiment clearly demonstrate the applicability of the new multi-tracer technique in the TESPEL method for the simultaneous
study of behaviors of low- and mid/high-Z impurities in high-temperature plasmas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0043495

I. INTRODUCTION

At present, challenges regarding impurities in magnetically
confined fusion plasmas are becoming more complex because var-
ious impurities from low to high atomic-number (Z) elements
could exist simultaneously inside the high-temperature plasma. The
principle possible low-Z impurity in a fusion plasma is helium
(He, Z = 2), which will be produced as a by-product of the
deuterium-tritium (DT) fusion reaction. The major possible high-
Z impurity in the same plasma would be tungsten (W, Z = 74),
which would be used in plasma facing components. Therefore,
impurity transport studies covering a variety of Z-elements are still
being performed in various magnetically confined fusion experi-
ment devices.' "'’ In this regard, a simultaneous study of the behav-
iors of low- and mid/high-Z impurities would be highly important.
This study will make a major contribution to a full understanding
of the nature of impurity transport in the magnetically confined
high-temperature plasmas. Currently, in several helical devices,
such impurity transport studies are being conducted by using a

Tracer-Encapsulated Solid Pellet (TESPEL).!! The TESPEL usually
consists of a polystyrene (CgHs)n polymer as an outer layer and
tracer impurities, which can be chosen from a wide range of materi-
als, as an inner core. Until now, pure elements, such as titanium (Ti,
Z =22),vanadium (V, Z = 23), as well as many others, have been used
as tracer impurities embedded in the TESPEL. In order to obtain
simultaneously the behaviors of multiple impurities by using the
TESPEL, the TESPEL containing triple tracers [e.g., V, manganese
(Mn, Z = 25), and cobalt (Co, Z = 27)] has been developed.'” In
this multi-tracer technique, one critical point to be improved is that
the gaseous elements at room temperature are not available even
when needed. As a solution, we propose another new multi-tracer
technique using an inorganic compound, such as an oxide and a
nitride.

This paper describes the setup and results of a proof-of-
principle experiment for studying simultaneously the behaviors of
low- and mid/high-Z impurities in magnetically confined high-
temperature plasmas with another new multi-tracer technique in the
TESPEL method.

Rev. Sci. Instrum. 92, 063516 (2021); doi: 10.1063/5.0043495
Published under an exclusive license by AIP Publishing

92, 063516-1


https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0043495
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0043495
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0043495&domain=pdf&date_stamp=2021-June-16
https://doi.org/10.1063/5.0043495
http://orcid.org/0000-0003-1682-1519
http://orcid.org/0000-0002-5113-9710
http://orcid.org/0000-0002-0585-4561
http://orcid.org/0000-0003-0655-7347
http://orcid.org/0000-0003-1586-1084
mailto:tamura.naoki@nifs.ac.jp
https://doi.org/10.1063/5.0043495

Review of
Scientific Instruments

Il. SETUP OF PROOF-OF-PRINCIPLE EXPERIMENT

The proof-of-principle experiment for studying simultaneously
the behaviors of low- and mid/high-Z impurities in the magneti-
cally confined high-temperature plasmas with another new multi-
tracer technique in the TESPEL method has been performed in LHD.
In this experiment, lithium titanate (Li;TiO3) was used as a tracer
embedded in the core of the TESPEL. In this case, lithium (Li) and
oxygen (O) are low-Z impurity tracers and titanium (Ti) is a mid-Z
impurity tracer. A photo of the lithium titanate powder used here is
shown in Fig. 1. As can be seen, the lithium titanate micro-powder
pieces are clumped together. These lumps of lithium titanate micro-
powder are formed by sintering, and the typical size of each lump
is about 180-300 um. The solidification of lithium titanate micro-
powder by sintering is especially performed for easy embedding into
the core of the TESPEL. The outer diameter and the inner core diam-
eter of the TESPEL used in this experiment were 900 and ~300 ym,
respectively.

The TESPEL containing the Li, TiOj3 tracer (Li; TiO3-TESPEL)
was injected into the LHD plasmas by using the TESPEL injector
(the oblique injection type),'” which is installed at LHD Port 3-O.
This injector employs a pneumatic pipe-gun method for TESPEL
acceleration, and the propellant gas (He) pressure was set at 1 MPa.
In this experiment, the final guide tube position was set so that the
TESPEL could reach as deeply as possible into the central region of
the LHD plasma. A charge exchange spectroscopy (CXS) technique
can be used to track the spatiotemporal behaviors of the fully ionized
low-Z impurity tracers in the LHD. Here, since the number of target
elements is more than 1, Li and O, a two-wavelength spectrome-
ter system,'* which has been modified for this purpose, has been
utilized for the measurement of CX lines of Li and O. The tempo-
ral resolution of CXS diagnostic with the modified two-wavelength
spectrometer is 20 ms. In the proof-of-principle experiment, a simul-
taneous observation of Li IIT (n = 5 — 4, A = 449.9 nm) and O VIII
(n =10 - 9, A = 606.9 nm) spectral lines is attempted. In order to
observe line emissions from the highly charged Tiions,a VUV/EUV
spectrometer, SOXMOS,'® which is installed at Port 7-O, is used.
SOXMOS has just a single sightline, which is along the major radius
at the horizontally elongated poloidal cross section of LHD. The
typical temporal resolution of SOXMOS is 50 ms. The spatiotem-
poral evolution of the electron density and temperature is measured
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FIG. 1. Photograph of lithium titanate (Li,TiO3) powder used for the proof-of-
principle experiment.
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with a Thomson scattering diagnostic.'® The typical temporal res-

olution of the Thomson scattering diagnostic is 33 ms. Finally, the
total radiated power from the LHD plasma is measured with a wide-
angle resistive bolometer,'” which is installed at the same Port 3-
O as the TESPEL injector. The effective temporal solution of this
bolometer is 5-10 ms.

I1l. RESULTS OF PROOF-OF-PRINCIPLE EXPERIMENT

In the proof-of-principle experiment, a high electron density
(about 5 x 10" m™ as a line-averaged electron density) was set for
the target plasma because it is expected that there is a significant dif-
ference between the behaviors of low- and mid-Z impurities in such
high-density plasmas. In previous work on LHD, impurity accu-
mulation has been observed in plasmas with such a high electron
density.'”® The impurity accumulation observed in LHD is mainly
attributed to a larger inward convective flux driven by a negative
radial electric field, compared to an outward diffusion flux. The con-
vective term driven by the radial electric field in the impurity particle
flux formula has a positive Z dependence."’

In the first test of the proof-of-principle experiment, a single
Li,TiO3-TESPEL was used. Figure 2 shows typical waveforms of
the plasma in this first test. In LHD, the charge exchange (CX) line
intensity is derived from the difference of the line intensity between
a neutral beam-on time and a neutral beam-off time. For this pur-
pose, NBI No. 4 is used as a probe beam for CXS and is modulated
with 90% duty cycle (180 ms on and 20 ms off). In order to avoid the
change in total injected NBI power as much as possible, NBI No. 5
is modulated with 10% duty cycle (20 ms on and 180 ms off) and is
operated out of phase with NBI No. 4. The single Li;TiO3-TESPEL
was injected at the time of about 4.14 s during heating with NBI No.
2, NBI No. 3, and NBI No. 4. The Li, TiO3-TESPEL injection pro-
duced a very sharp spike in the plasma radiation. This is because the
wide-angle resistive bolometer can detect directly the ablation emis-
sion from the TESPEL. After its sharp peak, the plasma radiation
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FIG. 2. Time traces of the discharge for the first test: (a) plasma radiation and
port-through power of NBI No. 2 + NBI No. 3, (b) port-through power of NBI No. 4
and NBI No. 5 (c) electron density, and (d) electron density at different normalized
minor radii, which are estimated from Thomson scattering data.
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returned almost to the pre-injection level. As shown in Fig. 2(c), a
slight increase in electron density was obtained at the edge (ref/ago
> 0.5). Here, re is an averaged minor radius on a magnetic flux
surface and ag9 is an effective minor radius in which 99% of the
plasma kinetic energy is confined. As can be seen from Fig. 3(a),
the peak location of the density increases because the TESPEL injec-
tion was found to be at around R ~ 4.37 m (ref/age ~ 0.85). A slight
decrease in core electron temperature was also obtained due to the
cold pulse propagation”’ induced by the TESPEL injection. These
results indicate that the single Li;TiO3-TESPEL injection into the
plasma has little impact on the plasma conditions, i.e., the single
Li, TiO3-TESPEL injection does not lead to plasma termination. In
the case of single Li, TiO3-TESPEL, the intensities of CX Li IIT and
CX O VIII spectral lines obtained were marginal levels, even imme-
diately after the TESPEL injection. At R ~ 4.37 m, the peak location
of the density increases, the CX Li III intensity at t = 4.15 s was
slightly higher than the zero level, whereas the CX O VIII intensity
at t = 4.15 s is still almost zero. These results were considered to be
due to an insufficient amount of the Li, TiO3 tracer. However, line
emissions, such as Ti XX (Li-like, A = 25.93 nm, 1s22s 281/2—1522})
*P3/2), from the highly charged Ti ions were clearly observed.

In the second test of the proof-of-principle experiment, we per-
formed a double Li; TiO3-TESPEL injection in order to increase the
amount of Li>TiO3 deposited by the TESPEL injection. The almost
simultaneous injection of two TESPELs into the plasmas can be
performed because each small storage chamber (its depth is 5 mm)
in the TESPEL magazine disk can hold more than one TESPEL and
each small storage chamber can be set very precisely at the injection
axis by using a remote-controlled motor.”' Figure 4 shows typical

10 LHD #15_9026

sl Th,

o b 427s 4 Nl (1019.m-3)

4 F | A i T i P

2 E-: magnetic (4175 -4.10)x2 LCES: :
::/aXlS e\ mmm =t \(a

38 ; :
CX Li lll (Counts/1e3) !
(beam on - beam off) !

1
CX O Vill (Counts/1e3)!
(beam on - beam off) !

(c)

FIG. 3. Radial profiles of (a) electron density, (b) CX Li lll intensity, and (c) CX O
Vlll intensity at different times for the first test.
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FIG. 4. Time traces of the discharge for the second test: (a) plasma radiation and
port-through power of NBI No. 2 + NBI No. 3, (b) port-through power of NBI No. 4
and NBI No. 5, (c) electron density, and (d) electron density at different normalized
minor radii, which are estimated from Thomson scattering data.

time traces of the discharge in the second test. The two Li,TiO3-
TESPELs were injected almost simultaneously at the time of ~4.13 s.
As is the case with the single Li; TiO3-TESPEL injection, the plasma
radiation showed a sharp peak due to the TESPEL injection. After
the sharp peak, the plasma radiation did not return to the pre-
injection level, but gradually decreased. It is considered that this
could be an effect of the impurities injected. As shown in Fig. 4(c),
a slight increase in electron density was obtained in a wider region
(refi/agy > 0.25). However, as indicated by Fig. 5(a), the peak loca-
tion of the density increment by the TESPEL injection was found to
be almost at the same position, about R ~ 4.34 m (ref/age ~ 0.84),
as the single TESPEL case. Thus, this fact suggests that the pen-
etration depth of the TESPELs was almost the same as the single
TESPEL case. In this case also, a cold pulse propagation induced by
this double-TESPEL injection was observed. In addition, this dou-
ble Li, TiO3-TESPEL injection into the plasma has a larger impact
on the plasma conditions, but nonetheless it still does not lead to
plasma termination. By using the double Li, TiO3-TESPEL injection,
the intensities of CX Li III and CX O VIII obtained after the TESPEL
injection reached significant levels. As can be easily recognized from
Figs. 5(b) and 5(c), the spatiotemporal evolution of CX Li III and
CX O VIII intensities above the net zero level was clearly observed.
The radial profile of the CX Li III intensity (t = 4.13 s) right after
the TESPEL injection is found to be already spread to some extent.
This is because, the fully ionized Li ions were already transported
during 20 ms, which is the temporal resolution of CXS system. The
local maximum of the CX Li IIT intensity is found to exist at around
R = 4.35 m. As shown in Fig. 5(a), this position seems to corre-
spond to the local maximum position of the increase in electron
density after the Li; TiO3-TESPEL injection. The peak position of the
CX Li Il intensity seems to move inward to some extent until finally
the CX Li III intensity can no longer be observed. The radial profiles
of the observed CX O VIII intensity showed broader profiles when
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FIG. 5. Radial profiles of (a) electron density, (b) CX Li lll intensity, and (c) CX O
Vlll intensity at different times for the second test.

compared with the radial profile of the CX Li III intensity. How-
ever, the local maximum of the CX O VIII intensity is found to be
at almost the same position as the CX Li III intensity, R = 4.35 m.
This result indicates that the dominant deposition location of the
Li; TiO3 tracer would exist at R ~ 4.35 m (r.g/a99 ~ 0.84). Therefore,
the total penetration depth of the double TESPELSs should be slightly
beyond the reg/age = 0.84 location, because the tracer impurity in
the TESPEL will be exposed to the plasma at the final phase of the
entire TESPEL ablation. The penetration depth reg/age of ~0.84 is
quite similar to the typical penetration depth of previous TESPELs
having the pure element tracers,”” and still much deeper than that
of a laser blow-off method.”” The peak location of the CX O VIII
intensity seems to move more inward compared with the CX Li III
intensity. The difference in the spatiotemporal behavior between CX
Li III and CX O VIII may reflect the differences (1) in the trans-
port characteristics of fully ionized Li and O ions and (2) in the
abundance distribution of those ions in the plasma.

Figure 6 shows the temporal evolutions of the intensities of CX
Li ITII, CX O VIII, and Ti XX obtained during the first and second
tests. Here, for the purpose of comparison, the CX Li III and
CX O VIII intensities are integrated over all the spatial channels
along the major radius. Due to its integration effect, the integrated
intensity can show a positive value even before the Li; TiO3-TESPEL
injection. The average level of the integrated intensity during the
time period before the Li,TiO3-TESPEL injection is estimated as
the noise level. As can be easily recognized from Figs. 6(a) and
6(b), the spatially integrated intensities of CX Li III and CX O VIII
lines in the first test are below the noise level. However, the spa-
tially integrated intensities of the same CX Li III and CX O VIII

ARTICLE scitation.orgljournal/rsi
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FIG. 6. Temporal evolutions of intensities of (a) CX Li Il line, (b) CX O VIII line,
and (c) Ti XX line obtained in the first and second tests. The vertical dashed line
indicates the TESPEL injection time. For the purpose of comparison, the intensities
of CX Li llland CX O VIl are integrated over the major radius.

lines in the second test clearly show significant temporal evolu-
tions, i.e., they decayed rapidly. The decay times of these spatially
integrated CX Li III and CX O VIII intensities, which are evalu-
ated from the fitting of an exponential decay, are evaluated to be
0.203 and 0.382 s, respectively. On the other hand, as can be seen
from Fig. 6(c), the intensities of Ti XX in both tests were kept at
a high level up for around 5.2 s, where the core electron temper-
ature was decreased due to the decrease in the total port-through
power of NBI. These facts indicate that the accumulation of Ti
impurity occurred in both tests. From a comparison between the Ti
XX intensity with the double TESPEL and the same line intensity
with the single TESPEL, it is found that the double-TESPEL injec-
tion delivered successfully twice the amount of Li;TiO3 compared
to the single TESPEL into the plasma. This is also confirmed from
the particle inventory in the plasma. The expected electron den-
sity increase by the single and double TESPELs is estimated to be
43 x 10" m™ (4.2 x 10'® m™ from the shell and 9.2 x 10 m™3
from the Li;TiOs tracer) and 8.6 x 10'®* m™ (8.4 x 10"®* m™ from
the shell and 1.8 x 10" m™ from the Li, TiOj3 tracer), respectively.
Here, the filling rate of the Li;TiO3 tracer into the TESPEL shell
is assumed to be 20%. As can be seen, the dominant electron sup-
plier is the TESPEL shell. The electron density increments by the
single and double-TESPEL injections, which are estimated from the
line-averaged electron density measurement, were estimated to be
2.88x 10 m™ (x2=5.76 x 10 m™®) and 6.05 x 10"* m~3, respec-
tively. In this case, about 70% of the particles in the TESPEL are
considered to be deposited in the plasma. Considering measurement
uncertainties, the discrepancy in the electron density increments
between the single TESPEL and the double single TESPEL would
be within the uncertainty. The difference in the decay characteristics
obtained between CX Li III, CX O VIII, and Ti XX indicates clearly
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the existence of Z dependence in LHD. Therefore, the second test of
the proof-of-principle experiment demonstrated clearly the appli-
cability of another new multi-tracer technique using the inorganic
compound.

IV. DISCUSSION

In this proof-of-principle experiment, the multi-TESPEL injec-
tion method has been implemented. However, in an actual experi-
ment for the precise Z dependence study of impurity transport, such
a double-TESPEL injection would not be acceptable because almost
the simultaneous injection of two TESPELs in the same injection
line could make it very difficult to determine which signal is from
which TESPEL in the TESPEL velocity measurement, i.e., to iden-
tify the deposition location and width of the impurity tracers from
each TESPEL. Therefore, the improvement of the TESPEL payload
capacity is urgently needed. The thin-shell-type TESPEL is more
favorable for this purpose. Currently, we have the polystyrene shell
with an outer diameter of 700 ym and an inner core diameter of
550 um (the shell thickness of 75 ym) and the polystyrene shell
with an outer diameter of 600 ym and an inner core diameter of
440 pm (the shell thickness of 80 ym). From past experience with
such polystyrene shells, and to be on the safe side, the polystyrene
shell with an outer diameter of 900 ym and an inner core diame-
ter of 660 ym (the shell thickness being 120 ym) is currently under
development. Compared with the thick-shell-type TESPEL** hav-
ing the outer diameter of 900 ym and the inner core diameter of
300 pm, i.e., a shell thickness of 300 ym (used in the proof-of-
principle experiment), the TESPEL payload capacity will increase
approximately tenfold. Therefore, based on the results of the second
test of the proof-of-principle experiment, a single TESPEL contain-
ing a sufficient amount of the inorganic compound impurity tracer
will be applicable in the very near future.

In order to complete the Z dependence study of impurity trans-
port in magnetically confined high-temperature plasmas, various
inorganic compound impurity tracers are needed. In high-density
LHD NBI-heated plasmas, the accumulation of Ti (Z = 22) impurity
has been frequently observed. At the same time, the second test of
the proof-of-principle experiment indicates that Li (Z = 3) and O (Z
= 8) were not accumulated in such high-density LHD NBI-heated
plasmas. Therefore, a change in impurity transport characteristics
from “exhaust” to “accumulation,” in other words, a sign of con-
vective flux from “outward” to “inward” in LHD, should occur in
some impurities between Z = 8 and Z = 22. Currently, calcium alumi-
nate (CaAl;Oy4) and silicon hexaboride (SiBg), in addition to lithium
titanate (Li,TiO3), are considered as possible candidates in such a
precise Z dependence study of impurity transport in LHD.

V. SUMMARY

A new multi-tracer technique in the Tracer-Encapsulated Solid
Pellet (TESPEL) method has been developed for studying simul-
taneously the behaviors of low- and mid/high-Z impurities in
magnetically confined high-temperature plasmas. In this new tech-
nique, an inorganic compound (for example, lithium titanate,
Li,TiO3) is proposed to be used as a tracer embedded in the core
of the TESPEL, instead of pure elements. For the proof-of-principle
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experiment, a two-wavelength spectrometer was used for the simul-
taneous measurement of CX lines of Li and O. In order to over-
come limitations of the payload capacity of the currently available
TESPEL shells, the synchro-multiple TESPEL injection method was
applied. Consequently, the behaviors of low-Z impurity (Li and O)
and mid-Z impurity (Ti) were successfully observed with CXS and
the EUV/VUYV spectrometer, respectively. In the high-density LHD
NBI-heated plasma, decay times of Li and O ions are found to be
much shorter than the decay time of Ti ions. This result indicates
clearly the existence of Z dependence of impurity transport in LHD.
Therefore, the proof-of-principle experiment demonstrated clearly
the applicability of the new multi-tracer technique using the inor-
ganic compound. As future work, a variety of single TESPELs con-
taining different compound impurity tracers will be developed to
promote the precise study of Z dependence of impurity transport
in LHD.
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