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Abstract. The baffle-structured closed Helical Divertor (CHD) is being constructed in LHD to actively control 
the edge plasma, which consists of ten discrete modules installed on inboard side of the torus. At this stage, two 
of ten modules have been constructed. In the initial experiments, performance of CHD was experimentally 
investigated, comparing with numerical expectations. During the continuous gas puffing discharge, it was 
observed the neutral pressure in the CHD was more than 10 times higher than that in the open HD, which agrees 
well with the numerical simulation. In the high density regime, indication of the divertor detachment was 
observed in CHD, which was caused by the high recycling and high density state in CHD. With a Penning 
discharge diagnostics, the neutral particle behaviour with different species was investigated. Little difference 
between hydrogen and helium was observed in transport property. 

 

1. Introduction 

The neutral particle control with a divertor is a crucial issue for fusion research. Especially in 
reactors, hydrogen isotopes, helium ash and impurities have to be pumped out to sustain the 
burning plasma in steady-state. In tokamaks, neutral particle control has mainly been 
performed with closed poloidal divertors with in-vessel or external pumping systems [1]. On 
the other hand, in helical devices, closed divertor experiments have also been conducted using 
intrinsic or externally applied magnetic islands, i.e. island divertors [2-4]. In LHD, the super 
dense core (SDC) plasma with the formation of the internal diffusion barrier was obtained by 
the highly pumped local island divertor (LID) [5]. However, due to the small wetted area of 
LID, it cannot be utilized for the long pulse or steady-state operation. Hence helical divertor 
(HD) which is intrinsically built in the heliotron configuration shall be utilized for the future 
devices. 

Recently high density operations such as the SDC plasma have been tried and achieved in the 
HD configuration under the exhaustive wall conditioning. However the increase of the edge 
electron density has prevented the long sustainment and/or improvement of the SDC plasma. 
This situation is caused by the high recycling of particles around the plasma periphery. For 
the achievement of the long-pulse high density discharge, efficient pumping to reduce particle 
recycling is necessary. In order to enhance the pumping efficiency, it is essential to increase 
the neutral pressure in the pumping plenum. According to the former experimental results, 
however, the neutral pressure without active neutral particle control was too low as ~ 0.1 Pa 
at the highest, although ten times higher neutral pressure is required to achieve the efficient 
pumping [6]. Thus the closed configuration with baffles is urgently required to increase the 
neutral pressure in pumping plenum in HD. 
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After the numerical study for the optimization of the configuration, baffles combined with 
target plates and domes are installed in LHD, which are made of graphite to withstand the 
high heat load more than 1.5 MW/m2 (steady-state). In 2010, baffles for two helical sections 
(20 %) were partially installed, and preliminary experiments were carried out to demonstrate 
the properties of the baffle-structured closed helical divertor (CHD). 

In this paper initial experimental results with CHD in LHD are presented. First, introduction 
to CHD, together with the numerical results from the optimization study of the partial CHD 
are explained in section 2. After describing experimental results in section 3, a summary is 
finally presented in section 4. 

2. Numerical preparation for closed helical divertor experiment 

The HD is intrinsically built in the heliotron configuration, which is similar to the tokamak 
double-null divertor [7]. Four divertor legs are helically striking target plates along the torus. 
In order to close the HD region, from the simple picture of HD, it is necessary to install 
baffles in the whole wetted area on the vessel wall. On the other hand, according to the 
experimental results and numerical calculations considering the particle diffusion, it is known 
that the divertor flux is localized in a region depending on each magnetic configuration. The 
largest effect of the magnetic configuration on divertor flux distribution is caused by the 
magnetic axis position Rax which can be changed from 3.5 m to 4.1 m. 

FIG. 1 shows calculated divertor flux distributions represented in poloidal polar coordinate, 
where whole divertor flux is projected on a poloidal polar plane, integrating flux along the 
torus. Results for inward and outward shifted configurations are presented in FIGs (a) and (b), 
respectively. In these plots, 0 and 180 in the azimuthal direction are corresponding to 
outboard and inboard sides of the torus, respectively. Calculations were carried out with the 
vacuum field line tracing code with diffusion process [8]. Each distribution is normalized at 

 

 

 

FIG. 1. Calculated divertor flux distributions represented in poloidal polar coordinate for 
(a) inward and (b) outward shifted configurations. Whole divertor flux is projected on a 
poloidal polar plane, integrating flux along the torus. In these plots, 0 and 180 in the 
azimuthal direction are corresponding to outboard and inboard sides of the torus, 
respectively. 
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each maximum in two configurations. It can be seen that most of divertor flux are localized in 
narrow region within 50 degrees on the inboard side of the torus at Rax = 3.60 m. On the other 
hand, in Rax = 3.75 m, some amount of divertor flux escape to outboard side of the torus. 
These numerical results agree well to the experimental ones. The divertor heat loads 
experimentally measured with thermocouples embedded in the target plates at three different 
poloidal positions are also plotted with open circles in FIG. 1. The measured values are 
normalized at the largest with numerically expected one. 

These numerical and experimental results described above provide useful information for the 
design and construction of CHD. Since the divertor flux in LHD is not uniform along the 
torus like tokamaks, it is not necessary to install baffles in the whole region of the wetted 
area. From the experimental results accumulated in former studies, it has been known that the 
highest performance of the LHD plasma is obtained in the inner shifted configuration of Rax ~ 
3.60 m [9]. In addition, most of experiments are recently performed in the range of Rax < 3.75 
m. From the numerical results shown in FIG. 1, it is found that 88 % of diverted particles in 
the inward shifted configuration at Rax = 3.60 m go to the inner half of the torus in the range 
of poloidal angle from 90 to 270 degrees. Furthermore, even in the outward shifted 
configuration at Rax = 3.75 m, 51 % of diverted particle flow to the inner half of the torus. If 
experiments are mainly limited in the inward shifted configuration, this feature of the diverter 
flux distribution allows us to install baffles only on the inboard side of the torus, i.e., “partial” 
CHD which consists of ten discrete modules for each helical section. Each CHD module 
consists of target plates and a “dome” structure. Discontinuity of CHD drastically reduces the 
construction cost and time, in addition to the decrease of interference between baffles and 
diagnostic ports. 

In order to confirm the concepts of this type of CHD, Monte Carlo simulations with the 
EIRENE code were performed [10], optimizing the baffle configuration to maximize the 
neutral pressure inside the baffle. FIG. 2 shows numerical results of neutral pressure 
distributions on a poloidal cross section where the middle of the CHD module locates on the 
left-hand side of the mid-plane, comparing (a) former open HD and (b) new CHD. In this 
calculation, magnetic axis position Rax, electron density at the last closed flux surface and 
heating power were assumed to be 3.60m, 6  1019 m-3 and 8 MW, respectively. Plasma 
parameters at target plates were calculated from the plasma boundary along the divertor legs, 
using the one-dimensional fluid scheme. Since the EIRENE code does not provide the 
absolute value of neutral pressure, results in this study were calibrated with previous 
experimental results in the open 
HD configuration with similar 
plasma parameters. From FIG. 1 
(a), it can be seen that some 
amount of neutral particles are 
surely localized on the inboard 
side of the torus in this 
configuration of Rax = 3.60 m. 
However those neutral particles 
are soon scattered around the 
plasma confinement region in the 
vacuum vessel. Hence the 
neutral pressure in the open HD 
region on the inboard side of the 
torus is as low as ~ 10 mPa. On 
the other hand, in the CHD 

 

FIG. 2. Calculated results of neutral pressure distributions 
on a poloidal cross section for (a) former open HD and (b) 
new CHD. Middle of the CHD module locates on the left-
hand side of the mid-plane. 
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configuration, it is found that the neutral particles are well confined in the divertor region 
with baffles, and the pressure there consequently rises up to ~ 140 mPa. In other words, 
neutrals are compressed in the CHD region more than 10 times of open HD. 

Optimizing the baffle configuration numerically, the final design of CHD was fixed. The 
CHD consists of ten discrete modules installed on the inboard side of the torus. Each module 
consists of baffles combined with target plates and domes, which are made of graphite to 
withstand a high heat load more 
than 1.5 MW/m2 (steady-state). 
In 2010, two of ten CHD 
modules were installed in LHD. 
In FIG. 3 (a) a bird’s-eye view 
of a CHD module installed on 
the inboard side of the vacuum 
vessel is presented. A schematic 
drawing of its cross section is 
also depicted in FIG. 3 (b). It is 
found that divertor plates 
combined with baffles face the 
private region to concentrate 
neutrals in the closed region. In 
the private region the “dome” 
structure exists, where the 
pumping system (cryopump) 
will be installed. 

3.  Experimental results 

The CHD experiments have been performed in LHD since 2010. The LHD is the largest 
superconducting heliotron device of which major/minor radii, poloidal/toroidal period 
numbers and maximum toroidal field strength are 3.9/0.6 m, 2/10 and 3.0 T, respectively. 
Three tangential and two radial neutral 
beam injectors (NBs) with total port-
through power of ~ 25 MW produce and 
heat the plasma. Typical line averaged 
electron density and central electron 
temperature in divertor experiments were 
(2 - 8)  1019 m-3 and 3 - 4 keV, 
respectively. 

To measure the neutral pressure in CHD, 
three ASDEX-type fast ion gauges (FIGs) 
are installed in the dome. Another fast ion 
gauge is also installed in the open HD 
region to compare the neutral pressure 
each other, which is 180 apart from CHD 
in the toroidal direction. Langmuir probe 
arrays are embedded in the target plates in 
some CHD modules to measure plasma 
parameters there. A CCD camera attached 
with an H interference filter and an 

 

FIG. 3. (a) Bird’s-eye view of a CHD module installed on the 
inboard side of the vacuum vessel. (b) Schematic drawing of 
cross section of CHD module. Cryopump has not been 
installed in the dome yet. 

 

FIG. 4. Ion saturation current Isat profile 
measured with a Langmuir probe array embedded 
on target plates near the mid-plane in CHD. 
Connection length Lc profile of magnetic field 
lines from striking points on target plates is also 
depicted. 
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FIG. 6. Dependence of neutral compression 
ratio on line averaged electron density. 

infrared camera to measure the heat load on a CHD module are also installed in viewing ports 
on the opposite side of the torus. For the global plasma parameter measurements, i.e., electron 
density and temperature, a Thomson scattering system and a far infrared interferometer were 
employed. The plasma stored energy was measured with a diamagnetic loop, and the total 
radiated power was measured with a 
resistive bolometer. 

In order to confirm the validity of the 
geometrical design, first of all, low power 
NB discharges were carried out with low 
density hydrogen plasma at the magnetic 
axis position Rax = 3.60 m which is the 
standard position for CHD. FIG. 4 shows 
the ion saturation current Isat profile 
measured with a Langmuir probe array 
embedded on target plates near the mid-
plane in CHD. The connection length Lc 
profile of magnetic field lines from striking 
points on target plates is also depicted in the 
figure. Since the position where Lc is long 
connects with the stochastic region 
surrounding the core plasma, large Isat is 
expected to be observed there. From FIG. 4, 
it is found that the experimentally measured 
Isat profile conforms to the numerically 
calculated Lc profile, which means particles 
were observed at expected positions. In the 
pictures obtained with the infrared camera, 
no dangerous hot plot in the CHD module 
was found. The CCD camera with an H 
interference filter provided the obvious 
evidence that the particle recycling was 
taken place mainly between target plates and 
the dome. These experimental results 
mentioned above indicate that the CHD 
module is precisely installed in the expected 
position decided in the engineering design. 

To investigate the performance of CHD, 
experiments were performed with NB 
heated hydrogen discharges in the standard 
magnetic configuration at the magnetic axis 
position Rax = 3.60 m. The plasma was 
typically produced with three tangentially 
injected NBs and sustained for about 2 s. 
The injected port-through power was about 
15 MW in total. Time evolution of main 
plasma parameters, i.e., (a) total radiated 
power P, (b) line averaged density ne, (c) 
plasma stored energy Wp, together with 
injection schemes of (a) NBs and (b) gas 

FIG. 5. Time evolution of (a) total radiated 
power P, (b) line averaged density ne, (c) plasma 
stored energy Wp, and (d) neutral pressure P0 in 
CHD and open HD measured with FIGs. 
Injection schemes of NBs and gas puff are also 
shown in (a) and (b), respectively. 
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puff are shown in FIG. 5. As shown in the figure, the gas puff was continuously injected from 
t = 3.4 s, thus electron density kept on increasing during the discharge for about 2 s. The 
plasma stored energy was almost saturated after t ~ 3.7 s. In this discharge, the total radiated 
power was as low as less than 1.5 MW which is about 10 % of heating power. 

Temporal behaviour of neutral pressure P0 in CHD and open HD measured with FIGs is 
presented in FIG. 5 (d). After the breakdown by the NB injection, P0 in CHD increases soon, 
while P0 in open HD starts to increase 0.1 s after the P0 rise in CHD, i.e. after the gas puffing. 
This time difference of P0 rise between CHD and open HD can be explained as follows. Since 
the plasma is first produced by the NB injection with residual gas from the previous 
discharges, initial plasma density and consequent divertor flux and recycled particles are very 
low. In spite of the small amount of neutralized particles coming to the divertor region, those 
are well confined in CHD. Hence P0 in CHD increases soon after the breakdown. On the 
other hand, in open HD, particle can easily escape from the open HD region to everywhere in 
the vacuum vessel, thus little increase in P0 in open HD is observed. After the strong gas puff 
injection at t = 3.4 s, P0 in open HD finally starts to increase 0.1 s after the P0 rise in CHD. A 
secondary increase in P0 in CHD can also be identified in the P0 signal presented in FIG. 5 
(d), i.e. the increasing rate becomes larger from t = 3.4 s. After the rapid increase of P0 in the 
initial phase, P0’s in both open HD and CHD still keep on increasing with the increase of 
averaged density ne, however those increasing rates become small several hundred 
milliseconds before the plasma stored energy 
Wp saturates. 

During the discharge, P0 in CHD rises up to ~ 
0.6 Pa, while it is ~ 0.04 Pa in open HD, 
which means that the neutrals in CHD are 
compressed about 15 times higher than that in 
open HD. However the compression ratio of 
neutral particle in CHD to open HD, i.e. 
P0_CHD / P0_open_HD, may change depending on 
line averaged density ne, since P0’s in CHD 
and open HD show different behaviour, as 
mentioned above. In order to see the 
dependence of compression ratio on ne, 
discharges with several density ranges were 
accumulated for the analysis. FIG. 6 shows 
the compression ratio P0_CHD / P0_open_HD as a 
function of the line averaged density ne. It can 
be seen that the compression ratio is more 
than 10 in the density range below ~ 6  1019 
m-3, while it slightly decreases with ne in the 
high density regime. On the other hand, 
higher compression ratio is obtained in the 
low density regime. The slight degradation of 
the compression ratio in the high density 
regime may be related to the divertor 
detachment which makes some amount of the 
neutralizing volume outside the CHD region 
enclosed with baffles. For the realization of 
the divertor detachment, CHD is thought to 

FIG.7. Time evolution of (a) net NB power 
absorbed in plasma, (b) line averaged electron 
density, (c) ion saturation currents measured 
with Langmuir probes embedded in divertor 
plates in CHD (blue) and open HD (blue), and 
(d) electron temperature (red) and density 
(blue) in CHD.
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be a favourable configuration, since it can make high recycling regime easily due to its high 
capability of neutral compression. 

To realize the steady-state discharge with high power heating, the divertor detachment is 
expected to reduce the heat loads to plasma facing components like target plates. In order to 
achieve the detachment, it is essential to locally increase the neutral pressure around the target 
plates, as mentioned above. The experiment was performed in a discharge with increasing 
density by continuous gas puffing, as shown in FIG.7. The plasma was heated by NBs with 
relatively low power of ~ 4 MW. FIG. 7 (c) shows the time evolution of ion saturation current 
Iis measured with Langmuir probes embedded in CHD (closed red circles) and open HD (open 
blue circles), which reflect the divertor flux in each region. It can clearly be seen that Iis in 
CHD suddenly drops at t = 3.9 s, while it remains almost constant in the open HD region, 
which indicates the plasma detachment in CHD. Detailed analyses of the probe signal also 
confirm the strong reduction of the electron temperature in CHD, together with the electron 
density, as shown in FIG. 7 (d). Note that, however, these phenomena described above cannot 
always be observed in high density discharges. Properties of the divertor plasma can easily be 
affected by the conditioning of target plates and the position of gas inlet. 

The neutral particle behavior with different species was also investigated. For this study, a 
Penning discharge diagnostics which can measure hydrogen and helium pressures 
simultaneously have newly been installed in CHD and open HD. FIG 8 (a) shows the time 
evolutions of neutral helium pressure PHe measured with the Penning discharge diagnostics in 
CHD and open HD. In this discharge, helium 
was puffed at t = 3.6 s for 0.1 s in the 
hydrogen plasma. It is found that PHe starts to 
increase just after the helium puffing and 
higher PHe is observed in the CHD region, as 
is seen in P0 measured with the ASDEX-style 
fast ion gauge in pure hydrogen discharge. In 
order to see the distribution of neutral helium 
in the vacuum vessel, ratios of PHe / (PH + 
PHe) in open HD, CHD regions and the 
plasma periphery were compared, as shown 
in FIG. 8 (b). Note that the ratio in the plasma 
periphery was measured with the ordinary 
visible spectroscopy technique. It can be seen 
that the three ratios measured in three 
different regions show almost the same 
values during the discharge. This result 
suggests, between helium and hydrogen, 
there exists little difference in transport 
property. 

4.  Summary 

Performance of closed HD was studied from the viewpoint of the neutral compression. During 
the density ramp-up discharge, the enhanced neutral compression by a factor of ~ 10 and 
consequent increase of recycling flux were observed in CHD, suggesting the production of 
high density and low temperature plasma. In this situation, the divertor detachment was 
observed in CHD, while no indication of the detachment was found in open HD. 

 

 
FIG.8 (a) Neutral helium pressure measured 
with Penning discharge diagnostics. (b) Ratio 
of PHe / (PH + PHe). Helium was puffed at 3.6 s. 
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On the other hand, little difference in global plasma parameters has been observed in LHD 
with the present two CHD modules. After the completion of the full CHD (ten modules) with 
pumping system, confinement improvement via particle control is expected. 
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