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Abstract. Plasma profiles and intermittent fluctuations near the helical divertor X-point and on a divertor plate 
were investigated using a fast scanning Langmuir probe and a probe array embedded on a divertor plate in 
detached divertor condition that was sustained by applying a resonant magnetic perturbation (RMP) field in 
LHD. When the RMP induced magnetic island X-point (n/m = 1/1) is located near the helical divertor X-point, 
the reduction of particle flux accompanied by the plasma detachment occurred near the helical divertor X-point 
(n/m = 2/10), which leads to the reduction of the particle flux at the strike point on the divertor plate. We also 
found that when the divetor plasma turned to be the detached condition, the enhanced plasma fluctuations were 
confirmed between the helical divertor X-point and ergodic region, which exhibited a dynamic behavior having 
a large amount of positive-spike components with highly intermittent property.  

 

1. Introduction 

Control of huge heat and particle fluxes on the plasma-facing components is a quite essential 
issue for success of ITER and DEMO reactor. To reduce strong heat load on the divertor 
plates, detached divertor operation is expected as an efficient solution. This mainly aims at 
promoting high-radiation and recombination processes inside the divertor region [1]; the 
detachment often becomes unstable, because the radiation zone can easily moves to an 
upstream X-point, which is known as X-point MARFE in tokamaks [2]. Thus, improvement 
of the detachment stability is still an important agenda.  

Recent study in the Large Helical Device (LHD) indicated that applying resonant magnetic 
perturbation (RMP) field is able to keep highly-radiating zone near the magnetic island X-
point inside the ergodic region and particle flux onto the divertor plate is reduced 
accompanied by stable plasma detachment [3]. However, it is not clear yet where the particle 
flux starts to decrease in the RMP assisted plasma detachment experimentally. In addition, 
recent studies in several magnetic confinement devices implied that intermittent cross-field 
transport would be enhanced around the detached divertor [46]. Such a cross-field transport 
should modify divertor flux profile and would contribute to reduce a peak load. In this study, 
we have investigated plasma structure change and plasma fluctuation property near the helical 
divertor X-point and on a divertor plate in the RMP assisted detached plasma in the LHD.  

In the following section, experimental setup is explained. Then, measured signal and analysis 
results are described in Sec. 3. We will shortly discuss the intermittent fluctuation in Sec. 4 
and summarize this study in Sec. 5.  
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2. Experimental setup 

We have measured ion saturation current (Isat) fluctuations around the helical divertor X-point 
near the RMP-induced magnetic island X-point using a fast scanning Langmuir probe (FSP) 
[7] during attached and detached divertor operations in the LHD. Figure 1 shows Poincaré 
plot with n/m = 1/1 RMP field in an outward-shifted magnetic axis configuration (Rax = 3.9 
m). The coil pitch parameter  is 1.254 and the quadruple magnetic components Bq is 100%. 
In this magnetic configuration, the n/m = 1/1 magnetic island is expanded in the ergodic 
region located outside the plasma confinement region. Because helical coils generate two 
helical divertor X-points, which rotate poloidally five-times with a toroidal rotation [8], 
poloidal phase differences between the RMP-induced magnetic island X-point and the helical 
divertor X-point varies in the each toroidal angle. As shown in Figs. 1(a) and (b), the FSP 
moves across near the helical divertor X-point positioned on almost poloidally opposite side 
of the RMP induced magnetic island O-point. Thus, the magnetic island X-point exists near 
the helical divertor X-point in this poloidal cross-section.  

Additionally, a probe array embedded on an inboard divertor plate (divertor probes) [6] 
connecting to near the RMP-induced magnetic island X-point was also used in this 
experiment. The divertor probes were located approximately 55 degrees apart from the FSP 
installation position in the co-direction in the torus. The divertor probes also acquired the Isat 
signal simultaneously.  

Figure 2 shows time traces of plasma parameters in two discharges with/without the plasma 
detachment. Magnetic configuration was same but neutral gas pressure was different. Divertor 
particle flux calculated by summing Isat measured with the divertor probes (see Fig. 2(c)) 
decreased after the line averaged electron density exceeded ~6 × 1019 m-3 at #110821, despite 
of monotonic increase of the electron density. The flux drop was attributed to the plasma 
detachment phenomenon. It should be noted that there is little degradation of core plasma 
confinement in the RMP-assisted plasma detachment. The FSP was being inserted during 5.5 
s < t < 5.8 s in the two discharges. Sampling frequency was 1 MHz.  

 

 

Fig.1 (a) Poincaré plot of magnetic field lines with n/m=1/1 RMP field and (b) simplified schematic of 
helical divertor structure with the insertion trajectory of the FSP.  
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Fig. 2 (a) Time traces of line averaged electron density, (b) stored energy, and (c) sum of Isat at an 
inboard divertor plate in two discharges (solid red line: #110819 without detachment, dashed blue 

line: #110821 with detachment). Time period of the FSP insertion is hatched with a thick vertical line.  

 

3. Measurement and analysis 

We have measured Isat signals with the FSP and divertor probes in the two discharges. Firstly 
we analyzed the FSP signal and then investigated fluctuation characteristics on the divertor 
plate below.  

 

3.1. Particle flux around the helical divertor X-point 

Figures 3(a) and (b) show Isat distributions in the attached and detached discharges. Regions 
(i) and (ii) are also depicted in the poloidal cross-section in Fig. 1(b). Region (i), 0.96 m < z < 
1.06 m, is located in the divertor leg near the helical divertor X-point. On the other hand, 
region (ii), z < 0.96 m, is between the helical divertor X-point and the ergodic region. In the 
attached state (Fig. 3(a)), Isat peak was observed in the region (i). Particle flux corresponding 
to the Isat peak flows into a neighbor divertor plate along the magnetic filed. The position of 
the peak particle flux on the divertor plate is so-called strike point. In contrast, the Isat peak in 
the region (i) disappears in the detached plasma as shown in Fig. 3(b). This indicated that the 
reduction of the particle flux accompanied by the RMP-assisted plasma detachment was 
already occurred near the helical divertor X-point close to the RMP-induced magnetic island 
X-point.  

On the other hand, in the region (ii), a number of large positive spikes with duration time of 
sub-millisecond widely appeared in the detached state (Fig. 3(c)). To characterize the 
fluctuation, we have employed statistical techniques.  

At z = [0.91, 0.93] m in the region (ii), mean value ( satI ), fluctuation level 

( sat

212
sat IIF  ), and skewness (

232
sat

3
sat IIF  ) became large from ( satI  [mA], F, 

S) = (73.5, 0.13, 0.71) in the attached state to (125, 0.44, 2.01) in the detached one. 
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Significant increases of the F and S suggest that the positive-spike component becomes 
dominant in the detached state. This is also confirmed from the probability density function 
(PDF), as shown in Fig. 4(a). The Isat fluctuation in the detached state contains a large amount 
of large-amplitude positive-spike component and the positive-peak amplitude is quite larger 
than the peak-probability Isat value in the PDF (~ 90 mA). In addition, Figure 4(b) shows the 
power spectra which have no spectral peak. There are almost flat and slope profiles with a 
shoulder at the frequency of f ~ 3 kHz in the detached state. Such a shoulder appears when 
non-periodic spikes with a characteristic duration time are dominant, like a typical 
characteristic of the blobby plasma transport witch is an intermittent cross-field transport 
mainly observed in the scrape-off layer [7, 9].  

 
Fig. 3 (a) Distributions of Isat as a function of z at #110819 (attached plasma) and (b) #110821 

(detached plasma). (c) Time evolution of Isat at z ~ 0.92 m. 

 

 
Fig. 4 (a) PDFs and (b) power spectra at z = [0.91, 0.93] m of #110819 (solid line) and #110821 

(dashed line).  
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Fig. 5 Conditional averaged Isat at z = [0.91, 0.93] m of #110821. Threshold values were set at [1, 
2 (solid line), [2, 3) (dashed line), and [3, 4) (dotted line) plus the mean.  

 

Figure 5 shows conditional averaged shapes of Isat at z = [0.91, 0.93] m in the detached state. 
In this method, time points when Isat had a positive peak were collected and averaged in a 
same time domain. Threshold values of the positive peak were set by finite ranges at [1, 2), 
[2, 3), and [3, 4) plus the mean, where  is the standard deviation. Numbers of detected 
time points were 26, 15, and 10 in sequence. We can find that the conditional averaged Isat 
have asymmetric shapes with a rapid increase and a slow decay, which is also a typical 
characteristic of the blobby plasma transport. Duration time of small-amplitude spike was 
~100 s but those of large-amplitude spikes (> 2) were approximately 23 times larger than 
the small-amplitude one.  

From the above analyses, asymmetric positive spikes with large amplitudes appeared 
intermittently in the detached state in region (ii). Because almost the connection length of 
magnetic field lines (Lc) in region (ii) is relatively short (Lc < 100 m), the large-amplitude 
peaks would be attributed to the intermittent cross-field plasma transport from a high-density 
region. As an additional result that makes the above guess more convincing, cross-field 
propagation of positive spikes on the divertor plate will be described in the next subsection.  

 

3.2. Particle flux on the divertor plate 

We used divertor probes linearly aligned on a divertor plate every 6 mm. Figure 6(a) shows 
the Lc distribution and the probe position. The strike point with long Lc > 100 m corresponds 
to around probes 9 and 10. The probes 18 are located in the private region with Lc < 10 m. 
Figure 6(b) shows satI  distributions on the divertor plate during the FSP insertion period in 

the two discharges. In the attached state at #110819, divertor flux was located near the strike 
point. In the detached state at #110821, although satI around the strike point is smaller than 

that in the attached state, satI  in the private region are relatively high. Figure 6(c) shows 

raw Isat signals measured at probes 79 in the detached state. There are correlated positive 
spikes.  

Figure 7 shows auto- and cross-conditional averaged Isat shapes at probe 9, 8 and 7 at t = 
[5450, 5500] ms in the detached state. Here, time points were selected when Isat at probe 9 had 
a positive peak larger than 2 for more than 5 s. The number of the time points was 121. It 
was found that positive spikes appear with a finite time delay averagely on these probes. 
Similar tendency was also confirmed at probes 35 (no figure). Further, duration time at 
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probe 9 was similar to that of the FSP. The duration time in the private region was relatively 
long.  

 

Fig.6 (a) Lc distribution on divertor plate, (b) averaged Isat at t ~ 5.5 s at #110819 (attached) and 
#110821 (detached), and (c)(d) raw time series measured by divertor probes at the two discharges. 

 

 

Fig.7 (a) Auto-conditional averaged Isat at probe 9 at t = [5450,5550] ms of #110821. (b)Cross-
conditional averaged Isat at probes 8 and (c) 7.  
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The Lc value in the private region is only a few meters; therefore, it is natural that the 
positive-spike propagation was attributable to the cross-field transport occurred in the private 
region and this would broaden the divertor flux to the private region from the strike point.  

 

4. Discussion related to the intermittent fluctuation 

We clarified fluctuation characteristics around the FSP and the divertor plate in the previous 
section. The analysis results suggest that the intermittent fluctuation observed in region (ii) of 
the detached plasma condition would be attributed to the cross-field transport like the blobby 
plasma transport. On the other hand, it is not understood yet why the large spikes disappear in 
region (i). One possible reason is that the transport characteristic might be strongly affected 
by the change of magnetic field structure from region (ii) to region (i). The other reason could 
be that the cross-field transport dominantly occurred on the other toroidal cross-section and 
the FPS indirectly captured the elongated structure to the parallel direction in region (ii).  

Positive-spike-observed regions were different between the FSP and the divertor probe 
measurements. The former was located between the helical divertor X-point and the ergodic 
region, and the latter was in the private region. It would be affected by the poloidal and 
toroidal asymmetries of the helical magnetic field with the RMP induced magnetic island. 

Enhancement of the private region on the detached dovertor plate was reported in the 
previous study without the RMP [6]. To clarify the RMP effects on the intermittent 
phenomenon, multi-point measurement and detailed investigation of the positional 
relationships between the magnetic island and the measuring positions should be done.  

 

5. Summary 

We have firstly measured the particle flux around the helical divertor X-point which was 
located near the magnetic island X-point during the attached and detached plasma discharges 
with the m/n = 1/1 RMP field in the LHD. From the FSP measurement, it was found that 
reduction of the Isat amplitude occurred near the magnetic island X-point. In addition, we also 
confirmed an enhancement of intermittent positive spikes between the helical divertor X-point 
and the ergodic region. Because several blob-like features and propagation of positive spikes 
on the divertor plate were confirmed, there would be cross-field transport in the positive-
spike-observed regions. This phenomenon leads to broadening of cross-field divertor plasma 
distribution, which also contributes to the reduction of peak particle and heat fluxes on the 
divertor plate.  

In this study, magnetic structure around the FSP and the divertor probes were different. To 
identify the generation source of the intermittent phenomenon, more multi-point measurement 
should be performed.  
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