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In this paper, we describe the behavior of impurity transport in the HL-2A electron cyclotron resonance heat-
ing (ECRH) L-mode plasma. The neon as a trace impurity is injected by the supersonic molecular beam injection (SMBI)
technique, which is used for the first time to study the impurity transport in HL-2A. The progression of neon ions is mon-
itored by the soft X-ray camera and bolometer arrays with good temporal and spatial resolutions. The convection and
diffusion process of the neon ions are investigated with the one-dimensional impurity transport code STRAHL. The results
show that the diffusion coefficient D of neon ions is a factor of four larger than the neoclassical value in the central region.
The value of D is larger in the outer region of the plasma (p > 0.6) than in the central region of the plasma (p < 0.6). The
convective velocity directs inwards with a value of ~ —1.0 m/s in the Ohmic discharge, but it reverses to direct outwards
with a value of ~ 8.0 m/s in the outer region of the plasma when ECRH is applied. The result indicates that the impurity

transport is strongly enhanced with ECRH.
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1. Introduction

Impurity transport in fusion devices plays a crucial role
in plasma performances.!!! Impurities in the plasma core can
enhance the radiation losses and affect the plasma stability.
Especially, the discharge would be disrupted when the high Z
impurity is accumulated in the plasma core. This would cause
serious damage to the first wall of the fusion reactor. Testing
the available theoretical predictions on the anomalous impu-
rity transport is still one of the main tasks for experimental
investigations. The behavior of impurity is exceedingly com-
plex, because it is related to different impurity elements recy-
cling from the complex geometry of the first wall of the device
and also to the complicated atomic process. Understanding the
impurity behavior in plasma, so as to be able to obtain effec-
tive methods of controlling impurity, is significant for fusion
research and the realization of future reactors.

In general, transient perturbation methods are used to
study impurity transport by injecting the trace impurity into
tokamak plasma. The different impurity injection techniques
have different injection efficiencies and therefore can play dif-
ferent roles in impurity transport study.!!! To develop a new
method of injecting impurity is also very important, not only
for the present tokamaks but also for the next experimental re-
actors like ITER. There are two commonly used techniques
available in experiments: laser blow-off (LBO) for metal im-
purity injection and gas puff (GP) for gaseous impurity injec-
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tion. The LBO technique is prevailing in the fusion research
circle, but it usually injects one pulse in one discharge. There
is an exception that in C-mod, two elements can be injected si-
multaneously in one discharge.!?! The injected impurities are
also limited to the elements that can be coated on the films.
The GP technique used in the impurity transport studies pro-
duces a source term whose duration is longer than the particle
confinement time. This could affect the results of impurity
transport analysis.

In the HL-2A tokamak, the supersonic molecular beam
injection (SMBI) has been used for working gas fueling"! on
electron density feedback control. It is also frequently used
for particle transport study® with the deep particle perturba-
tion source and the well controlled particle quantity.’>! The
molecular beam source can avoid some limitations of the pe-
riodic GP, such as the high particle recycling, the nonlinear
edge process, and the rapid fall of the amplitude of the pertur-
bation. On the other hand, the perturbation of the background
plasma with the supersonic pulse injection can be limited to
less than 5% in the electron density and temperature signals.
The pulse duration is very short so that the parameters of the
plasma would remain constant in the time interval of interest.
This condition may not be achieved for the conventional gas
puff because its perturbation to the background plasma could
last several confinement times.!'! Therefore, it makes the su-
personic pulsed injections very similar to the LBO injection
in this respect. Furthermore, compared with the LBO, the su-
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personic molecular beam injection cannot only inject the gas,
such as neon, argon, etc., but also allow repeated injections in
the same pulse (in principle, the number of injections is limited
only by the plasma duration). This is an essential advantage to
reduce the statistical uncertainties of the results without in-
creasing the injected number of atoms above the trace level.!!!

The central electron cyclotron resonance heating (ECRH)
could lead to a great reduction of the central impurity content
since an increase of impurity diffusivity and a suppression of
the convective pinch have been observed in the experiments.
An outward impurity convection has also been reported.[®! The
possible explanation of the increase of a positive (outward)
convection in theoretical studies is that it is due to the density
fluctuations caused by parallel compression,!”] but it is still not
fully understood. Therefore, in this paper, the impurity trans-
port study in ECRH discharges on HL-2A is conducted using
the SMBI technique; the progression of impurity ions is moni-
tored by the soft X-ray camera and bolometer arrays with good
temporal and spatial resolutions.

The rest of this paper is organized as follows. The exper-
imental conditions are described in Section 2 where the SMBI
technique used for trace impurity injection is introduced. In
Section 3, the experiments with neon injection into the ECRH
plasma are conducted. The one-dimensional (1D) impurity
transport simulation model is presented in Section 4. The sim-
ulation results and comparison between experiment and sim-
ulation are given in Section 5. The summary is contained in
Section 6.

2. Experimental conditions and results

The HL-2A tokamak with two closed divertors was con-
structed in 2002. The designed parameters are as follows: ma-
jor radius R = 1.64 m, minor radius a = 0.4 m, toroidal mag-
netic field By = 2.8 T, and plasma current /, = 480 kA. The
line averaged electron density is 7. = 6 x 10!° m~3 and the
maximum electron temperature is 7. = 5 keV. It can be per-
formed in the divertor and limiter configurations with similar
plasma parameters.

The evolution of impurity ions in the main plasma is
monitored by a 100-channel soft X-ray multi-camera system
(five arrays, 20 channels for each array)®l with the energy
range of its detector being 1 keV-10 keV. The spatial and
temporal resolutions of the system are 2.5 cm and 10 us re-
spectively. The time-dependent emission profiles of the in-
jected impurity are derived from the local soft X-ray emis-
sions. Meanwhile, the evolution of the total radiation loss is
measured with multi-chord bolometric arrays (three arrays, 16
channels for each array). The time resolution is 50 us and
the spatial resolution is 2.5 cm. The line emission of neon
at A = 1248 A is measured with a space-resolved 1-m nor-
mal incidence VUV spectrometer!”) working in a wavelength

range of 300 A-3200 A and that at A = 416.2 A is measured
with an EUV spectrometer working in a wavelength range of
30 A-500 A.['%1 The source term in the simulation can be de-
termined by these line emissions. The electron density pro-
file is measured with an eight-chord HCN laser interferom-
eter (A = 0.337 mm) and the electron temperature profile is
measured with electron cyclotron emission (ECE) diagnostic
equipment with a spatial resolution of 2 cm and time resolu-
tion of 10 ps. The signal amplitude of the ECE diagnostic
equipment is calibrated by the Thomson scattering measure-
ment.

The experimental setup of the SMBI system in HL-2A
and the structure of the molecular beam valve with cooling
trap are shown in Fig. 1. The SMBI for plasma fueling con-
sists of two lines: one injects gas from the high field side and
the other is from the low field side, which is in the equatorial
plane and perpendicular to the magnetic axis of the HL-2A
torus. The latter is also used for impurity injection. Its valve
with a 0.2-mm diameter cylinder can produce a gas beam with
a higher speed and narrow angular distribution.!'!l The dis-
tance between the nozzle of the valve and the last closed flux
surface (LCFS) of the plasma is about 1.28 m. In order to
maintain a good vacuum condition during the beam injection,
a turbo-molecular pump with a pumping capacity of 450 1/s is
installed in the injection tube. A tempered steel barrel 5-mm
thick is used for shielding the valve against a stray magnetic
field, which can disable the control of the valve. In this ex-
periment, the number of injected molecular beam pulses can
be adjusted from 10 to 15. The backing pressure of the pulsed
solenoid valve is kept at a few 10° Pa. The pulse duration is
usually set to be 5 ms.
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Fig. 1. (color online) Experimental setup of SMBI system in HL-2A
tokamak.

A typical shot with six pulse injections of neon is shown
in Fig. 2, where plasma current I, loop voltage V}, line aver-
aged electron density ne, the soft X-ray signal, and bolometric
signal are both at p = 0.7 and the SMBI signals are plotted
from the top to the bottom. Here, p is the normalized poloidal
flux coordinate. It clearly shows that the injection of neon does
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not disturb the plasma parameters in any noticeable way based
on the observations of I,, V| and ne. By contrast, the features
of the neon injection can be seen clearly from the soft X-ray
signals and the bolometric signals. The time evolution of each
pulse is nearly the same. Based on the analysis of each pene-
tration process of neon ions, the transport coefficients of neon
can be obtained. The uncertainties of the impurity transport
coefficient can be reduced with a series of pulses. Further-
more, the multi-pulse injection can make feasible the study
of impurity transport among different plasma regimes in one
discharge. This can keep the least influences of the different
discharge conditions, such as the wall recycling, on the impu-
rity transport property. The experimental result demonstrates
that the SMBI is suitable for impurity transport study.
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Fig. 2. (color online) Time evolutions for six neon pulses injected by
SMBI, from the top to the bottom, are plasma current /,, loop voltage
W, line averaged electron density 7, soft X-ray signal, and bolometric
signal both at p = 0.7 and the SMBI signal in shot #15283.

3. Experimental results in ECRH plasma

In the HL-2A tokamak, the electron density usually de-
creases when the ECRH power is applied to the Ohmic dis-
charges. This phenomenon is called “particle pump-out” and
prevails in the ECRH L-mode plasma with a divertor config-
uration. The flattening of the impurity density profile is also
frequently observed during the ECRH phase. In order to in-
vestigate the behaviors of impurity with ECRH, in particu-
lar the effect on its diffusion and convection, neon is injected
into the ECRH phase using the SMBI technique. The exper-
iment is carried out in discharge #19337, which is a typical
shot with ECRH. It is shown in Fig. 3. The main parameters
of the deuterium plasma are as follows: the plasma current
I, = 170 kA, the toroidal magnetic field Br = 1.23 T, the line
averaged electron density 7, = 0.6 x 10! m—3, and the ECRH
heat power is stepped up in steps of 0.3 MW. One pulse of
neon is injected at # = 600 ms right on the top of ECRH power
of Pecruy = 1.5 MW. It also indicates in Fig. 3 that the in-
jection of neon does not disturb the main parameters of the

plasma. The features of the neon injection are clear on the soft
X-ray signals and the bolometric signals. The channels shown
in Fig. 3 are p = 0.2 and p = 0.7 for soft X-ray signals and
p =0.1 and p = 0.7 for bolometric signals.
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Fig. 3. (color online) Time evolutions for the neon injection with SMBI
of plasma current /,, loop voltage W, line averaged electron density 7e,
ECRH heat power, soft X-ray signals at p = 0.2 and p = 0.7, the bolo-
metric signals at p = 0.1, and p = 0.7 and the SMBI signal in shot
#19337.

The expanded view of soft X-ray signals at the time of
neon injection is presented in Fig. 4 with several channels. The
contribution from the injected neon is taken into account. Af-
ter the injection, the intensities of soft X-rays increase rapidly
from the peripheral chords to the central chords; then they start
to decrease. As the impurities propagate inwards, they enter
into the regions with higher electron density and temperature.
The intensities of the signals become strong. About 100 ms
later, each signal decays to its pre-injection level. This indi-
cates that the neon is not a re-cycling element.

As is well known, the dominant component of the soft
X-ray is bremsstrahlung radiation, which is related to the ef-
fective ion charge, ion density of injected impurity, electron

density, and temperature. In the injection process, the electron
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density and temperature in the central region are not changed
obviously after the injection. The density of injected impu-
rity ions and the change of the effective charge Z make the
most contributions to the change of the soft X-ray radiation.
According to the corona equilibrium, the time scale of the ion-
ization of the injected impurity is much shorter than the delay
time of the peak of the soft X-ray signal. Therefore, the move-
ments of the maximum radiation on the different channels of
the soft X-ray from the outside region to the central region can
approximately represent the transport behavior of the injected
impurity. Figure 4 depicts the position of the maximum radia-
tion on each channel. It shows that the increased ramping rate
of the soft X-ray intensity in the edge region of the plasma is
obviously greater than that in the center. It takes about 30 ms
to reach its peak for the edge channel at » = 26.9 cm but it
spends about 50 ms for the central channel at r = 2.5 cm.
This implies that the transport of impurities is much slower
in the central region of the plasma than in the outer part of
the plasma. There are obviously two regimes with different
velocities. The inward speed of the impurity can be approxi-
mately calculated by the movement of the maximum radiation
of different channels. The more accurate calculations of the
impurity transport coefficients are obtained by the numerical

simulation code.
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Fig. 4. (color online) Time evolutions of the expanded view of soft
X-ray emission for several chords in the HL-2A shot #19337.

After the soft X-ray emission arrives at a maximum, the
intensity decreases exponentially. The radiation during this
period can be expressed by the formula I = I e /", This
characteristic time 7, is explained as the global particle con-
finement time for the non-recycling injected trace impurities.
Fits are typically taken between the times when the signal has
fallen from 80% to 10% of the peak value. By fitting the cen-
tral chord » = 2.5 cm soft X-ray signal, the particle confine-
ment time is obtained to be 60 ms. The 7, at the edge channel
r=126.9 cm is about 40 ms. This suggests that the transport of
impurities is slower in the central region of the plasma than in
the outer part of it.

In the expanded view of the central channel signal shown
in Fig. 5, the sawteeth are inverted. There are also some small
inverted sawteeth before the impurity injection; however, the
sawteeth are also inverted after the impurity injection in the
rising phase or in the decreasing phase. The only difference
is that the amplitudes of the inverted sawteeth are amplified
during the impurity injection. At the rising phase, a jump with
a period of about 350 us is clearly shown during the inverted
sawteeth’s crashing. This implies that the inward flow of im-

purities is enhanced when the sawteeth crash.
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Fig. 5. (color online) Time evolution of the local soft X-ray signal Isx
at r = 2.5 cm for HL-2A shot #19337.

4. Transport simulations model

The local transport analysis is performed using the impu-
rity radial transport code STRAHL.!"?! The continuity equa-
tions are solved for all the ionization stages of the injected
element over the time interval when the injected impurity is
present in the plasma core. The continuity equation is ex-

pressed as

%+V'1}:Szf1+Rz+1*(SerRz)Jqu, (1)
where the subscript Z denotes the charge of the ionization
stage, nz is the impurity density in ionization state Z, I is
the impurity flux density, Sz and Rz are the ionization and re-
combination terms respectively and S, is the external source.
The last item on the right-hand side in Eq. (1) comprises the

gas injection for the neutral state and losses in the scrape-off
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layer for all states. The impurity radial flux is assumed to be
the sum of a diffusive term and a convective term:

I7(r) = =D(r)Vnz(r) + V (r)nz(r), 2)

where D(r) is the diffusion coefficient and V(r) the convec-
tive velocity. The D(r) and V (r) coefficients are assumed to
be time-independent since the background plasma is almost
constant and the injected impurity is a trace. The 1D nature
of the STRAHL code imposes the hypothesis of toroidal and
poloidal symmetries.

A separate equation is included to describe the ionization
of the injected neutral atoms of density ng. The boundary con-
dition for this equation at the last mesh radius r = a is written

as
Iy = no(a)Vo = Lix + R Y Iz(a). 3)
Z

Thus, Iy, the total neutral particle flux density entering into the
plasma with a directed velocity Vj, is set to be the sum of an
external flux density Iy, and a recycling flux density. The lat-
ter is the total outward flux density Y, I'z(a) at the last mesh,
recycled with a recycling coefficient R. The radial flux density
I7 is described using Eq. (2).

The energy losses due to impurities are composed of ion-
ization, line radiation, recombination, and bremsstrahlung for
tokamak plasma. The corresponding power densities of these

four kinds of emissions are listed below (all in unit of W-m~3)

M—1 3
P=c nenz Oz <ZZ + 2Te> + Prec, “4)
Z=1
M—1 3
Bec =2 Z (nenZ+lﬁZTe>a ()
Z=1 2
By = CSZeffnzTelﬂy (6)
—1/2 Ml L Xex
Pex = cyneT; Z nz Z Cz1 €Xp < > ’ @)
7= =l Ie

where M is the atomic number, )z is the ionization energy,
Zst 1s the effective ionic charge, yex is the excitation energy,
c1—c4 are the constants, and Cz; = QB/®(Yex/Xn), With Q
being the effective collision strength, @ the statistical weight,
B the branching ratio, and Y} the ionization potentials of
hydrogen.[!3]

The main input data to the code are the external source
term, the electron density and temperature profiles of plasma
over the time interval of interest. The STRAHL code starts
from an initial guess of the transport coefficient radial profiles.
After solving the coupled continuity equations, the STRAHL
reconstructs the EUV and VUYV line emissions, bolometric and

soft X-ray brightness. Then the transport coefficient profiles

are modified iteratively until the difference between the re-
constructed signals and the measured ones is minimized in a
least squares (y?) sense. Finally, a successful model for the
impurity transport is produced. In this way, the transport co-
efficients of impurities, each as a function of the radius, are

acquired.

5. Simulation results

The transport coefficients of impurities, including diffu-
sion coefficient D(r) and convective velocity V(r), are derived
using the impurity transport code STRAHL. The brightness of
soft X-ray signal Esx (normalized) and total radiation losses
EpoL (normalized) are used for the simulation and the results
are shown in Fig. 6. The background radiation before SMBI
has been subtracted. Since the particle confinement time 7,
is about 40 ms, the time interval of interest on the signals is
limited to t = 700 ms. The solid lines and the dotted lines de-
note the experimental and simulation result, respectively. In
this figure, five channels of soft X-ray signals are presented in
Figs. 6(a) to 6(e) and four channels of bolometric signals are
shown in Figs. 6(f) to 6(i). The results show that the agreement
between the simulation and experiment is good. That means
that the obtained transport coefficients can explain the impu-
rity transport feature of this ECRH L-mode discharge very
well.

The obtained transport coefficients for the good fitting of
the experimental results are shown by the diffusion coefficient
profile (DP) #2 and the convective velocity profile (VP) #2
in Figs. 7(a) and 7(b) by the dotted lines with open circles,
respectively. The corresponding values of the diffusion coeffi-
cient D(r) are 0.2, 0.3, 0.45, 0.8 and 1.0 m?/s at p = 0, 0.68,
0.7, 0.72, and 0.9 respectively. The neoclassical transport
coefficients are also calculated using the neoclassical trans-
port equations.!"* The neoclassical diffusion coefficient is less
than 0.05 m?/s in the plasma center and 0.1 m?/s at the plasma
edge. This indicates that the transport of impurity in the ECRH
L-mode plasma is anomalous. At present, the transport param-
eters beyond p = 0.9 are inaccurate, because the complex pro-
cesses in the scrap-off-layer (SOL) are not considered in detail
in the code. In Fig. 7(b), the convective velocity V (r) of #2 is
negative at the central region and positive in the outer region
of the plasma. The relevant values of V(r) are —0.9, —1 and
—0.6 m/s at p = 0.25, 0.32, and 0.53 respectively and V = 1,
6, and 8 m/s at p = 0.63, 0.71 and 0.8 respectively. This im-
plies that the convective velocity directs inwards in the central
region (p < 0.6) but it reverses to direct outwards in the outer
region of the plasma (p > 0.6) when ECRH is applied. The re-
sult indicates that the impurity transport is strongly enhanced
with ECRH, especially in the outer region of the plasma.
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Fig. 6. (color online) (a)—(e) Time evolutions of the soft X-ray brightness and (f)—(i) total radiation losses for the HL-2A shot #19337
(solid lines). The background radiation before SMBI has been subtracted. The simulated curves (dotted lines) are also shown.

It is difficult to estimate the uncertainties of the obtained
transport coefficients accurately. Therefore, the validity of the
impurity transport coefficients shown in Fig. 7 by the profiles
#2 is simply assessed as follows. The simulations are also
performed by varying the diffusion coefficient and convective
velocity, respectively. Since the uncertainties of the obtained
transport coefficients are mostly caused by the error bar of the
measured data. The calculated total radiation losses with dif-
ferent profiles of convective velocity are compared with the
measured results with their measurement errors. The results
are shown in Fig. 8 where the total radiation losses for two

typical channels in the core region at p = 0.28 and in the outer
region at p = 0.71 of the plasma are presented respectively.
The diffusion coefficient D is fixed as the DP #2 in Fig. 7(a).
In addition to VP #2, which gives the best fitting in the x>
sense of the experiments, another three profiles of the convec-
tive velocity are plotted in Fig. 7(b). The values of V in the
core region of p < 0.6 are set to be the same as that of VP #2,
while the values of V are set to be 15 m/s, 2 m/s, and —2 m/s
at p = 1 for VP #1, #3, and #4, respectively. In order to show
an obvious difference between the calculation and the experi-

ment, the large changes of V are adopted.
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Fig. 7. (color online) Profiles of (a) diffusion coefficient D and (b) con-
vective velocity V for the HL-2A shot #19337.

From Fig. 8(a) for the core and Fig. 8(b) for the outer re-
gions of plasma, it follows that the increase and the decrease of
the calculated bolometric signals during the rising phase and
the decay phase, respectively, become slow when the convec-
tive velocity changes from VP #1 (positive) to VP #4 (nega-
tive). Especially, the larger the positive convective velocities at
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p = 1, the more rapidly the bolometric signals increase in the
rising phase and decrease in the decay phase. This is mainly
caused by the enhancement of impurity transport with the out-
ward convective velocity. On the other hand, the relative good
particle confinement could be achieved when V is set to be in
the inward direction. From Fig. 8, it is clearly seen that the
convective velocity should be less than 15 m/s and larger than
2 m/s. Since the measurement errors of the bolometric sig-
nals in HL-2A are about 5%, the convection velocity may be
modified as V(p = 1) = (8 £2) m/s. Therefore, the convec-
tion velocity profile VP #2 may be given by V(p = 1) = 8 m/s
with 25% error, which is appropriate in the > sense.

The error bar of the obtained diffusion coefficient is es-
timated in the same way as that mentioned above. In Fig. 9,
the time evolutions of the total radiation losses obtained from
the experiments are compared with the simulations for dif-
ferent values of diffusion coefficient D for two typical chan-
nels in the core region (p = 0.28) and in the outer region
(p = 0.71) ofthe plasma, respectively. The convective veloc-
ity is fixed as VP #2, shown in Fig. 7(b). There are shown
two profiles of the diffusion coefficient, i.e., #1 and #3 in ad-
dition to DP #2 in Fig. 7(a). One is D(p < 0.6) = 0.6 m?/s
and D(p > 0.6) = 2 m?/s, as shown by DP #1. The other is
D(p < 0.6) =0.1 m?*/s and D(p > 0.6) = 0.5 m?/s, as marked
by DP #3. The results shown in Fig. 9 indicate that the influ-
ence of the diffusion coefficient D on the calculated bolometric
signals is not so significant as that of the convective velocities.
However, the effects are still obvious.
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Fig. 8. (color online) Time evolutions of the total radiation losses for (a) p = 0.28 and (b) p = 0.71, showing the comparison between
the measurements and the simulations for different convective velocities.
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Fig. 9. (color online) Time evolutions of the total radiation losses for (a) p = 0.28 and (b) p = 0.71, showing the comparison between
the measurements and the simulations for different diffusion coefficients.

From Fig. 9(a) for the core and Fig. 9(b) for the outer
regions, it can be seen that the bolometric signals calculated
with DP #1 increase rapidly in the rising phase and decrease
rapidly in the decay phase compared with the measured one.
Meanwhile, the bolometric signals behave a little slowly in
both the rising and the decay phases for the DP #3. There-
fore, a good agreement between experiment and calculation
can be obtained for 0.1 m?/s < D(p < 0.6) < 0.6 m?/s in the
central region and 0.5 m?/s < D(p > 0.6) < 2 m%/s for the
outer region, which are shown in Fig. 9. Considering the mea-
surement errors of the bolometric signals (about 5%), a good
fitting of the experiments could be obtained with the values of
the diffusion coefficient of D(p < 0.6) = (0.2+0.1) m?/s and
D(p > 0.6) = (14+0.4) m?/s. Therefore, the maximum error
of the diffusion coefficient is estimated to be about 40%. The
profile of D(p < 0.6) = 0.2 m?/s and D(p > 0.6) = 1 m%/s,
is appropriate in the > sense for obtaining the best fittings of
the measured signals.

From the above discussion, the suitable transport coeffi-
cients for the present ECRH L-mode plasma are D(p > 0.6) =
1 m?/s and V(p > 0.6) = 8 m/s. This result suggests that
an outward flux of impurity can be expected when the ECRH
power is injected, which means that the impurity content in the
plasma core can be controlled with the central ECRH power.
The result presented here is also in good agreement with the
previous observation in which the convective velocity of car-
bon impurity directs outwards with a value of 7 m/s in the
outer region of HL-2A plasma operating with ECRH.[!3]

6. Summary

The experimental results demonstrate that the supersonic
molecular beam injection (SMBI) is suitable for impurity
transport study. Not only can it avoid some of the limitations
of the periodic GP, but also the perturbation of the background
plasma with the supersonic pulse injection is extremely small
and the pulse duration is very short. In this paper, neon serving
as a trace impurity is successfully injected by this technique,
which is adopted for the first time for the impurity transport
study in HL-2A. The transport of neon is studied in the HL-
2A ECRH L-mode plasma. The dedicated diagnostics for this
study are a soft X-ray camera and bolometer arrays. After
neon is injected, it is found, using the soft X-ray cameras ex-
perimentally, that the injected impurities first go inward and
then diffuse out. By fitting the central chord of the soft X-
ray signal in the decay phase, the particle confinement time is
given by 60 ms. Meanwhile, the particle confinement time at
r =26.9 cm is about 40 ms. This suggests that the transport
of impurities is slower in the central region than in the outer
region of the plasma.

The diffusion coefficient D and convective velocity V
determined using the impurity transport code STRAHL are
compared with those measured by the soft X-ray camera and
bolometer arrays for the HL-2A ECRH discharges. In the
central region of plasma 0 < p < 0.6, the typical values of
diffusion coefficient D and convective velocity V are about
0.2 m%*/s and —1.0 m/s, respectively. In the outer part of
plasma 0.6 < p < 1, the values of diffusion coefficient D and
convective coefficient V increase to 1.0 m?/s and 8 m/s in this
discharge. They are much larger than the neoclassical values.
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This indicates that the transport of impurity is anomalous and
an outward impurity flux is obtained when the ECRH power is
applied. The study of the physics mechanism behind the rever-
sal of the convective velocity of impurity directing outward in
the outer region of plasma operating with ECRH will be car-
ried in the HL-2A tokamak theoretically and experimentally.
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