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Abstract 

A BOUT++ three-field MHD code coupled with an impurity model has been employed to investigate the physical 

processes of ELM triggering by lithium pellet injection from the poloidal positions of low-field-side X-point (scenario LFS-

X-point) and high-field-side X-point (scenario HFS-X-point), respectively. It is found that the ELM triggering threshold for 

injection from HFS X-point is smaller than that for injection from LFS X-point. The result is consistent with a previous JOREK 

simulation of deuterium pellet triggering ELM [Futatani S. et. Al., Nucl. Fusion, 54, 073008, 2014]. In addition, unlike scenario 

LFS-X-point, in scenario HFS-X-point there exhibits a broad parameter window for small pellet sizes, under which the 

triggered ELM size is only about 0.1%. This highlights a unique advantage of high-field-side pellet injection in ELM control. 

Furthermore, the characteristics of pellet-triggered ELMs vary significantly with the poloidal injection position. In scenario 

LFS-X-point, the triggered ELM undergoes phases of fast crash, turbulent transport, and saturation. In contrast, in scenario 

HFS-X-point, it is found that the nonlinear dominant mode can be rapidly suppressed to a very low level, making the fast crash 

phase negligible. As a result, the triggered ELM in this scenario exhibits turbulent characteristics. The present study is expected 

to provide a physical basis for choosing the poloidal geometry of pellet injection in future experiments.  

1. INTRODUCTION 

Edge Localized Modes (ELMs) are commonly observed at the plasma boundary under high-confinement mode 

(H-mode) operation in fusion devices [1]. Although ELMs facilitate the expulsion of excess particles and 

impurities from the core through the edge transport barrier [2], which is beneficial for steady-state operation, the 

associated high transient heat fluxes can cause severe material damage and reduce the lifetime of plasma-facing 

components (PFCs), especially the divertor targets [3]. Therefore, effective control of ELMs is crucial for 

achieving long-pulse, high-performance steady-state operation in future low-collisionality burning plasma 

tokamaks. 

Pellet injection has been demonstrated in multiple devices to effectively regulate ELMs by increasing their 

frequency and reducing their amplitude, whether using deuterium (D) pellets or impurity pellets [4-9]. However, 

deuterium pellet injection increases the total fuel throughput of the vessel, which will be constrained by the 
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capacity of pumping and tritium processing systems in future reactors [10]. Thus, impurity pellet injection remains 

a candidate scheme for active ELM control in future device operations, as it decouples ELM pacing and fuelling. 

Previous impurity pellet injection experiments were mainly conducted on the EAST and DIII-D devices [7-9,11-

13], among which lithium (Li) pellet injection has attracted significant attention. Sub-millimeter lithium pellets 

have been used in EAST experiments to successfully achieve active control of high-frequency natural ELMs; by 

varying the pellet size and injection frequency in real time, threshold behaviour in the pellet ELM triggering 

process was identified, and probabilistic triggering characteristics were observed when the injected pellet size was 

below the threshold [7-8]. This phenomenon has also been observed in DIII-D experiments, where it was found 

that the transient heat flux deposition on the inner and outer divertor targets could be effectively mitigated during 

ELM pacing [9]. 

Extensive simulations have also been conducted to explore the physical mechanisms underlying the pellet ELM 

triggering process. To describe the pellet ablation and homogenization processes, several models have been 

developed over the past decades [14-16]. Among these models, a hybrid model [15] has been coupled into the 

JOREK code to further investigate the characteristics of D-pellet triggered ELMs and their dependence on pellet 

injection parameters [17-20]. In the field of impurity pellet injection, the transport code SOLPS coupled with a 

dynamical Neutral Gas Shielding (NGS) model [16] has been employed to simulate the transport of Li ions and 

the evolution of background plasma profiles during Li pellet injection experiments on EAST [21]. Based on the 

previous SOLPS work, the threshold behaviour of pellet ELM triggering in EAST experiments was successfully 

reproduced by using a BOUT++ three-field MHD code, and the effect of radial deposition location on ELMs had 

been also discussed [22]. Moreover, through the development of an impurity model, our previous BOUT++ 

simulations enabled an in-depth study of the physical processes of ELM triggering by Li pellets [23]. 

However, compared with D pellet injection, the understanding of the physical mechanisms behind impurity pellet 

triggering ELM remains insufficient. To date, previous experiments and simulations have not investigated the 

effect of poloidal injection geometry on the ELM triggering process by impurity pellet. Given that the planned 

poloidal injection position for ITER is near the X-point [17], systematic simulation on this issue is necessary, 

which is the focus of the present work. Besides, a previous JOREK simulation found that the size threshold for 

ELM triggering by D pellets under different poloidal injection geometries contradicted conventional 

understanding: the threshold was lowest when injected from the high-field side (HFS), intermediate from the low-

field side (LFS) X-point, and highest from the outer midplane (OMP) [17]. However, the JOREK study did not 

provide an in-depth analysis of the underlying mechanisms. The findings of this paper can address this gap. The 

present work is the follow-up of [23]. In [23], we investigated the threshold behaviour and subsequent evolution 

of ELM triggering by Li pellets injected from OMP. This paper further extends the study to other scenarios 

including injection from the LFS X-point and the HFS X-point, aiming to reveal the effect of poloidal injection 

geometry on Li pellet triggering ELM. 

The remaining parts of this paper are organized as follows: the physical model and simulation setup are presented 

in Section 2; the results are reported in Section 3; and the conclusions and discussions are summarized in Section 

4. 

2. MODEL AND SIMULATION SETUP 

A BOUT++ three-field MHD code coupled with an impurity model [23] is employed here to investigate the 

triggering and subsequent evolution of ELMs following Li pellet injection from different poloidal positions under 

the EAST experimental configuration. The model evolves three perturbed physical quantities: vorticity 𝜛 , 

pressure 𝑃 , and parallel vector potential 𝐴∥ . After incorporating peeling-ballooning modes (PBMs), ion 

diamagnetic drift, electric drift, gyro-viscosity, resistivity, anomalous electron viscosity and impurity equilibrium 

effects, the governing equations of the MHD model are expressed as follows: 

𝜕𝜛

𝜕𝑡
+ 𝒗𝐄 ⋅ 𝜵𝜛 = 𝐵0𝛻∥𝐽∥ + 2𝒃𝟎 × 𝜿𝟎 ⋅ 𝜵𝑃 

                   −
1

2Ωi
[𝑍i𝑒𝑛i,0𝒗𝐃𝐢 ⋅ 𝜵(𝛻⊥

2Φ) − 𝒗𝐄 ⋅ 𝜵(𝛻⊥
2𝑃i) + 𝛻⊥

2(𝒗𝐄 ⋅ 𝜵𝑃i)],  

                   −
1

2Ωim
[𝑍i𝑒𝑛im,0𝒗𝐃𝐢𝐦,𝟎 ⋅ 𝜵(𝛻⊥

2Φ) − 𝒗𝐄 ⋅ 𝜵(𝛻⊥
2𝑃im,0) + 𝛻⊥

2(𝒗𝐄 ⋅ 𝜵𝑃im,0)] (1) 

𝜕𝑃

𝜕𝑡
+ 𝒗𝐄 ⋅ 𝜵𝑃 = 0,  (2) 
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𝜕𝐴∥

𝜕𝑡
= −𝛻∥Φ +

𝜂

𝜇0
𝛻⊥

2𝐴∥ −
𝜂H

𝜇0
𝛻⊥

4𝐴∥. (3) 

In equations (1~3), all quantities consist of equilibrium and perturbed components, which can be represented as 

𝐹 = 𝐹0 + 𝐹1 . In this model, 𝜛 =
𝑛i,0𝑚i

𝐵0
(𝛻⊥

2𝜙 +
1

𝑛i0
𝜵𝑛i,0 ⋅ 𝜵𝜙 +

1

𝑛i,0𝑍i𝑒
𝛻⊥

2𝑃i,1) +
𝑚im𝑛im,0

𝐵0
(∇⊥

2 𝜙 +
1

𝑛im,0
𝛻⊥ϕ ⋅

𝛻⊥𝑛im,0), 𝐽∥ = 𝐽∥,0 −
1

𝜇0
𝛻⊥

2𝐴∥, 𝜿𝟎 = 𝒃𝟎 ⋅ 𝜵𝒃𝟎 , 𝒗𝐄 =
𝒃𝟎×𝛻⊥Φ

𝐵0
, 𝒗𝐃𝐢 =

𝒃𝟎×𝛻⊥𝑃i

𝑍i𝑒𝑛i,0𝐵0
, 𝒗𝐃𝐢𝐦,𝟎 =

𝒃𝟎×𝛻⊥𝑃im,0

𝑍im𝑒𝑛im,0𝐵0
, Ωi =

𝑍i𝑒𝐵

𝑚i
, 

and Ωim =
𝑍im𝑒𝐵

𝑚im
. The spatial operators are defined as follows: 𝛻∥ = 𝒃 ⋅ 𝜵 = (𝒃𝟎 + 𝒃𝟏) ⋅ 𝜵 , 𝒃𝟏 =

𝑩𝟏

𝐵0
=

1

𝐵0
 𝜵𝐴∥ × 𝒃𝟎, 𝜵⊥ = 𝜵 − 𝒃𝛻∥. For more details about the BOUT++ two-fluid model, please refer to [24-28]. 

In this study, the total equilibrium pressure is defined as 𝑃0 = 𝑃i,0 + 𝑃e,0 + 𝑃im,0 , which is modified by the 

impurity equilibrium pressure. In addition, the relationships between the other impurity equilibria and the 

background plasma equilibria are 𝑇im,0 = 𝑇i,0  and 𝑛im,0 = ∆𝑃p (𝑍im𝑇e,0 + 𝑇i,0)⁄ , respectively. Here, the 

quantity ∆𝑃p describes the pressure perturbation introduced by Li pellet injection, and its expression is given by: 

∆𝑃p = 𝑃height × 𝑒
−(

𝑥−𝑥center
𝑥width

)
2

× 𝑒
−(

𝑦−𝑦center
𝑦width

)
2

, (4) 

where 𝑃height is the amplitude of ∆𝑃p; x is a normalized poloidal magnetic flux and y is a parameter to represent 

the poloidal position; the dimensionless parameters 𝑥width, 𝑥center and 𝑦width, 𝑦center are used to control the 

width and the peak position of ∆𝑃p profile in the radial and poloidal directions, respectively. In this work, the 

parameter 𝑍im is the effective charge number and its value is set to be three for Li impurity. 

 

Fig. 1. Diagram of poloidal injection geometries in scenarios (a) LFS X-point and (b) HFS X-point. 

The present paper simulates scenarios in which the pellets are injected from two poloidal positions: the low-field-

side X-point (scenario LFS-X-point) and the high-field-side X-point (scenario HFS-X-point), with a schematic 

provided in Fig. 1. A previous JOREK simulation [17] showed that for a pellet of identical size and injection 

speed, which is capable of triggering ELMs, the radial extent of the locally enhanced pressure profile introduced 

by pellet ablation is broadest when injected from the outer midplane (scenario OMP), intermediate for injection 

from the LFS X-point, and narrowest for injection from the HFS. Moreover, as the pellet injection position shifts 

from OMP to HFS, the radial position of the pressure perturbation peak gradually moves toward the plasma edge. 

Based on the findings, the radial parameters 𝑥center and 𝑥width in Equation (4) are set to 0.956 and 0.016 for 

scenario LFS-X-point and to 0.975 and 0.011 for scenario HFS-X-point (in our previous work [23], the scenario 

OMP uses 𝑥center  = 0.937 and 𝑥width = 0.021), thereby describing the radial pressure perturbation profiles 

induced by pellet injection in corresponding scenarios. Besides, as the previous SOLPS and JOREK simulations 

[17, 21] both suggested that the locally enhanced radial pressure peak following pellet injection is a critical 

parameter for ELM triggering, the cases with similar initial local pressure peaks after pellet injection are then 

compared between the two scenarios in this work, i.e., those represented by curves of the same color in Fig. 2.  
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Besides, considering that in the present simulation the number of poloidal grid points near the X-point region is 

approximately 1.5 times that at the outer midplane, the poloidal parameter 𝑦width in Equation (4) is set to 0.2 for 

scenarios LFS-X-point and HFS-X-point to ensure that the primarily Li-ions-affected region along the poloidal 

direction determined by the pressure perturbation ∆𝑃p remains consistent with that of scenario OMP in [23], 

where 𝑦width is set to 0.3. Furthermore, the other BOUT++ simulation settings, as well as the EAST equilibrium 

and the pellet ELM triggering model used in this study are both identical to those in our previous work. For more 

details, refer to [23]. 

3. SIMULATION RESULT 

In this work, the nonlinear simulations, which consider the interactions between n = 0, 5, 10, 15, 20, 25, 30, 35, 

40 modes, are performed to investigate the physical mechanisms behind ELM triggering when lithium pellets are 

injected from the low-field-side X-point and the high-field-side X-point, respectively. the toroidal mode numbers 

n of the modes with the highest linear growth rates were found to be 5, 5, and 10 for the cases of Rp = 2.1, 2.8, 

and 3.5 in scenario LFS-X-point; whereas for the cases of Rp = 4.6 and 5.7 in scenario HFS-X-point, the toroidal 

mode numbers were both 5. Hereafter, the mode with the highest linear growth rate in each case of the two 

scenarios is defined as the linear dominant mode, and the mode characterized by rapid growth of perturbation 

amplitude in nonlinear simulations that ultimately triggers an ELM is defined as the nonlinear dominant mode. 

the parameter Rp is defined as the rate of the modified pressure over the unperturbed one at the radial peak 

deposition position (i.e., Rp = 𝑃mod,PDP 𝑃0,PDP⁄  where PDP stands for peak deposition position), which is used to 

represent the pellet deposition amount in a given scenario [22-23]. The time step 𝜏A is 0.47 μs for every case. 

3.1. Pedestal energy loss 

Fig. 2 shows the time evolution of the ELM size for the cases in scenarios LFS-X-point and HFS-X-point, 

respectively. For the definition of ELM size please refer to [23]. As can be seen from Fig. 2(a), for scenario LFS-

X-point, no pedestal energy loss is observed within the whole simulation time when Rp = 1.4. When Rp > 1.4, it 

can be seen that the injected pellets can both trigger ELMs with significant amplitude, whose evolution after ELM 

onset consists of the phased of fast crash, turbulent transport and saturation. Moreover, it is observed that as Rp 

increases, the time point of ELM onset gradually decreases to around t = 180 𝜏A. 

 

Fig. 2. Time evolutions of ELM sizes in scenarios (a) LFS-X-point and (b) HFS-X-point. 

In contrast, when Li pellets are injected from HFS X-point (scenario HFS-X-point), the evolutionary 

characteristics of the triggered ELMs are very different from those in scenario LFS-X-point. As shown in Fig. 

2(b), although pellet injection still induces pedestal energy loss even in the smallest Rp case, the fast crash phase 

of the ELM evolution is negligible. Namely, the triggered ELMs almost directly enter and remain in a turbulent 

transport phase with low energy loss rate, resembling the turbulent crash mentioned in [29]. Furthermore, the time 

points of ELM onset in the cases of scenario HFS-X-point are both much larger than those in scenario LFS-X-

point, all exceeding 360 𝜏A. Under these conditions, the ELM sizes in the former are significantly smaller than 

those in the latter. 

3.2. Toroidal components of pressure perturbation 

To better understand the process of nonlinear ELM evolution induced by Li pellet injection from different poloidal 

positions, we take a look at the time evolutions of the on-resonant toroidal components (n ≠ 0) of pressure 

perturbation after pellet injection. The data of scenarios LFS-X-point and HFS-X-point are chosen, respectively, 
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from the positions of the negative and positive extrema of the radial pressure gradient at the poloidal injection 

position. The results are depicted in Fig. 3. The insets in this figure include the period near ELM onset. The red 

dashed lines represent the time points of ELM onset, which are obtained based on the data of Fig. 2. It is clearly 

seen from Fig. 3 (a~c) that when lithium pellets are injected from the LFS X-point, in the case of Rp =2.1, no other 

mode grows to become a nonlinear dominant mode with amplitude comparable to the dominant n = 5 mode before 

ELM onset. Moreover, the n = 5 mode does not undergo a secondary growth after ELM onset; instead, it decays 

slowly with oscillations during the fast crash phase. This behavior differs from the characteristics of turbulent 

ELMs mentioned in [23] but is closer to a conventional ELM crash. Only when Rp is increased to 2.8 can the 

secondary growth of the nonlinear dominant n = 5 mode be observed. When Rp is further increased to 3.5, the 

linearly dominant n = 10 mode and the n = 5 mode (whose linear growth rate is similar to that of n = 10 mode) 

can grow fast together and jointly trigger a turbulent ELM. Besides, both of the two modes are observed to 

experience a secondary growth after ELM onset. These results are consistent with those in our previous work in 

which the pellet is injected from the poloidal position of OMP [23]. Furthermore, because of the secondary growth 

of nonlinear dominant modes, the corresponding pedestal energy losses during the fast crash phase in the cases of 

Rp = 2.8 and 3.5 are more pronounced than that when Rp =2.1, as shown in Fig. 2(a). 

 

Fig. 3. Time evolutions of on-resonant modes when Rp = (a) 2.1, (b) 2.8 and (c) 3.5 in scenario LFS-X-point, and when Rp = 

(d) 3.4, (e) 4.6 and (f) 5.7 in scenario HFS-X-point. The insets in this figure include the period near ELM onset. The red 

dashed lines represent the time points of ELM onset, which are obtained based on the data of Fig. 2. 

However, when Li pellets are injected from HFS X-point, the results are very different from those in scenario 

LFS-X-point. From Fig. 3(d~f), it can be found that regardless of the value of Rp, the existence of multiple 

nonlinear dominant modes is not observed. Additionally, in the cases of Rp = 4.6 and 5.7, the nonlinear dominant 

n=5 mode does not undergo a secondary growth after ELM onset but rapidly decreases to a low level (which is 

comparable to other modes) within a very short time (only several time steps). Consequently, the corresponding 

pedestal energy loss then exhibits characteristics of P-B turbulence, as indicated by the purple and green curves 

in Fig. 2(b). As for the case of Rp = 3.4, it can be seen from Fig. 3(d) that although the n=5 mode is excited by 

nonlinear interaction and becomes dominant, its amplitude still remains at a low level, which is similar to other 

modes. As a result, only a small energy loss in the pedestal region is observed towards the end of the simulation 

time, as shown by the blue curve in Fig. 2(b). 

3.3. Dependence of ELM size on pellet deposition amount 

Finally, the dependence of ELM size on pellet deposition amount is discussed. Since the parameter Rp is only 

applicable for reflecting the pellet deposition amount in specific scenarios, it is inconvenient to directly compare 

the simulation results in scenarios of different poloidal injection positions by using Rp. Consequently, the total 

amount of pellet deposition is estimated from the initial change in normalized internal energy of the plasma system 

after pellet injection, which can be represented by the quantity ∆𝐸tot,norm. For its definition, please refer to [22]. 

By scanning Rp, Fig. 4 presents the variation of ELM size with ∆𝐸tot,norm for scenarios LFS-X-point, and HFS-

X-point. Through comparison of the two scenarios, it can be clearly observed that the ELM triggering threshold 
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is smaller when lithium pellets are injected from the high-field side compared to the low-field side, which agrees 

well with the previous JOREK study [17]. Using the relationship between the initial change in normalized internal 

energy ∆𝐸tot,norm  after pellet injection and pellet diameter 𝑑p  from [22], the corresponding size thresholds 

𝑑p,thr  approximately 0.44–0.46 mm for scenario LFS-X-point, and 0.32–0.4 mm for scenario HFS-X-point, 

respectively. 

 

Fig. 4. ELM size at t = 500 𝜏𝐴 versus initial change in normalized internal energy ∆𝐸𝑡𝑜𝑡,𝑛𝑜𝑟𝑚 in scenarios LFS-X-point 

and HFS-X-point. 

In detail, for scenario LFS-X-point, when ∆𝐸tot,norm is below the threshold, the ELM sizes are zero; when the 

triggering threshold is exceeded, the ELM size is approximately proportional to ∆𝐸tot,norm, and the values are 

around 1% or higher. In contrast, the result for pellet injection from HFS X-point is different. It is found that in 

scenario HFS-X-point, when ∆𝐸tot,norm < 2 ×10-6, the ELM sizes are on the order of 0.1%, rather than zero. 

This finding indicates that when the poloidal injection position is on the high-field side, a wider parameter window 

exists for pellets, within which the injection of smaller-sized pellets can enhance edge particle transport without 

significantly degrading plasma confinement. Furthermore, it is observed from Fig. 4 that when ∆𝐸tot,norm > 

2 ×10-6, the amplitudes of pellet-triggered ELMs remain smaller than those in scenario LFS-X-point, and with 

increasing ∆𝐸tot,norm, the pedestal energy loss eventually saturates. 

4. CONCLUSIONS AND DISCUSSIONS 

In the present paper, a BOUT++ three-field MHD code coupled with an impurity model is employed to investigate 

the physical mechanisms behind the process of pellet ELM triggering in the EAST experimental configuration, 

focusing on lithium pellet injection from different poloidal positions. The simulated poloidal injection positions 

included the low-field-side X-point (scenario LFS-X-point) and the high-field-side X-point (scenario HFS-X-

point). For comparative analysis, the cases with comparable local pressure peak (LPP) after pellet injection are 

selected from scenarios LFS-X-point and HFS-X-point, although the Rp values, which indicate the pellet 

deposition amounts in each scenario, differ. 

Nonlinear simulations shows that there exist significant differences in the characteristics of pellet-triggered ELMs 

in scenarios LFS-X-point and HFS-X-point. In scenario LFS-X-point, when the ELM triggering threshold is 

exceeded, the ELM evolution undergoes three distinct phases—fast crash, turbulent transport, and saturation—

resulting in substantial energy loss from the pedestal region. The result is consistent with findings in [23] in which 

the pellet is injected from the poloidal position of OMP. In contrast, for scenario HFS-X-point, it is found that 

regardless of the LPP magnitude, the fast crash phase, associated with the most rapid energy loss, was negligible. 

The triggered ELM transitioned almost directly into and persisted in the turbulent transport phase (which 

characterizes slow energy loss) after an extended linear phase, resembling the turbulent crash mentioned in [29]. 

Consequently, the ELM loss in scenario HFS-X-point was considerably smaller than that in scenarios LFS-X-

point. 

In addition, the time evolution of the toroidal components of pressure perturbation is investigated. When pellets 

are injected from LFS X-point, it is found that in the cases of small LPP, the ELM is triggered by a single nonlinear 

dominant mode, which does not undergo a secondary growth during the fast crash phase after ELM onset but 

decays slowly with oscillations. The result indicates that the ELM crashes in small LPP cases are more similar to 

the conventional ELMs, differing from the turbulent ELMs observed in scenario OMP as referenced in [23]. 
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Unlike scenario LFS-X-point, in scenario HFS-X-point, the existence of multiple dominant nonlinear modes is 

not observed, irrespective of LPP size. It is also found that for large LPP, although a nonlinear dominant mode 

emerges during the linear phase and finally trigger an ELM, its amplitude decays rapidly to a very low level, 

similar to other modes that failed to grow effectively. 

Furthermore, the dependence of ELM size on the pellet deposition amount is also examined in this study. The 

comparison among the two scenarios clearly showed that the ELM triggering threshold was lower for high-field-

side pellet injection compared to low-field-side X-point injection, which is in agreement with previous JOREK 

results [17]. Additionally, the trend of ELM size with pellet deposition amount in scenario HFS-X-point differs 

from that in scenario LFS-X-point: for small pellet injection, a broad parameter window is identified where ELM 

sizes remain around the order of 0.1%. The result suggests that the injection of a small pellet from HFS-X-point 

can enhance the edge particle transport without significantly degrading plasma confinement. This highlights the 

unique advantage of high-field-side pellet injection for ELM control. 

The insights into the physical mechanisms of Li pellet triggering ELM obtained in this study are also expected to 

provide guidance for choosing the poloidal geometry in future D pellet injection experiments. However, further 

simulation and experimental investigations are necessary for validation. 
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