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Utilizing the advantage of the Tracer-encapsulated Solid Pellet (TESPEL) injection method, the radiation
power emitted from heavy atoms such as tungsten is measured knowing the total amount of the heavy atoms. The
experimentally obtained radiation power is compared with the theoretical calculations. The TESPEL method is
found to be useful for evaluating the absolute radiation power from the heavy atoms, although the present status
is preliminary and further data should be accumulated.
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In magnetic confined plasmas, the accumulation of
impurities is one of the subjects of concern. It can cause
cooling down of the fusion plasma and also dilution of the
fusion fuel. On the other hand, the localization of an adequate impurity amount in the plasma edge might cause
appropriate radiation power which could mitigate the heat
load on the divertor plate. From this viewpoint, a Tracerencapsulated Solid Pellet (TESPEL) injection method has
been developed [1].
In this paper, we report on the measurement results of
the radiation power from the heavy atoms. For this, we
used the following advantages of TESPEL: (a) direct local deposition of tracers inside the plasma is possible; (b)
the deposited amount of the tracer inside the plasma can
be known precisely; and (c) a relatively wide selection of
tracer materials is possible.
The total radiation power P due to some amount of
impurity in a plasma is written as:

(1)
P=
L(T e (r))ne (r)nz (r)dV,
where L is the radiative power loss rate, and ne and nz
are the electron density and the impurity density, respectively. Generally L depends on the electron temperature
and density, but the density dependence is small for high
Z impurities with the plasma parameters concerned here.
For the calculation of the radiative cooling rate L, Post et
al. uses an average ion model (AIM) which is explained
well in Appendix A of Ref. [2]. In the model, an average ion was obtained by averaging statistically all possible charge states of an element, and the radiation rate and
the mean charge state in coronal equilibrium were calculated. The AIM model is available for our interested
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plasma parameter range (1 × 1018 m−3 ≤ ne ≤ 1 × 1021 m−3 ,
100 eV ≤ T e ≤ 100 kev). The more precise treatment
for W with the Cowan code using a configuration averaged model (CAM) was performed by Pütterich et al. [3].
They performed the level-resolved calculations, and thus
could give the spectral contributions to the radiative cooling rates. Their calculations were done only for W. As
the radiative cooling rates for W given by Post agree relatively well with those given by Pütterich considering the
accuracy, we will compare the experimental data with the
calculated data given by Post.
Utilizing the advantage of the localized deposition of
the tracer, the deposition location is assumed here as r∗ in
the early phase for simplicity,
nz (r) = nz δ(r − r∗ ),
and

(2)


nz (r)dV = Nz .

(3)

The total amount of the tracer deposited by a TESPEL is
precisely determined as Nz (which is due to the advantage
of TESPEL), then,
P ∼ L(T e (r∗ ))ne (r∗ )Nz .

(4)

For P, we use the bolometric power obtained experimentally. Thus, we can obtain L experimentally by knowing P,
ne (r∗ ), and Nz .
The local electron temperature and density are approximated in this paper as those at the tracer deposition
location, although more accurate comparison may be possible using somewhat broadened profiles according to the
diﬀusion of the tracers. The temporal development of the
bolometric power Pbol for the average bulk electron density
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Fig. 1 Temporal developments of Pbol and the local value of T e
and ne at reﬀ = 0.40 m. The TESPEL having the tungsten
tracer is injected at the timing denoted by the dotted line.
Fig. 3 Radiation power loss rates given in Refs. [2, 3, 5]. The
experimental data of W, Gd, Sn, Ni, and Fe are shown by
symbols. The bar next to “A” indicates the broadening of
the electron temperature experienced by W particles due
to the assumed particle diﬀusion in ∼30 ms.

Fig. 2 Temporal developments and corresponding locations of
the ablation light emissions through the filters for the
shell and the tracer, respectively. δt stands for the time
passed after the time t0 .

of ne = 5.4 × 1019 m−3 with a tungsten tracer is shown in
Fig. 1. The amount of the tungsten tracer is 1.5×1017 particles. The local electron temperature and density measured
by a Thomson scattering system at reﬀ = 0.40 m (the deposition location of the W tracer as seen in Fig. 2) are also
shown, where reﬀ is the radius of the equivalent circle cross
section based on the equilibrium code calculation. The
temporal developments of the ablation light through the filters for the shell (Hα) and the tracer are shown in Fig. 2 by
normalizing with the peak value. As the spectral width of
the filter for W I (400.9 nm) is broad (FWHM of 2.0 nm),
the background light penetrates through the filter, but the
local deposition (2∼3 cm) of the tracers has already been
confirmed in the previous experiments with a high resolution spectrometer with a suﬃcient time resolution [4]. The
bolometric power increase due to the TESPEL outer layer
of polystyrene is negligible. The increase of the bolometric power and the local electron temperature and density
are taken at the timing indicated by a hatched bar in Fig. 1
(in the 20 - 30 ms after the TESPEL injection). Thus, the
experimentally obtained L value can be compared with the
calculated data.
The dependence of L on the electron temperature

given by Post is plotted with solid lines in Fig. 3. The
experimental data are shown by symbols for Fe, Ni, Sn,
Gd, and W. “A” denotes the data obtained in the case of
Fig. 1. The data for W given by Pütterich and also by the
FLYCHK code [5] are shown for reference. The ratios of
the experimental data to the data given by Post are 0.6 for
Fe, 0.9 for Ni, 0.8 for Sn, 0.5 for Gd, and 0.2 - 0.5 (0.3 in
average) for W. The discrepancy seems relatively small,
considering the accuracy of the experiments (∼50%) and
the model calculations (factor of 2∼4).
The experimentally obtained data of W in the range
of T e = ∼1 keV indicates that the radiation power from W
with the particle amount of 1.6 × 1019 (5 mg) in the plasma
periphery of ne = ∼1 × 1020 m−3 can reach ∼400 MW in a
fusion reactor. Such a quantity is within a practical value
for the radiation cooling in the plasma periphery. When it
is necessary to put the impurities locally in some narrow
layer in the plasma edge region, it may be useful to use
a TESPEL/TECPEL configuration [6], namely the outer
layer of polystyrene or cryogenic solid hydrogen and the
inner core of W. If Kr or Xe is an option for the radiator,
a cryogenic solid Kr or Xe with a larger amount than the
case of W can be used by covering with solid hydrogen.
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