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Impurity transports in two neighboring discharges with and without electron cyclotron resonance heating (ECRH)
are studied in the HL-2A tokamak by laser blow-oftf (LBO) technique. The progression of aluminium ions as the trace
impurity is monitored by soft x-ray (SXR) and bolometer detector arrays with good temporal and spatial resolutions.
Obvious difference in the time trace of the signal between the Ohmic and ECRH L-mode discharges is observed. Based
on the numerical simulation with one-dimensional (1D) impurity transport code STRAHL, the radial profiles of impurity
diffusion coefficient D and convective velocity V are obtained for each shot. The result shows that the diffusion coefficient
D significantly increases throughout the plasma minor radius for the ECRH case with respect to the Ohmic case, and that
the convection velocity V changes from negative (inward) for the Ohmic case to partially positive (outward) for the ECRH
case. The result on HL-2A confirms the pump out effect of ECRH on impurity profile as reported on various other devices.
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1. Introduction

Impurity transport is one of the essential research areas
for future fusion reactors. In the plasma center with high-Z
impurity accumulation, power losses can be enhanced by radi-
ation and fusion reactivity is reduced via fuel dilution. In par-
ticular, the risk of disruption increases./!! At the plasma edge,
on the other hand, impurities can help to mitigate heat flux
on plasma-facing components (PFC) through strong radiative
cooling in the detached plasma. The choice of tungsten as
main PFC material in ITER has presented the issue of impu-
rity as a practical concern. Therefore impurity transport needs
to be not only characterized but also understood. The find-
ing that auxiliary RF heating, especially central electron heat-
ing, has a flattening effect on the density profile of impurities
and may reverse the convection direction has been reported
in various devices, such as JET, ASDEX-U, DIII-D, etc.[2-0]
Although the underlying physics is not well understood, this
effect can be used as an approach to controlling the impurity
profile, which is urgent for upcoming ITER operations.

Transient perturbation methods are generally considered
to be the most suitable for the study of impurity transport in
tokamaks.!”! In experiments, the perturbation consists in in-
jecting a small amount of impurity to be investigated, both the
amount of injected material and the injection time should be
controllable, so as to attain an adequate response in the studied
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quantity yet without significantly affecting main plasma pa-
rameters and study a specific phase of discharge.!® Four tech-
niques have been extensively utilized in impurity injections:
general gas puffing (GP), supersonic molecular beam injection
(SMBI), pellet injection, and laser blow-off, which have their
own merits and limitations. On HL-2A, laser blow-off (LBO)
and SMBI are applied to the impurity transport study by in-
jecting gaseous and metallic impurity, respectively. Compared
with the general gas puffing, both LBO and SMBI can offer
a source duration much shorter than typical impurity charac-
teristic transport time, thus providing a clearer observation on
impurity transport. The relevant experiment using the SMBI
method is addressed in Refs. [9] and [10] and the experiment
with LBO is presented in Refs. [11], [12] and this paper. In
this experiment, trace aluminium is injected in two neighbor-
ing discharges with identical plasma parameter but the ECRH
is applied during one discharge and shut off in the other dis-
charge. The experimental setup is introduced in Section 2,
where LBO system and relevant diagnostics are depicted. In
Section 3, observations of trace impurity movement and impu-
rity confinement times for the two discharges are presented. In
Section 4, the numerical model in STRAHL is described. The
simulation and its results are presented in Section 5. Finally, a

summary is given in Section 6.
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2. LBO system and relevant diagnostics on HL-
2A

The HL-2A is a double null divertor tokamak with a ma-
jor radius of R = 165 cm and a minor radius of a = 40 cm. It
can be operated in divertor and limiter configurations indepen-
dently. Typical discharge parameters are as follows: toroidal
magnetic field By = 1.2 T-2.4 T, plasma current /, = 150 kA—
480 kA, plasma density 7. = (1-8) x 10'® m~3, and electron
temperature T, = (1-5) keV.[!3!

The schematic of LBO system on HL-2A is illustrated in
Fig. 1(a). The laser implemented here is a YAG laser work-
ing at a wavelength of 1064 nm. The diameter of the output
beam is 6 mm with a divergence of 0.5 mrad and the energy
of a single pulse is set to be 0.68 J-2 J in a duration of 10 ns.
The target, which is of a metal film with a typical thickness
of 10 um, coated on a quartz glass substrate, is installed in-
side the vacuum tube behind a glass window in the equatorial

plane of HL-2A. A high transmission converging lens is in-
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stalled on a step-motor driven translation stage mounted on a
set of orthogonal tracks in the X and Y directions as indicated
in the figure. During the laser pulse, the transient high den-
sity of energy on the impurity film vaporizes and accelerates
local atoms, producing an atomic jet “blowing” towards the
plasma. The quantity of injected impurity is easily adjusted by
adapting the position of the converging lens in the Z direction
so as to adjust the size of focal spot, and the ablation position
on the target is scanned by moving the converging lens to a
sequence of positions in the X-Y plane under the manipula-
tion of a computer program. Since the first operation in 2005,
several metal impurities have been successfully injected into
HL-2A plasmas, including Al, Ti, Ni, Si, W, etc. It is notable
that a three-dimensional (3D) vibration lens system has been
recently developed and tested in discharges, enabling multi-
shot injection in a single discharge at a maximum frequency
of 30 Hz due to the limitation of laser, thus largely improving

the efficiency, reliability and reproducibility of performance.
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Fig. 1. (color online) (a) Schematic diagram of LBO system on HL-2A and (b) laser ablation marks on the coating side of the target.

The most dedicated diagnostics used in this paper to mon-
itor the progression of injected impurity ions are soft x-ray
arrays and bolometric arrays. The positions of soft x-ray ar-
rays are indicated in Fig. 1(a), and numbered as 1-5 respec-
tively. Each array consists of 20 PIN diodes with (1-10) keV
response energy. The temporal and the spatial resolutions are
20 ps and 2.5 cm, respectively. At approximately the same
poloidal positions as 3, 4, and 5, three 16-channel bolometric
arrays covering the spectral range of 1 eV-10 keV are installed
to measure the total radiation loss, each array has a temporal
resolution of 50 pus and a spatial resolution of 2.5 cm. In ad-
dition, a vacuum ultra-violet (VUV) spectrometer is used to
measure the lowly ionized impurity emission for source de-

termination in the numerical simulation. Owing to the space-

resolved function of the VUV spectrometer, 4! the radial pro-
file of impurity line emissions is measured and the impurity
transport coefficients can be also obtained. [

An eight-chord 337-um HCN laser interferometer is in-
stalled on HL-2A to measure the electron density profile in the
central column of plasma within p = 0.6, where p is the nor-
malized plasma radius.!'®! In the outer plasma region where
the density is less than 2.0 x 10! m—3, electron density pro-
file is measured with a 33-GHz-50-GHz microwave (MW)
reflectometer.!!”! The electron temperature profile is measured
with an electron cyclotron emission (ECE) diagnostic tool, of
which the spatial resolution and the time resolution are 2 cm
and 10 ps, respectively.!'8] The ECE signal amplitude is cali-

brated with the electron temperature measured with the Thom-
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son scattering diagnostic.!!”! If it is necessary, a fast scanning
Langmuir probe is also used to measure the n. and T; profiles
at the edge from the outer mid-plane of the HL-2A plasma.

3. Experimental results with and without ECRH

In order to study the effect of ECRH on impurity trans-
port, aluminium with ¢ ~ 2 mm and 5 pm in thickness was
injected into the ECRH L-mode discharge #22712 and Ohmic
discharge #22713 at t = 600 ms. Both discharges are operated
in the single null divertor configuration. The time evolutions of
some plasma parameters are shown in Fig. 2. LBO injection is
indicated by vertical solid lines in both discharges. The 1 MW
of ECRH power deposited at the radial position r/a = 0.47
is switched on in shot #22712 during ¢ = 380 ms—780 ms,
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meanwhile no auxiliary heating is applied in shot #22713.
The spikes at LBO time on soft x-ray signals and bolomet-
ric signals are quite clear, whereas no obvious perturbation is
observed on global parameters except total radiation. Except
variations in radiation due to ECRH, signals in each channel
show great resemblance. That means that the differences be-
tween the two discharges are predominantly attributed to the
application of ECRH, whereas statistical fluctuations are neg-
ligible. It is thus appropriate to deduce the effects of ECRH
on impurity transport properties by comparing the transport
behaviors of the trace impurity from the two. It is also easily
noticed that the electron density in #22712 during the ECRH
phase is lower than in #22713. This “particle pump out” phe-
nomenon is quite prevalent in the ECRH L-mode plasma with
a divertor configuration in the HL-2A device.
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Fig. 2. (color online) Time evolutions for (a) Ohmic and (b) ECRH-heated plasma current I, line-averaged electron density 7, loop
voltage V), total radiation power P,,q, energy reservation Wg, ECRH power Pecry, bolometric signals at r/a = 0.1, 0.2 and soft x-ray

signal at r/a = 0.3, 0.1, respectively.

The perturbed intervals of soft x-ray signals are shown in
Fig. 3 for the two discharges. After the injection, the intensi-
ties of the soft x-ray signals increase rapidly and peak sequen-
tially from the peripheral chords to the central chords, since
the dominant component of the soft x-ray is bremsstrahlung
radiation, the intensity of which is proportional to the effective
ion charge, ion density, electron temperature and electron den-
sity. As the impurity ions enter into the inner regions of plasma
with higher electron density and temperature, the local impu-
rity density and effective charge Z make the most contribu-
tions to the soft x-ray radiation. On the other hand, according
to the corona equilibrium, the time scale of ionization is much

shorter than the soft x-ray decay time. Therefore, the proces-

sion of the maximum radiation on different lines of sight from
the edge to the center proximately and intuitively demonstrates
the transport behavior of the injected impurity as represented
in dashed lines in Fig. 3 by connecting the peaks of signal in
each channel.

The distinctions in soft x-ray evolutions between the two
discharges are obvious. The timescales for both rising phase
and decaying phase in ECRH shot are significantly smaller
than in the Ohmic regime. The slope of the dashed line which
indicates the maximum of soft x-ray (SXR) on each channel
for #22712 is steeper than for #22713. Considering the differ-
ence of the time range on the x-axis, a much faster transport of
impurity is suggested in the ECRH regime.
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Fig. 3. (color online) Soft x-ray signals from channels of different lines of sight in (a) Ohmic and (b) ECRH discharge. The dashed

lines indicate the progression of impurity particles.
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Fig. 4. (color online) Exponential curves (dashed lines) fitting to cen-
tral chord soft x-ray brightness (solid lines) in (a) Ohmic and (b) ECRH
discharge.

One important parameter reflecting the transport of im-
purity is the impurity confinement time, which is usually mea-

sured by fitting an exponential curve with characteristic time

constant 7 to the decaying phase of line of sight brightness of
impurity radiation. This method provides a simple comparison
between discharges without the need for sophisticated atomic
data.?°] By assuming that the decrease of the central soft x-ray
evolves in the form of Ae~"/%mp, we obtain good approxima-
tions to the decaying phase of experimental signals as shown
in Fig. 4. The experimental and fitting curves are represented
by solid and dashed lines respectively. The impurity decay
time in the ECRH discharge is T = 16.6 ms, much shorter than
T = 69.6 ms in the Ohmic case. This further confirms that the
impurity transport is strongly enhanced with ECRH.

4. Numerical model

The numerical simulation is performed using the impurity
radial transport code STRAHL."?!! The principal equations of
the code are a set of continuity equations for each ionization
stage of the injected impurity:

% ey

where n and I represent particle density and flux density re-

*7V’FZ+QZ7

spectively, Q represents sink and source of a particle species,
and the subscript Z denotes the ionization stage. The physics
of transport phenomenon is contained in I, for which an
ansatz with a diffusive part and a convective part is used in

the same form as empirical expression
I =D-Vn,+V -ng, 2)

where D and V are diffusion coefficient and convection ve-

locity respectively. The source and sink term Q, consists of
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the various atomic processes between neighboring ionization
stages and is expressed as

0, = _(neSz +neQ; +”Hagx)nz +neS;1n;1

+ (e 011 +nuO )Nz, 3)

where S, a, and o®* represent the rate coefficients of ioniza-
tion, recombination (including radiative and di-electronic re-
combination), and charge exchange, respectively. The neutrals
are not included in Eq. (3) since they are considered as an ex-
ternal source of the first ionization stage:

Qo1 = noneSo, “4)

on the assumption that the neutrals enter into the plasma with
a uniform radial speed vy, the total number of the neutrals per

unit time, P, is given as follows:
b= 47r2Rredgevono(r‘3dge). 5

Since the large transport parallel to flux surfaces makes densi-
ties on flux surfaces practically constant and we are interested
only in the perpendicular transport, a flux surface coordinate
is adopted and quantities are averaged over flux surfaces, thus
reducing the continuity equations into one-dimensional (1D)
equations. In the open field region outside the last closed flux
surface (LCFS), which the 1D model is not very suitable for,
the transport parallel to the divertor/limiter is described by a
parallel loss time 7/, and further approximated by adding a
term —n /7| on the right side of Eq. (1).

The energy losses from impurities originate from the
ionization, line radiation, recombination, and bremsstrahlung
for tokamak plasma. The corresponding power densities of
these four kinds of emissions are listed below (all in units of
W-m~3)

M—1
3
B =c Z nenZaZ<XZ+2Te) + Pec, (6)
Z=1
M—1 3
PBec =02 Z (nenZ+1BZTe>a @)
Z=1 2
2
Py = 32T, (8)
71/2M*1 L Kex
Pex = cyneTe Z nz Z Cz1€Xp ( - ) > 9
zZ=2 =1 Te

where M is the atomic number, )z is the ionization energy,
Zegr 1s the effective ionic charge, X.x is the excitation energy,
c1—c4 are the constants, and cz; are the coefficients given in
Ref. [22].

5. Simulation results

In the simulations, the electron density and temperature
profiles are derived from HCN and ECE data respectively, and

are considered to be time independent in the time interval of
interest, which is shown in Fig. 5. The impurity source is set
to be 10'7 ~10'® atoms per injection located at the last grid of
mesh, with a triangular intensity in time trace. The transport
coefficients, including diffusion coefficient D and convection
velocity V, are set as input to STRAHL in the form of func-
tions of radial position. The code is used to compute the radial
distribution of impurity ions of all ionization stages at each
time-step by solving the coupled continuity equations, and
thus calculate the impurity radiation profiles in specific energy
ranges with the help of atomic data provided by Atomic Data
and Analysis Structure (ADAS). Further chord integrations of
radiation result in quantities equivalent to detector signals of
the identical chord of sight, and in this paper the soft x-ray
data of a variety of lines of sight are adopted. The procedure
of obtaining the experimental transport coefficients consists in
iteratively operating preceding procedures until the best fitting

to experiment is reached in the sense of y2.[>’!
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Fig. 5. (color online) Background electron density profiles for (a) Ohmic and
(b) ECRH discharge, and electron temperature for (¢) Ohmic and (d) ECRH
discharge used in simulations.

Six channels of soft x-ray fitting results are shown in com-
parison with the experimental data in Fig. 6 for the Ohmic dis-
charge and in Fig. 7 for the ECRH discharge. The red dashed
lines denote the simulation results and blue solid lines rep-
resent the experimental results. The background radiations
before LBO have already been subtracted and the data have
been normalized to their maximum values. The results show
good agreement between the experiments and simulations, es-
pecially for the ECRH case in Fig. 7. There are sawteeth in the
ohimc discharge, and the magnitude of oscillation is magnified
after the injection of impurity. As is well known, the sawtooth
oscillations indicate the magnetic reconnection processes that
expel impurities from the center, resulting in a slight degrada-

tion in fitness.

065202-5



Chin. Phys. B  Vol. 25, No. 6 (2016) 065202

1.0 - 1.0t 1.0t
e ~ ~
N 0.8 T 08} T o8t
= S i
g r=2.3 cm = 3
= g g
S 06 £ 06 Z 06}
Q o
~ =} =
- & )
% 04 S04t 304t
= e %
> o 5
2 0.2 % ooz} 702t
0 J 0
600 650 700 750 800 600 650 700 750 800 600 650 700 750 800
Time/ms Time/ms Time/ms
1.0 1.0 ¢ 1.0
° 08 T 08t T 08}
X = B
= r=18.9 cm g = r=25.1 cm
E 06 £ os6f £ o6f
& z g
9 04 S 04l ~ gal
% iy i
o g o
% 0.2 %5 o0z} 5 o02f
0 : : : 0 : : : odJ : : :
600 650 700 750 800 600 650 700 750 800 600 650 700 750 800
Time/ms Time/ms Time/ms

Fig. 6. (color online) Comparisons between experimental (blue solid line) lines of sight for soft x-ray brightness and those of recon-
struction from simulation (red dashed line) at various chord positions in the Ohmic discharge (#22713). The background radiations
before LBO are subtracted, and the signals are normalized to their respective maximum values.
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struction from simulation (red dashed line) at various chord positions in the ECRH discharge (#22712). The background radiations
before LBO are subtracted, and the signals are normalized to their respective maximum values.
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Figure 8 shows the derived radial profiles of impurity
transport coefficients for the best fitting in the Ohmic and
ECRH discharges, and the data used in the simulation are de-
noted by open circles on the curves. Considering the error of
SXR signal at the edge and complex processes in the scrap-off
layer (SOL), the transport parameters beyond p = 0.9 become
inaccurate. The method to estimate the uncertainty of the de-
rived impurity transport coefficients is introduced in Ref. [10].
It is seen in Fig. 8 that the overall tendency of the diffusion co-
efficient D exhibits distinctive features in three radial regions.
In the central region, approximately inside p = 0.5, the val-
ues of D are relatively small, about 0.25 and 0.8 m?/s for the
Ohmic case and ECRH case respectively, whereas in the pe-
ripheral region p > 0.7, the values of D substantially increase,
asymptotically reaching maximum values of 0.8 and 5 m?%/s,
respectively. Between the two regions is a transition region
where D increases steeply with radial position. The change
from the Ohmic case to the ECRH case in convection veloc-
ity V shows some different features. In the central region, the
value of V becomes more negative; whereas in the outside re-
gion, the direction of V is reversed and the absolute values
in both regions are increased by about an order of magnitude
as indicated in the case of diffusion coefficient. These facts
strongly suggest that the trace impurity undergoes enhanced
transport in favor of pump out effect, thereby deteriorating the
confinement of impurity species. This result is also in good
agreement with the previous result where the neon was in-
jected into the ECRH discharge with SMBL.[1?]
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Fig. 8. (color online) Diffusion coefficient D profiles for (a) Ohmic and
(c) ECRH discharge, and convection velocity profiles for (b) Ohmic and
(d) ECRH discharge that best reconstruct various lines of sight for soft
x-ray brightness.

The time evolutions of soft x-ray profiles are shown in
Fig. 9 by using the transport coefficients in Fig. 8. After
the Al injection, the soft x-ray emissivity profile peaks first
around p = 0.8, then moves inwards with the impurity par-
ticles progressing towards the center. The deeper location
of the SXR peak at the beginning is due to the dependences
of bremsstrahlung on local electron temperature and density,
which are relatively low at the edge. As seen in Fig. 9, a faster
temporal behavior in the ECRH case than the Ohmic case is
evident by contrast, which is a sure consequence of enhanced
transport parameters and conforms to the experimental mea-
surements.

X104

0.5

600 620 640 660 680 0

Time/ms

Fig. 9. (color online) Time evolutions of soft local x-ray intensity profile obtained from simulations of (a) Ohmic and (b) ECRH

discharge, with the unit of intensity being W-cm 3.

The time evolutions of the total impurity density profiles
from the simulation are shown in Figs. 10(a) and 10(b) for the
Ohmic and ECRH discharges, respectively. The transport pro-
cess of impurity particles can be illustrated. At the beginning
of the impurity injection, impurity particles peak at the plasma
edge and the main existence form are of the initial few ioniza-
tion stages. With the large density gradient, the impurity ions

are driven into the inner region where temperature is higher.

In the middle of this process, the ionization persists toward
higher ionization stages, thus lowly ionized particle transport
is coupled to more highly ionized particle. The overall conse-
quence is the influx of total impurity particles until the impu-
rity density profile peaks at plasma center. Then the diffusion
term directs outwards. Compared with in Ohmic discharge,
the reversal of pinch velocity in the peripheral region in the

ECRH discharge reinforces the outward flux in the decaying
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phase, leaving a lower level of residual at the final stage of
the trace impurity injection event. However the influence of
reversed pinch convection is much more subtle in the influx
phase. This is because the convection is overwhelmed by the
diffusion during this phase when absolute density is low, due

to the n, dependence of the convection term in Eq. (2).
Figures 10(c) and 10(d) show the radial profiles of im-
purity density at three selected time slices for the Ohmic
and ECRH discharges respectively, the time peaking density
reaches a maximum value, the time central density reaches
a maximum value and the time central soft x-ray drops to
20% of the maximum value. With a similar source term, the

profile shows the quicker penetration of injected impurity in

Ohmic

the ECRH case. This is due to the increase of the influx in
the ECRH case via the enhancement of diffusion coefficient.
On the other hand, the outward convection together with a
stronger outward diffusion during the decaying phase in the
ECRH case helps to reduce impurity density in the core re-
gion, thus the profile exhibits a flatter shape than in the Ohmic
case. Considering the fact that the time interval of #{—#3 in
Fig. 10(d) is much shorter than that in Fig. 10(c) and the den-
sity levels at the corresponding #3 are comparable, the increase
of the outward flux in the decaying phase is even larger than
that of the inward flux in the penetration phase. This also con-
firms that the overall effect of ECRH on impurity transport

favors impurity pump out and impurity density profile control.
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Fig. 10. (color online) Time evolutions of total impurity density profiles, obtained from simulations of (a) Ohmic and (b) ECRH
discharges, with the unit being m 3. Total impurity density profiles (c) in the Ohmic case and (d) in the ECRH case at respective time,
t1: maximum density, f,: maximum central density, #3: central soft x-ray signal decay to 20% of the maximum.

6. Summary

The effect of ECRH on impurity transport is studied on
HL-2A by injecting aluminium into the ECRH and Ohmic
plasmas which have been generated in neighboring discharges
with identical operational parameters except ECRH. The ex-
periment is designed for comparative analysis. The effect of
ECRH in contrast to the Ohmic discharge is characterized by a
shorter duration of evolution, and this conclusion is verified by
the decaying function fitting of central soft x-ray signals, with
respective characteristic decay times of 69.6 ms and 16.6 ms.

The numerical model of impurity transport code STRAHL is

introduced and simulation is performed. The impurity diffu-
sion coefficient D and convection velocity V are obtained by
iteratively running the code to achieve the closest approxima-
tion to experimental data in the sense of x2. The results show
that the amplitudes of both diffusion coefficient and convec-
tion velocity are increased approximately by a factor of 10,
and reversal of convective pinch in the outer region is derived.
The good agreement between simulation results and experi-
mental data is validated by comparing the simulated and mea-
sured chord soft x-ray emissivity. Both experimental data and

simulation results confirm the pump out effect of ECRH on
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impurities on HL-2A as has been reported on other devices.

Acknowledgment

The authors are grateful to the HL-2A team for tokamak

device operation and technical support.

References

(1
[2]

[3]

(4]

(5]

(6]

(71

(8]

Zheng Y Z, Qiu Y, Zhang P, Huang Y, Cui Z Y, Sun P and Yang Q W
2009 Chin. Phys. B 18 5406

Dux R, Neu R, Peeters A G, Pereverzev G, Miick A, Ryter F, Stober J
and Team A U 2003 Plasma Phys. Control. Fusion 45 1815

Gohil P, Baylor L R, Burrell K H, Casper T A, Doyle E J, Greenfield C
M, Jernigan T C, Kinsey J E, Lasnier C J, Moyer R A, Murakami M,
Rhodes T L, Rudakov D L, Staebler G M, Wang G, Watkins J G, West
W P and Zeng L 2003 Plasma Phys. Control. Fusion 45 601

Puiatti M E, Valisa M, Mattioli M, Bolzonella T, Bortolon A, Coffey I,
Dux R, Hellermann M V, Monier-Garbet P, Nave M F F, Ongena J and
Contributors to the E J E T W 2003 Plasma Phys. Control. Fusion 45
2011

Scavino E, Bakos J, Weisen H and Team T C V 2004 Plasma Phys.
Control. Fusion 46 857

Puiatti M E, Valisa M, Angioni C, Garzotti L, Mantica P, Mattioli M,
Carraro L, Coffey I, Sozzi C and Contributors J E 2006 Phys. Plasma
13 042501

Pasini D, Mattioli M, Edwards A W, Giannella R, Gill R D, Hawkes N
C, Magyar G, Saoutic B, Wang Z and Zasche D 1990 Nucl. Fusion 30
2049

Ryter F, Dux R, Mantica P and Tala T 2010 Plasma Phys. Control.
Fusion 52 124043

[9]

[10]

(1]
[12]
[13]
[14]

[15]

[16]

(17]

[18]
[19]
[20]
[21]

[22]
[23]

065202-9

CuiZY, Zhou Y, Li W, Feng B B, Sun P, Dong CF, Liu Y, Hong W Y,
Yang Q W and Ding X T 2009 Chin. Phys. B 18 3473

Cui XW,CuiZY,Feng BB,Pan YD, ZhouHY, SunP, FuBZ,LuP,
Dong Y B, Gao J M, Song S D and Yang Q W 2013 Chin. Phys. B 22
125201

Cui Z Y, Huang Y, Sun P, Zheng Y Z, Shi P L, Lu J, Fu B Z, Zhang P,
Pan Y D and Dong Y B 2006 Chin. Phys. Lett. 23 2143

Chen W, Cui Z Y, Sun P, Huang Y, Zhang P, Deng W, Pan Y D, Shi Z
B, Zhou Y, Zheng Y Z and Yang Q W 2007 Chin. Phys. 16 3451

Duan X R, Ding X T, Dong J Q, et al. 2009 Nucl. Fusion 49 104012
Cui Z 'Y, Morita S, Fu B Z, Huang Y, Sun P, Gao Y D, Xu Y, Dong CF,
Lu P, Wang Q M, Ding X T, Yang Q W and Duan X R 2010 Rev. Sci.
Instrum. 81 043503

Cui Z Y, Morita S, Zhou H Y, Ding X T, Sun P, Kobayashi M, Cui X
W, Xu Y, Huang X L, Shi Z B, Cheng J, Li Y G, Feng B B, Song S D,
Yan L W, Yang Q W and Duan X R 2013 Nucl. Fusion 53 093001
Zhou Y, Deng ZC,LiuZ T, YiJ, Tang Y W,GaoB Y, TianCL,Li Y
G and Ding X T 2007 Rev. Sci. Instrum. 78 113503

Zhong W L, Shi Z B, Zou X L, Ding X T, Huang X L, Dong Y B, Liu
ZT,XiaoWW,JiXQ,CuiZY,LiuY, Yan L W, Yang Q W and Duan
X R 2011 Rev. Sci. Instrum. 82 103508

Huang X L, ShiZ B, Sun HJ, Liu Z T, Cui Z Y and Ding X T 2011
Nucl. Fusion Plasma Phys. 31 03

Huang Y, Zhang P, Feng Z, Liu C H, Shi P L, Ding X T and Liu Y 2007
Rev. Sci. Instrum. 78 113501

Mattioli M, Giannella R, Myrnas R, Demichelis C, Denne-Hinnov B,
Wit T D D and Magyar G 1995 Nucl. Fusion 35 1115

Dux R 2006 STRAHL User Manual Laborbericht 10/30, September,
2006

Tazima T, Nakamura Y and Inoue K 1977 Nucl. Fusion 17 419
Bevington P R and Robinson D K 2003 Data Reduction and Error
Analysis for the Physical Science (New York: McGraw-Hill)


http://dx.doi.org/10.1088/1674-1056/18/12/047
http://dx.doi.org/10.1088/0741-3335/45/9/317
http://dx.doi.org/10.1088/0741-3335/45/5/307
http://dx.doi.org/10.1088/0741-3335/45/12/003
http://dx.doi.org/10.1088/0741-3335/45/12/003
http://dx.doi.org/10.1088/0741-3335/46/5/008
http://dx.doi.org/10.1088/0741-3335/46/5/008
http://dx.doi.org/10.1063/1.2187424
http://dx.doi.org/10.1063/1.2187424
http://dx.doi.org/10.1088/0029-5515/30/10/007
http://dx.doi.org/10.1088/0029-5515/30/10/007
http://dx.doi.org/10.1088/0741-3335/52/12/124043
http://dx.doi.org/10.1088/0741-3335/52/12/124043
http://dx.doi.org/10.1088/1674-1056/18/8/057
http://dx.doi.org/10.1088/1674-1056/22/12/125201
http://dx.doi.org/10.1088/1674-1056/22/12/125201
http://dx.doi.org/10.1088/0256-307X/23/8/050
http://dx.doi.org/10.1088/1009-1963/16/11/050
http://dx.doi.org/10.1088/0029-5515/49/10/104012
http://dx.doi.org/10.1063/1.3378288
http://dx.doi.org/10.1063/1.3378288
http://dx.doi.org/10.1088/0029-5515/53/9/093001
http://dx.doi.org/10.1063/1.2805193
http://dx.doi.org/10.1063/1.3657157
http://dx.doi.org/10.1063/1.2804105
http://dx.doi.org/10.1063/1.2804105
http://dx.doi.org/10.1088/0029-5515/35/9/I05
http://dx.doi.org/10.1088/0029-5515/17/3/002

	1. Introduction
	2. LBO system and relevant diagnostics on HL-2A
	3. Experimental results with and without ECRH
	4. Numerical model
	5. Simulation results
	6. Summary
	References

