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The ELMy H-mode plasmas realized with the supersonic molecular beam injection (SMBI) are studied in relation to
the energy confinement and the heating power for the L-H transition (A _y) in the HL-2A tokamak. A database is assem-
bled for this study based on the ELMy H-mode discharges during the experimental campaigns in the period 2009-2013
at the HL-2A tokamak. The statistical results show that the SMBI is favourable for reaching the H-mode by reducing the
heating power at the L-H transition and for the H-mode performance by improving the energy confinement compared with
the ordinary gas puffing (GP). The reduction of P _y is about 20% when the density is low, and the energy confinement
enhancement factor of Hyogyr = 75/ Ttn,98y2 ~ 1.5 is achieved with the SMBI. Note that in the database the density depen-

dence of P _y is non-monotonic with the fie min &~ 3% 10'° m~3 at which the A _p is minimum. Most of B _y data are
on the low density branch where the A _y increases with the decrease in density. The minimum of the A__y in HL-2A is
comparable to the ITPA multi-machine threshold power scaling Py scaiog- The physics behind the reduction of the A g
with the SMBI is also investigated in relation to the change of the density gradient at the plasma edge, the gas fuelling

efficiency, and the recycling.
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1. Introduction

The high confinement mode (H-mode), as a projected
baseline operational scenario for the International Tokamak
Experimental Reactor (ITER), can be realized in present-day
devices when the heating power is above a certain value. One
of the issues in the H-mode studies is to find a favorite con-
dition for the transition from a low confinement mode (L-
mode) to an H-mode with the lowest heating power and to
preciselly predict the critical power in ITER.[1? Although
progress is being made in understanding the physics under-
lying the L—-H transition, the mechanism of the L—H transition
is still not fully understood. Many factors, such as the neutral

[5-111 toroidal rotation, 2!

density,>* magnetic configuration,
and radial electric field!'3] can affect the transition. Zonal
flows have also been reported to play an important role in the
L—H transition. 4161 Meanwhile, the influence of MHD activ-
ities on the L—H transition has also been discussed recently.!”!
Therefore, the power needed for the L-H transition depends
on many parameters. It is found that in many devices there
are favourable plasma conditions by which the required power
for the transition is relatively lowered. Under these conditions

(deuterium plasma, the ion VB drift directed towards the work-
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ing X-point) a power threshold scaling law has been deduced
by analysing the ITER-like power threshold database, [}

Pthrfsca]()s (D) _ 0.0488B%803ﬁ(6).717s().941’ (])

where Br is the toroidal magnetic field (in unit T), 72, is the
line-averaged electron density in the L-mode (10?° m~—?), and
S is the plasma surface area (in unit m?). Based on this
scaling the minimum power to access the H mode in ITER
is about 52 MW at i, = 0.5 x 10 m™® and 86 MW at
7ie = 1.0 x 102° m~3. The 95% confidence intervals are about
30 MW-100 MW for the low 71 case and 50 MW-170 MW for
the high 7. case. Since the additional heating power available
in the initial phase of ITER is limited, to precisely estimate
and to lower the threshold power are of great importance.

In many devices, it has been found that the wall condition,
fuelling and recycling play critical roles in the L-H transition.
In ASDEX, the low recycling and refueling from the divertor
chamber were favourable for the L-H transition.['8 In NSTX,
the wall conditioning with lithium can reduce the threshold
power and improve the H-mode performance.!!”! Recently in
EAST, a long-pulse H-mode was achieved after 5-kg lithium
had evaporated into the vacuum vessel.[??! The lithium coat-
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ing is considered as a key factor to reach this goal. In HL-
2A, it was also found that the SMBI as a fuelling method is
favourable for the L-H transition in comparison with the or-
dinary gas puffing. When the SMBI is applied, the edge par-
ticle recycling can be significantly reduced and the fuelling
efficiency is increased by about 30%-60%.%!>>! The deep
penetration of the molecular beam has been considered as a
mechanism for the increase of the fuelling efficiency with the
SMBL. 2

On the other hand, it has been observed that the thresh-
old power depends non-monotonically on the plasma density
and exhibits a minimum value at a density denoted as 71¢ min, in
many devices. In ASDEX Upgrade, i min &~ 4 x 10! m~3.124
When the density is lower than e min, the threshold power in-
creases with density decreasing. This is known as the ‘low-
density branch’. The ¢ miy varies with plasma current /, and
B following a scaling ie min = 0.718'34B?'62a’0'95 (R/a)** in
10" m—3 using units in MA, T, and m.[>! It has been found
that the ion heat flux played a significant role in the non-
monotonic density dependence of the threshold power. The
density at the minimum threshold power varies in different
machines.?3!1 In the ITER-like power threshold database
the 7ie min decreases with plasma size and increases with mag-
netic field.?! The power threshold at the low density branch is
not well documented in these devices and at present no firm
prediction is made for ITER. Therefore, it would be worth
studying the H-mode property with relation to the L—H transi-
tion and the energy confinement in the HL-2A tokamak, espe-
cially the H-mode in the “low density branch” scenarios with
the SMBI.

In the HL-2A tokamak, the H-mode with type-IIl edge
localized modes (ELMs,) was first realized in 2009 by using
the neutral beam injection (NBI) in combination with the elec-
tron cyclotron resonant heating (ECRH). With various wall-
cleaning techniques, including siliconization, lithumization,
and their combination to minimize the radiation power loss
from impurities the ELMy H-mode discharges have been rou-
tinely obtained hereafter. So far, the minimum heating power
to obtain the H-mode is about 0.52 MW with the NBI heating
only. The H-mode in HL-2A has been mostly achieved with a
marginal heating power at the low-density branch, where the
heating power for the L-H transition (P__p) decreases with
increasing density. The A _y with the SMBI fueling is then
studied statistically. The characteristics of the global energy
confinement time are also investigated based on an assembly
of the energy confinement database.

The rest of the present paper is organized as follows. The
experiment condition and the related diagnostics are intro-
duced in Section 2. The characteristics of the L-H transition
power with the SMBI are presented in Section 3. Confinement
properties of the H-mode are shown in Section 4. Finally, the

results are summarized in Section 5.

2. Experimental conditions

The HL-2A device is a double-null divertor tokamak with
a major radius R of 1.65 m and a minor radius a of 0.40 m.
The typical parameters of the H-mode discharges presented
in this paper are By = 1.27 T-1.5 T and I, = 150 kA-180 kA.
The plasma facing components in the HL-2A tokamak consist
of carbon in the main chamber, carbon-fiber composite (CFC)
on the baffle, and graphite tiles on the limiter, dome and armor
plate for the neutral beam injection as illustrated in Fig. 1(a).
Four pairs of fixed limiters and a segment of moveable limiter
have often been used in the HL-2A discharges. A fraction of
30% of the vessel inner surface is covered by the graphite or
the CFC. A detailed schematic view with these components is
shown in Fig. 1(b). The lower-single-null (LSN) divertor con-
figuration is implemented from the beginning of the discharge
in order to reduce the plasma—wall interaction for the H-mode
performance in the HL-2A. The bypasses between the diver-
tor chamber and the main chamber near the baffles are closed
in order to reduce the heating power for the L—H transition as
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Fig. 1. (color online) (a) Tangential view of the central column of HL-

2A with graphite tiles and (b) the poloidal cross section, showing the di-

vertor configuration calculated by the EFIT code. The fixed and move-

able limiters are covered by the graphite tiles, and the baffle and dome

are covered by CFC.
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suggested in Ref. [32]. The H-mode is realized in deuterium
plasmas with the ion VB drift directed towards the lower X
point, which is the working null in the single divertor opera-
tion configuration regime.

The NBI and ECRH are the primary auxiliary heating sys-
tems in the HL-2A tokamak. The maximum input power and
the beam energy of the NBI are 1.2 MW and 45 keV, respec-
tively. The working gas of the neutral beam source is deu-
terium for having optimal isotopic effects on the P _yg. The
NBI heating power is tangentially co-injected with a maxi-
mum pulse duration of 0.8 s. The ECRH system consists of
six gyrotrons (6x0.5 MW, 68 GHz) and launches in the sec-
ond harmonic X-mode for the low toroidal magnetic field dis-
charge. The ECRH scheme could provide 100% absorption in
the electron channel with a narrow power deposition profile.
A ray-tracing code C3PO/LUKE is applied to the absorbed
ECRH power calculation.*3] A typical result for a discharge
with plasma parameters of I, = 184 kA, /i = 1.2 x 10" m 3,
and B; = 1.31 T is presented in Fig. 2. The density and temper-
ature profiles input into the code are also shown in Figs. 2(a)
and 2(b). One can see that an ECRH power of 970 kW with
100% absorption is deposited at p ~ 0.3, where p is the nor-
malized poloidal flux coordinate.
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Fig. 2. (color online) (a) Electron density profile, (b) temperature pro-

file used in the calculation, and (c) absorbed power of ECRH calculated
with a ray tracing code C3PO/LUKE.

o

In the HL-2A tokamak the electron density pro-
file is measured with an eight-chord 337-um HCN laser
interferometry**! in the central part of the plasma (p < 0.6)
and with a 26.5-GHz-50-GHz microwave (MW) reflectome-
ter in the outer part of the plasma at which the density is less
than 2.0 x 10" m~3.133] The electron temperature profile is
measured by the electron cyclotron emission (ECE) diagnos-
tic, for which the spatial resolution and the time resolution are
2 cm and 10 ps, respectively.*®! The ECE signal amplitude
is calibrated with the Thomson scattering diagnostic. The ion
temperature profile is measured with an eleven-channel neutral
particle analyzer and a ten-point charge exchange recombina-
tion spectrometer. The NBI heating power has been estimated
by using an empirical scaling law, which includes some ba-
sic parameters, such as the averaged pressure in the discharge
chamber of the ion sources, the averaged power loss ratio of
the neutralization ducts and the averaged acceleration voltage
of ion sources.?”) These parameters are all measured during
plasma discharges. The input power of ECRH is measured
with the calorimetric method. 3%

The SMBI has generally been used as one of the fuelling
methods®! in the HL-2A tokamak, where the ordinary gas
puffing and pellet injection are also available for fuelling. Be-
cause of quick responses and the well-controlled particle quan-
tity, the SMBI is also used for the density feedback control and
other physics studies, such as the particle transport, ELM mit-
igation, and impurity transport, in the HL-2A tokamak.[404?]
The backing pressure and the pulse duration of the SMBI can
be changed in ranges of 1 bar—30 bar (1 bar=10"> Pa) and
0.5 ms—5 ms, respectively. The injected deuterium molecu-
lar inventory is about 2x 10'7-6x10'° and the velocity of the
particles is about 1.3 km/s—1.8 km/s. Comparing with the or-
dinary gas puffing (GP), the increase of the fuelling efficiency
for the SMBI is mainly due to the deep penetration and the

39431 In general, the penetration depth of

edge cooling effect.|
the neutral particles is about 4 cm—8 cm inside the last closed
flux surface (LCFS) for the ohmic discharges. When the back-
ing pressure of the SMBI increases, the penetration of the

molecular particles becomes deeper. [44]

3. B _py with SMBI

In this paper, the heating power for the L—H transition is
yielded as P_g = Pohm + Paux — AW /dt, where Popy, is the
ohmic power, Py is the auxiliary heating power, and dW /d¢
is the time variation of the total plasma energy. The radia-
tion losses inside the separatrix are not subtracted in order to
reduce the scatter of the data. The unusual high radiative dis-
charges are excluded in the database and the ratio of the radia-
tive power to the heating power is small (< 20%). A compar-
ison between the H-mode discharges achieved with the SMBI
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(shot No. 11397, solid lines) and the GP (shot No. 11427,
dashed lines) is plotted in Fig. 3. The time traces from the top
to the bottom are (a) the plasma current and heating power of
ECRH and NBI, (b) the line-averaged density, (c) the plasma
stored energy, (d) the total radiated power in the main cham-
ber, (e) the Dy emission in the main chamber, (f) the Dy, in
the divertor chamber, (g) the neutral particle pressure in the
main chamber, Py, (h) the neutral particle pressure in the
divertor chamber, Pyy—q , and (i) the control signals of the
SMBI and GP fueling. They show that the plasma param-
eters are almost the same for the two discharges except for
the auxiliary heating power and the neutral particle pressure
in the main chamber. The input power of ECRH and NBI for
the discharge with the SMBI (No. 11397) is about 1.5 MW
(Pgcryg = 0.83 MW and Pygr = 0.67 MW) while it is about
1.78 MW (Pgcru = 1.12 MW and Pygr = 0.66 MW) for the
discharge with the GP (No. 11427). The Py, in the discharge
with the GP is nearly 3 times higher than that with the SMBI
as shown in Fig. 3(g). Since the achieved electron density is
similar for the two discharges (see Fig. 3(b)), the fuelling effi-
ciency with the SMBI is therefore much higher than that with
the GP. When the ECRH power is added to the NBI heated
plasma, the L-H transitions happen to the two discharges with
a sudden drop of the Dy signal displayed in Figs. 3(e) and
3(f). The line-averaged density 7. and the plasma stored en-
ergy Wi, are then quickly increased. The L—H transition oc-
curs at t = 0.68 s with 7z, = 1.73 x 10'” m~3 in the discharge
with the GP and at # = 0.71 s with /i, = 1.62 x 10! m~3 in the
discharge with the SMBI. The first ELM appears atf = 0.7 s in
the GP H-mode and at = 0.73 s in the SMBI H-mode. The en-
ergy confinement times measured by the diamagnetic loop are
comparable to each other in the two H-mode discharges. This
experiment indicates that with using the SMBI, which has the
high fuelling efficiency and low neutral particle pressure, the
L-H transition could happen under the lower heating power
condition. A closer look in Fig. 3(b) further indicates that the
electron density at the L—H transition in the discharge with the
SMBI is lower than that with the GP. In HL-2A, the density de-
pendence of the P _y mostly resides at the low density branch,
which will be illustrated later in Fig. 8. The potential threshold
power for the SMBI shot should be higher than that for the GP.
Thus, the lower heating power for achieving the H-mode in the
case of SMBI reveals that a favorable scenario is established
by the SMBI fueling due to probably reduced edge recycling
and ensuing influence on the edge profiles. Nevertheless, the
heating power in the above two discharges might both exceed
the L—H transition power threshold. Therefore, further inves-
tigation of the positive influence of the SMBI on the realiza-

tion of the H-mode is necessary in the case of marginal heat-

ing power. Such a comparison between two discharges (with
marginal heating power) is depicted in Fig. 4, where the L—
H transition is realized with SMBI but not without the SMBI,

under the same discharge conditions.
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Fig. 3. (color online) Time traces of (a) plasma current and input power
of ECRH and NBI, (b) line-averaged electron density, (c) plasma stored
energy, (d) radiation power, (e) Dy in the main chamber, (f) Dy in the
divertor chamber, (g) neutral particle pressure in the main chamber, and
(h) neutral particle pressure in the divertor chamber, and (i) control sig-
nal of refueling for two discharges with SMBI and GP, respectively. The
unit au is short for arbitrary unit.

The results are shown in Fig. 4 with two successive dis-
charges. The main parameters of the plasmas are very sim-
ilar. Both discharges have the same background gas puffing
but not for the shot of No. 13723 where it has additional 4-
pulse SMBI. Note the difference between Fig. 4 and Fig. 3,
the amount of the SMBI in Fig. 4 is rather small so that the
neutral particle pressures in both the main and divertor cham-
bers are nearly unaffected after the molecular beam injection
as shown in Figs. 4(g) and 4(h). The total input powers in the
two discharges are also quite close, i.e., for shot No. 13722,
Pux = 1.58 MW, (Pgcrg = 1.16 MW and Py = 0.42 MW)
and for No. 13723, Pyx = 1.56 MW (Pgcry = 1.15 MW
and Pypr = 0.41 MW). Before the first pulse of the SMBI at
t = 0.4 s in shot No. 13723, the line-averaged densities are al-
most the same for the two discharges. When the ECRH power
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is launched into the plasma at t = 0.41 s the electron density is
strongly reduced by half due to the so-called ‘particle pump-
out effect’.[*) In the discharge with the SMBI a small increase
of the density is observed following each SMBI pulse. At the
time ¢t = 0.56 s (marked by the vertical line) the L-H transi-
tion takes place at /i, = 1.1 x 10'° m™—3 when the fourth pulse
of the SMBI is injected. After that, the 7. increases substan-
tially and meanwhile the Dy in the divertor chamber drops.
The first ELM appears at ¢t ~ 0.58 s. However, for the dis-
charge without the SMBI, the L-H transition does not happen
even if the line-averaged density is increased gradually with
the NBI heating and reaches the same value at which the L-H
transition has already happened in the SMBI discharge as indi-
cated by the horizontal line in Fig. 4(b). These results clearly
show that the SMBI plays a favorable role in inducing the L-H
transition with the marginal heating power.

In order to affirm the above conclusion, a statistical study
on the heating power for the L-H transition, P _py, in dis-
charges with and without the SMBI is necessary. A database
in relation to the heating power just before the L-H transition
was assembled with all the data available during the experi-
mental campaigns in the period 2009-2013. More than 270
observations are included in the database. The details of the

database are listed in Table 1.
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Fig. 4. (color online) Time evolutions of plasma parameters for two
discharges with and without SMBI. The heating powers for the two dis-
charges are the same. The H-mode can only be achieved with the SMBI.

Table 1. Range of main parameters for the H-mode power threshold database in the HL-2A tokamak.

. Dataset

Experimental campaign Fueling method Auxiliary heating Observations Range of main parameters

1 Threshold_SMBI_NBEC 2009-2013 SMBI

ECRH

NBI

160

127 kA < I, < 191 kA
126 T<B < 14T

1.08 x 10" m—3 < 7, < 1.97 x 10" m—3

0.25 MW < Pecru < 1.27 MW
0.25 MW < Pypr < 1.13 MW
0.64 MW < A _pg < 1.52 MW

2 Threshold_SMBI_NB 2009-2013 SMBI

NBI

44

156 kA < I, < 195 kA
I3T<B,<141T

1.46 x 10" m—3 <7, < 2.88 x 10" m—3

0.71 MW < Pypr < 1.15 MW
0.52MW < A _p < 1.16 MW

3 Threshold.GP_NBEC 2009-2013 GP

ECRH

NBI

20

142 kA < I, < 181 kKA
1.28T<B < 138T

1.25x10° m3 <7, < 2.13x 10" m—3

0.35 MW < Pgcru < 1.75 MW
0.46 MW < Pypr < 1.09 MW
LI2MW < P _g < 2.11 MW

4 Threshold- GP_NB 2009-2013 GP

NBI

46

141 kA < I, < 185 kA
126 T<B <141T

1.43x10° m3 <7, < 3.20 x 10! m—3

0.80 MW < Pypr < 1.10 MW
052MW < A _g < 1.62 MW
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Considering the effect of ECRH on the particle transport,
the L—H transition with the combination of ECRH and NBI are
separated from the transition with NBI only in the database.
The comparison of the A _p between the SMBI and the GP
(without SMBI) shots is shown in Fig. 5, where the H-mode
discharges achieved with the ECRH and NBI are plotted in
Fig. 5(a) and those with NBI only are presented in Fig. 5(b).
The relatively low density range in Fig. 5(a) is attributed to the
ECRH “pump-out” effect on plasma particles. From Figs. 5(a)
and 5(b) it follows that the P _y with the SMBI is obviously
lower than that with the GP. In the cases of ECRH and NBI
heating, the reduction of the A _p with the SMBI is more pro-
nounced than that in the case of using NBI only. In the former
case the averaged reduction of A _y reduces about 20% while
in the latter one the reduction of P _y is just about 10%. In
general, the SMBI pulse can cause a small increase of the den-
sity as shown in Fig. 4. Thus, the reduction of the heating
power for the L-H transition with using the SMBI could be
due to the increase of the electron density at the low density
branch. However, as illustrated in Fig. 4, the L-H transition is
not realized in the GP discharge (without SMBI) at the same
density as that for the L-H transition to appear in the SMBI
shot. Therefore, the increase of the density cannot be the only
reason for the significant reduction of the A _g. Other mech-
anisms, such as the change in edge density and temperature
profiles induced by the SMBI, should also be surveyed as pos-
sible causes to reduce the P _y in the SMBI discharges.

3 T
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325- -
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= s ]
< 1R 3
0: | | |
3
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ne/1019 m—3

Fig. 5. (color online) Comparison of the heating power for the L-H
transition between the GP and SMBI with (a) combination of ECRH
and NBI and (b) NBI only.

2.0 I I I
(a) 013722

® 13723 -

Fig. 6. (color online) Radial profiles of (a) electron density and (b)
temperature for the discharges presented in Fig. 4.

Figure 6 shows the comparisons of the density and tem-
perature profiles between the two discharges shown in Fig. 4.
The data are taken at the time ¢ = 0.52 s after the injection
of the third SMBI pulse. It shows that the density increases
significantly in the outer part of the plasma with the SMBI
injection. The temperature profile measured with the ECE di-
agnostic, however, does not change too much. For these two
discharges, the MW reflectometer is unfortunately not avail-
able to measure the edge plasma density. The density profiles
in Fig. 6(a) are obtained by the Abel inversion method with
the outermost channel of the HCN laser interferometry up to
r = 0.25 m. Therefore, the density and temperature profiles
from another discharge, where the MW reflectometer is us-
able, are compared in Fig. 7. The discharge conditions and
the plasma parameters are similar to those in shot No. 13723.
The profiles are taken just before and after the SMBI pulse
prior to the L-H transition. In Fig. 7(a), the density denoted
by diamonds in the core region is measured by the laser in-
terferometry and the circles in the outer plasma was measured
by the MW reflectometer. The temperature is measured by the
ECE system. Considering the optical thickness of the plasma
the temperature profile in a region of p < 0.95 is reliable in
the highly heated plasmas. Figure 7(a) shows that the density
increases considerably in a region of 0.2 m < r(m) < 0.35 m
with the SMBI. The largest increment is about 10% at the lo-
cation r = 0.27 m. On the other hand, the change in the tem-
perature is trivial as shown in Fig. 7(b). Thus, the gradient of
the pressure (P = nT') is enhanced significantly with the injec-
tion of the SMBI, especially at the edge region. The important
change of dP/dr can be seen in the outer part of the plasma as
shown in Fig. 7(c). A deep pressure gradient well is formed at
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r =0.28 m by reducing 24% with the SMBI. Thus, the E; may
also be changed in the edge region. Since turbulence could be
stabilized by a perpendicularly sheared E; x B flow, a reduc-
tion of the power threshold can therefore be expected. This

might be one of the reasons for the reduction of the heating
power for the L—H transition with the SMBI.
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Fig. 7. (color online) Radial profiles of (a) electron density, (b) temper-
ature, and (c) pressure gradient before and after the SMBI.

With the favorable SMBI, a lot of H-mode discharges are
obtained with the marginal heating power in the HL-2A toka-
mak. All the data with the SMBI in the HL-2A H-mode power
threshold database are presented in Fig. 8. It includes the
ECRH and NBI heating. In the HL-2A tokamak, the H-mode
plasmas with the high toroidal magnetic field (B; > 2.0 T) are
also realized. As shown in formula (1), the power threshold
of the H-mode strongly depends on B;. Presented in Fig. 8 are
the data with the B; in a range of 1.26 T-1.41 T. The study
on the high B; H-mode will be addressed in the future. In
this database, the lowest density is about 1.1 X 10! m~3 in
the heating regimes of ECRH and NBI. The lowest P _y is
about 0.52 MW under the condition of NBI heating only. An
envelope curve (dash lines) for the lowest A _g against 1. is
drawn for the HL-2A data. The data can be fitted by a formula

PE‘LH ~ng 0.7 and it shows a low density branch character. In

this figure, the power threshold of Py gca08 1S also shown by
a solid line for a comparison. For the HL-2A data, the ¢ min,
at which the heating power is minimum, seems to be around
(2.6~3)x 10" m~3 and is close to the Py scai0s. The lack of
high density data in the HL-2A database is mainly due to the
limitation of the additional heating power. Moreover, the den-
sity is also limited by the ECRH cut off in the X-mode when
the toroidal magnetic field B, is low.
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Fig. 8. (color online) P__y as a function of 7. for all the H-mode data
with SMBI.

4. Confinement

Based on an assembly of the energy confinement database
the characteristics of the energy confinement of the HL-2A H-
mode with the SMBI are studied. The energy confinement
time is defined as 7z = W /(Pot — dW/dt), and measured by
the diamagnetic loops. Here, W is the plasma stored energy
and P, is the total heating power. All the parameters at the
time slice take an average over a time interval Ar = £20 ms
for the global energy confinement database. The energy con-
finement database of the HL-2A H-mode is collected when 7ie
or W, reaches its maximum. The discharges with high radia-
tion, Prag/Pot > 0.6, where Pot = Paux -+ Pohm, is excluded. [246]
The ranges of the plasma parameters in this database are as
follows: 137 kKA < I, <196 kA, 1.26 T< B <141 T, 1.2 x
10" m™3 < 7. <3.9x 10" m=.
time is plotted as a function of Poss = Pohm + Paux — dW /dt in

The energy confinement

Fig. 9, where the H-modes with the GP are also presented for
comparison. For making a succinct comparison, the H-mode
data presented in Fig. 9 are those realized only with the NBI
heating. As shown in the figure, the energy confinement time,
Tg, decreases with the increase of lost power. When the Py is
low, the H-modes with higher 7g are mostly obtained with the
SMBLI. This is also consistent with the previous result that the
SMBI is favorable for the L-H transition with reduced heat-
ing power, particularly in the low heating power case. The
IPB98(y, 2) scaling law with the NPIES(;'@ dependence is plot-
ted in Fig. 9 by the dash lines, indicating that the characteristic
of the HL-2A H-mode confinement is in agreement with the
ITER scaling law IPB98(y, 2).
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Fig. 9. (color online) Plot of energy confinement time versus heating
power for the H-mode with SMBI and GP. The H-modes with NBI only
are presented.

The comparison of the H-mode energy confinement time
between the HL-2A data and the scaling law IPB98(y, 2) is
shown in Fig. 10. The H-modes here are realized with vari-
ous types of auxiliary heating regimes and fuelling methods.
The result shows that the experimental energy confinement
time for the HL-2A ELMy H-mode is in consistent with that
from the IPB(98y, 2) by the confinement enhancement factor,
Hpogy? = T/ Tin,98y2, ~ 1 in average. The Hyogyo factor for the
H-modes with NBI only is generally higher than that with the
combination of ECRH and NBI heating. This appears to be
reasonable as the energy confinement is usually deteriorated
with increasing heating power. It is also found that the energy
confinement for the H-mode with the SMBI is better than that
with the GP. In addition, the results also reveal that most of
the H-mode discharges heated by ECRH and NBI are realized
with the SMBI in the HL-2A tokamak. These facts all indi-
cate that the SMBI can establish a favorable condition for the
L—H transition. To date the H-mode with ECRH only has not
yet been obtained in HL-2A. It is worth noting in Fig. 10 that
the H-mode with good confinement by Hpogyz ~ 1.5 can be
achieved with the SMBI. This would be useful for ITER.

100 p———r—r—Trrr — g
F ® SMBI_NB . E
[ O SMBI_NBEC ]
L A GP_NB 7]
L A GP_NBEC .
g
Z 10 3 E
S F 3
[ Hos ]
[1.5 7
1 1 L3 sl 1 R
1 10 100
TEPBSS(yQ)/mS

Fig. 10. (color online) Comparison of energy confinement time between
the HL-2A experiment and the IPB98(y, 2) scaling law.

5. Summary

The heating power for the L-H transition and the energy
confinement of the ELMy H-mode with the SMBI are statisti-

cally studied in the HL-2A tokamak. The experimental obser-
vation indicates that the SMBI is favorable for the L-H tran-
sition with reduced heating power when compared with the
ordinary gas puffing. The reduction of the heating power with
the SMBI to reach the H-mode is about 20% in the low density
case. The fuelling efficiency and the electron pressure gradi-
ent at the edge are both significantly increased after the SMBI
has been injected. Based on a database including 270 observa-
tions the characteristics of the transition power of the HL-2A
H-mode with the SMBI are investigated. The experimental
data reside mainly at the low density branch. The e min, at
which the heating power for the L-H transition is minimum,
is in a range of (2.6~3) x 10" m~3. When the density is lower
than this value, the A _p increases with density decreasing.

The energy confinement of the H-mode with the SMBI is
better than that with the GP based on the statistical study. The
Hpogyy is around 0.6-1.5 for all the H-mode discharges ob-
tained during the experimental campaigns in the period 2009—
2013. A good confinement with Hyogy, ~ 1.5 is achieved with
the SMBI in the NBI heating plasmas.
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