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Abstract
In order to study impurity particle transport by a transient response of the tracer ions, Tracer-

Encapsulated Solid PELlet (TESPEL) has been developed. TESPEL consists of polystyrene
(-CH(C6H5)CH2-)' as an outer shell and tracer particles as an inner core. In case of the titanium (Ti)
tracer, the temporal behavior of line emissions from the highly ionized tracer ions has been clearly
observed by both X-ray pulse height analyzer (PHA) and a vacuum ultra violet (VUV) spectrometer.
These experimental obtained data are compared with the ones simulated by the impurity transport code,

MIST. Moreover, the propagation of the cold pulse caused by TESPEL injection was observed by a 32-

channel electron cyclotron emission (ECE) heterodyne radiometer and the heat plasma conductivity has

been evaluated.
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1. Introduction
One of the important issues of fusion research is to

understand the transport of particles and heat in
magnetically confined plasma. For a better
understanding of these transport mechanism, both
analysis of the steady state and that of the transient state

are important. Impurity injection (laser blow-off method

[], impurity pellet injection [2], etc.) is one of the

common transient transport study techniques. In order to

diagnose impurity transport more accurately, a tracer-
encapsulated solid pellet (TESPEL) [3,4] has been

developed [5] and the TESPEL injector and associated

system have been installed recently on LHD [6].
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TESPEL consists of polystyrene (-CH(C6H5)CH2-)' as

an outer shell and impurity particles as an inner core. It
is important that TESPEL can make a both poloidally
and toroidally localized impurity particle source as a

tracer, which is deposited at first within a very small

volume in the plasma. Another merit of TESPEL is the

easy identification of the total amount of the injected
impurities due to the known size of the inner core of the

TESPEL. In addition, since the TESPEL injector can

inject pellets of different sizes (in a 300-950 pm range),

the TESPEL penetration depth, the perturbation
amplitude of the electron temperature and other
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parameters can be optimized according to the

experimental objectives.

2. Experimental Apparatus
The Large Helical Device (LHD) [7,8] is the

world's largest heliotron device (poloidal period number

I = 2, and toroidal period number m = l0) with a major

radius R = 3.50-4.05 m, average minor radius a = 0.6

m, magnetic field up to 3 T generated by super-

conducting coils. The TESPEL injector has been

installed on LI{D Port #3-O and a TESPEL is injected

from the outboard side by means of the pneumatic pipe-

gun technique. The accelerating gas is Helium and its

pressure is 30 atm. The obtained TESPEL velocity is
typically in the range of 250-400 m/sec. The 59

TESPELs can be loaded in the rotating disk. The

ablation light of TESPEL injected into LHD plasma is

observed by the CCD cameras and the photo-multiplier

tubes (PMT). These are equipped with the
corresponding interference filters for shell and tracer. By

using the knc,wn TESPEL velocity, the high time-
resolved PM]' signal is translated to the TESPEL
position in the plasma. Thus, the location and width of
the tracer deposition can be measured.

In the case of an impurity transport study, titanium
(Ti) was used as a tracer. The typical shell diameter for
this study is about 700 prm and several Ti micro-balls
(with 80-100 pm diameter) have been filled inside the

TESPEL. The total amount of Ti particle was varied

approximately in the (0.5-3) x l0l7 range.

In experirnents, the temporal and spatial behaviors

of the electr6'n density (n") are measured by a 10

channel FIR laser interferometer [9]. The time evolution

of the electron temperature (2") is measured by an ECE

heterodyne radiometer [10] with a high time resolution.

The ?" profile is also measured with a good spatial (-2
cm) resolution by multi-point Thomson scattering [ 1].

The behavior c'f the Ti line emissions is measured by an

X-ray pulse height analyzer (PHA) [12] and a vacuum

ultra violet (\/UV) spectrometer. Two PHA systems

have been used. One system (PHA2O) is installed on the

equatorial plane of LHD Port #2-O to observe the LHD
plasma center. Another (PHARD) system located at Port

#2.5-L has 3 channels to observe the radial profile of X-
ray emissions. The energy resolution of the PHA

systems is approximately 300 - 400 eV. Therefore, the

measured Ti Ka emission by the PHA systems contains

Ti Ka line emissions from several charge states (He-

like, Li-like, Belike, etc.).

3. lmpurity Tracer Injection Experiments
There have been few studies on impurity transport

in stellarator type devices, while many experiments for
impurity transport have been performed in tokamaks.

Several important results were obtained in Heliotron E

plasmas heated by neutral beam injection (NBI) [13]. It
was observed that the diffusivity has an important role

on the impurity transport in NBI plasmas, while the

inward flow plays only a minor role. However, this
experiment was performed only with a co-NBI plasma

setup. Thus, it is still an important task to investigate

whether the difference of the NBI direction can cause a

significant difference of the impurity transport as

observed in tokamaks.

The impurity transport in NBI plasmas with various

NBI directions is studied in LHD by means of the

TESPEL injection. Figure 1 shows an example of the

time evolutions of Ti Ka emission measured by PHA2O

and Ti XIX (,1 = 169.6 A; measured by VUV
spectrometer in LHD shot #27864.In this shot, TESPEL

was injected at t - 1.190 sec during co-NBI. The Ti Ka
emission rises to its maximum, during approximately
500 ms after the injection and the emission decay time
is estimated as 1.48 sec between the time when the Ti
Ka emission reaches a maximum value and the time
when NBI was switched off. The profiles of n" and T.

before and after TESPEL injection and their temporal

evolutions are shown in Fig. 2. One can conclude that n"

and 7i perturbations caused by TESPEL injection can be
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Fig. 1 An example of the temporal behavior of Ti Ka
(open circles) measured by PHA2O and Ti XIX
(closed diamonds) measured by VUV spectrom-
eter. The dash-dotted line is the exponential fitting
curve for the temporal behavior of Ti Ko. Plasma
condition: co-NBl plasma (P"r, = 1.7 MW) with line
averaged electron density n._0". = 1.8 x 101s m-3,

and central electron temperature i"(0) - 2.1 keV.
NBI was terminated at t = 2.3 sec (vertical dashed
line).
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Fig. 2 Profiles of (a) n", (b) l. before and after TESPEL
injection and the temporal evolutions of (c) n"_0",,

(d) 7:. TESPEL injection was at t - 1.1903 sec.
Same discharge as in Fig. 1.

neglected when 0.1-0.15 sec has passed since TESPEL

injection. Thus, impurity transport studies were
performed for times after t = 1.3 sec in this shot.

Simulations were done by using the impurity
transport code, MIST [4]. For those, cylindrical
symmetry was assumed and the radial particle flux f,
for the i-th charge state ion was modeled by a simple

diffusive-convective model: li = -DiQ)dn/0r - ViQ)ni,
where n1 is the density of the impuritl, DiQ) is the radial
diffusion coefficient andV;(r) is the convective velocity,
respectively. In our studies, the diffusion coefficient is

assumed to be radially constant and the convective
velocity term is represented as V, = - Cv(2rD,la2),
where Cv is the dimensionless peaking factor.

Figure 3 shows the calculated profile of Ti Ka
emission integrated along the PHARD line of sight and

the experimental one for LHD #27864 at t = 1.9 sec

before the termination of NBI. One can see from this
figure that the radial profile is weakly sensitive to Cv

values. Thus, only a 0 - 3 range of Cv could be

evaluated from Fig. 3. Since this steady-state profile
analysis gives only the ratio of the convective fluxes to
diffusive ones, the temporally evolving data are used for
further analysis. Comparison of the calculated temporal
evolutions for several sets of D and Cv with the
measured ones is shown in Fig. 4. A fairly good

agreement is obtained with the value of D = 900 cm2lsec

and Cv = 2 (i.e. V(a) = Jl cm./sec, where V(a) is the
convective velocity at the plasma edge) as a result of
trial and error. From this analysis, the Ti ion transport is
explained with the value of D = (450-1800) cm2lsec and

Cv = 0-3. Similar analysis has been performed for
balanced NBI and counter-NBl plasmas with line-

01020304050
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Fig. 3 Calculated profile of line-integrated Ti Ka emis-
sion and the experimental data measured by
PHARD for LHD #27864 at f= 1.9 sec before the
termination of NBl.
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Fig. 4 Comparison of normalized temporal evolutions of
the (a) Ti Ka (open circles) and (b) Ti XIX (open
diamonds) with those calculated by MIST with
several sets of D and Cv (dash-dotted line: D =
450 cm2/sec. Cv = 0, dashed one: D = 900 cm2/sec,
Cv = 2, dotted one: D = 1800 cm2/sec, Cv = 3). Cal-
culations were stopped at t = 2.3 sec when the
NBI was terminated. The intensity of Ti Ko is nor-
malized by the value at the time when the Ti Ko
emission reaches a maximum and that of Ti XIX
is normalized by the value at t= 2.15 sec.

averaged electron density ne_bar in the range of (l-2)x
10re m-3. The pair of D = 900 cm2lsec and Cv = 0 for
balanced NBI case and D = 700 cm2lsec and Cv = 0 for
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counter-NBl case are obtained as the best fit.
In Heliotron E, no strong dependence of the

impurity transport on the impurity species (Si, Fe, etc.)

was observed t151. Thus, the obtained transport
coefficients by means of TESPEL with Ti tracer in LHD
are compared with those by laser blow-off technique

with silicon impurity in Heliotron E t131. The D value

of (70G-900) cm2/sec, obtained in LHD is close to ones

in Heliotron E. Small Cv 3 2 values (i.e. small inward
flow) for co-NBI, counter-NBl and balanced NBI
plasmas obtained in LHD are also consistent with the

finding for co-NBI plasmas in Heliotron E [2]. For
further comparison, dependence of impurity transport

coefficients on plasma parameters (electron density, NBI
power and so on) should be obtained in LHD.

4. Gold Pulse Experiment
TESPEL has produced the electron temperature

perturbation u'ith small perturbations of other plasma

parameters. Thus, the values of electron heat diffusivity,

7", in the interior of the plasma were evaluated from
analysis of the cold pulse propagation caused by
TESPEL injection [16]. For one, the value of Xewas
estimated as (2-5) m2lsec for the co-NBI plasma with
f,e-br= 1.4 x lOle m-3 and Z"(0) - 2.1 keV. In order to

obtain the 7" for various plasma regions, the penetration

depth of TESPEL should be varied. Recently, the

penetration d,epth po"n = 0.87 was obtained for the

TESPEL of 336 1tm diameter, meanwhile pp"n = O.73 for
the TESPEL of 740 1tm. For both cases, the cold pulse

propagations were clearly observed by the ECE

heterodyne radiometer and could be used for further
analysis.

5. Summary
TESPEL has been utilized for the transient

transport studies of both impurity and heat in LHD. The

effect of the NBI direction on the impurity transport was

studied at the moderate range of n"_6*, Q-2) x l01e m-3.

The line emissions from the Ti tracer ions were clearly

observed by I'HA and VUV spectrometer. The time
evolutions of Ti Ka and Ti XIX were compared with
those calculated by the time dependent MIST. The

diffusion coelTicients D and convective velocities %
obtained for LHD plasmas with different NBI directions

were compared with those obtained in Heliotron E

plasmas with co-NBI. These results in LHD were almost

consistent with the findings of Heliotron E. However, in
our experiment, many parameters were fixed. Thus the

parametric dependencies of impurity transport on

electron density, NBI power and others remain as

objectives of future studies. TESPEL injection has

produced the electron temperature perturbations with
small perturbations of other plasma parameters. The

resulting cold pulse propagations were clearly measured

by an ECE heterodyne radiometer. Since the TESPEL

injector can inject various sizes ofTESPEL, the electron

heat diffusivity, X", can be studied in a widespread
plasma region.
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