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By using tracer-encapsulated solid pellet injection, the local deposition of tracer impurity particle

is achieved only ingide a n/m = 1/1 static magnetic island O-point produced by external perturbation
coils in the Large Helical Device (LHD). Tn THD, two 20-channel AXUV diode arrays have heen installed
on a semi-tangential cross-section to obtain a 2D computed tomography image of the plasma radiation.

The reconstructed tomography image indicates that the radiation from the tracer impurity deposited

inside the O-point of the n/m = 1/1 island is extremely localized and remains inside the island for a

comparatively long time. This experimental result clearly indicates that the confinement capability of

the impurity particle inside the O-point of the n/m = 1/1 island is better than that outside the island.
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1. Introduction

Observations of internal transport barriers at or
near a rational magnetic surface in magnetically-
confined plasmas [1, 2] create interest in the roles of
a magnetic island in the plasma confinement. Beside
that, properties, such as transport, inside the mag-
netic island itself have come to be also important
issues to be clarified. Various experiments in many
tokamaks and helical devices have revealed the prop-
erties of heat and particle transport in the static mag-
netic 1sland so far. The ohservations of flat profiles of
various plasma parameters, such as electron tempera-
ture [3], electron density [4], and ion temperature [5],
inside the magnetic island are the most prominent re-
sults in those experiments. The flattening inside the
magnetic island itself does not support a high trans-
port level of heat and particles inside the island, since
the energy and particle balance in the island is consid-
ered to be highly isolated from the ambient plasmas
[6]. External perturbation experiments with pellet in-
jection have offered new insight into the transport in-
side the island.
side the magnetic 1sland 1s suggested by the resulting

In JET, low particle diffusivity in-

"snake” oscillation after the Dy pellet injection [7, 8].
Tn the Targe Helical Device (LHD), clear evidence for
a reduction of heat transport inside the n/m = 1/1
magnetic island O-point (electron heat diffusivity in-
side the island, 0.2 m?2 /s, is an order of magnitude less
than that outside the island) is observed from a cold
pulse propagation induced by a tracer-encapsulated
solid pellet (TESPEL) [9]. However, no clear experi-
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mental investigation on impurity transport inside the
magnetic island has been reported so far, although the
attendant impurity accumulation inside the island has
been observed in PBX [10] and JET [8]. Tn this paper,
the achievement of the local deposition of tracer impu-
rity only inside the n/m = 1/1 static magnetic island
O-point and the observation of the low transport level
of the tracer impurity inside the island O-point are
presented.

2. Experimental results

The T.HD 1s a heliotron-type magnetic confine-
ment fusion device, which has 10 pairs of external per-
turbation coils, so-called Tocal Tsland Divertor (L.TD)
coils [11]. The TLID coils enables us to control the
size of the n/m = 1/1 magnetic island by changing
the perturbation coil current, Iy, In order to in-
troduce a tracer impurity inside the n/m = 1/1 mag-
netic island O-point, TESPEL [12] injection is used.
Briefly speaking, TESPEL is a double-layered impu-
rity pellet, which consists of polystyrene polymer (-
CH(CgH5)CHg-) as an outer shell (the typical diame-
ter ranges from 0.4 mmto 0.9 mm) and tracer particles
as an inner core (the typical size is 0.05 ~ (0.2 mm in
size). This structure of the TESPEL enables us to
achieve the local deposition of tracer impurity inside
the plasma. Figure 1(b) shows the successful exam-
ple of the local deposition of tracer impurity inside the
n/m = 1/1 magneticisland O-point with the TESPEL
injection [13]. Tn this instance. a magnetic axis posi-
tion of R.x and a magnetic field at the axis B,y are 3.5
m and 2.976 T, respectively. And Irin of —1200 A is
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Fig. 1 (a) Poloidal cross-section of a n/m = 1/1 magnetic
island produced by external perturbation cails. In
this case, the O-point of the n/m = 1/1 magnetic
island is placed on the TESPEL injection axis. (b)
Tracer ablation emission measured with photomul-
tipliers equipped with an Ti I filter (solid line) as
a function of the major radial position along the
TESPEL injection axis. Here, the O-point of the
n/m = 1/1 magnetic island is the region enclosed
by open diamond symbols.

applied in order to expand the width of the n/m = 1/1
magnetic island O-point along the TESPEL injection
axis (~ 14 c¢m), as shown in Fig. 1(a). The TESPEL
parameters are as follows: the outer diameter is 0.42
mm, the resulting velocity is 324 m/s and the tracer
consists of three titanium (Ti) balls (which diameter
are 0.06 mm, 0.08 mm and 0.1 mm, respectively). The
line-averaged electron density and the central electron
temperature just before the TESPEL injection are 1.0
x 10' m~2 and 2.6 keV, respectively. The most deli-
cately adjusted parameters in this experiment are the
outer diameter of the TESPEL and the electron tem-
perature of the target plasma to control precisely the
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location of the tracer deposition. A very sharp peak
of the solid line in Fig. 1(b) represents the deposited
location of the Ti tracer, which is within the n/m =
1/1 magnetic island O-point region enclosed by open
diamond symbols. This boundary of the n/m = 1/1
magnetic island shown in Fig. 1(b) is calculated un-
der vacuum conditions. Since the ratio of the plasma
pressure to the magnetic pressure in this discharge is
estimated as only 0.09 % by the magnetic diagnostics,
the calculated boundary for the vacuum can still be
applicable for this case. The end of the tracer ablation
within the region of the n/m = 1/1 magnetic island
O-point is also confirmed by ECE diagnostics.

In order to observe the spatio-temporal behavior
of the tracer impurity deposited inside the O-point of
the n/m = 1/1 island, two 20 channel Absolute eX-
treme UltraViolet photoDiode (AXUVD) arrays [14]
which have been installed on a semi-tangential cross-
section of LHD [15], are used. Figure 2(a) shows the

positional relationship between the TESPEL injection
axis and the semi-tangential cross-section with the
AXUVD arrays. The AXUVD array has been uti-
lized widely for the plasma radiation measurement in
the various magnetically-confined plasma experiments
[16, 17, 18]. The AXUVD has a stable and high quan-
tum efficiencies for XUV photons, compared with con-
ventional XUV detectors. And the advantage of the
AXUVD array over the conventional foil bolometer
is that it has a considerably higher temporal resolu-
tion (it can be on the ys time scale, but in LHD it is
down to 100 ps due to the capacity of the A/D con-
verter) and no sensitivity for neutrals. The AXUVD
arrays used here are un-filtered and thus can observe
the plasma radiation, whose energy 1s ranged from 1.1
eV to 6000 eV, although the quantum efficiency loss
exists in the low energy region (for 7 eV to 100 eV
photons). Figure 2(b) shows the layout of the lines
of sight of the AXUVD arrays with the LHD vacuum
vessel for this experiment. The AXUVD measurement
of the tracer impurity deposited inside the n/m = 1/1
magnetic island O-point is performed with R,y = 3.6
m, Bax = 2.75 T. The Irjp of —1920A is applied to
expand the width of the n/m = 1/1 magnetic island
O-point along the TESPEL injection axis. In Fig.
2(b), the shape of the n/m = 1/1 magnetic island un-
der the above magnetic configuration is also shown.
Figure 3 shows the temporal evolution of the vertical
AXUVD (STU) array signal around the time of the
TESPEL (with the Ti tracer) injection toward the O-
point of the n/m = 1/1 island. Channel number 14
of the STU array sees strongly the region where the
TESPEL plume is expected to appear. As a reference,
the injection of TESPEL without the Ti tracer toward
the O-point of the n/m = 1/1 island is performed
with the same [r1p and the injection of TESPEL with
the Ti tracer across the X-point (outside the O-point)
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Fig. 2 (a) Partial equatorial plane view of LHD with the
TESPEL injection axis. The line of intersection of
an AXUVD arrays plane with the equatorial plane
is also shown. (b) Layout of two 20 ch. AXUVD
arrays on the semi-tangential cross-section of LHD.
The shape of the n/m = 1/1 magnetic island is also
depicted. In this case, the O-point of the island ex-
ists on the TESPEL injection axis. The area where
the TESPEL plume is expected to appear is circled
with a thick solid line.

of the n/m = 1/1 island is performed with the Irip
value of +1920 A. In the case of the TESPEL injec-
tion across the X-point of the n/m = 1/1 island, the
essential parameters for the case of the TESPEL in-
jection across the X-point of the n/m = 1/1 island
have maintained and only the n/m = 1/1 island O-
point region i1s removed from the TESPEL injection
axis by changing both the current of external pertur-
bation coils and its polarity. The temporal behaviors
of the STU array signals for those cases are also plot-
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Fig. 3 Temporal evolution of the AXUVD signal around
the time of the TESPEL (with the Ti tracer) in-
jection toward the O-point of the n/m = 1/1 mag-
netic island (long-dashed line). As a reference, the
cases of the TESPEL (with the Ti tracer) injec-
tion across the X-point of the island (short-dashed
line) and the TESPEL (without the Ti tracer) in-
jection toward the O-point of the island (dashed-
dotted line) are also plotted. Channel number 14
of the STU array sees strongly the region where the
TESPEL plume is expected to appear. The plasma
and TESPEL parameters are almost the same in all
the cases. Decay times of the AXUVD signal shown
in the figure are evaluated from the time period of
t—trrsprr, 10 ms to 30 ms and the evaluated decay
curves are indicated by solid lines. Poloidal cross-
section of the n/m = 1/1 magnetic island for the
case of TESPEL injection across the X-point of the
island is displayed in the figure.

ted in Fig. 3. The unit of the STU signals is an
arbitrary unit, since our AXUVD system is not cali-
brated for the absolute radiation measurement. The
plasma and TESPEL parameters are almost the same
in all the cases. As can be seen in Fig. 3, just after the
TESPEL injection, all AXUVD signals are increased
and decreased promptly. This very sharp peak can be
attributed to both the shell and tracer plume, because
a typical time for TESPEL ablation in LHD is about
1 ms [19]. The subsequent decay curve of the AXUVD
signals i1s mainly due to the radiation from the carbon
impurity from the outer shell for the case without the
tracer and the tracer impurity for the case with the
tracer. In the case of the injection of TESPEL with
the Ti tracer toward the O-point of the island, the
decay time of the signal intensity from the channel 14
of the STU array is evaluated to be 25.8 ms from the
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time period of t —tTpsprr,, 10 ms to 30 ms. In the case
of the injection of TESPEL with the Ti tracer across
the X-point of the island, the decay time is evaluated
to be 13.4 ms for the same time period (In Fig. 3, solid
lines indicate fitted decay curves). Thus this suggests
that the tracer impurity deposited inside the n/m =
1/1 magnetic island O-point remains in the island for
a comparatively long time, taking into account the
difference in the confinement volumes.

3. 2D CT analysis for the radiation
from the tracer
In order to have a clear understanding of the be-

havior of the radiation from the tracer impurity in-
side the n/m = 1/1 magnetic island O-point, 2D
computed tomography (CT) analysis is applied for
the measured chord-integrated AXUVD signals.
this analysis, the semi-tangential cross-section includ-
ing all the lines of sight of AXUVD arrays shown
in Fig.2(b) is divided by 32 x 32 = 1024 pixels.

In
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Fig. 4 (a) Example of the reconstructed 2D CT image of

AXUVD signals for the case of the TESPEL in-
jection across the X-point of the n/m = 1/1 is-
land. The vacuum vessel of LHD and the shape
of the expanded n/m = 1/1 magnetic island are
depicted by white lines in the image. (b) Compar-
ison of the data between measured (symbols) and
reconstructed (lines) from both vertical AXUVD
(STU)array and horizontal AXUVD (STO) array.
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Since the number of image cells extremely exceeds
the number of the detector channels, M = 20 + 20
= 40, the reconstruction of 2D CT image is a well-
known ill-posed problem. To solve this problem, a
linear (Phillips-Thikhonov) regularization method [20]
is used. The reconstructed image is formed by mini-
mizing the quantity J = +||CE||> + (1/M)||S — LE|?,
where the ~ is the reciprocal of the Lagrangian mul-
E and
S are the vectors containing local intensities of ra-

tiplier and the C' is the Laplacian matrix.

diation and detector signals, respectively. L is the
geometric weighting matrix. The ~ can act on the
smoothness of the reconstructed image. In addition
to Phillips-Tikhonov regularization, a technique based
on the minimum Fisher information principle [21] is
also utilized. This technique allows us to avoid the
oversmoothing of the peak in the reconstructed CT
image and to decrease the peripheral artifacts in the
reconstructed CT images. Further details about the
applied CT analysis technique are described in [22].
Figure 4(a) shows the example of the reconstructed
2D CT image of AXUVD signals. The image is ob-
tained just after the TESPEL injection (! —tTrsprr. =
0.9 ms) in the case of the injection of TESPEL with
the Ti tracer across the X-point of the n/m = 1/1
island. As can be clearly seen, a highly-localized radi-
ation exists in the upper right region of the 2D CT im-
age. This region corresponds to the region where the
TESPEL plume can appear. Since the typical time
for the TESPEL ablation is about 1 ms, this intense
radiation can be attributed to the light emissions from
both the shell and tracer plume. However, in the 2D
CT 1mage, two bright lines extending from a bright
spot can be recognized (one line to the diagonally up-
per left region and the other line to the lower region).
These lines seem not to be spread along the magnetic
field lines. And there exists an emitting region out-
side the LHD vacuum vessel. Unfortunately, those
are artifacts of the tomographic reconstruction pro-
cess. Nevertheless, the reconstruction of the 2D CT
image with such highly asymmetric patterns is almost
achieved since the reconstructed AXUVD signals for
both the vertical and horizontal array agree well with
the measured ones, as shown in Fig. 4(b).

Figure 5 shows the reconstructed 2D CT images of
AXUYVD signals just before and after the injection of
TESPEL with the Ti tracer toward the O-point of the
n/m = 1/1island. The 2D radiation profile just before
the TESPEL injection shows the almost center-peaked
one and it i1s changed drastically with the injection of
the TESPEL. At the time of t — {Tpsprr = 1.8 ms, as
shown in Fig. 5(c), it is recognized that intense radia-
tion can be seen inside the O-point of the n/m = 1/1
island. This intense radiation region is still found in-
side the O-point of the n/m = 1/1 island at the time
of t — trpsprr. = 2.8 ms (see Fig. 5(d)). And sur-
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Fig. 5 Reconstructed CT images for the case with the injection of TESPEL with the Ti tracer toward the O point of the
n/m = 1/1 island. (a) just before the injection (¢ — trgsprr, = - 1.0 ms), (b) 0.8 ms, (¢) 1.8 ms, (d) 2.8 ms and (e)
12.8ms after the injection. The vacuum vessel of LHD and the n/m = 1/1 magnetic island are also displayed by

white lines in the images.
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Fig. 6 Reconstructed CT images for the case with the injection of TESPEL with the Ti tracer across the X point of the
n/m = 1/1 island. (a) just before the injection (¢ — ¢Tesper, = - 1.0 ms), (b) 0.9 ms, (c) 1.8 ms, (d) 2.8ms and (e)

12.8 ms after the injection.

prisingly, even an additional ten ms later (¢ —tTrspEL
= 12.8 ms as shown in Fig. 5(e)), the radiation from
inside the island O-point is still stronger than that
outside the island O-point. In this case, the original
shape of the 2D radiation profile is finally restored af-
ter a time of around ¢ — t1rsprr, = 15 ms. In the
case with the tracer impurity deposited outside the
O-point of the n/m = 1/1 island (TESPEL with the
Ti tracer has injected across the X-point of the n/m
= 1/1 magnetic island), as can be seen in Fig. 6(b),
the highly-localized radiation due to the TESPEL in-
jection exists in the same manner as in Fig. 5(b).
However, the original shape of the profile is rapidly
recovered at the time of ¢ — trpsprr, = 2.8 ms. Thus
the 2D CT analysis clearly suggests that the tracer
impurity deposited inside the O-point of the n/m =
1/1 island is well-confined for a comparatively long
time.

4. Discussions

In the case shown in Fig. 5, the dominant charge
state of the titanium tracer 1ons, which are introduced
inside the n/m = 1/1 magnetic island O-point by
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TESPEL injection, 1s estimated to be around +15 by
using the calculation code, MIST [23]. Accordingly
the finite orbit width of the titanium tracer ions inside
the n/m = 1/1 magnetic island O-point is estimated
as less than 1 cm on the assumption that the temper-
ature of titanium tracer ions i1s the same as the elec-
tron temperature inside the island O-point. Since this
width is much smaller than the averaged width of the
n/m = 1/1island O-point, the finite Lamour radius ef-
fect can be ignored in the confinement of the titanium
tracer ions inside the n/m = 1/1 island. As already
confirmed in the LHD experiment, when the width of
the vacuum n/m = 1/1 magnetic island exceeds the
critical value (9 cm) [5], the radial electric field E; is
a negative in the half of the magnetic island towards
the plasma edge and positive in the other half of the
magnetic island away from the plasma edge. When
the plasma is in the ion root, the space potential well
is formed inside the n/m = 1/1 magnetic island O-
point [5]. Since the plasma in our experiment is in the
ion root (electron density and electron temperate at
the island O-point are 1.1 x 10'? m~3 and 0.5 keV,
respectively), this potential well would assist a good
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confinement of the tracer impurity inside the n/m =
1/1 magnetic island O-point. This agrees well with
the following observation; the highly-localized radia-
tion from the titanium tracer ions inside the n/m =
1/1 magnetic island O-point remains stationary for a
comparatively long time. In this paper, the qualita-
tive behavior of the tracer impurity deposited inside
the n/m = 1/1 magnetic island O-point is only pre-
sented. To obtain quantitative information on the im-
purity transport inside the magnetic island O-point
i1s a future task. To this end, it is fundamental that
the local impurity transport coefficients are evaluated
both inside and outside the n/m = 1/1 magnetic is-
land O-point, which would be difficult to perform. As
a first step, appropriate optical filters for the XUV re-
gion, which dominates the radiation from the titanium
tracer ions inside the n/m = 1/1 island O-point, will
be attached to the AXUVD arrays for the near future
experiments.

5. Conclusions

The local deposition of the tracer impurity inside
the n/m = 1/1 magnetic island O-point, which is ex-
panded by the external perturbation coils, has been
achieved by means of TESPEL injection. The re-
constructed 2D CT images for the chord-integrated
AXUVD signals clearly show that the tracer impu-
rity deposited inside the n/m = 1/1 magnetic island
O-point remains stationary for a comparatively long
time. This experimental result clearly indicates that
the n/m = 1/1 static magnetic island O-point has
good confinement capability for impurities as well as
for heat and fueled particles.
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