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This article reports the first observation of the high-field side high density (HFSHD) front in limiter devices, which 

sheds a new light on understanding this phenomenon, originally observed on divertor tokamak. In the J-TEXT high 

density discharges, the high-density front at the HFS scrape-off layer (SOL) region has been clearly identified by the 

far-infrared laser polarimeter-interferometer. The HFSHD front forms at the HFS SOL when the plasma density reaches 

a critical value, and then expands poloidally while propagating into the main plasma region as the density further 

increases. Usually, a well-developed HFSHD front is found to evolve from the stable state of staying at HFS edge to 

the dynamic state of moving poloidally, while approaching to density limit. It is found that both the density threshold 

of HFSHD front formation and the maximum density of the region itself increase with 𝐼𝑃. Furthermore, the maximum 

achievable density on J-TEXT seems to be correlated with the evolution of the HFSHD front, suggesting that the region 

may play a role in setting the operational limit on J-TEXT. The observation suggests that considering the existence of 

the HFSHD front in simulations should not be limited to single null divertor devices and additional mechanisms may 

need to be considered to explain its formation and development.

1. Introduction 

In order to keep the power and particle load on plasma facing components below material limits, operation under 

partially or completely detached condition is highly desired for the next-step tokamaks [1], such as the International 

Thermonuclear Experimental Reactor (ITER) [2] and Chinese Fusion Engineering Testing Reactor (CFETR) [3]. 

During studies of tokamak plasma under detached conditions, a so-called high-field side high-density (HFSHD) front 

has been observed on AUG and JET [4–7]. In these studies, when the inner divertor is detached while the outer divertor 

stays attached, a poloidally localized high-density region occurs in the HFS SOL which extends from X-point towards 

the HFS midplane [5]. This region is known as the HFSHD front. Simulations with SOLPS show that the HFSHD 

front plays an important role in the fuelling of core plasma and thus can lead to strong change in global performance 

[7]. Dedicated experiments on AUG have shown evidence that the HFSHD front can significantly influence the density 

profile position relative to separatrix [8]. Further, experiments and modeling have discovered that the shift of density 

profile has an impact on pedestal stability and subsequently on plasma confinement [8–11]. Thus, understanding the 

underlying physics of the HFSHD front and its correlation with detachment is important for the operation of future 

machines. 

Recently, the HFSHD front has been also recorded in J-TEXT tokamak, which is the first observation on limiter 

devices. The paper reports the characteristics of the HFSHD front on J-TEXT and compares the results with those on 

divertor machines. The results on a limiter machine shed a new light on understanding the phenomena. The rest of the 

paper is organized as follows: Section 2 describes the experimental setup and main diagnostics for the investigation of 

the HFSHD front in the J-TEXT tokamak; Section 3 presents the observations which clearly show the formation and 

development of the HFSHD front in density ramping discharges; Section 4 gives the influences of the global plasma 

current and edge plasma parameters on the properties of HFSHD front; Section 5 provides the summary and disccusion. 
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2. Experimental Setup 

The J-TEXT tokamak (formerly TEXT-U [12]) is a conventional medium-sized tokamak with a major radius of 

𝑅0 = 1.05 𝑚 and minor radius of 𝑎 = 0.25 − 0.29 𝑚 (set by the silicon-carbide coated graphite limiter). The first wall 

and the limiter are covered with carbon tiles. Therefore, the dominating impurity in the J-TEXT is carbon. The 

discharges are performed with Ohmic heating and the working gas is hydrogen. Continuous gas-puffing is used to raise 

the plasma density in a single shot. In the experiments, the plasma parameters are 𝐼𝑃 = 120 − 170 𝑘𝐴, 𝐵𝑇 = 1.7 −

2.1 𝑇, 𝑞𝑎 = 4 − 5.5, 𝑎 = 0.255 𝑚 . The maximum density in J-TEXT Ohmic plasma is well below the Greenwald 

density, near 0.7𝑛𝐺 , where 𝑛𝐺  is the Greenwald density equal to 𝐼𝑃/(𝜋𝑎2)  with 𝐼𝑝  in units of 𝑀𝐴  and 𝑎  in units of 

metres. Fig. 1 depicts the main diagnostics used to record the formation and evolution of the HFSHD front in J-TEXT. 

The line-integrated electron density is measured by a 17-channel far-infrared laser polarimeter-interferometer system 

(POLARIS) [13], which views the plasma vertically at intervals of 3 𝑐𝑚 on the radial mid-plane from  𝑟 = −24 𝑐𝑚 to 

𝑟 = +24 𝑐𝑚 and covers the plasma poloidal cross-region from −0.94𝑎 to 0.94𝑎, where 𝑟 = 𝑅 − 𝑅0. Here, 𝑟 < 0 and 

𝑟 > 0  corresponds to high-field-side (HFS) and low-field-side (LFS), respectively. A 26-channel photodiode array 

(PDA) system is used to measure the line emission of carbon III (𝐶𝐼𝐼𝐼) at the wavelength of 465 𝑛𝑚. As similar to 

POLARIS, the 𝐶𝐼𝐼𝐼 array also covers both the HFS and LFS of the tokamak. The inner-most three chords — emphasized 

in Fig. 1 — view the region where the HFSHD front is located. In addition, J-TEXT has a CCD camera system which 

measures the visible emission distribution with a temporal resolution of 5 𝑚𝑠.  

 

Figure 1. Viewing lines of the J-TEXT photodiode array (PDA) (in blue color) and polarimeter-interferometer system 

(POLARIS) (in magenta color), respectively. 

3. Experimental observation of the HFSHD front in high density plasma 

The temporal traces for a typical density-ramp discharge with a HFSHD front is shown in Fig. 2. The discharge 

has 𝐼𝑃 = 170 𝑘𝐴, 𝐵𝑇 = 2.1 𝑇, 𝑞𝑎 = 3.9. The speed of gas-puff fueling was constant during the current flat-top. A density 

limit disruption occurs at 𝑡 = 545 𝑚𝑠  and the maximum central line-average density is 𝑛̅𝑒0 = 5.4 × 1019 𝑚−3 =

0.65𝑛𝐺. During the interval of 250 𝑚𝑠 < 𝑡 < 540 𝑚𝑠, the central (at 𝑟 = 0 𝑐𝑚) line-average electron density increases 

steadily (Fig. 2(c)). The line-average density at 𝑟 = −24 𝑐𝑚 (very edge of HFS) also increases throughout this period, 

but there is a rise in its rate of increase from about 𝑡 = 400 𝑚𝑠. The line-average density at the very edge on the LFS 

(𝑟 = 24 𝑐𝑚) changes little throughout the same period, as shown in (Fig. 2(d)). Concomitantly, the 𝐶𝐼𝐼𝐼 emission at the 



HFS edge also increases, as indicated in Figs. 2(e). This shows that a local high-density plasma region has formed in 

the HFS SOL as the plasma density exceeds a critical value ( 𝑛𝑐𝑟𝑖𝑡 = 4.6 × 1019 𝑚−3  in this discharge). Such 

observations characterize the typical features of the HFSHD front phenomenon, as described in Refs.[6,7]. In addition, 

the location and evolution of the HFSHD front were recorded by the visible CCD camera, as shown in Fig. 2(f). The 

dotted circle in Fig. 2(f) denotes the last closed flux surface (LCFS), determined by the position of the limiter. Before 

the onset of the HFSHD front (𝑡 = 300 𝑚𝑠 ), the visible line radiation at the plasma boundary is very weak and 

approximately symmetric. However, after the formation of the HFSHD front (𝑡 = 440 𝑚𝑠), a bright spot appears on 

the HFS of the midplane, located mainly outside the LCFS. Moreover, by comparing the CCD films at 440 𝑚𝑠 and 

500 𝑚𝑠 , it is seen that the bright spot expands poloidally and moves into the main plasma as the density further 

increases. Clearly, the location of the bright spot on the visible CCD film corresponds to the region of the HFSHD 

front. Thus, the CCD picture is a favorable instrument to study the evolution and movement of the HFSHD front. 

Fig. 3 shows profiles of the line-average electron density (Fig. 3(a)) and line-integral 𝐶𝐼𝐼𝐼 emission intensity (Fig. 

3(b)) during the HFSHD front formation, measured with the diagnostics and lines of sight shown in Fig. 1. During the 

interval of 400 𝑚𝑠 < 𝑡 < 530 𝑚𝑠, the electron density at the HFS edge increases significantly, while that in the other 

channels varies little. This indicates that the HFSHD front is highly localized in the inner, HFS region, and the bulk of 

the confined plasma (𝑟 > −20 𝑐𝑚) remains almost unchanged. At the final stage of the discharge, the line-average 

density across the HFSHD front (𝑟 = −24 𝑐𝑚) reaches 4 × 1019 𝑚−3, which is four times higher than that of the LFS 

region and almost comparable to the central density. In some cases, the density at the HFS edge has been observed to 

be almost a factor of 10 larger than the density just outside the LCFS. 

  

Figure 2. Time evolution of the main parameters for a typical discharge (#39669) of density ramping to limit disruption in J -

TEXT, indicating that the HFSHD front occurs at 400 𝑚𝑠. (a) Total plasma current, (b) Horizontal plasma displacement, (c) 

Central line-average electron density, (d) Line-average electron density at the most HFS and LFS edge measured by POLARIS, 

(e) Line emission of CIII measured by PDA, (f) Visible CCD camera films, where the dotted circles denote the LCFS.  



 

Figure 3. Corresponding to Fig. 2, time evolution of the radial distributions of (a) line-average electron density measured by 

POLARIS, and (b) line-integral 𝐶𝐼𝐼𝐼  radiation intensity obtained by the PDA array. 

More details of the evolution of the HFSHD front with continuous increase of the density, is illustrated in Fig. 4. 

The three inner-most channels of the 𝐶𝐼𝐼𝐼 emission and electron density are plotted in Fig. 4(a) and (b) respectively. 

Fig. 4(c) shows six visible CCD pictures, which corresponds to the six points in Fig. 4(b), indicated by arrows on the 

X-axis. Little emission is observed at the first point (𝑛̅𝑒0 = 3.8 × 1019 𝑚−3), whereas the HFSHD front is obvious at 

the third point (𝑛̅𝑒0 = 4.9 × 1019 𝑚−3). Interestingly, at the second point (𝑛̅𝑒0 = 4.5 × 1019 𝑚−3), the HD front is not 

seen on POLARIS, but a luminous spot can already be observed with the CCD in the HFS SOL. This indicates that 

the HFSHD front initially forms in the SOL.  

The evolution of the HFSHD front can be divided into two different phases with the continuous increase of density. 

The first phase is given the name ‘growing phase’. At this phase, the HD front is localized at the HFS edge while its 

magnitude grows. From CCD images 2-4 in Fig. 4 (c), it is seen that the HFSHD front stays at the very edge of HFS 

during this phase. Meanwhile, its extent expands mainly along the poloidal direction. The process is confirmed by the 

variation of the 𝐶𝐼𝐼𝐼 emission and electron density at the HFS edge in Fig. 4(a) and (b). Both the inward shift of the 

peak of the 𝐶𝐼𝐼𝐼 emission from channel 1 (CH1) to channel 3 (CH3) and the time delay of the occurrence of the electron 

density nonlinear arising from −24 𝑐𝑚 to −18 𝑐𝑚, are well explained by the growth and expansion of the HFSHD 

front. At the second phase, as the high-density front reaches a critical value (𝑛̅𝑒0 = 5.4 × 1019 𝑚−3), the HFSHD front 

is found to quickly move poloidally, as can be seen in CCD images 5 → 6 in Fig. 4(c). The start-up of this poloidal 

movement can be identified by the roll-over of the electron density and 𝐶𝐼𝐼𝐼 emission at the HFS edge, as shown in ⑤

→⑥ of Fig. 4(a) and Fig. 4 (b). The second phase is thus named as the ‘moving phase’.  

The above features comprise the typical characteristic of HFSHD front on J-TEXT. It is a common phenomenon 

in J-TEXT high density plasmas and the critical density threshold for the occurrence of the HFSHD front is well below 

that of the Greenwald density limit. During the initial ‘growing phase’, the HFSHD front is quite stable at the HFS 

edge and will remain constant if the plasma density remains unchanged. The front can disappear if the plasma density 

backwards decreases down to the critical threshold. The poloidal movement of the HFSHD front during the subsequent 

‘moving phase’ is quite rapid, which can be inferred by the step-like drop of the electron density at 𝑟 = −24 𝑐𝑚. The 



macro-MHD instability and density limit disruption usually occurs during the ‘moving phase’ of the HFSHD front. It 

seems that the movement of the HFSHD front deteriorates plasma confinement rapidly. 

 

Figure 4. Corresponding to Fig. 2, traces of the three inner-most chords of (a) 𝐶𝐼𝐼𝐼  emission and (b) line-integral electron density 

with the central line-average electron density. (c) Visible CCD camera films at six-time pieces corresponding to the black arrows 

on the X-axis of Fig. 2 (b). The dotted circles denote the LCFS. 

4. The role of plasma parameters on the formation of the HFSHD front 

 
Figure 5. For a set of similar discharges with varying plasma current, the critical central line-average density at (a) the occurrence 

of the density limit disruption; and (b) the HFSHD front plotted against the total plasma current. (c) The maximum density of the 

HFSHD front, represented by most inner edge line density, against the total plasma current for the same discharges. 

Fig. 5 (a) and (b) summarize the maximum achievable density from density limit (DL) discharges on J-TEXT and 

the threshold density of HFSHD front formation in the discharges, with different plasma current (𝐼𝑃) and the same 

toroidal magnetic field (𝐵𝑇) on J-TEXT. For the maximum achievable density (𝑛̅𝑒0,𝐷𝐿), the experimental data from J-

TEXT agrees well with the Greenwald scaling law [14], which means that the density limit has a linear relationship 

with 𝐼𝑃  (Fig. 5(a)). The density limit at higher current is a little lower than would be expected from the linear 

relationship. This may be due to the enhanced MHD activity observed in 𝑞𝑎 < 4 plasmas on the J-TEXT tokamak, 



which has been reported in Ref. [15]. The threshold density for the appearance of the HFSHD front (𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠) is 

observed to have a similar linear dependence on 𝐼𝑃. Here, the time of appearance of the HFSHD front is measured as 

that when there is rise in the rate of change of increase of HFS edge electron density. For instance, in the plasma shown 

in Fig. 4, 𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠  is 4.6 × 1019 𝑚−3 . The similar 𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠~𝐼𝑃  and 𝑛̅𝑒0,𝐷𝐿~𝐼𝑃  relationships suggest that the HFSHD 

front might play an important role in setting the maximum achievable density on J-TEXT. In addition, as shown in 

Fig.5 (c), the local maximum density at the HFSHD front (𝑛𝑒,𝐻𝐹𝑆𝐻𝐷), which is indicated by the line-average density at 

𝑟 = −24 𝑐𝑚, increases with 𝐼𝑃 as well. That is consistent with the experimental observations on ASDEX-U, where the 

density value of the HFSHD front increases with the heating power and plasma current [15,16]. However, the 

relationship between 𝑛𝑒,𝐻𝐹𝑆𝐻𝐷 and 𝐼𝑃 is not quite linear. The density of the HFSHD front tends to be saturated after 𝐼𝑃 

exceeds 150 𝑘𝐴. 

Fig.6 (a) presents the average edge electron density at the onset of the HFSHD front (𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠) versus total 

plasma current. In order to exclude the influences of plasma displacement on density measurement, here, the edge 

electron density is taken as the mean value of line-average densities on the most LFS (𝑟 = +24 𝑐𝑚) and HFS (𝑟 =

−24 𝑐𝑚) chords. The 𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠 increases with total plasma current, which is similar to the 𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠  (showed in Fig.5 

(b)). But the difference is, the relationship of 𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠~𝐼𝑃  is quite not as linear as 𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠~𝐼𝑃 . Obviously, the 

𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠 increases faster at large 𝐼𝑃 region (> 150𝑘𝐴), than the low 𝐼𝑃 area (< 150 𝑘𝐴). To divide the 𝑛̅𝑒0,𝑡ℎ𝑟𝑒𝑠  by 

𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠, we can obtain a rough peaking factor of density profile at the onset of the HFSHD front. As plotted in 

Fig.6 (b), the peaking factor of density distribution decreases largely in large 𝐼𝑃  region. Combining with the 

𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠~𝐼𝑃 relationship, it seems that a more peaked density profile is favorable to the formation of the HFSHD 

front. Behind the density distribution, the key parameter should be the radial transport. A peaked density profile means 

small perpendicular transport, and small edge temperature as well. And low enough temperature is one of demanded 

conditions for HFSHD front formation. This logic can qualitatively explain the non-linear dependence of 𝑛̅𝑒_𝑒𝑑𝑔𝑒,𝑡ℎ𝑟𝑒𝑠 

on 𝐼𝑃. 

 

Figure 6. Corresponding to the same discharges in Fig.5. The edge (𝑟 = ±24𝑐𝑚) line-average electron density (a), and the ratio 

of central line-average density to the edge one (b), at the point of the onset of the HFSHD front. (c) The edge (𝑟 = ±24 𝑐𝑚) line-

average electron density, at the point of central line-average density equals to 𝑛̅𝑒0 = 2.5 × 1019 𝑚−3. 

All discharges showed in Fig.5 and 6 are performed on the same day under similar experimental conditions. The 

plasmas are all fueled by continuous gas-puffing. The fueling speed remains constant in every single shot. The nose of 

the gas-puff is located at the bottom of plasma, meaning that the fueling source is in-out symmetrical. Therefore, to 

some extent, 𝑛̅𝑒_𝑒𝑑𝑔𝑒  reflects the quantity of particles at the edge and 𝑛̅𝑒0 represents the total amount of fueling. Fig 

6(c) shows 𝑛̅𝑒_𝑒𝑑𝑔𝑒  versus 𝐼𝑃, at the same central line-average density of 𝑛̅𝑒0 = 2.5 × 1019 𝑚−3, which is smaller than 

the threshold of the HFSHD front onset. The results indicate that there are more particles at edge in larger 𝐼𝑃 plasmas, 

if the fueling amounts are the same. Moreover, the relationship of 𝑛̅𝑒_𝑒𝑑𝑔𝑒(𝑛̅𝑒0 = 2.5)~𝐼𝑃 is very similar to the observed 

relationship of 𝑛𝑒,𝐻𝐹𝑆𝐻𝐷~𝐼𝑃 showed in Fig.5(c). This implies that the amount of edge particles plays an important role 

in determining the density of the HFSHD front. 

The above results show that the critical threshold for the formation of the HFSHD front increases with 𝐼𝑃 and is 

related to the radial gradient. Both these observations suggest that the edge temperature might be the crucial parameter. 



In addition, the HFSHD front appearance is always associated with strong edge density asymmetry between the HFS 

and LFS, as presented by Fig. 2 and 3. The HFS-LFS density asymmetry indicates that a significant parallel density 

gradient forms at the edge. According to the two-point model in P. C. Stangeby (page 18p in Ref. [17]), the collision 

parameter (𝑛𝑒𝐿/𝑇𝑒
2) is an effective criterion to describe the parallel gradient. A parallel gradient will arise after the 

collision parameter exceeds a certain value. Picking out three shots with different 𝐼𝑃 from Fig.5, the traces of HFS-

LFS density asymmetry, with 𝑛̅𝑒0 and 𝑛𝑒𝐿/𝑇𝑒
2 are presented in Fig.7 (a-c) and (d-f) respectively. Here, the 𝐿 = 𝜋𝑞𝑎𝑅 

is the connection length between HFS and LFS limiters, the 𝑛𝑒 = 𝑛̅𝑒(±24𝑐𝑚) is measured by the POLARIS, and the 

𝑇𝑒 is relative temperature at 𝑟 = 23.5𝑐𝑚, measured by electron cyclotron emission (ECE). We have assumed the central 

temperature 𝑇𝑒0 = 800𝑒𝑉 when 𝐼𝑝 = 150𝑘𝐴, 𝑛̅𝑒0 = 2 × 1019𝑚−3. It is interesting that the HFSHD front appears at the 

similar value of the collision parameter, even though the three shots have quite different plasma current and density 

threshold. This experimental result suggests that the collisionality plays an important role in the formation of the 

HFSHD front. It should be noted that, the 𝑛𝑒 and 𝑇𝑒 used in collisionality calculation are parameters inside the LCFS, 

not the SOL region. That is because there are no measurements for SOL plasma on J-TEXT. And the appearance of 

HFSHD front is firstly detected by density measurement at 𝑟 = ±24𝑐𝑚. So, it is reasonable to use the local parameters 

where we observe it. Even though the two-point model in Ref. [17] is usually used to describe the SOL plasma on 

divertor devices, our experimental results indicate that it indeed can also be applied in limiter plasmas inside the LCFS. 

Besides, the plasma horizontal position is almost symmetrical between the HFS and LFS limiter, and do not change 

shot by shot. And we have to point out that the formation of HFSHD front do not demand that the LCFS contact with 

the HFS limiter. Dedicated experiments have been performed on J-TEXT, to study the effects of plasma horizontal 

displacement on HFSHD front. When the plasma moves outwards and contact the LFS limiter, it is interestingly found 

that the HFSHD front still appears and even forms at a lower density threshold. 

 

Figure 7. Traces of HFS-LFS density asymmetry against line-average density for (a) 𝐼𝑃 = 110 𝑘𝐴; (b) 𝐼𝑃 = 150 𝑘𝐴; and (c) 𝐼𝑃 =

190 𝑘𝐴 and against an edge collisionality parameter for (d) 𝐼𝑃 = 110 𝑘𝐴; (e) 𝐼𝑃 = 150 𝑘𝐴; and (f) 𝐼𝑃 = 190 𝑘𝐴. 

5. Summary and discussion 



      The HFSHD front has been observed frequently for high density pulses in the limiter J-TEXT tokamak when 

plasma density reaches a threshold. Similar to observations on divertor devices [5-7], the high-density front forms at 

the scrape-off layer (SOL) on the high field side (HFS) and can be up to one order of magnitude larger than the 

separatrix density in the LFS region. The appearance of the HFSHD front leads to highly poloidally asymmetric 

distributions of electron density and impurity radiation. The evolution of the HFSHD front on J-TEXT exhibits two 

different phases with the continuous increase of density. In the first ‘growing’ phase, the HD front stays localized at 

the HFS edge as it grows in magnitude and extent. The high-density front seems stable and does not impact plasma 

confinement. As density reaches a certain value, the HFSHD front is found to move quickly poloidally during a second 

‘moving’ phase. The motion of the high-density front appears to deteriorate plasma confinement rapidly and is usually 

observed to be followed by plasma disruption. This suggests that the HFSHD front may play an important role in 

setting the maximum achievable density on J-TEXT. The threshold density for the formation of the HFSHD front on 

J-TEXT is found to increases with plasma current. As all the discharges on J-TEXT are Ohmic heating only, the heating 

power depends broadly linearly with 𝐼𝑃. The results then are consistent with the observation on ASDEX-U that the 

density of the HFSHD front increases with total heating power [16]. Interestingly, different onset density for different 

discharges can be described by a common critical collisionality. This could be interpreted as the higher collisionality 

being beneficial for retention of the impurities and neutrals and, thus, increasing the ionization sources there.   

      Simulation of ASDEX Upgrade [7] shows that the recovery of the HFSHD front enables SOLPS modeling to solve 

some long-standing mismatching issues with experimental data of inner divertor plasma, such as divertor neutral 

density, neutral radiation levels and plasma fueling rates. The observation of the HFSHD front in a limiter device 

suggests that the existence of such consideration should be not restricted to machines with single null divertor 

configuration. Indeed, the high-density front seems more robust and has larger influence on plasma performance in J-

TEXT. On J-TEXT, the plasma usually disrupts soon after the HFSHD front develops into the second ‘moving’ phase 

and the maximum achievable density is general well below the Greenwald density, 0.7𝑛𝐺 . The formation and 

subsequent growth of the HFSHD front seems to set the machine operational limit. On ASDEX Upgrade, both 

simulation [7] and spectroscopic measurements [18] show that strong volumetric recombination starts to appear as the 

density increases, reducing the density in the inner divertor. The strong volumetric recombination provides a local 

plasma sink and stabilizes the growth of the HFSHD front. However, such a recombination sink is not expected to be 

significant in a limiter machine due to the lack a closure structure near the limiter target. Lack of a significant 

recombination sink could be the possible explanation of the more robust high-density front in HFS region.  

      In summary, the first observation of the HFSHD front in a limiter machine sheds a new light on the understanding 

of its SOL physics and provided a further challenge for modeling. Experimental and theoretical studies of the existence 

and phenomenology of the HFSHD front should not be limited to single null divertor devices. It also suggests that 

additional mechanisms should be considered to explain the formation and developing of the HFSHD front, apart from 

the self-amplifying process due to divertor structure and poloidal and perpendicular 𝐸 × 𝐵 drifts in the divertor.   
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