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1.  Introduction

Discharge scenario development for high-temperature plasmas 
is a crucial issue for realizing helical reactors, because it 
has been confirmed that helical plasmas have good confine-
ment properties in the high density regime and a significant 

advantage in the steady state operation. High electron tem-
perature helical plasma had been obtained with the electron 
internal transport barrier (ITB)/ core electron root confine-
ment (CERC) in many devices [1–6]. The electron ITB forms 
with centrally focused electron cyclotron heating (ECH) in the 
core region. The transport improvement is characterized by 
the suppression of anomalous transport as well as neoclassical 
transport due to the transition of the radial electric field. The 
contribution of zonal flow to the turbulence suppression has 
also been identified experimentally [7].
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Abstract
The discharge scenario of high temperature plasma with a helical configuration has 
significantly progressed. The increase of central ion temperature due to the reduction of wall 
recycling was clearly observed. The peaking of the ion heating profile and the reduction of 
charge exchange loss of energetic ions play an important role for further improvement of 
ion heat transport in the ion internal transport barrier (ITB) core. The ion ITB and electron 
ITB have been successfully integrated due to the superposition of centrally focused electron 
cyclotron heating to the ion ITB plasma, and the high temperature regime of the ion 
temperature comparable to the electron temperature (Ti ~ Te) has been significantly extended. 
The width of the ion ITB formed with electron ITB is wider than the width of electron ITB. 
The positive radial electric field was observed in the integrated ITB plasma by a heavy ion 
beam probe, while the negative radial electric field was observed in ion ITB plasmas. The ion 
temperature gradient decreases with the increase of the temperature ratio (Te /Ti).
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On the other hand, high ion temperature helical plasmas 
have been obtained with ion ITB formation and have been 
intensively studied in the large helical device (LHD) [8–11]. 
The basic characteristics of heat transport have gyro-Bohm 
dependence in the normal confinement of LHD plasmas. 
The ITB is defined by the transport improvement from gyro–
Bohm dependence and the normalized temperature gradient 
(R/LT  =  −(R/T) * gradT ) is a useful measure to identify ITB 
formation [8, 12]. The ion ITB forms in neutral beam injec-
tion (NBI) heated plasma with a low recycling wall condi-
tion. The reduction of anomalous transport to the neoclassical 
transport level has been identified in the LHD experiment 
[10]. The weak negative radial electric field is formed in ion 
ITB core plasma and no transition of the radial electric field is 
observed associated with the ion ITB formation. The mecha-
nism of suppression of anomalous transport and contribution 
of wall recycling to the ion heat transport in the core are not 
yet fully understood. Moreover, the ion ITB and electron ITB 
have been observed separately in the helical plasmas in con-
trast to the tokamak ITB plasmas, indicating that the coupling 
between ion and electron heat transport is much weaker than 
those of tokamak plasmas.

Recently, discharge scenarios of ion ITB and electron ITB 
have been integrated in the LHD, and the high temperature 
regime of helical plasma has been significantly extended in 
the region of the ion temperature comparable to the electron 
temperature (Ti ~ Te), which is summarized in figure 1. The 
high ion temperature regime has been also extended in the 
LHD due to intensive wall conditioning, and the central ion 
temperature of 8.1 keV has been achieved, which is the new 
record of helical plasmas with the low Zeff (=  ∑(zj n j

2 /zjnj)) 
condition.

In this paper, the discharge scenario of ion ITB is presented, 
and the mechanism of wall conditioning effects on the ion 
heat transport in the core is discussed in the next section. The 

simultaneous formation of ion and electron ITBs is described. 
The dependence of temperature ratio (Te /Ti) on the ion heat 
transport is discussed in section 3. The impact of this study 
is discussed in the summary from the viewpoint of reliable 
reactor design.

2.  Discharge scenario of the ion ITB

The stage for this study is the LHD, which is the world’s largest 
helical plasma device. The major radius and the minor radius 
are 3.9 m and 0.6 m, respectively. The plasmas were heated 
with tangential negative-ion-based NBIs (negative NBIs) with 
a very high beam energy up to 190 keV and total port-through 
power of 16 MW. The perpendicular positive-ion-based 
NBIs (positive NBIs) with low beam energy around 40 keV 
and total port-through power of 12 MW were also injected 
for high power ion heating experiments in the LHD. The one 
beam line of perpendicular NBI operates the beam injection 
with the modulation technique (ON/OFF  =  80 ms/20 ms) to 
calibrate the background signal for ion temperature measure-
ment with charge exchange spectroscopy [13].

2.1.  Ion ITB formation

Ion ITB forms in the core of NBI heated plasmas. These dis-
charges were obtained after intensive wall conditioning main 
discharges [14]. Figure 2 shows a typical discharge with ion 
ITB formation. The three negative NBIs were superposed to 
positive NBI heated plasma at t  =  4.74 s. The helium gas puff 
was operated in the initial phase of the discharge to control 
the plasma density. A carbon pellet with the cylindrical shape 
(diameter: φ  =  1.0 mm and length: l  =  1.0 mm) was injected, 
and the plasma density then increased. The additional posi-
tive NBI started the beam injection just after the carbon pellet 
injection. The ion temperature increased and ion ITB formed 
in the density decay phase after the carbon pellet injection. The 
radial profile of the ion ITB plasma is shown in figure 2(d). 
The peaked ion temperature profile with a steep gradient was 
observed in the core region. The central ion temperature (Ti0) 
of 8.1 keV was observed. No ITB was observed in the electron 
temperature and electron density profiles.

The ion heat transport was analyzed, in which the dynamic 
time evolution of the plasma parameters are taken into 
account. The ion thermal diffusivity decreases with the factor 
of 3–5 and reaches the neoclassical transport level, indicating 
that the anomalous transport is significantly suppressed at the 
barrier position [10]. The negative radial electric field (Er) was 
evaluated by the electrostatic potential profile measurement 
with a heavy ion beam probe (HIBP) [15].

The density profile is almost flat in the core, indicating no 
transport barrier in particle transport. The outward convection 
of impurity was observed in the formation of ion ITB, and the 
extremely hollow profile of impurity, the so-called ‘impurity 
hole’ [16, 17], was formed when the ion temperature gradient 
became large, which is shown in figure 2(e). The dynamics 
of impurity transport associated with the ion ITB formation 
is discussed in another paper [18], and the mechanism of the 

Figure 1.  The parameter regime of high temperature plasma in the 
LHD. The hatched area indicates the achieved region until the 2013 
experiment campaign in the LHD.
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impurity hole formation remains an open question. It is noted 
that impurity accumulation has never been observed to be 
associated with the ion ITB formation in helical plasmas in 
contradiction to the tokamak ITB plasmas [19].

The ion ITB was observed to degrade the performance after 
the central ion temperature reached the maximum value. The 
time evolution of the ion ITB formation and back transition 
were analyzed with TASK-3D and GNET codes. The time 
scale of the degradation is the order of the slowing down time 
of the beam ions originated with NBI. However, the amplitude 
of the degradation cannot be explained by the reduction of 
heating power [20]. It was also pointed out that the carbon 
impurity content may play some roles in the improvement of 
ion heat transport [21].

2.2.  Effects of wall conditioning

The ion temperature was observed to increase with wall con-
ditioning. The repetitive long pulse helium discharges were 
observed to be effective for the reduction of wall recycling 
and for the increase of the central ion temperature (strong ITB 
formation) in LHD. Figure 3(a) shows the time evolution of 
hydrogen gas pressure in the vacuum vessel. The hydrogen 
pressure continued to decrease during repetitive helium dis-
charge with ion cyclotron range of frequency heating (ICH) 
and to increase during the repetitive ion ITB discharges. 
The higher ion temperature plasma was obtained with lower 
hydrogen pressure conditions, which is shown in figures 3(b) 
and (c). However, the linkage between the reduction of wall 
recycling and the ion heat transport in the core has long been 
an open question. Here we compare weak ITB and strong 
ITB formed before and after repetitive helium conditioning 
discharges, respectively, and discuss the helium conditioning 
effects on the strength of the ITB formation.

The change of density profile was observed between the 
weak ITB plasma and the strong ITB plasma as shown in 
figure 3(d). The electron density (ne) near the edge is signifi-
cantly reduced for the strong ITB plasma. The beam deposition 

profiles of the NBIs and the profile of ion heating power were 
calculated with the FIT-3D code. The profiles of ion heat flux 
density (Qi) are compared between weak and strong ITBs 
(figure 3(e)). The ratio of the ion heating power deposited 
inside of the half radius (defined as Qi(reff/a99  =  0.5) * S0.5/Qi 
(reff/a99  =  1.0) * S1.0, where reff is the averaged minor radius on 
a magnetic flux surface, and a99 is the effective minor radius in 
which 99% of the plasma kinetic energy is confined. S0.5 and 
S1.0 are the area of magnetic flux surface at reff/a99  =  0.5 and 
reff/a99  =  1.0, respectively) is 0.48 for the weak ITB plasma 
and is 0.55 for the strong ITB plasmas, indicating that the ion 
heating power profile becomes more peaked after the helium 
discharges.

In order to investigate charge exchange loss effect in the 
core, the neutral particle density was measured with a high-
dynamic range of Balmer-α spectroscopy [22, 23], which was 
newly installed in LHD. The reduction of neutral particles 
with a factor of three was observed even in the core after the 
repetitive helium conditioning discharges. The beam slowing 
down spectra were calculated using averaged values inside 
the half radius, and the charge exchange loss effect appears in 
the low energy range less than 50 keV. The charge-exchange 
loss of energetic ions was evaluated for the tangential NBI 
of which beam energy is 180 keV. The charge exchange loss 
without wall conditioning was 14% in ion heating power 
before wall conditioning, and it was reduced to 7% after the 
wall conditioning.

The increase of the heating power in the ion ITB core region 
is attributed to the effects of the change of the density pro-
file and reduction of charge exchange loss of energetic ions. 
Figure 4 shows the comparison of flux-gradient relation of the 
developing phase of ion ITB. The change of charge exchange 
loss of fast ions is taken into account in the analysis. The both 
the weak and the strong ITBs formed passing through almost 
the same region in the flux-gradient relation. The achieved 
maximum ion temperature gradient for the strong ITB plasma 
is 1.8 times larger than that for the weak ITB plasma, while 
the difference of heat flux between the strong and the weak 

Figure 2.  Typical wave form of (a) port-through power of negative NBI (tangential injection) and positive NBI (perpendicular injection), 
(b) central electron density (ne0) and line averaged electron density (<ne>), and (c) ion and electron temperatures at the center of ion ITB 
plasma (Ti0 and Te0, respectively). (d) Profiles of (red) the ion temperature, (blue) the electron temperature and (green) the electron density 
at t  =  4.74 s. (e) The time evolution of the carbon density profile (nC). The extremely hollow impurity profile (impurity hole) was formed in 
the ion ITB plasma. The reff is the averaged minor radius on a magnetic flux surface, and the a99 is the effective minor radius in which 99% 
of the plasma kinetic energy is confined and is 0.614 m in this plasma.
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ITB plasma is within a factor of 1.3. This causes the further 
reduction of effective ion thermal diffusivity, χi (=−Qi/ni  
grad Ti), where the ion density (ni) is the total ion density 

(sum of hydrogen ion density and helium ion density) evaluated 
with visible spectroscopy data. The ion density ratio (ni / ne) 
is 0.64 for the strong ITB plasma and 0.67 for the weal ITB 
plasma. The achieved minimum value of effective ion thermal 
diffusivity is χi  =  3.9 (m2 s−1) for the weal ITB plasma and 
χi  =  2.9 (m2 s−1) for the strong ITB plasma. It is noted that 
the heat transport (χi) of ion ITB plasmas improves further 
when the heat flux increases. The improvement of ion heat 
transport makes the wall conditioning much more effective in 
increasing the central ion temperature although the increase 
of direct ion heating power is not so significant, being of the 
order of 10%. It is also noted that no saturation of the ion tem-
perature gradient was observed in the flux-gradient relation in 
the present experiment in LHD.

3.  Integration of ion ITB and electron ITB

In the LHD experiment campaign in 2012, the ECH power 
capability was increased up to 4.6 MW and the density regime 
of electron ITB formation with the central electron tempera-
ture over 10 keV increased to the same regime with ion ITB 
[24], which has enabled the integration of ion and electron 
ITBs in the experiment campaign in 2013. An electron ITB 
and an ion ITB were successfully combined due to the appli-
cation of centrally focused ECH, and the temperature regime 
of helical plasma with Ti ~ Te was significantly extended (see 
figure 1).

Figure 3.  (a) The time evolution of hydrogen partial pressure. (b) The achieved central ion temperature (Ti0) as a function of residual 
hydrogen gas pressure just before the discharges. The high-ion-temperature plasma was produced by the formation of strong ITB in the low 
residual hydrogen pressure condition. (c) The ion temperature profiles, (d) the density profiles and (e) the ion heat flux profile as a function 
of reff/a99.

Figure 4.  Flux-gradient relation of heat transport at reff/a99  =  0.5. 
The Qi is a heat flux density and the ni is an ion density composed 
of hydrogen ions and helium ions (ni  =  nH  +  nHe). The dashed lines 
indicate the thermal diffusivity (χi  =  −Qi/ni grad Ti) of χi  =  3.9 
[m2 s−1] (blue) and χi  =  2.9 [m2 s−1] (red). The hatched area 
indicates the region of normal confinement plasmas.

Nucl. Fusion 55 (2015) 113020
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Figures 5(a)–(c) show a typical wave form with simulta-
neous formation of ion and electron ITBs with the low wall 
recycling condition. The centrally focused ECH was applied 
to NBI heated plasma, the electron temperature then increased 
over 6 keV. The carbon pellet was injected into the plasma, 
and another perpendicular NBI started the beam injection just 
after carbon pellet injection. The ion temperature increases in 
a similar way with the ion ITB formation shown in figure 2(a). 
Figure 5(d) shows the radial profiles of temperatures and den-
sity of the plasma with Ti0 ~ Te0 ~ 6 keV. The steep gradient of 
ion and electron temperatures was observed to be formed, and 
the density profile is almost flat in the core. The normalized 
temperature gradient of the ion and electron temperature gra-
dient (R/LTi,e  =  −(R/Ti,e)(dTi,e/dreff), where R is major radius 
of the magnetic axis, and Ti,e is temperature of ion/ electron.) 
is a good measure for identification of ITB [25] because the 
profile stiffness caused by a gyro-Bohm dependence of heat 

transport is broken when ITB is formed. The normalized tem-
perature gradient at the steep gradient for ion and electron are 
both over 10, while they are 3–8 in the normal confinement, 
indicating that the ion and electron ITBs are formed simul-
taneously. It is noted that the width of ion ITB is wider than 
that of electron ITB in contradiction to tokamak ITB plasmas.

The heat transport was calculated with the TASK-3D code 
[26, 27]. The time evolution of the plasma parameters and 
beam slowing down were taken into account. Figure 6 shows 
ion and electron thermal diffusivities normalized by the gyro-

Bohm temperature dependence (χi,e/ T i,e
1.5  =  −(−Qi,e/ni,e grad 

Ti,e)/T i,e
1.5) for (a) ion ITB shown in figure 2(b) integrated ITB 

discharge shown in figure 5. In the integrated ITB plasma, the 
ECH power of 2.2 MW is deposited locally at the normalized 
minor radius of reff/a99  <  0.15, which is almost one-third of 
the total electron heating power because the main power of 
negative NBI is absorbed by electrons due to the large beam 

Figure 5.  Time evolution of (a) port-through heating power of positive NBI (perpendicular injection to the magnetic axis), negative NBI 
(tangential injection) and ECH, (b) the central electron density (ne0) and the line averaged electron density (<ne>), and (c) ion and electron 
temperatures at the center (Ti0 and Te0, respectively). (d) The radial profile of ion temperature, electron temperature, and electron density at 
t  =  4.74 s.
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ITB plasma shown in figure 2 (t  =  4.74 s) and (b) ion and electron ITBs plasma shown in figure 5 (t  =  4.74 s). The red and black curves 
show the ion and electron thermal diffusivity, respectively.

Nucl. Fusion 55 (2015) 113020



K. Nagaoka et al

6

energy up to 190 keV. In the case of ion ITB, the ion heat 
transport improved in the core region, and no improvement 
was observed in electron transport. On the other hand, in the 
case of integrated ITB plasma, the transport improvement 
was confirmed in both the ion and electron transport in the 
core. It is noted that the ITB foot was clearly observed to be 
located at different radial positions between the ion ITB and 
the electron ITB, suggesting that the physics mechanism of 
transport improvement is not identical between ion and elec-
tron transport.

The profile of electrostatic potential was measured with 
the heavy ion beam probe (HIBP). Figures 7(a) and (b) show 
the radial profile of plasma parameters and the electrostatic 
potential measured with HIBP, respectively. A peaked poten-
tial profile corresponding to the positive radial electric field  
(Er ~ 8 kV m−1) is observed during the formation of ion and 
electron ITBs. In contradiction to this observation, it was 
observed in a previous study that the ion ITB without ECH 
was formed with negative radial electric field, which is shown 
by the dashed line in figure 7(b) [10]. The ambipolar radial 
electric field was calculated by neoclassical transport code 
(GSRAKE) [28] and was compared with the experimental 
observation, which is shown in figure  7(c). There are three 
branches in the core region. The upper branch is an electron 
root and the bottom branch is an ion root. The middle branch 
is an unstable one and is not realistic. The experimental obser-
vation agrees well with the Er in the electron root branch, 
indicating that the ion heat transport in the core may be also 
improved with a positive electric field.

In previous research on CERC, ion ITB had never formed 
with positive Er. The reason is considered to be that the ion 
heating power is too low and the electron density is much 
less than that of ion ITB plasma. This is the first observation 
of improvement of ion heat transport in the core with posi-
tive values of Er. However, the transport improvement does 
not seem to correlate with positive Er formation, because the 
radial position of the barriers are different between ion ITB 
and electron ITB, suggesting the contribution of improvement 
of anomalous transport in the ion heat transport.

In order to investigate the characteristics of improved trans-
port for ion and electron ITB plasmas, here we discuss the 
normalized temperature gradient (R/LT) at the transport barrier 
(reff/a99  =  0.45) with a dataset obtained in the density regime 
from 0.3  ×  1019m−3 to 2  ×  1019m−3. The central ion and elec-
tron temperatures of this dataset are shown in figures 8(a) and 
(b), respectively. The density dependence of ion temperature 
is different from that of electron temperature, in particular, in 
the low density regime less than 0.7  ×  1019m−3. The density 
dependence and temperature ratio dependence of the R/LT are 
shown in figures 8(c)–( f ). The R/LTi decreases in the low den-
sity regime, while no change is observed in R/LTe. The R/LTi is 
also observed to decrease with local temperature ratio (Te/Ti), 
while the R/LTe does not change with Te/Ti. In particular, the 
strong ion ITB forms only in the region of Te/Ti  <  1. This tem-
perature ratio dependence is consistent with the observed dif-
ference in ITB width. In the LHD experiment, the width of 
electron ITB changes depending on island formation at the 
rational surface, iota profile (profile of NB-driven current), etc. 
The width of ion ITB also changes depending on some param-
eters such as iota profile, electron density and carbon density. 
However, in the present experiment, observed was only the 
combination of wider ion ITB and narrower electron ITB. The 
reason for the combination of narrower ion ITB and wider 
electron ITB was not observed, but may be understood by the 
temperature ratio dependence of ion heat transport. The ion 
heat transport degrades with Te/Ti in the region of Te/Ti  >  1.

4.  Discussion and summary

The development of a discharge scenario for high temperature 
helical plasma is a very important issue and required for the 
reliable design of the helical reactor. In order to contribute 
to the helical reactor design study, transport characteristics 
of high temperature plasma have been experimentally inves-
tigated in the LHD. This study confirmed that the effects of 
wall conditioning on the core confinement improvement are 
attributable to the change of density profile (further peaking of 
ion heating power profile) and reduction of charge exchange 

Figure 7.  (a) The profile of ion and electron temperatures and electron density of the plasma with ITBs formation with the magnetic field 
of Bt  =  +2.75 T, in which a heavy ion beam probe (HIBP) is available to measure the electrostatic potential profile. (b) The electrostatic 
potential profile measured with HIBP. (c) Profile of the radial electric field obtained by experimental measurement (red curve) and 
neoclassical calculation (black circles).

Nucl. Fusion 55 (2015) 113020



K. Nagaoka et al

7

loss of energetic ions. The charge exchange loss in the core 
of reactor relevant plasmas is significantly reduced, and the 
divertor operation is required to reduce heat load on the 
divertor plate. In order to investigate the situation, a closed 
divertor system with vacuum pumping capability is being 
installed year by year. We will develop a discharge scenario 
of high performance plasma with divertor operation and a 
control technique of particle balance in steady state operation, 
which are important and common issues in both tokamak and 
helical plasmas.

The combination of ion and electron ITBs and the significant 
extension of the high temperature regime with Te ~ Ti have been 
also demonstrated in this study. The transport improvement in 
ion heat transport with positive radial electric field may sup-
port the high ion temperature scenario with CERC, which is a 

candidate for the operation scenario in helical reactor plasmas. 
The ion ITB width is wider than the electron ITB width, indi-
cating the existing different mechanisms of ion transport 
improvement from CERC. The spatial decoupling of ion and 
electron ITBs has an advantage to prevent the steep pressure 
gradient at the barrier from MHD instabilities, which may have 
some effects on ITB performance in reactor-relevant helical 
plasma in the future.

The formation of the strong impurity hole was observed 
in the ion and electron ITB plasmas. The radial position 
where the density gradient of carbon impurity changes the 
sign (reff/a99 ~ 0.7) is located round the ion ITB foot position, 
indicating the impurity transport correlated with the ion heat 
transport rather than the electron heat transport. The impu-
rity exhaust from the core is an important property for reactor 

Figure 8.  Density dependence of (a) central ion temperature and (b) electron temperature of the dataset of ITB discharges shown in 
figure 1. The normalized temperature gradient of the ion and electron (R/LTi,e  =  −(R/Ti,e) * grad Ti,e,where R is major radius) are shown 
in (c)–( f ). (c) and (d) show the density dependence, and (e) and ( f ) show the temperature ratio (Te / Ti) dependence. The dataset of ITB 
discharges shown here are obtained with the port through power of Pnegative NBI  =  10–16 MW, Ppositive NBI  =  10–11 MW and PECH  =  0–2.1 
MW. The plasmas with a low density less than 0.7  ×  1019m−3 are shown with blue circles in all figures.
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plasmas and is being studied experimentally [18]. However, 
further investigation is necessary to understand the physics 
mechanism of impurity hole formation.

This study demonstrated the integration of ion ITB and 
electron ITB in helical plasmas, while the collisionality of 
the presented experiments are still at a lower regime than the 
collisionality of reactor-relevant helical plasmas. Recently, 
the collisionality regime in which ITB can be formed is sig-
nificantly extended toward the high density regime [24]. The 
integration of ion ITB and electron ITB and the transport 
characteristics in the higher collisionality regime where, 
for example, energy equipartition time is comparable to the 
confinement time, are the next steps of this study. Further 
studies to explore other improved modes, including the iso-
tope effect, will be also planned in deuterium–deuterium 
experiments of the LHD.
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