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Abstract 

Recent progress of advanced operation modes in tokamaks is addressed focusing upon internal transport barrier (ITB) 
discharges. These ITB discharges are being considered as one of candidate operation modes in fusion reactors. Here, 
“internal” means core region of a fusion plasma, and “transport barrier” implies bifurcation of transport phenomena 
due to suppressing plasma turbulence. Although ITB discharges have been developed since the mid-1990, they 
have been suffering from harmful plasma instabilities, impurity accumulation, difficulty of feedback control of kinetic 
plasma profiles such as pressure or current density, and so on. Sustainment of these discharges in long-pulse opera‑
tions above wall saturation time is another huddle. Recent advances in ITB experiments to overcome the difficulties 
of ITB discharges are addressed for high βp plasmas in DIII-D, broad ITB without internal kink mode in HL-2A, F-ATB 
(fast ion-induced anomalous transport barrier) in ASDEX upgrade, ion and electron ITB in LHD, and FIRE (fast ion 
regulated enhancement) mode in KSTAR. The core-edge integration is discussed in the ITB discharges. The DIII-D 
high βp plasmas facilitate divertor detachment which weakens the edge transport barrier (ETB) but extends the ITB 
radius resulting in a net gain in energy confinement. Double transport barriers were observed in KSTAR without edge 
localized mode (ELM). FIRE modes in KSTAR are equipped with the I-mode-like edge which prevents the ELM burst 
and raise the fusion performance together with ITB. Finally, long sustainment of ITBs is discussed. EAST established 
electron ITB mode in long-pulse operations. JET achieved quasi-stationary ITB with active control of the pressure 
profile. JT-60U obtained 28 s of high βp hybrid mode, and KSTAR sustained stable ITB in conventional ITB mode as well 
as FIRE mode. These recent outstanding achievements can promise ITB scenarios as a strong candidate for fusion reactors.

1  Introduction
The goal of tokamak plasma research for fusion is to 
achieve (i) high fusion performance, (ii) steady-state 
operation, and (iii) long-pulse operation. Regarding high 
fusion performance, the so-called triple fusion product, 
nτET needs to be high enough to have positive net energy 
or high fusion energy gain in a reactor, where n is the 
plasma density, τE is the plasma energy confinement time, 

and T is the plasma temperature. The energy confinement 
time is a measure of the rate at which the confined plasma 
loses energy to its environment, defined as a ratio of the 
global plasma energy content to the applied total heating 
power in a steady condition. The normalized plasma beta 
(βN) and energy confinement enhancement factor (H98) 
are widely being used as figures of merit for fusion per-
formance, where βN is the normalized ratio of the plasma 
pressure to the magnetic pressure, βN = βt ·a·Bt/Ip, and H98 
is the ratio of the energy confinement time to the type-
I ELMy H-mode confinement time, H98 = τE/τE,98. Here, 
βt is the toroidal beta, ratio of the plasma pressure (<p>) 
to the toroidal magnetic pressure (Bt

2/2μ0), a is the minor 
radius of the plasma, Bt is the toroidal magnetic field 

*Correspondence:
Yong‑Su Na
ysna@snu.ac.kr
1 Department of Nuclear Engineering, Seoul National University, Seoul, 
Korea

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s43673-023-00103-5&domain=pdf
http://orcid.org/0000-0001-7270-3846
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Permeability_(electromagnetism)


Page 2 of 13Na ﻿AAPPS Bulletin           (2023) 33:28 

strength, and Ip is the plasma current. In terms of steady-
state operation, the plasma current, which is required to 
confine plasmas by generating a magnetic field in poloi-
dal direction, needs to be driven non-inductively rather 
than the inductive way in a tokamak. To obtain full non-
inductive current drive condition (fNI = 1), the fraction of 
the self-generated plasma current (fBS), the so-called boot-
strap current, should be high, where fNI is the non-induc-
tive current drive fraction. As fBS is a function of poloidal 
beta (βp), βp is a figure of merit for steady-state operation. 
Lastly, regarding long-pulse operation, the pulse length 
needs to be longer than the wall saturation time at least, 
where the wall saturation time (τW) implies the charac-
teristic time of the saturation of the plasma-wall interac-
tions, typically order of hundred seconds depending on 
machines. The long-pulse operation encompasses engi-
neering as well as physics demands such as plasma kinetic 
profile control, magnetohydrodynamic (MHD) instabil-
ity control, and particle and heat exhaust. Here, τpulse/τW 
can be used as a figure of merit for long-pulse operation, 
where τpulse is the discharge pulse length.

Various operation scenarios have been developed in a 
tokamak to achieve above requirements. Here, the opera-
tion scenario implies a sequence of actions making a 
plasma discharge to achieve the goal.

A typical operation scenario is H-mode, being widely 
used in a tokamak. It is considered as the reference sce-
nario to produce a fusion power of 500 MW with a fusion 
gain Q = 10 (that is, a fusion power ten times higher than 
the input heating power) in the International Thermo-
nuclear Experimental Reactor (ITER) [1]. H-mode was 
discovered in 1982 in ASDEX tokamak which exhibited 
about twice higher particle and energy confinement time 
over L-mode [2]. The energy confinement enhancement 
factor, H98, is based on the energy confinement time of 
H-modes so H98 in H-mode plasmas is usually defined to 
be unity. Core plasmas are believed to be mostly governed 
by ion temperature gradient (ITG) mode and trapped 
electron mode (TEM) in H-modes. The naturally peaked 
current density profile and accordingly monotonically 
increasing safety factor (q) and positive magnetic shear (s) 
profile from the center to the edge region of the plasma 
contribute this. Here, the safety factor is defined as the 
number of toroidal orbits per poloidal orbit, q = rBp/RBt, 
for a circular shape plasma and the magnetic shear as the 
change in the pitch angle of a magnetic field line in radius, 
s = r/q(dr/dq). The MHD stability is strongly linked with 
the q-profile. As the central q-value is below unity, the 
sawtooth instability usually presents in H-mode plasmas 
which can trigger neoclassical tearing mode (NTM) at q 
= 3/2 or 2 surfaces, generally. Particularly, the NTM at 
q = 2 surface can significantly degrade the confinement 
and limit the achievable βN. It can often result in plasma 

disruptions, a rapid collapse of the plasma energy. There-
fore, βN is limited below 2.0 in H-more reference scenario 
in ITER. H-mode plasmas are equipped with ETB due to 
stabilization of turbulence in the edge region. As a result, 
plasma pressure gets steepened which results in a local 
pressure- and current-driven instability, the so-called 
ELMs. ELMs extract plasma particle and energy confined 
in the ETB region to the wall surrounding the plasma 
periodically which ends up with severe damage of the 
plasma surrounding materials. Thus, ELM suppression 
or avoidance is required for a fusion reactor. The high-
pressure gradient in the ETB region increases bootstrap 
current contributing to increase fNI since the bootstrap 
current is proportional to the pressure gradient. However, 
fBS is not that high, and fNI is usually below 0.5, imply-
ing steady-state operations are not feasible in standard 
H-modes.

To overcome such limitations of H-modes, advanced 
operation scenarios have been explored [3]. They were 
mostly established by playing with the shape of the q-pro-
file. ITB discharges have been developed as one of these 
advanced scenarios. They rely on turbulence stabilization 
in the core region of the plasma on the contrary to ETB. 
Depending on the gradient of ITB, MHD instabilities can 
limit achievable βN. But owing to presence of a steep gra-
dient region within an ITB, the bootstrap current fraction 
is usually large, if the ITB is not located too far inside the 
plasma. By reducing the plasma current in ITB scenarios 
compared with other scenarios, βp can be increased which 
results in increase of fBS as well. ITB is coined from JT-60 
U [4], and it has been developed in various devices such as 
Alcator C-Mod [5, 6], ASDEX Upgrade [7, 8], DIII-D [9], 
EAST [10], HL-2A [11], JET [12], JT-60U [4, 13], KSTAR 
[14, 15], TFTR [16], and Tore Supra [17]. ITB shows an out-
standing feature of bifurcation of the flux-gradient relation-
ship. In other words, if ITB is formed in the energy channel, 
the ion or electron heat flux divided by the density does not 
increase over the linear relation, while the gradient of the 
ion or electron temperature increases [18]. The ITB can be 
characterized as below.

For an ITB in an energy channel, if the normalized 
inverse  gradient length (R/LT) is large or small, the ITB 
is called as strong or weak as shown in Fig. 1, where LT = 
−T/𝛻T. If ρITB is large or small, the ITB is called as large 
or small, where ρITB = (ρshoulder+ρfoot)/2, ρITB, ρshoulder, and 
ρfoot are the location of the ITB, ITB shoulder, and ITB foot, 
respectively. ρfoot can be determined by 𝝏𝝌/(𝝏(−𝛻T)) < 0 
or maximum value of the second derivative of the profile, 
where 𝝌 is the heat diffusivity. If W/a is large or small, the 
ITB is called as wide or narrow, where W = ρfoot-ρshoulder is 
the ITB width.

The ITB can be identified in various ways. First and 
most importantly, the bifurcation can be observed in 
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the flux-gradient relation. Second, the diffusivity drops 
close to the neoclassical level as the contribution from 
turbulence is severely reduced. Third, the normalized 
inverse  gradient length becomes higher than the criti-
cal value set by micro-instabilities. Fourth, the measured 
fluctuation is reduced in the experiment and so on.

2 � Recent advances in ITB experiments
Since early experiments were performed in JET, DIII-
D, JT-60U, and TFTR in the mid-1990, ITB discharges 
have been explored in many devices to overcome their 
major shortcomings of low stability, impurity accu-
mulation, short pulse-length, etc. However, it was 
extremely challenging so the attention to ITB scenario 
development was diminished to draw and moved to 
other advanced scenarios which require minimal feed-
back control such as hybrid scenarios. It is noteworthy 
that some hybrid scenarios also exhibit weak ITBs such 
as those in JT-60U which will be discussed later in this 
paper. However, there have been significant progress 
that has been made in ITB experiments recently which 
are highlighted here.

2.1 � High βp plasmas in DIII‑D
High βp plasmas have been established in DIII-D achiev-
ing high confinement, high stability, high normalized 
density (fGW), and low impurity accumulation, simulta-
neously [19]. The high βp regime was originally proposed 
for a steady-state fusion pilot plant with high fBS in the 

1990s [20]. Since then, a lot of progress have been made 
in theoretical, modeling, and experimental research 
activities on this topic in DIII-D. Figure 2 shows an exam-
ple of high βp discharge [19].

In this discharge (shot 154406), the plasma current 
is about 0.6 MA, and the steady-state condition was 
achieved in 3.0–7.0 s as indicated with zero surface loop 
voltage in Fig. 2. High beta values of βp~3 and βN~3 were 
obtained as well as high confinement enhancement fac-
tors of H98 ≥ 1.5 and H89 ≥ 2.0. The neutral beam injec-
tion (NBI) and electron cyclotron current drive (ECCD) 
were used with the power of ~7.5 MW and ~2.5 MW, 
respectively. As shown in kinetic profiles in Fig. 2, ITBs 
exist in the particle and momentum channel as well as 
the ion and electron energy channel. It is large ITBs with 
the ITB location around ρ~0.7. The minimum q-value, 
qmin, is > 2.0 with q95 ~7.0–12.0, where q95 is the q-value 
at 95% of the  last closed flux surface. It is noteworthy 
that q95 in ITER steady-state scenario is 5.0. The Green-
wald density fraction is fGW~1.0–1.1, and the NBI torque 
was low < 2 Nm, so the high performance could be 
obtained and sustained even with a low toroidal rotation, 
consequently relatively low ωExB, which is known to play 
a critical role to stabilize turbulence. Transport modeling 
with TGYRO [21] employing TGLF [22] and NEO [23] 
for turbulence and neoclassical transport, respectively, 
confirmed that the ωExB effect is not notable [24]. As 
shown in the current density profiles in Fig. 2, the boot-
strap current dominates around the ITB region and in 

Fig. 1  Characterization of an ITB in energy transport channel
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the ETB region. It contributes the fully non-inductive 
current drive (fBS > 0.8) with some contributions from 
NBI and EC current drive. There was no strong impu-
rity accumulation observed. High βN and βp have been 
achieved with improvement of wall stabilization by 
expanding ITB foot and reducing the outer gap between 
the plasma and the wall. In these plasmas, it was revealed 
that the Shafranov shift effect strongly contributes to the 
confinement enhancement, and the higher performance 
can be sustained if Alfven eigenmode activity could be 
avoided by keeping ∇βfast below ∇βfast,crit so that fast-ion 
transport is reduced, where βfast is the fast-ion beta.

2.2 � Broad ITB without internal kink mode in HL‑2A
In HL-2A, ITBs were formed with different MHD char-
acteristics [11]. Three types were identified: ITB without 

internal kink mode, ITB with fishbone activity, and ITB 
with long-lived mode as presented in Fig. 3. It was turned 
out that ITB without internal kink mode has a  weaker 
gradient than the ITB with fishbone and a smaller width 
than the ITB with long-lived mode. The ITB location is 
ρITB~0.425 in the ITB without internal kind mode which 
is much larger than that of ITB with fishbone and with 
long-lived mode where ρITB~0.172 and ~0.18, respec-
tively. The line-averaged density of the ITB without 
internal kind mode is 2.1 × 1019 𝑚−3 much higher than 
that of ITBs with fishbone and long-lived mode.

2.3 � F‑ATB (fast ion‑induced anomalous transport barrier) 
in ASDEX Upgrade

A new type of ITB was discovered in ASDEX Upgrade, 
the so-called F-ATB [25] as presented in Fig.  4. It is 

Fig. 2  Overview of high βp discharge in DIIID (shot 154406) (Figures 1, 3 in [19])

Fig. 3  ITB without internal kink mode, ITB with fishbone activity, and ITB with long-lived mode in HL-2A (Figures 15, 2, 3 in [11])
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characterized by a full suppression of the turbulent trans-
port resulting from strongly sheared, axisymmetric E × B 
flows and an increase of the neoclassical counterpart, albeit 
keeping the overall fluxes at significantly reduced levels. 
The trigger mechanism is found to be a resonance interac-
tion between suprathermal particles or fast ions which were 
generated via ion cyclotron resonance heating (ICRH) and 
ITG microturbulence, whose overall effect is the formation 
of localized layers in the E × B velocity and thus to ITB. It 
was demonstrated via global gyrokinetic simulations with 
GENE [26, 27] with realistic ion-to-electron mass ratio, 
collisions, and fast ions modeled with realistic background 

distributions which captured the formation of an ITB 
retaining all of these physical effects at once as shown in 
Fig. 4.

2.4 � Ion and electron ITB in LHD
ITB has been observed in stellarators as well as tokamaks 
such as LHD [28–30], CHS [31], TJ-II [32], and W7-AS 
[33]. In LHD, ITBs have been obtained in the ion and the 
electron energy channel together as shown in Fig. 5d [34]. 
The central ion temperature was increased, while wall 
recycling was reduced. It was found that the peaking of the 
ion heating profile and the reduction of charge exchange 

Fig. 4  (Left) main ion temperature profiles (Ti) at t =1.4 (blue) and t = 4.1 s (red) and equivalent fast-ion temperature of distribution function 
of the hydrogen minority (Th rescaled by a factor of 50) at t = 4.1 s (black). The vertical black lines denote the region where the logarithmic 
temperature gradients deviate the most (Figure 1f in [25]). (Right) time evolution of the radial profile of the total ion heat flux (thermal ions þ 
hydrogen) in gyroBohm units. The same magnetic equilibrium and kinetic bulk profiles are employed in the simulations with (a) and without (b) 
the suprathermal ions (Figure 2a, b in [25])

Fig. 5  Time evolution of main parameters of ion and electron ITB discharge in LHD (a), (b), (c) and ion and electron temperature and electron 
density profile (d) (Figure 5 in [34])
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Fig. 6  a Camera image of KSTAR FIRE mode #25860. b Plasma configuration at 20 s of #25860

Fig. 7  a Overview of main parameters of KSTAR FIRE mode #25860; plasma current, NBI heating power, toroidal magnetic field strength, EC heating 
power, line-averaged electron density, central ion and electron temperature, total stored plasma energy, H89, βN, loop voltage, Dα, carbon-III impurity 
line radiation. b Ion temperature profile in radius at 20 s of #25860
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loss of energetic ions play an important role for further 
improvement of the ITB core. The electron ITB has been 
integrated with the ion ITB by applying ECH. The plasma 
density was kept low with the  central value around 1019 
m−3.

2.5 � FIRE (fast ion regulated enhancement) mode in KSTAR​
A new stationary ITB discharge has been developed 
with a diverted configuration at q95 ~4–5 on KSTAR. 
It is noteworthy that typical ITB discharges have been 
obtained with limited configurations [14, 15]. A key to 
establish these discharges is to keep low plasma density 

so to avoid from L-mode to H-mode transition. In this 
aspect, the upper single null configuration with unfa-
vorable B drift direction is more reliable to sustain this 
regime though this scenario can be obtained with both 
upper single null and lower single null configurations. As 
fast ions turned out to have significant roles in this new 
regime, it is coined as fast-ion-regulated enhancement 
mode [35].

Figure  6 shows a representative FIRE mode discharge 
in KSTAR, #25860. Figure 6a shows the image of a plasma 
confined in the KSTAR device. The plasma is in a divertor 
configuration with upper single null as shown in Fig. 6b.

Fig. 8  2D radiation measured by bolometer (right) and CIII radiation from tangential TV (left) (Figure 3 in [39])

Fig. 9  Overview of a DTB discharge in KSTAR (a)–(d), ion temperature profiles (e), and ion heat diffusivity (f)
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Fig. 10  a A FIRE mode discharge with I-mode like edge. b Comparison of the ion temperature profile between L-mode, H-mode, and I-mode 
like FIRE mode

Fig. 11  a Time histories of several parameters for EAST 60 s high βP long-pulse discharge. b Ion and electron temperature, electron density, 
and q-profile (Figures 1 and 2 from [43])
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The main parameters are presented in Fig. 7. The plasma 
current is 0.6 MA, and the toroidal magnetic field strength 
is 2.0 T. About 4 MW of NBI power was applied for the 
purpose of ion heating mainly. The blips in NBI are for 
measurements of the toroidal rotation as well as the ion 
temperature by charge exchange recombination spectros-
copy. The line-averaged density is kept constant around 1.5 
× 1019 m−3. The central ion temperature reached ~15 keV, 
but a quasi-coherent MHD activity caused reducing it to 
~10 keV. But its impact to the total plasma energy is little 
because the affected area is small owing to its localization 
in the central region. βN and H89 were sustained about 2.0 
in the entire flattop phase of the plasma current, where H89 
is the energy confinement enhancement factor based on 
L-mode scaling corresponding to ~0.5H98. It is notewor-
thy that the performance of FIRE modes could be similar 
to that of hybrid modes [36]. The loop voltage was around 
0.1 V which is very low level compared to conventional 
H-modes in KSTAR implying close to fully non-inductive 
current drive. It is noteworthy that FIRE mode discharges 

usually exhibit the loop voltage below 0.1 V. As shown in 
Dα, there were no harmful ELM activities. The stationary 
carbon-III impurity line radiation presents that there are no 
severe impurity accumulations in this discharge. It is note-
worthy that other radiation or effective charge (Zeff) meas-
urements are currently limited in KSTAR. However, this 
low impurity accumulation can be supported by a constant 
central electron temperature. Note that the central electron 
temperature drops so that flat or hollow electron tempera-
ture profiles can be observed while with severe impurity 
accumulations in the core region. The ion temperature pro-
file at 20 s is shown in Fig. 7b. It exhibits a weak, large, and 
wide ITB characteristics. The FIRE mode discharges are 
very stable where no severely harmful instabilities are pre-
sent. The internal inductance, li, is high so that beta limit is 
inherently high. If transition to H-mode is avoided, ITB can 
be sustained without any delicate feedback control such as 
kinetic profile controls.

The effect of the fast ion to the confinement enhance-
ment was evaluated by linear and nonlinear gyrokinetic 

Fig. 12  Overview of quasi-stationary ITB with active control of p(r) in JET (shot 53521) (Figure 1 from [46])
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simulations at ρtor = 0.4 and t = 5.35 s for KSTAR FIRE 
mode discharge #22663. The linear simulations with GKW 
[37] showed that the electromagnetic stabilization effect 
can be reinforced by fast ions. The Shafranov shift effect, 
the so-called α-effect, can also be reinforced by fast ions. 
Most significantly, the dilution of the thermal ions and 
subsequent reduction in the normalized density gradient 
length, R/Ln, were found to suppress the ITG turbulence. 
Local nonlinear simulations were conducted with CGYRO 
[38]. It was revealed that the fast ions significantly reduce 
thermal energy flux, confirming the role of fast ions for 
energy confinement enhancement.

3 � Core‑edge integration in ITB discharges
3.1 � High βp plasmas in DIII‑D
Operations with high Greenwald density fraction of 
~90% were achieved without degradation of plasma 
performance with divertor detachment in high βp 

plasmas in DIII-D as shown in Fig.  8 [39]. The good 
energy confinement of H98 ~1.5 was sustained with 
the full divertor detachment that is the first time in a 
tokamak. It was revealed that although the pedestal 
pressure degraded due to detachment, the high βp sce-
nario facilitates divertor detachment which, in turn, 
promotes the development of an even stronger ITB at 
large radius with a weaker ETB. This self-organized 
synergy between ITB and ETB leads to a net gain in 
energy confinement, in contrast to the net confine-
ment loss caused by divertor detachment in standard 
H-modes.

3.2 � Double transport barrier without ELMs in KSTAR​
Stationary double transport barriers (DTB) without ELM 
were formed with density drop and sustained about 3 s 
[40]. The ion thermal transport is reduced to the neoclas-
sical level inside the ITB foot during the DTB phase as 

Fig. 13  Overview of long-pulse hybrid mode in JT-60U (shot 48158) (Figure 1 from [47])
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Fig. 14  a–f Time evolution of long-pulse ITB discharge at KSTAR (shot 24043) (Figure 8 from [15]). g Progress of sustainment of high ion 
temperature in long-pulse operations with ITB in KSTAR​
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shown in Fig.  9f. ELM-free is thought to be originated 
from the reduced pressure gradient. Further investigation 
of double transport barrier formation is in progress.

3.3 � FIRE‑mode with I‑mode‑like edge in KSTAR​
Some of FIRE modes are equipped with ETB formed only 
in the energy channel not in the particle channel like 
I-mode as shown in Fig. 10a [35]. They show a high ion 
temperature gradient at the edge region, higher than that 
of L-mode as presented in Fig. 10b and no clear barrier 
in the density profile as in I-modes [41, 42]. The absence 
of the particle transport barrier can enhance the fraction 
of fast ions by reducing thermalization of fast ions with a 
low density. The presence of energy ETB contributes to 
increase the performance of FIRE mode and also increase 
the bootstrap current fraction.

4 � Long sustainment of ITBs
4.1 � Long pulse with electron ITB mode in EAST
A recent EAST experiment has successfully demon-
strated long-pulse steady-state high plasma performance 
scenario [43–45]. A discharge with a duration over 60 
s with βP∼2.0, βN∼1.6, and H98∼1.3 and an ITB on the 
electron energy channel is obtained with EC and lower 
hybrid (LH) heating and current drive as shown in Fig. 11. 
A higher βN (βN∼1.8, βp∼2.0, H98y2∼1.3, ne/nGW∼0.75) 
with a duration of 20 s is achieved by using the modu-
lated NBI and multi-RF power. The high-Z impurity 
accumulation in the plasma core is well controlled in a 
low level by using the on-axis ECH. The m/n=1/1 mode 
can interact with small-scale turbulence, which is driven 
by electron temperature gradient, hence reduce the tur-
bulence amplitude. The central values of q-profile can be 
controlled around unity to stabilize the sawtooth insta-
bilities; otherwise, the sawtooth instabilities will reduce 
performance and might trigger deleterious instabilities.

4.2 � Quasi‑stationary ITB with active control of p(r) in JET
Quasi-stationary operation has been achieved with the 
discharge time limited only by plant constraints (Bt flat-
top) [46]. Full current drive was obtained over all the 
high-performance phase by using LHCD at q95 < 6.5 as 
shown in Fig. 12. Feedback control on the total pressure 
and on the electron temperature profile was implemented 
by using, respectively, NBI and ICRH. Impurity accumu-
lation appeared but partly controlled by applying ICRH.

4.3 � High βp mode (hybrid mode) in JT‑60U
Hybrid scenarios based on high βp ELMy H-mode plasmas 
have been established with weak ITBs at IP = 900 kA, BT = 
1.54 T, and q95~3.2 which was sustained for 28 s [47]. High 
performance of βN > 2.6 and H98 ≥ 1 with fBS = 0.43 was 
maintained as shown in Fig. 13. There was no NTMs, but 
infrequent sawtooth and n = 1 mode were observed. Dur-
ing the discharge, the confinement was gradually degraded 
due to wall recycling which can be seen in Fig. 13, where the 
density and Dα were increased, while the NBI beam power 
was increased to keep the performance constant.

4.4 � Conventional ITB and FIRE mode in KSTAR​
Stable conventional ITBs were achieved with the 
plasma shape control in marginally limited plasma (upper 
single null like) in KSTAR. Performance close to standard 
H-modes of βN~1.6 and H89L~2.2 was sustained about 10 
s. The central ion temperature was Ti,0~9 keV. The con-
trol of striking point was essential to minimize the inflow 
of impurities for long-pulse discharges [15]. FIRE mode 
was sustained up to 30 s with Ti,0~9 keV. The progress 
of long-pulse operation with conventional ITB and FIRE 
mode is presented in Fig. 14 and Table 1.

5 � Conclusions
To achieve the goal of tokamak plasma research, (i) high 
fusion performance, (ii) steady-state operation, and (iii) 
long-pulse operation, ITB experiments have been actively 
conducted in various tokamak devices. Significant pro-
gress has been made recently such as in high βp plasmas in 
DIII-D, broad ITB without internal kink mode in HL-2A, 
F-ATB in ASDEX Upgrade, ion and election ITB in LHD, 
FIRE mode, and DTB in KSTAR. Outstanding progress has 
also been achieved in long sustainment of ITB in high βp 
mode with electron ITB in EAST, quasi-stationary ITB with 
active control of pressure profile in JET, hybrid mode with 
weak ITBs in JT-60U, and stationary ITB and FIRE mode in 
KSTAR.

There are still challenges remaining for ITB discharges 
to become a reliable and robust scenario for a fusion reac-
tor. For reliable core-edge integration, understanding the 
particle transport is essential [48]. Weak and small ITBs 
without ETB require further current drive for steady-
state operations. Utilizing self-generated current [49–52] 
in addition to bootstrap current would be desirable. Long 

Table 1  Progress of sustainment of high ion temperature in long-pulse operations with ITB in KSTAR​
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sustainment of ITBs, at least in the ion energy channel, 
over the wall saturation time by incorporating high per-
formance with high density in steady-state conditions 
would be the most promising way for ITB scenarios using 
thermonuclear fusion. Relying on beam-target fusion in 
fast-ion rich plasmas such as in FIRE mode can be chased 
as an alternative approach, for example, in reactors using 
proton-boron species.
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