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Abstract: The effects of Nitrogen injection on heat load in the scape-off layer (SOL) are 

systematically investigated in the EAST double-null divertor configuration using EMC3-EIRENE 

code. Nitrogen impurities injected near the separatrix line and away from the separatrix line give 

rise to a non-axisymmetric distribution of heat load on the target plate. With impurity injection near 

the separatrix line, the occurrence of the toroidal asymmetric heat load is observed only nearby the 

toroidal injection location, while with the injection away from the separatrix line the regions of the 

asymmetric heat load extend and deviate from the toroidal injection position. The competition 

between the friction force and the ion temperature gradient force has been analyzed. It shows that 

when impurities are injected away from the separatrix line more impurities can be parallelly 

transported to a further toroidal location, which results in the extension and deviation of the non-

symmetric electron temperature. When the input power is increased, the non-symmetric 

phenomenon of the heat load turns to be insignificant due to the reduction of the impurity density 

in the downstream regions, as illustrated by the field line tracing technique. Furthermore, by 

scanning various injection positions in the EAST tokamak, the optimum location of impurity 

injection has been discovered.  
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1. Introduction 

Impact of gas injection on the edge plasma transport is crucial to long-pulse high-performance 

operations in tokamaks. In order to stably control plasma conditions in experiments it is necessary 

to evaluate the particle and energy deposition on the tokamak target in 3D geometric configurations. 

The heat flux on the divertor targets is expected to decrease to an acceptable level through injecting 

gas like Nitrogen, Neon and Argon. Theoretical and experimental investigations have been widely 

carried out to reduce the heat flux on the targets and plasma wall interactions in EAST[1], JET[2-

3], LHD[4] ,W7-AS[5] and ITER[6-7]. In the future, the materials of divertor plates in EAST 

would be upgraded to tungsten on both of up and low plates based upon the cassette and mono-

block technology like ITER which could endure the heat load within the limit of 10 MW/m2[8]. 

High-Z impurity like tungsten melting from the plasma facing components (PFCs)[9] can 

significantly damage the plasma confinement performance by means of radiative power losses and 
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fuel dilution, causing plasma disruptions and cooling. Hence, studies of edge impurity transport and 

power deposition under the condition of high input power discharge are important to deeply 

understand the divertor operation.  

Gas injection is one of the most promising methods to keep heat flux as low levels during the long 

-pulse steady-state operation. The codes such as SOLPS[10-11] and EMC3-EIRENE[12-13] have 

been widely used to investigate the edge plasma and impurity transport in the toroidal magnetic 

confinement devices. EMC3-EIRENE is a parallel package for the study of three-dimensional 

boundary plasma and impurity transport. It uses a complex physical model containing the mass, 

momentum and energy equations, the collision between particles, the atomic processes, and the 

interaction between the plasma and the first wall. The non-axisymmetric phenomena are intrinsic in 

stellarators[14-16]. This code has been successfully applied to many fusion devices including W7-

AS[12-17], LHD[18-21], DIII-D[22], ASDEX Upgrade[23-24] and EAST[25-27]. Recently 

numerical research shows that lithium emission pattern simulated by EMC3-EIRENE presents 

three-dimensional distribution in EAST[28-30], which are in good agreement with experiment 

results measured by the CCD camera. Effects of neon injection positions on heat flux distribution 

on EAST have been investigated numerically, which shows a lower heat load with the injection near 

the strike points and the symmetric distribution of heat load with the injection away from strike 

points[31]. However, the influence of Nitrogen injection on the toroidal asymmetric distribution of 

heat load on the divertor is not adequately revealed. In order to optimize impurity puffing position 

for heat flux mitigation, it is of great importance to investigate the heat flux distributions with 

different Nitrogen injected positions.   

In this paper, we use EMC3-EIRENE code to simulate the edge plasma transport in EAST. In 

Section 2, the divertor geometry of the EAST configuration and the physical model of the EMC3-

EIRENE code are addressed. The effects of Nitrogen injections on the symmetric/asymmetric heat 

load are studied in Section 3. Then, we focus on the influence of the momentum transport on the 

edge plasma temperature and illustrate the impurity density as well as radiation distribution along 

the magnetic field with different input powers in Section 4. Finally, conclusions are showed in the 

last section. 

 

2. Computation Grid and Physical Modeling 

In this study, the computational grid is constructed by the shot number #048466 of EAST double-

null magnetic configuration shown in Figure 1 (a). The schematic drawing of Nitrogen impurity 

injection positions marked by the black circles shown in Figure 1(b). The equilibrium is provided 

by equilibrium fitting (EFIT) code and the toroidal magnetic field B = 1.8 T. The grid comprises six 

sub-zones including (1) the main plasma core region; (2) SOL region between the first and second 

separatrix; (3) left and (4) right SOL outward the second separatrix; (5) up and (6) down private 

flux regions. To obtain the particle flux from the core plasma, the simulation domain for EMC3-

EIRENE is extended inside the core plasma. The radial, poloidal and toroidal resolutions of the core 

mesh are set as 90, 300 and 17, respectively for each toroidal segment, which has a toroidal length 

of 36 . Periodic boundary conditions are utilized to generate the mesh of 360  in the toroidal 

direction by reversible field-line mapping (RFLM) numerical technique which uses bilinear field-



line interpolation method to solve the boundary numerical problem[32-33].  

 

Figure 1. The poloidal cross section of the EAST double null configuration grid and the distribution 

of the magnetic strength (a). The schematic drawing of Nitrogen impurity injection positions (b) 

marked by the black circles along the red reference line. Two of them, P1 near the separatrix and P2 

away from the separatrix are indicated by two black dashed vertical lines.  

The EMC3-EIRENE code self-consistently combines EMC3 with EIRENE. EMC3 solves the 

steady-state plasma fluid equations of mass, momentum and energy in the arbitrary magnetic 

geometry using locally field -aligned fluid equations. EIRENE handles the neutral particle transport 

and the corresponding atomic and molecular processes. Besides, the transport, collision with main 

plasma, ionization and recombination process of the impurity are also contained into the physical 

model. An exponential decay is utilized at the plasma boundary. The EMC3-EIRENE formulas are 

as follows: 
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Here, Eqs. (1) - (4) represent the particle balance, momentum balance ions and electrons energy 

balance, respectively. , , ,p m ee eiS S S S  represent the particle, momentum, electron and ion energy 

sources from neutrals. 
,e coolS   is the energy loss due to radiation and ionization and 

3 ( )e e e i i eiQ m n T T m   is energy loss due to ion and electron collisions. e   is the unit vector 

along the magnetic field and I  is the perpendicular unit tensor. D
, 

e 
, 

i 
, 

e  and 
i  

are the cross-field diffusion coefficients, cross-field electron energy transport, cross-field ion energy 

transport, electron parallel thermal conductivity and ion parallel thermal conductivity coefficients , 

respectively. Plasma are considered to transport from the upstream region to the target plates at the 

thermal speed. It is assumed that plasma ions and electrons are completely neutralized on the targets 

and the flux of neutral particles are considered at the plates. Despite the absence of effects of volume 

recombination and flux limiters , simulation results from EMC3-EIRENE are in good agreement 

with these from SOLPS[34]. Due to numerical difficulties, the implementation of drift effects in 

the 3D model is a matter of ongoing development[35]. In terms of the impurity edge transport, it 

contains classic transport along the magnetic field line and diffusion perpendicular to the parallel 

direction. The parallel forces on impurity ions are friction force, impurities pressure gradient, 

electrical force, electron temperature gradient force and ion temperature gradient force: 
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Where 1 1 1 1z z z z z z z zS S R R          are the ionization and recombination rates for impurities, 

the subscript I  and z  represent the impurity and the charge number, the friction coefficient 

z Z

Ii z IU m n   ,   is the mean impurity-ion collision time, the parameters
Ie  and

Ii  are the 

coefficients of the temperature gradient force, the cross-field diffusion coefficient of impurity is 
z

ID  and the impurity temperature equal the plasma ion temperature =z

I iT T .  

Figures 2 (a) - (c) show the poloidal cross-sections of electron density, electron temperature and ion 

temperature with the input power  1 MWinP    and the upstream electron density 
19 3

en = 1.0 10 m . Input power in SOL regions is the summation of heat power and radiation loss 

power from the core plasma. Figures 2(d) - (f) show the electron density, electron temperature and 

ion temperature profiles at the outer-mid plane, respectively. The cross-field transport coefficients 

are established by fitting the upstream density and temperature profiles, which are considered as 

typical empirical parameters 
2 10.3 D m s   and 

2 11.0 i e m s  

    . 

 

 



 

 

Figure 2. The poloidal cross-sections of electron density (a), electron temperature (b) and ion 

temperature (c) at the toroidal angle 00   ; The radial profiles of plasma density (d), electron 

temperature (e) and ion temperature (f) at the outer-mid plane. The dashed lines correspond to the 

last close flux surface. 

In simulations, we scan the input power 
inP  from 1 MW to 6 MW with keeping other initial 

parameters as constants. Figure 3 show the distribution of heat flux at the out-lower target plates 

without the impurity. The x-axis desribes the distance to the divertor corner on the target plates. The 

positions of peak values are close to the strike point on the target plates. The peak values of heat 

load increase from
21.0 MW/m
to 

214.5 MW/m .The heat flux can be evaluated by the two-point 

model on the edge transport in SOL, which illustrates the particle and energy transport between the 

upstream regions and the downstream regions. The assumption, 
7 2 7 2

t uT T  and /inq P A  , is 

under consideration. The term A  denotes the total cross-sectional area of the SOL for power flow. 

Therefore, the downstream temperautre and density of two-point model could be analytically solved 

as the target temperature  
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increasing input power.  



               

 

Figure 3. The distributions of heat flux on the outer-lower divertor plates for the different input 

power 1 MW, 3 MW and 6 MW. The x-axis represents the distance to the divertor corner. 

3. Non-symmetric heat flux    

In this section, the effect of the Nitrogen impurity injection on the heat load at divertor targets has 

been investigated. The impurities are injected near the separatrix P1 and away from the separatrix 

P2 indicated by black dashed lines in Figure 1 (b). The impurity diffusion coefficient is 
2 10.5 ID m s  . Based on the seeding rate of the gas puffing system in EAST, the injection flux 

( the total number of impurity particles per second ) is set as 20 16.24 10 s  with the initial impurity 

energy of 0.03 eV[31]. Figure 4 shows the toroidal distribution of heat flux on the out-lower divertor 

plates with Nitrogen impurity seeding at P1 (a, c, e))/P2 (b, d, f) and the input power are 1 MW (a, 

b), 3 MW (c, d) and 6 MW (e, f), respectively. The vertical axis represents the distance to the divertor 

corner. The dashed lines correspond to the toroidal injected position at the same toroidal angle 
00   . With the impurity injection at P1 and the low input power (1MW), the heat load 

significantly decreases near the injection position (from 00   to 036   ) in Figure 4 (a). A 

significant impurity radiation near the toroidal injected position leads to a non-symmetric 

distribution of heat load. It is noteworthy that with the impurity injection at P2, the symmetry-

breaking phenomenon extends from 00    to 072    in Figure 4 (b). As the input power 

increases, such a non-symmetric structure disappears shown in Figures 4 (e) and (d, f). Detailed 

analysis has been given in the following subsections.      

 



 

Figure 4. The distributions of heat flux on the out-lower divertor plates with Nitrogen injected 

near the separatrix (a, c, e) and away from the separatrix (b, d, f). The input powers are 1 MW 

(a, b), 3 MW (c, d) and 6 MW (e, f), respectively. The dashed lines correspond to the toroidal 

injected position at the same toroidal angle 00  . The horizontal axis and vertical axis are 

the toroidal angle and the distance to the divertor corner, respectively. 

To adequately investigate the above-mentioned asymmetric heat load, the radial distributions of the 

momentum (a) the electron temperature (b), the Nitrogen density (c) and the radiation power (d) 

along the reference line with Nitrogen injected at P1 (1 MW) and P2 (1 MW) shown in Figures 5 

and 6, respectively. The five curve lines illustrate different toroidal angles located at  = 0 (black), 

 = 18   (blue),  = 36   (red),  = 54   (green) and  = 72   (purple). The parallel 

momentum transport of impurities is mainly dominant by the friction force and ion temperature 

gradient force along the magnetic field shown in the Eq. (6), while the radial penetration depth of 

the Nitrogen impurity is a complex physical process, which is determined by both the cross-field 

diffusion coefficient and the ionization process. The absolute difference of the momentum driven 

by the friction force and the temperature gradient force is displayed in Figures 5 (a) and 6 (a), where 



the red dashed lines correspond to the radial injected positions. When the friction force is dominant 

(R ≈ 176.8 ~ 178.0 cm), the force is to push the impurity to the divertor targets along the magnetic 

line which leads to enhancement of the impurity density and the radiation power on the targets 

shown in Figure 5 (c, d) and 6 (c, d). On the contrary, if the ion temperature gradient force is 

dominant (R ≈ 178.0 ~ 179.0 cm), the impurity is transported to the upstream regions, giving rise to 

a decrease of the impurity density and the radiation power. It can be seen that the higher ion 

temperature gradient force leads to the lower impurity density at P1 (R ≈ 178.0 ~ 179.0 cm) 

compared that at P2 in Figures 5 (a) and 6 (a). A correlation of an increase of the impurity radiation 

with a decrease of the temperature is observed in Figures 5 (b, d) and 6 (b, d). It is noted that around 

the toroidal angle 00    the peak electron temperature is greatly decreased in Figure 5 (b). 

However, the toroidal region with decreased peak electron temperature extends from 00   to 
072    as shown in Figure 6 (b). Therefore, more impurities can be parallelly transported to a 

further toroidal region by the friction force combined with the lower ion temperature gradient force 

when impurities are injected away from the separatrix, which broadens the non-axisymmetry of 

electron temperature. Thus, in Figure 4 (b) a significant extension and deviation of the regions of 

reduced heat load around the injection point are found.     

 

Figure 5. The radial profiles of the absolute difference of the momentum driven by the friction force 

and the temperature gradient force (a), electron temperature (b), Nitrogen ion density (c) and 

radiation power (d) at the toroidal angle from  = 0  to  = 72  with the impurity injected at P1 

(1 MW), respectively. The red dashed lines describes the radial position of P1.   

 



 

Figure 6. The radial profiles of the absolute difference of the momentum driven by the friction force 

and the temperature gradient force (a), electron temperature (b), Nitrogen ion density (c) and 

radiation power (d) at the toroidal angle from  = 0  to  = 72  with the impurity injected at P2 

(1 MW), respectively. The red dashed lines describes the radial position of P2.   

In order to investigate the relation between 3D Nitrogen radiation and heat flux, the field line tracing 

(FLT) technology is utilized. Figures 7 and 8 demonstrate the distributions of electron density (a), 

electron temperature (b), Nitrogen ion density (c) and radiation power (d) along the flux tube from 

out-lower targets to inner-lower targets with Nitrogen injected at P1 and P2, respectively. The black, 

red and blue solid curves represent the above-mentioned parameters with the input power equal to 

1MW, 3 MW and 6MW, respectively. The start points for FLT are located on the outboard targets at 

toroidal angles 00   in Figure 7 and 036    in Figure 8. It can be seen that the downstream 

plasma density decreases and the amplitude of upstream temperature enhances as the input power 

increases shown in Figures 7 (a, b) and 8 (a, b). The impurity density and radiation with different 

input powers approximagtely keep simliar magnitudes on the targets plotted in Figure 7 (c,d). 

Moreover, the impurity density and radiation power raise with an increase of the input power at both 

of upstream and downstream regions. Thus, the non-symmetric heat load becomes weak with 

increasing the input power due to the fallen proportion between the radiation power and the total 

power in Figure 4 (a, c, e). The similar variation trend of Nitrogen density and radiation is observed 

as well at the upstream regions in Figure 8 (c, d). However, the impurity density and radiation power 

are negatively correlated to the input power in the downstream regions. It can be found that the 

radiation power for 1 MW is about three orders of magnitude higher than that for 6 MW on the 

targets. Therefore, the decreasing of the impurity density in the downstream regions give rise to the 

vanishing of non-symmetric heat load as shown in Figure 4 (b, d, f). 



 

Figure 7. The electron density (a), electron temperature (b), Nitrogen ion density(c) and radiation 

power (d) along the magnetic field line at position P1. The black, red and blue solid curves represent 

the relevant distributions against the toroidal angle with the input power equal to 1MW, 3 MW and 

6MW, respectively.  

 



Figure 8. The electron density (a), electron temperature (b), Nitrogen ion density(c) and radiation 

power (d) along the magnetic field line at position P2. The black, red and blue solid curves represent 

the relevant distributions against the toroidal angle with the input power equal to 1MW, 3 MW and 

6MW, respectively.  

Additionally, a study on effects of radial impurity injected positions on heat load has been performed 

in Figure 9 (a, b). The injected positions scanned in the radial direction are marked by the black 

circles in Figure 1 (b). The horizontal axis denotes the corresponding injected positions in Figure 9. 

The vertical axis represents the toroidal width   of the non-axisymmetric heat load in Figure 

9(a). In these regions the peak heat load is less than half of the maximum heat load on the global 

divertor plates. The    could quantitatively describe the non-axisymmetric phenomenon in 

Figure 4. The toroidal averaged peak heat load normalized by that without the impurities injected is 

expressed as  , ,  / 2tar peak tar no impq d q    in Figure 9 (b), by which the global mitigation of heat 

load can be estimated. The red dashed line describes the radial position of the intersection point 

between the reference line and the separatrix. It is seen that the  rises and then declines with the 

radial impurity injected position in Figure 9(a) while the   descends and ascends in Figure 9(b). 

When the impurities are injected around R=178.15 cm, the   is the most significant and the   

approaches to the minimum values. Hence, the impurities injected positions are located at such 

regions are optimal in this study. 

 

Figure 9. The toroidal width   of the non-axisymmetric heat load (a), the toroidal averaged peak 

heat load normalized by that without the impurities injected   (b) via scanning the radial injected 

positions with the input power 1MW. The red dashed line describes the radial position of the 

intersection point between the reference line and the separatrix. 

4. Summary 

Based on the EMC3-EIRENE modeling, an analysis of the non-axisymmetric heat flux deposition 

induced by Nitrogen impurity has been performed in the EAST configuration. The simulation results 

demonstrate that: The heat load decreases locally with the Nitrogen injection due to the impurity 



radiation. It is found that Nitrogen injected at point P1 leads to toroidal asymmetric heat deposition 

near the toroidal injection position on the target plates. However, this asymmetric structure extends 

and deviates from the toroidal injection position with the impurities injected at P2. The reason is 

that the friction force combined with the lower ion temperature gradient force parallelly drives more 

Nitrogen impurities to the targets, which leads the region with decreased electron temperature to 

broaden. Furthermore, by the field line tracing technique, the transport of Nitrogen along the flux 

tube is investigated to reveal that the decreasing of the impurity density in the downstream regions 

result in the disappearing of non-symmetric heat load as the input power increases. In addition, 

when the impurity injected positions are displaced from the separatrix, the global heat load is 

significantly mitigated with a wide non-axisymmetric structure. 
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