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Abstract 

The power exhaust on the plasma-facing comments (PFCs), especially for the divertor, is much challenging for the 
HL-3. Radiative divertor has been proposed for standard divertor (SD) by neon (Ne) and argon (Ar) seeding. In this work, the 

effects of the toroidal magnetic field direction, divertor geometry, D2 fueling at upstream and impurity species on the divertor 

in/out asymmetry has been investigated, with emphasis on the impacts of full drifts. The simulation results show that: (1) More 

Ne particles accumulate in the divertor region with full drifts than that of without drifts. Moreover, the divertor in/out 

asymmetry is significantly reduced with unfavorable magnetic field (ion 𝐵 × ∇𝐵 drift is directed away from the primary X-

point), while the Ne concentration in the core with unfavorable magnetic field is much severe than that of favorable magnetic 

field. (2) The shrinkage of dome can mitigate the capabilities of pump, significantly affecting the Ne ions distribution and the 

in/out asymmetry. (3) The upstream D2 fueling can remarkably promote the impurity screening and affect the Ne distribution 

and then influence the in/out asymmetry. (4) The impurity screening with Ar seeding is better than that of Ne seeding. 

However, the core radiation with Ar seeding is higher than that of Ne due to the high Ar radiative efficiency.  

1. INTRODUCTION 

High particle and heat fluxes deposited on the plasma-facing components (PFCs), especially on the divertor target 
is one of the critical challenges for the future fusion devices. For carbon (C) PFCs, intrinsic C impurity remarkably 

promotes the power radia tion due to C is a strong radiator in the typical divertor temperature range of 10-20 eV 
[1]. However, the C PFCs has gradually been substituted by the tungsten (W) PFCs due to the strong erosion and 
high fueling retention [2]. For W PFCs, the power exhaust may be insufficient due to the neglectable intrinsic W 

impurity radiation in the divertor region. The radiative divertor via external low charge impurities seeding is a 
promising solution to control the steady-state heat flux density within 10MW/m2 and Te <5eV simultaneously to 
avoid the melting and physical erosion of the target [3]. Recently, the simulations with full drifts have been 

successfully applied in ASDEX-Upgrade [4][5][6], C-Mod [7], DIII-D [8][9][10], JET [11], EAST [12], CFETR 
[13] and ITER [14][15]. It is found that the drifts play an important role on the divertor plasma conditions, such 

as the divertor in/out asymmetry [16][17][18][19], which is essential for the design and operation of future reactor 
devices such as ITER and DEMO. However, detailed understanding of the mechanism of the in/out asymmetry 
control is still necessary, e. g. the combined effects of divertor closure [20] and drifts, the impacts of upstream 

fueling [21] and the impurity species, e. g., nitrogen (N), neon (Ne) or argon (Ar) [4][6] [9][11][13][22]. 

HL-3 [23] is a copper-conductor medium size tokamak at SWIP with the key parameters as following: major 

radius R=1.78m, minor radius a=0.65m, elongation κ≤1.8, triangularity δ ≤ 0.5, plasma current 𝐼𝑝= 2.5-3.0 MA 

and toroidal field 𝐵𝑡=2.2-3.0 T. First plasma has been successfully achieved in 2020 [24]. It has the capability to 
operate with flexible divertor magnetic configurations, including standard, exact snowflake, snowflake plus and 

snowflake minus magnetic configuration [25], to test and qualify various advanced divertor concepts for future 

fusion devices. 
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In this work, we report our recent study of divertor in/out asymmetry, plasma detachment and impurity screening 
via external impurity seeding in standard divertor (SD) on HL-3. The scrape-off layer plasma simulation code 

package SOLPS-ITER [26] is used for the study. The paper is organized as follows: Section 2 presents a brief 
description of the model setup for the simulation. In Section 3, impurity gas seeding simulation with full drifts 
and currents activated. First, the effects of drifts on the divertor in/out asymmetry and impurity core concentration 

are analyzed with forward (the direction of the ion 𝐵 × ∇𝐵 points to the lower XP) and reversed (the ion 𝐵 × ∇𝐵 
direction away from the lower XP) Bt directions. Subsequently, with neon seeding, the impacts of reduced dome 
and the upstream D2 fueling on the neon distribution and thus divertor in/out asymmetry with reversed Bt direction 
are investigated. Finally, the impact of seeding species, i.e. neon and argon, on the divertor plasma properties, 

impurity core accumulation and in/out asymmetry are evaluated. The conclusions and discussions are summarized 

in Section 4. 

2. SIMULATION MODEL 

In this work, the HL-3 lower single null (LSN) magnetic configuration is used, and the forward and reversed 𝐵𝑡 
directions are applied by switching the magnetic field direction. The impurity seeding simulations in SD are 
carried by SOLPS-ITER code package (3.0.8 version) [26], which couples the multi-fluid transport code B2.5 

[27] with the kinetic neutral transport code EIRENE [28]. In the first stage, HL-3 will use CFC as plasma facing 
components (PFCs). The W will be considered as PFCs in the second stage following ITER’s selection. Therefore, 
W PFCs is assumed in the present model. However, the W impurity is not considered due to: (1) the erosion of W 

PFCs is weak and W impurity has neglectable role on the edge plasma; (2) the high consumption of computing 
time and possible numerical difficulties during high-Z impurity simulation with fluid model. The D2 fueling is 

located at the OMP, marked by the upper red arrow in FIG. 1(a), which may promotes the impurity screening by 
accelerating the plasma flow via puff-and-pump based on the DIII-D experiments [21]. The impurity gas (Ne or 
Ar) seeding near the outer strike point (OSP), indicated by the lower red arrows in FIG. 1(a), is performed to 

increase the divertor power dissipation. Electrons and ions with all ionization states (D+,Ne+ − Ne10+ or Ar+ −
Ar18+) are included. The computational meshes, including the quasi-orthogonal mesh for B2.5 and the triangular 

mesh for EIRENE, are illustrated in FIG. 1(a). 

 

FIG. 1 (a) Sketch of the SOLPS simulation domain and wall structure. The regions of the core, SOL, PFR and the divertor 

entrance are indicated by different colors (the divertor entrance is taken at the X-point). (b) The imposed radial profiles of 

particle diffusivity D⊥ and electron/ion thermal diffusivity χe,i at outer mid-plane (OMP). 

In the present model, at the core region, i.e. the core-edge interface (CEI, which is also known as core boundary, 

𝑟 − 𝑟𝑠𝑒𝑝 =-4.75 cm at the outer mid-plane OMP), the power across CEI is set as the energy boundary condition, 

𝑃𝑆𝑂𝐿 =10MW, equally divided between ions and electrons; the D+ densities is fixed to 5×1019 m -3; to control the 
high charge impurities density in the core, (1) during Ne seeding, the total fluxes of Ne8+ and Ne9+ are set to -

5×1017 s-1 (the positive direction towards the outermost boundary from the CEI), and the flux of Ne10+ is set to 

5×1017 s-1, (2) during Ar seeding, the total fluxes of Ar14+ and Ar15+ are set to -5×1017 s-1 and Ar16+ flux is set to 
5×1017 s-1 (the Ar18+ density is low due to the low Te at CEI, which is around 900eV), while the total fluxes of 

other ions and neutrals at the CEI are set to zero. The leakage boundary condition at SOL and PFR, Γ = 𝛼𝐶𝑠𝑛𝑖,𝑛, 

is prescribed, where 𝐶𝑠 is the sound speed, 𝑛𝑖,𝑛 is the particle density, and 𝛼 is the leakage factor (1.5×10-2 

for D, Ne and Ar neutrals and 1×10-3 for D, Ne and Ar ions). The sheath boundary (Bohm criterion) condition is 
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applied at the target. Other boundary conditions in the SOL/PFR/target regions are the same to Ref. [22]. When 
particles hit the wall, some of them are recycled as neutral atoms/molecules and returned to the simulation domain. 

The recycling rate (R) is set to R=0.9 in the cryo-pump and R= 1 at the rest PMC. The anomalous radial transport 
coefficients are illustrated in FIG. 1(b), which creates a transport barrier to construct the H-mode pedestal, similar 
to those used for EAST [29] and ASDEX-Upgrade [6]. Only steady-state is simulated, and ELMs are not 

considered. The radiative power is calculated by considering the line radiation, bremsstrahlung radiation and 
neutral radiation. All drift terms and currents are fully turned on using the speed-up method [14] developed 

recently, making it possible to obtain converged results within a few months. 

3. MODELLING RESULTS AND DISCUSSION 

3.1. Effects of the drifts on the in-out asymmetry and impurity core accumulation 

Both experiments and numerical simulation found that the divertor in-out asymmetry depends strongly on the Bt 

direction (drifts) without external impurity seeding. In recent EAST pure deuterium discharge experiment, it has 
been found that the in/out asymmetry in forward Bt direction is strong, while the in/out asymmetry in reversed Bt 

direction becomes nearly balance [19]. The SOLPS-ITER simulations [7][30] also observed the pronounced 
dependence of in/out asymmetry on drifts. With the consideration of impurity, the drifts influence the transport of 
the impurity, thus may have more significant impact on the divertor in/out asymmetry. To demonstrate it, 

simulation works have been carried out with the consideration of different drifts. With the consideration of only 

𝐸 × 𝐵 drift, it has been found that in C divertor, the 𝐸 × 𝐵 drift predominate the in/out asymmetry due to the 
seriously in-out asymmetry of intrinsic C impurity [17][31]. With full drifts, the extrinsic impurity seeding (N, 
Ne) discharge also appeared remarkable in/out asymmetry, while the in/out asymmetry decreases as the size of 

device increases [6]. Since HL-3 is a medium size tokamak device, the drifts play a significant role on the in/out 

asymmetry with extrinsic impurity seeding. The comparison of the with and without 𝐸×𝐵 drift in snowflake 
divertor of HL-3 with Ar seeding has been made in our previous work, showing that the divertor in-out asymmetry 
is reversed and aggravated in the high Ar seeding cases with forward Bt. However, the in-out asymmetry during 

impurity seeding on HL-3 with full drifts remains unclear.  

 

FIG. 2 The peak of electron temperature (𝑇𝑒
𝑝𝑒𝑎𝑘 ) and deposited heat flux (𝑞

𝑑𝑒𝑝

𝑝𝑒𝑎𝑘
) in the inner divertor target (a,c) and the 

outer divertor target (b,d) of SD, as functions of the Ne seeding rate. The upstream D2 fueling rates is set to 1×1022 

particles/s. The blue dash line indicates Ne seeding rate used for detailed analysis.  

To reveal the in/out asymmetry with full drifts, the Ne seeding with the combination of upstream D2 fueling (the 

rates is set to 1×1022 particles/s by default) is selected. The 𝑇𝑒
𝑝𝑒𝑎𝑘 and 𝑞𝑑𝑒𝑝

𝑝𝑒𝑎𝑘
 on both the inner and outer divertor 

targets for without drifts, forward drifts and reversed drifts cases, as functions of Ne seeding rate are shown in 

FIG. 2. For the without drifts cases, the 𝑇𝑒
𝑝𝑒𝑎𝑘 and 𝑞𝑑𝑒𝑝

𝑝𝑒𝑎𝑘
 at inner target are slightly lower than that of outer 

target, which is agreement with our previous works [32]. For the forward cases, the in/out asymmetry is much 
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stronger, and the detachment, which is defined as 𝑇𝑒
𝑝𝑒𝑎𝑘< 5eV [33], can be achieved in the inner divertor with the 

low Ne seeding rate (1×1019 Ne atoms/s). For the reversed drifts cases, the 𝑇𝑒
𝑝𝑒𝑎𝑘 and 𝑞𝑑𝑒𝑝

𝑝𝑒𝑎𝑘
 are raised in the 

inner divertor, while reduced in the outer divertor, indicating the inner and outer divertors become more symmetry. 

Unfortunately, both the inner and outer divertor are still in attached even with the high Ne seeding rate (1 ×1020 

Ne atoms/s). 

 

FIG. 3 The 2D contours of Te (a-c), Prad,total (d-f) and total Ne density nNe,ions (g-i) of forward drifts (upper), no drifts and 

reversed drifts (lower) cases. The Ne seeding rate is 5×1019 Ne atoms/s 

Aiming to explain the drifts effects on the divertor plasma and in/out asymmetry, the 2D contours of Te, total 
radiative power (Prad,total) and total Ne ions density (nNe,ions ) of no drifts, forward and reversed drifts cases with 

the same Ne seeding rates (5×1019 Ne atoms/s), marked by the blue dash lines in FIG. 2, are shown in FIG. 3. It 
can be seen that Te in forward Bt of the inner divertor is much lower that of no drifts and reversed Bt cases, and it 

is fully detached, as illustrated in FIG. 3(a). While in the no drifts cases, Te in the inner and outer divertor becomes 
to more symmetrical than that of forward case, as shown in FIG. 3(b), and the reversed case has the best in/out 
symmetry FIG. 3(c). From the radiation distribution, it is obvious that in forward case the high radiative power 

regions (HRR) mainly locates at the in the vicinity of the inner target as shown in FIG. 3(d); while in the no drifts 
and reversed Bt cases,  the HPR primarily locates at both the inner strike point (ISP) and OSP, as shown in FIG. 

3(e-f). It is notable that the radiated power around the XP in both forward and reversed drifts cases are remarkable 
higher than that of no drifts case. This indicates the drifts may promote the accumulation of Ne impurity in the 
divertor region, especially in the near-XP region. The possible reason is that drifts significant enhance the main 

plasma flow towards the downstream [2022 NF]. Furthermore, the Ne core accumulation in reversed Bt case is 
more severe than that of no drifts and forward drifts cases, as shown in FIG. 3(g-i). The explanation of the impurity 

core accumulation relies on the impact of drifts on the impurity transport. 

3.2. Effects of the divertor geometry on edge plasma  

The divertor geometry, plays important role on the divertor plasma. It has been reported that the closed divertor 
can promote the achievement of plasma detachment significantly by both simulations. The dome may change 
divertor closure, thus affecting the divertor in/out asymmetry and impurity screening. To investigate the combined 

effects between the drifts and divertor geometry, the dome is gradually reduced. Ne seeding with reversed drifts 
cases are selected due to the best in/out divertor symmetry according to previous disscusion. The albedo of cryo-
pump is set to 0.9 by default. First only the inner dome is narrowed, and then only the outer dome is diminished, 

finally the dome is removed.  
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FIG. 4 The 2D contours of Te (a-d), nions (e-h) and natom (i-f) in reversed Bt with original dome (top), inner dome modification 

(second row), outer dome modification (third row) and no dome modification (bottom). The Ne seeding rate is 5 ×1019 Ne 

atoms/s. 

The 2D contours of Te, nions and natom with different dome modifications are shown in FIG. 4. It is conspicuous 
that the divertor Te decreases as the dome is diminished, as shown in FIG. 4(a-d). The inner Te with inner dome 

alteration is notably lower than that of original dome, while Te in the outer divertor is similar between the original 
and inner modification dome cases, as illustrated in FIG. 4(b). Comparing with the original dome case, the Te in 
both inner and outer divertor have a reasonably decrease, as shown in FIG. 4(c), indicating the outer dome 

modification is more beneficial for the divertor symmetry. For the no dome case, the Te in the inner and outer 
divertor significantly reduce compared with other three dome modification cases, as shown in FIG. 4(d), especially 
for in the vicinity of targets. The inner and outer divertor detachment achieve simultaneously for the no dome 

modification case. Accordingly, it is found that more Ne ions accumulate in the divertor region as dome decreases, 
as shown in FIG. 4(e-h), especially in PFR. To explain the difference of Ne distribution, the 2D contours of atomic 

Ne density are shown in FIG. 4(i-l). It demonstrates that the atomic Ne density in the vacuum decreases when 

dome is reduced, implying the mitigation of pump capabilities, and thus affecting the Ne ions distribution.  

 

FIG. 5 The Zeff at OMP (separatrix) (red line) and the total Ne particles number (including neutrals and ions) in the divertor 

region (the region below the divertor entrance, green line) with different size of dome. The Ne seeding rate is 5×1019 Ne 

atoms/s. 

Z
 (

m
)

-1.4

-1.2

-1

-0.8

1.2 1.4 1.6

Electron temperature (eV) 

-1.4

-1.2

-1

1.2 1.4 1.6
0

10

20

30

nNe,total
-3)(m

-1.4

-1.2

-1

-1.4

-1.2

-1

1E18

2E18

4E18

3E18

5E18

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)
1E17.5

1E18

1E18.5

(i)

(j)

(k)

(l)

Pump=0.90

Inner dome

Outer dome

No dome

1.2 1.6 2

-1.4

-1.2

-0.6

-1.4

-1.2

-0.6

-1.4

-1.2

-0.6

-1.4

-1.2

-0.6

Ne atom density (m  )-3

R (m)

Z
ef

f 
a

t 
O

M
P

N
d

iv
er

to
r

Full Inner Outer No dome
3.2

3.3

3.4

3.5

3.6

3E19

4E19

5E19

6E19



 IAEA-CN-316/P5-3289  
 

 
 

 

The effect of dome modification on the impurity screening capacity is also assessed, the Zeff at OMP (separatrix) 
and the total Ne particles number (including neutrals and ions) as a function of dome diminishing, as illustrated 
in FIG. 5. It is found that the Zeff at OMP (separatrix) decreases and the total Ne particles (including neutrals and 

ions) in the divertor increases as the shrinkage of dome, suggesting the Ne particles are compressed from the core 

to the divertor region as the diminishing of dome. 

3.3. Effects of the seeding impurity species on the in/out asymmetry and impurity screening  

To satisfy the compatibility of detached plasma with high performance core plasma, the effects of impurity species 

on the plasma conditions have been studied in SD [22][34][37][38][39][40][41][42]. It is found that (1) the Ne 
mainly radiates around the separatrix and the XP, and easily escapes to the core due to the long mean free path 
and high first ionization potential (21.6 eV) [42]. (2) The Ar can simultaneously enhance the divertor and core 

radiation due to the low first ionization potential (15.8 eV) and high radiative efficiency, it may be trouble for the 
severely degradation of the core plasma performance [41]. To further study the impurity species effects on in/out 

asymmetry and impurity transport with forward and reversed drifts, a  statistical analysis of the in/out asymmetry 
is shown in FIG. 6. It is found that the both the Te and qdep in/out asymmetry for forward drifts with both Ne and 
Ar seeding are much intense, while the Te and qdep in/out asymmetry for the reversed drifts is more balanced with 

Ne or Ar seeding, which is agreement with Ref. [16]. However, there is no notable difference of in/out asymmetry 

between Ne and Ar seeding.  

 

FIG. 6 Comparison of 𝑇𝑒
𝑝𝑒𝑎𝑘  (a) and 𝑞𝑑𝑒𝑝

𝑝𝑒𝑎𝑘
 (b) between inner and outer divertor for forward (red) and reversed (green) 

drifts with Ne (diamond marker) and Ar (circle marker) seeding.  

To deeply explore the impurity on the divertor plasma conditions with full drifts, the 2D contours of Te, Prad,total 
and nimp with Ne (upper) and Ar (lower) seeding for reversed drifts with same puffing rate (Ne or Ar seeding rate 

is 5×1019 atoms/s and the upstream D2 fueling rate is 1×1022 D molecules/s) are shown in FIG. 15. It is clear that 
the Te in the divertor with Ar seeding is lower than that of Ne seeding, as shown in FIG. 15(a-b), which can be 
explained by the high Ar radiative efficiency. Accordingly, the high radiation power regions (>10MW/m3, 

HRPRs) with Ar seeding are more extended than that of Ne seeding, as illustrated in FIG. 15(c-d). The impurity 
screening with Ar seeding is much better than that of Ne seeding, and the total Ne ions density in the core is more 

than 2 times higher than the total Ar ions density, as shown in FIG. 15(e-f).  

4. SUMMARY AND CONCLUSIONS 

Modeling of SD on HL-3 with the SOLPS-ITER code has been carried out to analyze the effects of the toroidal 
magnetic field direction, divertor geometry, D2 fueling at upstream and impurity species on the divertor in/out 
asymmetry and impurity screening, with emphasis on the impacts of full drifts. After methodically Ne puffing 

rate scan for forward, no and reversed drifts, dome modification, upstream D2 fueling rate scan and Ne/Ar seeding 

rate scan for forward and reversed drifts, it is obtained that:  
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— By comparing the Ne seeding cases for forward, no and reversed drifts in SD, it is shown that drifts can 

remarkably enhance the main plasma conditions. More Ne particles are compressed to the divertor for drifts 

case than that of no drifts case due to the increase of D+ flux in the core by drifts. Moreover, the reversed 

drifts cases have a better in/out asymmetry, while the in/out asymmetry for the forward drift cases are much 

intense due to the combined effects between divertor geometry and the 𝐸 × 𝐵 drift. However, the core 

concentration for the reversed drifts cases are severe due to strong diamagnetic inflow around the XP. 

— The effects of dome modification on the in/out asymmetry and impurity screening are investigated. It is found 

that the shrinkage of dome can mitigate the pump capabilities, significantly affecting the Ne ions distribution 

and the in/out asymmetry. Moreover, the outer dome shrinkage is more efficient on the divertor Ne 

compression due to the associated effects between drifts and divertor geometry. 

— By the D2 fueling at upstream scan for reversed drifts with fixed Ne seeding (5×1019 Ne atoms/s), it 

demonstrates that the upstream D2 fueling can remarkably benefit the impurity screening and affect the Ne 

distribution and then influence the in/out asymmetry. 

— The core radiation for reversed drifts with Ne or Ar seeding is higher than that of forward drifts due to the 

strong diamagnetic inflow drives more impurities to the core region for the reversed drifts. Additionally, the 

impurity screening with Ar seeding is better than that of Ne seeding. However, the core radiation with Ar 

seeding is higher than that of Ne due to the high radiative efficiency of Ar. 

 

This work demonstrates and explains the remarkably effects of drifts, divertor geometry, upstream D2 fueling and 
impurity species (Ne or Ar) on the in/out asymmetry and divertor impurity screening in HL-3 of SD. However, 
some issues remain to be investigated: (1) the combined effects between the intrinsic carbon impurity and extrinsic 

impurity on the plasma condition with full drifts activated in SD. (2) the assessment of sputtering tungsten 

impurities in SD and snowflake divertor; (3) snowflake radiative divertor with active full drifts in HL-3. 
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