
Reduction of heat and particle loads to the divertor is 
one of the important issue to realize a fusion reactor. 
Divertor detachment is a favorable operation mode for this 
purpose. To achieve divertor detachment, it is necessary to 
reduce the Te in the scrape-off-layer (SOL). One of the 
effective methods for the reduction of Te is radiation 
enhancement in the SOL plasma using impurity seeding. In
18th experimental campaign, krypton (Kr) seeding was 
carried out to expand the Te region of the radiation. Kr has 
higher emissivity at Te > 100 eV compared with neon (Ne)
which has been applied the last campaign.

Radiation imaging was carried out using an InfraRed 
imaging Video Bolometer (IRVB) at 6.5-U port.1) The field 
of view is shown in Figure 1. Figure 2 and 3 indicate 
normalized radiation enhancement in the Ne and Kr seeded 
plasma, respectively. The fraction between the total radiated 
power and the heating power, Prad/Pheating ~ 30% in both 
figures. In the Ne seeded plasma, the radiation was 
enhanced around the helical divertor X-points (HDXs) and 
the inboard side. In the Kr seeded plasma, the response of 
the radiation enhancement was slower than the Ne seeded 
plasma and the enhanced area was along the HDXs just after 
the seeding. After that, the area was moved to the toroidal 
pixel number 0 – 10 and the poloidal pixel number 5 – 20 in 
Figure 3. This area is around the horizontally elongated 
cross section and not included the HDXs. Therefore, the 
radiation enhancement was from the plasma core region in 
the Kr seeded plasma. From the results of resistive 
bolometer array at 6.5-L port and SOXMOS at 7-O port, the
tendencies of the higher ion stages (Kr24+ and Kr 25+) were 
similar to the behavior of the plasma radiation from the core 
region. These results indicate that the highly charged states 
of Kr ions which radiated at the core plasma are dominant 
radiators in the Kr seeded plasma.

We plan to carry out experiments in the future 
combining Ne and Kr to attempt further radiation 
enhancement. This advanced operation of the impurity 
seeding condition should be investigated and optimized to 
realize an 80-90% radiation power fraction for DEMO 
reactors.
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Fig. 1. CAD image of IRVB FoV at 6.5-U port (white 
rectangular). Solid and dashed lines indicate upper and 
lower HDXs, respectively. Short dashed line shows 
magnetic axis. Thin lines indicate LCFS.

Fig. 2. Normalized radiation enhancement in the Ne 
seeded plasma (#125895).

Fig. 3. Normalized radiation enhancement in the Kr
seeded plasma (#125946).

  
Establishment of handling the huge divertor heat flux 

is the essential issue to design a realistic fusion reactor. One 
of the effective solutions is employing the “plasma 
detachment,” which uses plasma-gas interactions. In LHD, 
an n/m = 1/1 resonant magnetic perturbation (RMP) field 
stabilizes the detached plasma condition with a highly-
radiating zone near the island X-point inside the ergodic 
region1). In the previous experimental campaigns, 
propagation of ion saturation current (Isat) spikes across the 
magnetic field was clearly observed and distribution of the 
mean value broadened on the detached divertor plates. 
These results suggest that the non-diffusive plasma transport 
would be enhanced in the RMP assisted detached plasma 
and it could contribute to reduce the peak heat load on the 
divertor plate2). Moreover, generation region of this 
transport would have a positional relationship to the 
magnetic island, because there was a toroidal asymmetry of 
the propagation characteristics.  

In order to reveal the transport mechanism, we 
inserted a fast scanning Langmuir probe (FSP) in the RMP 
assisted detached discharge in LHD. Figure 1(a) shows the 
two-dimensional (2D) distribution of the magnetic-field 
connection length (Lc) under the RMP applied vacuum 
condition for Rax = 3.9 m. This 2D plane is roughly 
perpendicular to the magnetic field. The probe head had 
three electrodes, which measured Isat and floating potentials 
(Vf1 and Vf2), as shown in Fig. 1(b). This FSP head has been 
also utilized for estimation of a typical internal electric field 
(E) perpendicular to the magnetic field inside blobs by 
assuming that electron temperatures of a passing blob on 
two electrodes were the same3). Sampling frequency was 1 
MHz.  

By inserting the FSP at z > ~0.89 m, highly positive 
spikes of Isat were clearly observed at z ~ [0.89, 0.95] m, 
which involves the laminar region and edge surface layers. 
To investigate the internal electric field of the positive 
events, we applied the auto- and cross-conditional averaging 
techniques, which are often used in blobby-plasma-transport 
studies. Figure 2(a) shows the auto-conditional averaged Isat 
at z = [0.9, 0.94] m. Before the analysis, low frequency 
(below 100 Hz) components were removed by using a high-
pass filter. Threshold value was twice as much as the 
standard deviation and the number of detected spikes was 
111. From Fig. 2(a), typical duration time of Isat was ~10–20 
ms. Figure 2(b) shows the cross-conditional averaged 
fluctuations of Vf1, Vf2 and (Vf1  Vf2). It was found that 
there was E inside the positive Isat spikes and E ~ (5.4 V) / 

(7 mm) ~ 771 V/m. This means that the E×B drift speed 
corresponds to (771 V/m) / (1.63 T) ~ 470 m/s and the size 
along the propagation direction was estimated as ~70 mm. 
The E×B drift vector points to the opposite side of the 
plasma center.  

These results indicate that the cross-field transport 
observed in the RMP assisted detached discharge would be 
driven by E×B drift force. The size is quite large compared 
with typical size of blobs; it might be caused by the 
magnetic flux expansion in between the generation region of 
the blob-like structures and the FSP measurement position.  

 

 
Fig. 1. (a) Insertion trajectories of probe electrodes and 
a cross-section of Lc. (b) Photographs of the probe 
head.  
 

 

Fig. 2. (a) Auto-conditional averaged Isat (solid line) 
and threshold line (dashed line). (b) Cross-conditional 
averaged Vf1 (solid line), Vf2 (dashed line) and (Vf1 – 
Vf2) (dotted line).  
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