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In the recent experiment on the HL-2A tokamak, two types of improved confinement regimes have been achieved

in different configurations. One is the improved confinement regime in limiter configuration during electron cyclotron

resonant heating (ECRH), characterized by a sharp decrease in H, emission accompanied by an increase in the total

radiation of plasma, the line averaged electron density and the stored energy of plasma. The other is high confinement

regime (H-mode) in divertor configuration during a combination of ECRH and Neutral beam injection (NBI) heating,
characterized with edge localized modes (ELMs) besides the features mentioned above. The ELMs are found to be

localized on the plasma edge (r/a > 0.8), causing average losses of particles and stored energy in the ranges of about
1-3% and 3-5% respectively during a single ELM event. So far, the ELMs observed in the HL-2A are type III ELMs
with low amplitude and high repetition frequency in a range from 200 Hz to 350 Hz. An investigation of the radiated

power density profiles shows that radiative cooling effect plays a significant role in the transition back to the L-mode

and the triggering of ELM events.
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1. Introduction

Generally, it is observed that the energy confine-
ment time decreases with the increase of auxiliary
heating on fusion device, but when sufficient heat-
ing power is applied to plasma, the plasma can un-
dergo a transition from the low confinement (L-mode)
regime to an improved confinement regime, i.e. H-
mode. In H-mode plasma, the energy confinement
time is improved by a factor of 2 to 4 over that in the
L-mode phase.[!l The H-mode is currently a promis-
ing operating regime for a fusion reactor due to its
good energy confinement.!!! So far, different kinds of
H-modes, such as very high (VH) mode and enhanced
D-alpha (EDA) mode, have been observed in many
fusion devices, including tokamak and stellarator.[2~6!
However, the transition from L-mode to H-mode is not
fully understood till now, though it is widely thought
that the characteristic enhancement of the confine-
ment arises from a reduced level of fluctuations in the
edge region.'=57 Tt is still an open issue to find the
mechanism of L-H transition through the analysis of
features in H-mode discharge. Especially, it is im-
portant to analyse such characteristics by comparing
results obtained in different machines.
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Recently experiments with high power auxiliary
heating have been carried out in the HL-2A oper-
ated in a low plasma parameter regime, and two
types of improved confinement regimes have been ob-
served. The first is in the limiter configuration with
ECRH heating at about I, ~ 150 kA, By ~ 1.3 T,
and N, ~ 1.2 x 10'3/cm3.
diverter configuration with a combination of ECRH

The second is in the

and Neutral beam injection (NBI) heating at about
I, ~ 180 kA, By ~ 1.4 T, and N, ~ 2.2 x 103 /cm?3.
The plasma parameters of two types of improved con-
finement regimes are similar, but the latter regime has
been identified as being of H-mode by its high H fac-
tor (ITER89P) up to 2 and accompanying features in
radiation, such as appearance of sharp ELM burst in
H, emission. In this paper, the properties of plasma
radiation in both improved confinement regimes are
described, especially the role of plasma radiation in
the evolution of plasma confinement.

2. Experimental set-up

HL-2A is a medium size tokamak with double null
closed divertor. The geometrical parameters of HL-2A
are R = 1.65 m and a = 0.4 m. Typically, it is oper-

© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

115201-1



Chin. Phys. B Vol. 19, No. 11 (2010) 115201

ated at toroidal magnetic field By = 2.4 T and plasma
current between 200 and 480 kA.[l In the present
study, HL-2A is run in the low single null closed di-
vertor configuration with a plasma current of about
130-200 kA, toroidal magnetic field of about 1.2-1.5 T
and electron density of about 1 — 3 x 10'3 cm™3.
The main diagnostics involved in this study are
four arrays of bolometers with sixteen-chord in each
array. Three of them are installed at the plasma main
chamber to measure plasma total radiation with a spa-
tial resolution of 25 mm and a time resolution of 50 us,
and the remaining one is installed in the divertor
chamber to measure the radiated power from divertor
region with a spatial resolution of 10 mm and a time
resolution of 20 us. Eight-chord HCN laser interferom-
eter (A = 0.337 mm) for the measurement of electron
density in the central region of plasma (p < 0.6, where
p is the normalized minor radius) with a spatial reso-
lution of 70 mm. Furthermore, the electron tempera-
ture is measured by seven-chord Thomson scattering
with a spatial resolution of 30 mm and a time resolu-
tion of 100 ms and electron cyclotron emission (ECE)
with twenty chords. The evolution of magnetohydro-
dynamic (MHD) instability can be observed from five
arrays of soft x-ray cameras with twenty-line-of-sight
in each array, which give a spatial resolution of 25 mm
and a time resolution of 10 us. The H, emission is
measured by five line-of-sight optical telescopes, four
of which are located at the middle plane for uniformly
looking through the plasma, the remaining one is used
to monitor H, emission of the outer divertor target.
The total stored energy of plasma can be measured by
diamagnetic loops, then energy confinement time can

be calculated from
w

- POH"‘PauXi_dw/dt.

TE

3. Properties of plasma radia-
tion during discharges with im-

proved confinement

3.1.In limiter configuration

A typical improved confinement discharge with
0.57 MW ECRH injection for on-axis heating in the
limiter configuration is illustrated in Fig. 1. At the
initial phase of ECRH injection, the line averaged elec-
tron density decreases and the H, intensity increases

sharply because of the event of pump-out.[®) The con-
finement time of the discharge in L-mode phase is
about 10 ms. But at about 390 ms, the line averaged
electron density, the stored energy and the total ra-
diation increase abruptly spontaneously, at the same
time the H, intensity declines, which interprets the
fact that the recycling of plasma particles decreases
since H, emission comes from neutral hydrogen enter-
ing into the plasma as part of recycling process and
is a measure of the recycling of hydrogen between the
plasma and the surrounding surfaces.[""19 Then the
electron density and the energy confinement time con-
tinue to increase and last more than 200 ms, during
which the energy confinement time increases by a fac-
tor of 1.5 over that in the L-mode phase, characterized
by density drop and a degradation in confinement dur-
ing additional heating as in the case during 310 ms to
380 ms. It suggests that both particle and energy con-
finements are improved, for there is no additional gas
puff. In addition, it shows some perturbations on the
signal of plasma radiation power during the improved
confinement phase, just like ‘dithering’ as observed
on ASDEX and TCV,[51% though the discharge with
improved confinement in the limiter configuration on
HL-2A is typically quiescent or absent from edge lo-
calized modes (ELMs).

The profile of radiated power density related to
the discharge of Fig. 1 is given in Fig. 2. The power
density in the centre (the hatched region) is lower than
that on the edge, and retains this feature for the whole
Dur-

ing the improved confinement phase, radiated power

duration of the improved confinement phase.

density increases sharply and displays the tendency of
asymmetrical distribution in the upper part of plasma
as shown in Fig. 2(a). The radiated power density
rises by a factor of 2 to 3 at ¢ = 500 ms as com-
pared with that at ¢ = 380 ms, which can be ex-
plained by the change of electron density. It could
be seen from Fig. 2(b) that there is a sharp change in
the electron density profile. The initial peaked den-
sity profile changes into a nearly hollow profile, which
would causes a strong increase in the edge region and
forms a steep gradient in the elctron density. This
leads to the strong radiation (Prag o< N,) on the edge
of plasma. Therefore, the gradient of the profile of ra-
diation in the edge region increases step by step from
380 ms to 450 ms.
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Fig. 1. Time evolutions of H, emission, line averaged electron density (Ne), electron temperature (7e), plasma stored
energy (Wg), radiated power (Praq), ECRH and energy confinement time (7g) for discharge #9548 (I, = 152 kA,
By = 1.26 T), (Ha, Ne and T, are signals that go through the core of plasma), showing that at the beginning of
improved confinement H, emission falls 30% and plasma radiated power increase by a factor of 3.
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Fig. 2. (a) Profile of plasma radiated powers (after Abel inversion) and (b) the profiles of electron density (after

Abel inversion).
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Moreover, at the beginning of the improved confinement the electron density profile shows a hollow distri-
bution, but after about ¢ = 450 ms, the electron density peaks, thus the radiation further increases, especially
in the centre of plasma (the hatched region). At ¢t = 450 ms, the radiated power in the hatched region accounts
for about 28% of total radiated power, but it rise to 45% of total radiated power at ¢ = 500 ms. The increase
in radiation is mainly due to the rise in impurity radiation as shown in Fig. 3. Unfortunately, the data of
high Z impurity was unavailable on that day, so in order to gain an insight into the process and the effect of
impurity radiation in total radiation, the ratio of total radiation to line averaged electron density (Praq/Ne)
has been calculated. After the improved confinement transition (indicated by the dashed line), the radiated
power is enhanced more rapidly than the increase in density, while after that time, the time trace of Pnq/Ne
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is approximately flat in the L-mode discharge. This result shows that during the improved confinement phase
the impurity confinement is also improved and an additional contribution to total radiation from the enhanced
impurity radiation due to improved confinement.['!] The increased impurity radiation along with its cooling
effect probably causes a saturation of the energy content of the discharge and a roll-over in plasma confinement,
and finally, a forced transition back to the L-mode occurs. Therefore, radiation plays a significant role in the
transition from an improved confinement regime achieved in limiter configuration back to the L-mode on HL-2A.
Further study will focus on the analysis of the growth of core impurity based on the spectroscopic measurement
or the measurement on confinement time of trace impurity by laser blow-off, and also on the extension of the
improved confinement regime with silicatization to reduce the content of impurity in HL-2A plasma.

0.015

0.010 - C IlI-radiation/a.u. |
0.005 - (A =464.7 nm) h )
R o N

0.04 I | | | |

C Il-radiation/a.u.
0.02| (A =464.7 nm)

0
150 [
| (Prag/Ne) /10713 kW-cm™3

100 MWWWWWWWWWMWM ,

LT e—

50
200 300 400 500 600 700 800 900

Time/ms

Fig. 3. Time evolutions of CII, C III line radiation intensities and the ratio of P.4q4/Ne for the discharges #9548.

3.2.In divertor configuration

In April 2009, the first transition to H-mode exhibiting improved confinement over that in the L-mode,
was achieved on HL-2A in divertor configuration. The profiles of radiated power density in H-mode divertor
discharges on HL-2A are similar to those of the improved confinement in limiter configuration in the core of
plasma, but characterized by quite different features on the edge of plasma. A typical H-mode discharge in the
divertor configuration, with heating by ECRH 0.74 MW and NBI 0.67 MW injected at 487 ms, is displayed
in Fig. 4, where time evolution of H, intensity in the divertor chamber, total radiation, stored energy, line
averaged electron density, NBI and the signal of ECRH are shown. The L-H transition is marked by sudden
drop (within 2 ms) in the edge H,, emission (proportional to the particle source) and a simultaneous rise in the
line-averaged electron density, along with the increase in stored energy and total radiation. In addition, other
edge measurements such as edge density and edge temperature measured with a triple probe, consistently show
the same tendency. All of these observations are consistent with the transition to the H-phase. It also should
be noted that when the additional heating is terminated, the plasma remains in the H-phase for about 6 ms
before the density starts to decrease.

Furthermore, regular periodic spikes on the H, emission are observed during H-mode phase, which are
identified as ELMs. It appears as perturbation to the steepened edge density profile as well as radiated power
density profile as shown in Fig. 5, where three-dimensional plots of radiated power density and electron density
(measured by microwave reflectometry) of H-mode discharge in the outer regions of plasma are given. At L-H
transition around 720 ms, the edge density ramps up to about 1.0 x 10'® cm™ and forms a steep density
gradient near the last closed surface (r = 380 mm). The same tendency appears in the radiated power density
distribution. It can be found that the radiated power density increases from 5 kW/m? at 400 mm to about
23 kW /m? around 380 mm, forming a steep gradient (A P,.q/Ar) of radiated power density of about 900 kW /m*
on the edge, which is a factor of 3 higher than that of L-mode phase. It can be inferred from the evolution
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of the edge density and radiated power density profile that an edge transport barrier is formed on the plasma
edge. Typically, such an edge transport barrier is frequently disturbed by the ELM events.
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Fig. 4. Time evolutions of H, emission in the divertor (Hn—div), radiated power (Pyaq), stored energy (Wg),
line averaged electron density of the main plasma (N), NBI and ECRH (#11395, I, = 176 kA, By = 1.34 T)
after the L—H transition ELMs are presented. When the additional heating is terminated, the plasma remains
in the H-phase for about 6 ms.
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Fig. 5. Three-dimensional plots of radiated power (after Abel inversion) and electron density of H-mode
discharge in a range from r = 150 mm to » = 400 mm, showing the edge transport barrier frequently disturbed
by ELMs during H-mode phase.

The ELMs are observed with a low amplitude and high frequency of 200-350 HZ, during which particles
and energy are largely lost.['%12] The losses of particles and stored energy during a single ELM event are about
1-3% and 3-5% compared with those of the total content respectively as shown in Fig. 6. Based on its high
frequency range and low average amplitude, and the relatively low resulting losses in plasma particle and stored
energy induced by each ELM pulse, the ELMs observed on HL-2A experiments are classified as small ELMs or
so called type III ELMs.[10:12]

ELM is a type of MHD instability and usually identified by the characteristic sharp burst of H, emission

(10] it also manifests itself as a perturbation on the radiation

arising from the losses of plasma particle and energy,
(measured by Bolometer) during H-phase coincident with H, burst. The profile evolution of radiation during
a whole ELM event is shown in Fig. 7(a). The radiated power density profile is hollow with edge lobes covering

a quarter of outer plasma range during an ELM event. The radiated power density between 300400 mm
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increases rapidly within 0.3 ms from 491.5 ms to 491.85 ms with the onset of the ELM perturbation, while there
is a stagnation point around the 300 mm where nearly no change in radiated power density is observed. This
reflects that the ELM itself is localized on the plasma edge ranging from 0.8(r/a) to plasma boundary, which is
consistent with the presence of a transport barrier just inside the separatrix as indicated on other devices.!:2:6]
Inside the stagnation point, an increase in radiated power is observed in a range from 100 mm to 250 mm, while
it decreases inside 100 mm. Then it takes more than 2 ms to go back to the pre-ELM level from 491.85 ms to
493.9 ms. Moreover, in Fig. 7(b) the radial distribution of radiated power fluctuations related to an ELM is
shown. It should be noted that the signals of radiation measured by Bolometer are line integral signals, so the
signals through the core are affected by the part of the edge, for this reason the above profiles are Abel inverted.
On the plasma edge, i.e., r > 320 mm, an ELM event causes a transient signal to rise by a factor of 2 to 7 with
the increase of relative amplitude, indicating that the ELMs are really ‘edge localized’ near the plasma edge
region from 0.8(r/a) to plasma boundary as well as in the inner plasma region from 0.8(r/a) up to 0.25(r/a),
and the influence of ELM event decays to a lower level; more inside, an opposite effect or obvious reduction in
the central region is found. Thus, it demonstrates that the increase in radiation intensity on the edge of plasma
as observed during ELMs can be ascribed to the particles and energy releasing from the main plasma.
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Fig. 6. The losses of particles and stored energy during ELMs versus the frequency of ELMs.
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Fig. 7. (a) Profiles of an ELM event based on the data measured by Bolometer(after Abel inversion). During ELMs edge
plasma radiation increases from 10 kW/m?3 to 34 kW/m? (a factor of 3) within 0.4 ms. (b) Relative variation of plasma
radiation due to ELM versus plasma radius.

The total radiation loss during an ELM event is large: its average value is about 300-400 kW, accounting
for 30% of total input power as shown in Fig. 8. Usually, ELMs on HL-2A appear erratically and the ELM
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period is not well determined and can vary in a certain range for a fixed heating power. Figure 8(a) shows the
radiation loss as a function of the time between ELMs (waiting time), while a series of subsequent ELMs with
different waiting times are given in Fig. 8(b), showing that the radiated power during an ELM increases with
the time between ELMs, implying that more lost power could be caused by an ELM with longer waiting time

or lower frequency.
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Fig. 8. (a) Radiation loss during an ELM, (b) the time interval between ELMs.

The loss is clearly indicated in Fig. 9, which is
a three-dimensional plot of radiated power density at
the part of lower plasma density around the divertor
during four ELMs and shows sharp increases in radi-
ated power due to particles and energy losses caused
by each ELM event.
particles during ELMs flow into the divertor chamber

The most of lost energy and

instantaneously, so there is a burst-like modulation
of divertor Bolometer signals as indicated in Fig. 10,
which shows H, emission, radiation from the core,
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Fig. 9. Three-dimensional plot of plasma radiation over
a period of 825-835 ms (after Abel inversion), encompass-
ing four ELMs. During an event of ELM, radiated power

increases sharply, thereby interpreting the great losing of
particles and energy.

| It can be found in the hatched

region that there exist some time delays in the burst

edge and divertor.

of radiation in the divertor chamber with respect to
data from the main chamber. The expanded parts of
curves on the right-hand side show a delay time of
about 200 us. Such a delay is a consequence of par-
ticles flowing across the separatrix at a sound speed
from the region of confining plasma to divertor cham-
ber and could provide some useful information about
the parallel particle flow and the parallel heat con-
duction coefficient, which will be described in detail
elsewhere.

So far, the ELM activity has been taken to be the
reason for radiation loss, i.e., the losses of particles and
energy, making a degradation to the H-mode confine-
ment. However, along with the losses of particles and
energy, ELMs can also eliminate part of impurities,
thereby reducing the impurity concentration, which
is beneficial to the H-mode confinement. Figure 11
shows that after the L-H transition (indicated by the
dash line), the ratio Paq/Ne increases slightly with-
out any sudden increase as shown in limiter improved
This indicates that
the improved confinement in limiter configuration is

confinement discharge (Fig. 3).

more susceptible to impurity concentration than H-
mode with ELMs in divertor configuration on the HL-
2A.
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Fig. 10. Data of plasma radiation (meartured by Bolometer) coincident with H, burst during H-phase. It

shoud be noted that the data of plasma radiation in the divertor chamber occur 0.2 ms later than the others

due to time delay.

A comparison between Fig. 11 with Fig. 3 shows
that according to the L-mode improved confinement,
in limiter improved confinement discharge the Py,q/Ne
ratio increases abruptly and displays a tendency of
saturation quickly, then goes back to L-mode (indi-
cated by the solid line), but in the H-mode discharge
with ELMs in divertor configuration, the P,q/N, ra-
tio increases slightly and does not show the tendency
of saturation. Moreover, the H-mode phase is kept
till the termination of auxiliary heating. Therefore,
ELMs are beneficial to improved confinement to some
extent and keep the improved confinement longer.
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Fig. 11. Ratio of Py5q4/Ne for the H-mode(#11393) dis-
charge.

Analysis of the effect of an ELM event on the
radiation can give some valuable information about
ELM mechanism. It was found that radiative cool-
ing, which can give rise to improved confinement!'3:14]
or causes the formation of multifaceted asymmetric

radiation from the edge (MARFE),®! also plays an
important role in triggering ELM events. The main
impurities in the HL-2A are light impurities such as
carbon and oxygen, and their profiles during H-mode,
which are as long as profiles during L-mode, are shown
in Fig. 12.

H,, emission, radiation and electron temperature mea-

Figure 13 shows the time evolution of

sured with ECE near plasma edge around r = 300 mm
and Mirnov signal. At about t; = 759.3 ms, radiation
starts to increase. With a delay of about 150 us, local
electron temperature turns to decrease. The power
radiated from these impurity species is proportional
to the electron density and impurity density and it
is also a function of electron temperature. The func-
tion of temperature has a principal maximum together
with subsidiary maxima at higher temperature. For
light impurities the principal maximum occurs at a low
temperature according to Ref. [16]. Thus, the radia-
tion from light impurities would rise with the decrease
of electron temperature in a range of about tens of eV.
Therefore, in the first trace of Fig. 13, the edge plasma
radiation loss arising mainly from the incompletely
stripped impurities, further increases as electron tem-
perature decreases, thereby leading to a strong cooling
effect near the plasma edge. Then at t; = 759.6 ms
the ELM as long as its MHD precursor is triggered
as shown in the bottom plot of Fig. 13. This reflects
the strong relation to radiation induced cooling effects
with the driving of ELM since radiation induced cool-
ing may lead to local change in plasma resistivity and
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hence a consequent current profile modification.!'”] mCy 2271
Therefore, it suggests experimentally that the mecha- ) L2p 9 8 % égé% .
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periment is being planned to carry out in our future
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Fig. 13. Time evolutions of H, emission, plasma radiation, electron temperature and Mirnov signal.

4. Conclusion

Two different improved confinement regimes have been observed under different conditions in the HL-2A.
One is in limiter configuration with ECRH heating, characterized by a sharp decrease in the H, emission and
increases in total radiation, line averaged electron density and stored energy. During the improved confinement,
the profile of radiated power density shows that radiated power increases sharply and the gradient is steep on the
edge of plasma. The other is in divertor configuration with ECRH and NBI heating, characterized by type III
ELMs. Analysis shows that ELMs are localized on the plasma edge from 0.8a to a, but they can affect plasma in
a range from a/4 to a. And they can cause energy and particle losses accounting for 3-5% and 1-3% respectively
from the main plasma in about 10™* s. A comparison between the two types of improved confinements shows
that the improved discharge in limiter configuration is more susceptible to impurity accumulation, and the
H-mode with ELMs can relieve impurity accumulation and keep the improved confinement longer. Analysis
also shows that radiation loss increases with the time between ELMs, and radiation cooling causes a rapid drop
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in the electron temperature, then induces the ELM. However, the driving mechanism of ELMs is still an open

issue, although a view universally received is that they are driven by a steep pressure gradient on the edge or a

current density profile in a range of the steep electron temperature gradient on the edge.l'®! Therefore we will

do more work to obtain the abundant data and further carry out investigations to understand the underlying

driving mechanism of ELMs.
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