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Abstract  

Using the new version of the SOLPS plasma boundary code package, SOLPS-ITER, the paper presents the first ever 

simulations of the ITER burning baseline H-mode edge plasma with drifts and currents activated.  Neon (Ne) seeded 

discharges for divertor power dissipation are considered. The results for divertor and scrape-off layer (SOL) parameters 

with and without drifts are compared, both for the SOLPS-ITER simulations and against the earlier SOLPS-4.3 

modelling (which did not include a drift description) constituting the bulk of the existing ITER divertor simulation 

database. Whereas the drift effect on the equatorial midplane (main chamber) density and temperature profiles is 

moderate, drifts increase the peak heat flow to the outer divertor target. This effect is more pronounced for regimes with 

low sub-divertor neutral pressure, when even drift-free SOLPS4.3 simulations find strong out-in target power 

asymmetries. An important conclusion is thus that if ITER operates as expected with partially detached divertor targets, 

drifts should not influence the power handling, but that in the case of divertor reattachment, they will act to worsen the 

target loading, increasing the need for vigilance in detachment control. Comparing SOLPS-4.3 and SOLPS-ITER results 

for the key peak target heat flux versus sub-divertor neutral pressure operating domain, SOLPS-ITER with drifts predicts 

a narrower operational window for the divertor pressure.  
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1. Introduction 

 

Edge plasma performance and divertor power handling are the key issues for successful operation of 

ITER. Plasma boundary simulations with the SOLPS code (v.4.3) have until recently been the main 

physics input to the ITER divertor design [1]. The SOLPS4.3 code suite includes a Braginskii model 

for parallel transport (the fluid code B2), an experiment-based empirical description of anomalous 

transport, and a comprehensive kinetic neutral Monte-Carlo model (the EIRENE code). However, it 

contains no description of fluid drifts [1,2], whereas experience of modeling existing tokamaks [3,4] 

as well as many experiments (see e.g. [5,6,7]) show that the impact of the drifts on the boundary plasma 

parameters can be significant. In 2015, a new, updated version of the SOLPS package was released by 

the ITER Organization in the form of the SOLPS-ITER code [8,9], which includes drifts and currents 

in the fluid model (B2.5), using the formulation developed for SOLPS5.2 [3], which has been deployed 

for the simulation of many existing devices [3,4,10]. Although several amendments have since been 

made to improve the convergence and numerical accuracy required for simulation at the ITER scale 

[11], the general physical features of the drift model have not changed in SOLPS-ITER. The new code 

has already been used for drift modeling of ASDEX-Upgrade [12], C-Mod [13] and DIII-D [14]. This 

paper presents the first ever results obtained with SOLPS-ITER with full drifts and currents activated 

for the ITER baseline burning plasma with neon (Ne) impurity seeding, including comparisons with 

code runs without drifts and with the earlier SOLPS-4.3 results, which by default do not include a drift 

description.   

 

2. Modeling 

 

2.1. Modeling setup 

Simulations are performed for a fuel throughput scan (corresponding to a scan in sub-divertor neutral 

pressure) under baseline, full performance (QDT = 10) conditions on ITER with power into the scrape-

off layer, PSOL = 100 MW and with moderate Ne seeding for divertor power dissipation. The EIRENE 

particle reflection model corresponds to all-metal plasma-facing components (PFC) covered by 

beryllium (Be) everywhere; that is, the tungsten (W) divertor targets are assumed to be covered by Be 

deposition (from main chamber wall erosion) for simplicity. This is the same approach adopted for the 

existing SOLPS-4.3 simulation database [15,16]. Neither Be nor W impurity are included in the model. 

Beryllium is a weak radiator and taking its sputtering into account would not change the results 

significantly [15]. Tungsten radiates strongly only at electron temperatures, Te much higher than 

expected in the SOL, so that if W radiation were to be significant in the edge, the core radiation would 

be excessive and incompatible with burning plasma operation. Very recent SOLPS-ITER modelling 

of the low power, non-nuclear phases of ITER operation has shown that the choice of divertor material 

(W or Be-coating of W surfaces) does not change the overall simulations results for detachment 

behavior, at least in the absence of drifts [17]. 

The input data for the simulations are taken from a reference SOLPS4.3 case [18], in which both targets 

are partially detached. Full recycling is imposed at all PFCs, with the exception of the surface below 

the divertor dome, where the albedo is set to 0.9928 to represent the appropriate divertor cryo-pumping 

speed [16,18]. Main chamber gas puffing (which controls the detachment state) is imposed as for the 

original SOLPS-4.3 runs (see [17] for a discussion of the impact of gas puffing location, which does 



not influence the main results). Outflows from the core region are set at 1.0·1022 particles/s for 

deuterium (D) and 1.0·1020 particles/s for helium (corresponding respectively to pellet fueling and 

fusion alpha production). Note that tritium species are not distinguished in the simulations, also in 

common with [18]. The simulation domain and the pumping and puffing positions are shown in 

Fig.1(a).  

Two main Ne-seeded SOLPS-ITER scenarios are considered (with and without drifts), with a low and 

~2.6x higher rate of D puffing. The parameters of these scenarios are compiled in Table 1. Additional 

runs have been made to complete the fuel throughput scan to establish the scaling of divertor heat load 

with neutral pressure (see Section 2.5).  The peak power loading of the divertor targets, qpk listed in 

the table includes the plasma and neutral energy flow (the latter calculated in EIRENE), recombination 

on the surface and radiation from the plasma. It assumes cylindrically symmetric targets and hence 

does not include divertor component shaping (see [16] for a detailed discussion of the impact of 

shaping). The average Ne concentration at the separatrix, cNe is defined as the ratio of the surface 

averaged values of the Ne and D densities along the first closed flux surface outside the separatrix, see 

Fig.1(a) and [16]. These values can differ from the ratio of densities at the outer midplane (omp) due 

to significant poloidal variations of the Ne density along the flux surface.  Along with qpk, the divertor 

neutral pressure, pn is a key divertor operating parameter [16].  The latter, also included in Table 1, is 

defined as the average value along the two private flux region (PFR) boundaries of the B2.5 mesh (see 

Fig. 1a). Note that for the higher pn cases (2a,b in Table 1), the fuel throughput is about a factor 2 

higher than the maximum peak stationary throughput of which ITER will be capable. This is not a 

major issue given that the value of pn is more important for divertor operation than the throughput 

[19,20].  The same operational parameters in the SOLPS4.3 modeling could be recovered (except for 

He exhaust) by reducing throughput and pumping speed. 

The computational time required for a single SOLPS-ITER simulation at the ITER scale on the 

St. Petersburg Polytechnic University cluster (56 processors Intel Xeon CPU E5-2697 v3 @ 2.60GHz) 

ranges from a week to more than a month, depending on the discharge parameters, impurity species, 

and initial state from which the numerical convergence starts. Simulations with drifts require the 

application of speed-up schemes [11] for the runs to be at all practicable. An artificial anomalous 

electric conductivity was added to the equations for numerical reasons to provide convergence [3], 

though it was chosen sufficiently small to have no impact on the simulated electric field.  

The anomalous radial transport coefficients are shown in Fig.1(b). In the SOL they are set at 

the same values as those used in the reference SOLPS-4.3 simulations. This leads to almost the same 

distribution of the electron heat flow towards the divertor from the SOL, Fig.1(c), and therefore the 

same SOL parallel heat flux density width  q ~ 3-4 mm.  As discussed at length in [16], although this 

value of  q is much larger than that expected from the most recent experimental scaling derived from 

inter-ELM H-modes on current tokamaks [21], it is slightly lower than the recent predictions obtained 

with the XGC1 and BOUT++ codes for the ITER burning plasma at 15 MA plasma current[22]. In the 

confined plasma region, the expected ITER H-mode conditions are reproduced by reducing the 

transport coefficients in the transport barrier region limited by the separatrix and the flux surface 5 cm 

into the core at the omp.  This is the same approach which has been adopted in the SOLPS modeling 

of existing machines [3,4], Fig.1(b). 

 



Table 1. Main parameters of modelled scenarios. The table columns contain: the scenario description; 

the deuterium puffing rate; the neon seeding rate; the neutral pressure in the divertor taken at the private 

flux region (PFR) boundary of the B2.5 mesh (see Fig.1(a)); the peak power loading of the outer and 

inner divertor targets; the relative Ne concentration, separatrix-averaged; the power radiated from the 

outer and inner divertor regions integrated below the X-point, including the corresponding PFR regions 

(the values in parentheses give the radiation due to partially ionized impurities - Ne and He in these 

simulations). The simulation run numbers in Column 1 are those which identify the code runs in the 

ITER Integrated Modelling Analysis Suite (IMAS). 

 

Scenario/IMAS 

number 

D puff., 

particles/s 

Ne  puff., 

particles/s 

pn, 

Pa 

qpk outer 

MW/m2 

qpk inner 

MW/m2 

cNe 

% 

Prad,in, 

MW 

Prad,in, 

MW 

1a, drifts off 

#123008 
0.75·1023 0.55·1020 5.1 5.53 6.14 1.4 

33.7 

(28.3) 

12.8 

(7.4) 

1b, drifts on 

#123014 
0.75·1023 0.55·1020 5.0 11.95 6.12 1.3 

9.9 

(6) 

23.4 

(17.7) 

2a, drifts off 

#123010 
1.95·1023 0.5·1020 10.8 6.12 6.54 0.33 

29.9 

(21.1) 

16 

(7.1) 

2b,drifts on 

#123018 
1.95·1023 0.5·1020 10.7 6.28 6.04 0.52 

27.1 

(19.4) 

17.4 

(8) 

 

 

2.2. Electrostatic potential 

The electrostatic potential distribution, which can only be properly calculated when drifts are included 

in the simulations, is shown in Fig. 2 for Case #2b in Table 1. Similarly to the result previously found 

for SOLPS-ITER drift modelling of partially detached H-modes on ASDEX Upgrade [12], the 

potential peaks in the X-point vicinity. The origin of this maximum is the same as in [12], namely the 

parallel current arising to short circuit the B drift. Analysis of the electron parallel momentum 

balance, Fig. 3(a), shows that in the cold PFR, where the electric conductivity is low, the electric field 

is determined by the parallel currents closing the current due to the grad-B drift and is directed from 

the top of the PFR to the divertor targets. Fig. 3(a) shows the momentum balance at the inner side of 

PFR. At the outer side the balance is qualitatively similar. In the main part of the SOL, the electric 

force compensates the electron pressure gradient and the thermal force, whereas the contribution of 

ion-electron friction (which is proportional to the current) is negligible, Fig. 3(b). As a result, the 

electric field in the SOL is of the “Boltzmann” type, φ~Te/e whereas in the PFR, the potential can be 

much higher, φ>10Te/e.  

In the confined region, the radial electric field, Fig.4 is close to its neoclassical value computed 

analytically according to the expression in [3], which is typical for simulations with SOLPS5.2 for 

existing tokamaks [3] and for ITER [23]. For Case #1b at lower divertor pressure and lower separatrix 

density, the radial electric field in the pedestal region is stronger due to the larger neoclassical 

contribution associated with the density gradient, Fig. 5(a). 



 

 2.3. Impact of drifts on the SOL and divertor plasma parameters 

Figure 5(a-c) compiles omp radial profiles of Te, main ion density, nD and total Ne density nNe summed 

over all charge states for the 4 cases in Table 1 (low and high throughput, drifts on and off). 

Independent of fuel throughput, the principal Ne charge state contributor is Ne+8 in the SOL and the 

fully ionized state Ne+10 in the core. For the single Case #2b, Fig. 5(d) compiles the density profiles 

for the individual Ne charge states.  

At low throughput, Te and nD in the H-mode pedestal region vary only slightly when drifts are 

switched on. There is essentially no change to the profiles when drifts are activated for Case #2 at 

higher throughput. The plasma feature most sensitive to changing fuel gas puffing rate or activation of 

drifts is the Ne distribution. At the omp the total Ne density profiles are markedly different for Case 

#1 with and without drifts, but the impact on the omp plasma parameters is rather modest. Section 2.4  

discusses the origin of the Ne redistribution in the SOL when drifts are switched on. In the divertor, 

the redistribution of Ne, as the main radiating component, leads in Case # to a significant change of 

the whole solution. In the omp SOL, the Te  profiles are almost identical for all four simulations, 

indicating that the SOL widths for the electron temperature and the electron parallel heat flow are the 

same for the divertor neutral pressures chosen, either with or without drifts, Fig. 5(e). 

Figure 6 is the analog to Fig. 5 but now at the divertor targets, with the profiles plotted as a 

function of distance along the target relative to the strike point position.  The Ne density in the divertor 

(summed over all charged states) is about three orders of magnitude lower than that of the main ions, 

while at the omp, it is lower by two orders of magnitude only, showing moderate retention of Ne in 

the outer divertor. This tendency is illustrated in Fig. 6(i,j) which compares the ratios of concentrations 

of impurity at the plates and  upstream. Both at the inner and outer targets in the strike point vicinity, 

the Ne ion concentration is lower in the divertor than that at the omp.  

Analysis of these simulations shows that the E×B drift and diffusive radial flows in the divertor 

region are comparable, similar to that found in the analogous modelling of ASDEX Upgrade [12]. The 

D ionization rate, integrated over the volume of each divertor is 3-5×1024 particles/s. These ions are 

mostly transported poloidally by the parallel flows. Integrated along the target, the parallel flows are 

an order of magnitude larger than both the radial diffusive and drift flows, poloidally integrated along 

the divertor regions from the X-point to the target. The radial flows thus make only a modest 

contribution to the particle balance equation, which is dominated by the parallel flows and the 

ionization/recombination sources. It should be noted, however, that the parallel flows are arise partially 

as a result of closure of the drift flows. The poloidal E×B drifts are also slow in the divertor with 

respect to the poloidal projection of the parallel velocity - less than 10% - so their effect is again rather 

weak.  

The low impact of drifts on the main ions particle balance is specific to this ITER simulation 

for both Cases #1b and #2b and differs from simulations of medium size tokamaks, such as ASDEX-

Upgrade [12] or DIII-D [24], where the main ion E×B drift transport from the outer to the inner divertor 

integrated over the PFR under semi-detached or attached conditions is comparable to the integral 

ionization source in the outer divertor volume. A qualitative treatment of the relative importance of 

the drifts for machines of different scale is given in [25], where SOLPS-ITER modeling results for 

ITER and ASDEX Upgrade with drifts activated are compared under conditions of partial detachment. 



At high pn, therefore, the drift effect is much less significant in terms of target power loading on ITER 

in comparison with smaller devices. 

Under lower throughput conditions (lower pn, Case #1) the effect of drifts on the target power 

loading in ITER is significant, Fig. 6(g,h). The main factor responsible for this difference is the Ne 

redistribution when drifts are activated. The drifts tend to increase nNe in the inner divertor region and 

decrease it in the outer, leading to a pronounced local minimum of nNe  in the outer divertor Fig.6(e,f). 

The main consequence is a strong rise in Te at the outer and a decrease at the inner, Fig. 6(c,d). In turn, 

this drives the outer target in to a less detached state, yielding a considerable rise of the peak power 

load to the divertor target in the presence of drifts. This effect of the Ne redistribution is very clearly 

reflected in the total radiation from the inner and outer divertor regions listed in Table 1. For Case #1, 

the outer divertor radiation without drifts is provided mostly by the partially ionized impurities. This 

contribution decreases by about a factor 5 when the drifts are switched on.  

For Case 2 at higher pn, Ne redistribution from the outer to inner divertor also occurs, but does 

not lead to a change of the outer divertor regime, which remains partially detached, leading only to a  

moderate change in the outer target power load when drifts are activated. 

 

2.4 Neon distribution 

While the redistribution of impurities plays an important role in the divertor target power asymmetry 

and radiation, the poloidal distribution of Ne in the upstream SOL is of interest from the point of view 

of both radiation and core plasma accumulation. To obtain a qualitative picture of the impurity 

distribution, it is instructive to analyze the impurity density and the parallel forces summed over all 

the ionized states of impurity. The parallel velocity is taken as a density-weighted average over all Ne 

charge states, in the same way as in [26]. 

The poloidal density distributions of D and Ne ions in the near and far SOL regions are shown 

in Fig. 7. The observed, more pronounced impact of drifts on Ne than on the fuel ions can be explained 

by the different transport properties of the main plasma ions and impurities in the SOL and the divertor. 

The fuel ion distribution along the field lines is determined by the pressure distribution. Variation of 

pressure is weak above the region of ionization. The significant change in the main ion pressure 

distribution in the divertor above the ionization regions can be caused by ion-neutral friction, by radial 

E×B drift flows with divergences comparable to the ionization sources, or by poloidal E×B drift 

velocities comparable to the poloidal sound speed [27]. For ITER, the drift velocities are insufficient 

to change the pressure distribution. Therefore drifts have only a modest impact on the main ionsdensity 

distribution. Generally, the poloidal distribution of fuel ion density in the SOL is flat, cf. Fig.7(a,b), 

with the poloidal profile in the divertor region compensating the temperature drop towards the targets 

and the pressure drop below the ionization regions.  

In contrast, the Ne distribution is more sensitive to the changes of the plasma parameters at the 

different fuel throughputs. The Ne parallel velocity is determined by parallel force balance [25, 26, 

28], with the main contributors being the thermal force and friction with the D ions. The force balance 

demonstrating these main contributions is shown in Fig. 8 for a flux tube 7 mm from the separatrix at 

the omp as an example. For other flux tubes in the SOL this balance is qualitatively similar.  The force 

balance determines the difference between the parallel velocities of the main and impurity ions, with 

minor contributions from the Ne pressure and the electric force. The parallel diffusion of Ne with 

respect to the main ions, proportional to the Ne pressure gradient contribution to the parallel force 



balance, is not significant. The poloidal and radial components of the E×B drift and the Ne parallel 

velocity are almost independent of the Ne density gradient, while the B drift contribution to the Ne 

particle balance is low. So the Ne density distribution should adjust itself to make the divergence of 

the parallel and drift flows equal to the Ne ionization source, or to compensate it by anomalous 

diffusive flow. This allows for steep impurity density gradients, necessary to drive anomalous diffusive 

flows and very sensitive to the details of the ExB drifts (common for all charged particles), the main 

ion parallel velocity profile and the main ion temperature gradient. Moderate changes of the velocity 

distribution due to the drifts can therefore affect the poloidal Ne density profile and its distribution 

near the targets, cf. Fig.7(c,d). The impact on the main ions is less pronounced, cf. Fig.7(a,b). 

The maximum of the Ne density distribution in the upstream SOL (Fig.7(c,d)), can be explained 

by the effect of the thermal force. In the near SOL, both the D and Ne parallel velocities are directed 

mainly towards the top of the main chamber, Figs. 9, 10(a,c). This feature of the D velocity in ITER 

modeling is known from the SOLPS4.3 results database [16], obtained without drifts. The parallel flow 

directed from the region of intense ionization near the divertor targets towards the top of the tokamak 

arises in the near SOL. This flow, changing direction near the top of the machine, is closed by radial 

diffusion upstream and return parallel flows towards the divertor in the far SOL. Pfirsch-Schlüter main 

ion flows compensating the B drift enhance the near SOL parallel flows in the upstream direction, 

but their influence is moderate. To see this, the parallel velocities of the main ions in the near SOL 

with and without drifts are compared in Fig. 10(a). For Case #2, in which the divertor regime did not 

change when drifts are turned on, the change in the parallel velocity can be attributed to these Pfirsch-

Schlüter flows. The thermal force increases the Ne parallel velocity directed upstream in the X-point 

vicinity where the poloidal gradient of the ion temperature is large, with respect to the parallel velocity 

of the main ions, see Figs. 10(a) and 10(c). As a result, the Ne poloidal density has a minimum at this 

poloidal position, providing a slowly changing parallel flow, proportional to the product of the velocity 

and density. In addition, the thermal force shifts the stagnation point of the Ne velocity with respect to 

that of the main ions towards the poloidal maximum of the temperatures, located at the omp. 

The Ne poloidal velocity, determined by the main plasma parameters, changes sign somewhat 

above the omp, see Fig.10(e). This distribution of velocity leads to Ne accumulation in the vicinity of 

the poloidal velocity stagnation point. The local maximum of Ne density in the near SOL in turn leads 

to an increase of the radial diffusion to the far SOL, where the Ne ions are carried by the main ion flow 

towards the divertors.  As a consequence, the direction of the poloidal velocity of the main ions in the 

far SOL region, where Ne arrives due to diffusion, is responsible for the subsequent transport of 

impurity either to the inner or outer divertor.  

An interesting feature of the Ne density profile at the divertor targets is a local minimum in the 

near SOL, visible both with and without drifts in the outer divertor, see Fig. 6(f). This can be explained 

by the effect of finite ionization potential [26]. The latter from neutral Ne to Ne+ is larger than the 

value from neutral D to D+. On near SOL flux surfaces, where the D flow is directed upstream (Fig. 

9), the D poloidal flow has a stagnation point. Below this point, all the D ionized on these flux tubes 

moves towards the target, while the relatively small fraction of the D neutrals ionized above this point 

move towards the main chamber. Neon atoms can reach this stagnation point with a higher probability 

than D atoms due to their larger ionization potential and therefore smaller ionization cross-section for 

typical divertor temperatures. As a result, the Ne ions are dragged towards the main chamber SOL 



with higher probability so that on the flux tubes where the flow is directed upstream, nNe  near the 

target decreases. 

In the high pn Case #2, the main plasma parameters – power load to the targets, ne, Te in the 

divertor and at the omp – do not change significantly when drifts are activated, Figs.5-6. It can 

therefore be expected that, in general, the plasma background including main plasma parallel velocity 

for impurities does not change significantly. The distribution of the main and impurity ion parallel 

velocities is thus only slightly affected by drifts: the difference between the parallel velocities in the 

SOL is <10 km/s, less than 2 km/s in  their poloidal projections and about 200 m/s in the poloidal E×B 

drift velocity. However, due to the sensitivity of Ne to the details of the main ion velocity and poloidal 

Ti  variation, these differences are sufficient to change the Ne poloidal distribution in the SOL and 

divertor plasma: the difference in the SOL poloidally averaged separatrix concentration for the same 

Ne seeding rate is 60% (Table 1) and about 30% in the divertor Ne densities, see Fig. 6. It should be 

noted that although the drifts do lead to the accumulation of Ne upstream and in the inner divertor, and 

to a Ne density decrease in the outer divertor, both divertors remain in the partially detached regime 

when drifts are switched on. Figure 11 clearly illustrates that the fraction of energy flow lost by the 

plasma on its way towards the outer divertor target does not change significantly when drifts are 

activated. The Ne concentration in the outer divertor is still sufficient for re-radiation of a considerable 

part of this energy, Table 1, ensuring that the divertor power load in-out asymmetry does not change 

considerably.   

At low pn, the redistribution of Ne due to the drifts, seen already for the detached state, leads 

to non-linear consequences. As a result, the outer target re-attaches and the loss of plasma energy in 

the outer divertor decreases, as seen in Fig. 11. The plasma temperature in the outer divertor rises, 

while nD decreases, Fig.6. An additional flow of ions through the SOL from the outer to the inner 

divertor appears, Fig.12. This flow partially compensates the neutral flow through the sub-divertor 

structures [16,29], from the inner to the outer divertor, which arises due to neutral pressure asymmetry 

between the divertors. In contrast to the SOLPS4.3 simulations, in SOLPS-ITER modeling the flow 

from the sub-divertor structures towards the outer divertor in both Cases #1a and #2a in the absence 

of drifts is small compared to the deuterium puffing flow. This difference in modeling results is 

associated with the more symmetric divertor conditions obtained in SOLPS-ITER without drifts (see 

Section 2.5 for analysis of divertor asymmetry in SOLPS-ITER and SOLPS4.3 modeling). In both 

Cases #1b and #2b, this flow (~2.3-2.4x1023particles/s) appears when the drifts are turned on. In Case 

#2b, this flow is compensated by the parallel and ExB drift flows through the PFR, while in Case #1b 

it is partially compensated by flow through the PFR and partially through SOL. The change in the 

parallel and poloidal velocities in the SOL as the drifts are turned on is therefore considerable for Case 

#1, for both D and Ne ions, cf. Fig. 10. Impurity leakage from the outer divertor increases, leading to 

a peak in-out asymmetry in the target Ne densities increasing from 1:2 to 6:1.  

 

2.5 Global scalings; comparison with SOLPS4.3 results 

As mentioned in Section 2.1, probably the most important feature of the ITER SOLPS simulation 

database is the operating domain of qpk and pn for the divertor.  The former must be within steady state 

power handling limit of the W monoblocks constituting the high heat flux regions of the divertor 

targets, whilst the latter must be sufficient to ensure adequate He exhaust in burning plasma regimes. 

This qpk, pn operational space was first established with SOLPS-4.3 [15] and has recently been the 



subject of further detailed examination [16].  It has been the basis upon which the first ITER W divertor 

design was consolidated after many years of simulation studies which focused on the initial ITER 

strategy of beginning operation with carbon material in the strike point regions.  In [16], a subset of 

the first results for the dependence of qpk on pn obtained in the study described here were included for 

comparison with the SOLPS-4.3 database (which does not include drifts).  Here, the larger SOLPS-

ITER drift activated runs are now presented, along with a more detailed discussion of the reasons for 

the differences found between the two codes at given operating points. 

The SOLPS-4.3 Ne-seeded database consists of a series of scans of fuel and impurity 

throughput such that sets of curves are available in which pn is scanned from low (attached) to high 

(detached) conditions at approximately constant cNe, with the Ne concentration defined by the 

poloidally averaged main chamber near SOL metric defined in Section 2.1. Reproducing the full 

SOLPS-4.3 scan, which contains more than 100 validated entries, with SOLPS-ITER including drifts 

is an ongoing task and is challenging, even with the new speed-up schemes described in [11]. However, 

a full throughput scan across the SOLPS-4.3 range of pn does now exist for an approximately constant 

cNe in the range 0.35-2 %. The results in the pn vs. qpk domain are shown in Fig. 13. They show the 

same trend as found with SOLPS-4.3 without drifts but give considerably higher peak power loading 

at the outer target for pn lower than about 7 Pa, corresponding to high recycling and attached conditions 

and due to the redistribution of Ne driven by the drifts described in the previous section.  For higher 

pn = 8-10 Pa, the same outer target semi-detached conditions and approximately similar in-outer peak 

power load asymmetries (see also Fig. 14) found with SOLPS-4.3 are recovered with SOLPS-ITER 

with or without drifts activated. 

The divertor asymmetry in SOLPS-ITER modeling increases when the drifts are turned on 

compared to the case when they are deactivated, Fig. 14, for pn <7 Pa and outer divertor qpk > 8 MW/m2. 

While in the SOLPS-ITER scan the inner divertor in the absence of drifts is even slightly hotter than 

the outer, and the asymmetry level does not depend on pn or qpk at the outer target (Fig 14), in the 

SOLPS4.3 scans the outer divertor is hotter for pn <7 Pa and the asymmetry increases with decreasing 

of pn.  

The cause of the significant discrepancy in the asymmetry between the different scans (SOLPS-

4.3 without drifts and SOLPS-ITER with and without drifts) has been studied using a technique [9] in 

which SOLPS-ITER is first run in a way in which code flags are set to mimic the earlier SOLPS-4.3 

simulations. At low pn ~3 Pa, SOLPS-ITER run in this way finds a considerable out-in qpk asymmetry 

(~2:1), very close to the value computed with SOLPS-4.3 for approximately similar cNe (note that the 

qpk asymmetry is roughly independent of cNe at low pn in the SOLPS-4.3 database [16]). The SOLPS-

ITER simulations are then transitioned by progressively changing the run parameters to activate the 

recent improvements of the code. Among these parameters are: inclusion of metric coefficients 

accurately describing toroidicity of the system in the parallel momentum balance; radial currents due 

to classical and anomalous viscosity; changes of the numerical scheme from a 5-point to the 9-point 

stencil in particle and heat balance, necessary to include drifts; restriction of the minimum ion density 

from 104 m-3 to 108 m-3 for each ion species and charge, necessary for numerical reasons when drifts 

are activated; flux limiting scheme for the ion parallel heat conductivity inside the separatrix, necessary 

to produce the correct solution for neoclassical ion heat transport if drifts are switched on [3]; scheme 

flux limiting scheme for the  ion parallel heat conductivity outside the separatrix; accurate expression 

for the parallel viscosity and the term associated with the parallel heat flow on the RHS of the parallel 

momentum balance, required to yield the correct solution for the neoclassical electric field if drifts are 



activated [3]; changes in boundary conditions necessary to include drifts. As shown by the blue squares 

in Fig. 14, this yields a nearly symmetric in-out peak power load when drifts are deactivated, thus 

directly contradicting the SOLPS-4.3 result. By then progressively activating the various changes to 

the physics model in SOLPS-ITER which have been made since the original SOLPS-4.3 version was 

generated, it is possible to identify the critical parameter responsible for driving the solution to a more 

symmetric load (in the absence of drifts).  

Following this procedure, it was found, in fact, that the critical change was the enforcement of 

an ion heat flux limiter outside the separatrix in SOLPS-ITER, not active in SOLPS-4.3. This flux 

limiter is a restriction on the ion heat conductive energy flow to prevent it exceeding the convective 

ion energy transport with some fraction of the sound speed velocity [3]. Technically it is applied as a 

transformation of the parallel heat conductivity ||i : 
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 where the variables correspond to the definitions in [3]. Historically in SOLPS4.3, due to convergence 

reasons, the coefficient lim

ic was chosen equal to 105, effectively rendering flux limiting inactive. In the 

SOLPS-ITER code configuration, the more physically justified parameter lim 0.6ic   [30] is applied. 

Turning on only this parameter with all others unchanged leads to a transition to the symmetric qpk 

solutions. It is, however, important to note that the transition from a symmetric to an asymmetric 

SOLPS-ITER solution (in terms of peak power load) simply by turning off ion heat flux limiting is not 

always possible. At low pn (and for the cNe ~ 1% case considered so far), turning off ion flux limiting 

in SOLPS-ITER leads to asymmetric divertor power loads if the initial state was asymmetric (taken 

from the SOLPS-4.3 mimicking case) and to symmetric power loads for a SOLPS-ITER symmetric 

initial state. For higher pn > 5 Pa, the solution is unique, the power load is comparatively small (about 

≲ 6 MW/m2) and symmetric, and the solution is insensitive to the ion heat flux limits.  

Further analysis of the SOLPS-ITER simulations reveals similar impurity behaviour to that 

discussed in the previous section: asymmetric power loading without drifts when the ion flux limiting 

is turned on is associated with impurity accumulation in the inner divertor and attached outer target 

conditions with low impurity concentrations, while symmetric solutions correspond to a semi-detached 

outer divertor with a higher Ne density than in the inner divertor.  

Asymmetric solutions lead to net fuel flow from the outer to the inner target through the SOL, 

participating in the redistribution of Ne in the divertors, and resembling the flow through the SOL at 

low pn with drifts on. Such a flow was also reported in SOLPS4.3 modelling [29]. An important finding 

from the study reported here is that when the divertor neutral pressure is low (below about 6 Pa), the 

SOLPS-ITER solution is sensitive to the details of the modelling set-up as a consequence of the 

sensitivity of the impurity distribution to these details. On one possible solution branch, the impurities 

tend to accumulate in the inner divertor, while on the other a more balanced distribution is found. 

Symmetric solutions can be rendered asymmetric by removing the flux limit for ion heat flow, even 

though the poloidal distribution of the ion temperature is hardly affected. Likewise, a symmetric 

solution can be made asymmetric by activating drifts, even though this has no significant effect on D 



flows and upstream plasma parameters. The impurity distribution calculations in all cases require a 

numerical approach -  simple analytical arguments cannot provide  even a qualitative picture of the  

impurity redistribution. Regimes with pn less than about 7 Pa, within the current operating window 

resulting from the code inputs in this particular study (e.g. for givenengineering pumping speed) are 

can lead to rather large excursions in peak power loading compared to the previous drift-free 

simulations because small changes in the background plasma can lead to non-linear consequences as 

a result of subtle changes to the redistribution of impurities driving outer divertor reattachment.   

 

3. Conclusions 

 

Modeling of ITER neon-seeded, H-mode baseline inductive burning plasmas (power into the scrape-

off layer of 100 MW) with the SOLPS-ITER code shows that under conditions of partial divertor 

detachment, corresponding to sub-divertor neutral pressures ~10 Pa, the inclusion of fluid drifts in the 

simulations does not significantly modify the distributions of the density and temperature of the main 

ions, nor the power loading of the divertors, compared to the case without drifts. At lower pressures, 

when the divertor approaches the high recycling then attached states, the drift effect is more dramatic. 

Redistribution of the neon impurity can lead to a considerable increase of the outer divertor plasma 

temperature, the peak power load and the out-in divertor power load asymmetry.  

This is a key finding of the unique new simulations presented in this paper:  if the ITER divertor 

does find itself in an operational state in which neutral pressure is low (e.g. in a divertor reattachment 

event, for example due to loss of impurity seeding), the outer target power load could rise very rapidly 

to values considerably higher than found in the previous SOLPS-4.3 simulation database which did 

not include fluid drifts in the model. This would place even tighter constraints on detachment control, 

given that the 2D simulation results here do not account for divertor component shaping, which, on 

ITER, will increase heat loads by ~50% in the case of hot attached divertor plasmas in which the load 

is dominated by the thermal plasma and ion recombination at the plates [16].  

Analysis of the radial and poloidal profiles of the electric field in the edge transport barrier 

region, SOL and divertor demonstrates that the behaviour of the ITER discharges chosen for this 

modeling is qualitatively similar to that observed in the devices such as ASDEX-Upgrade in partially 

detached regimes. In particular, the radial electric field in the transport barrier is of the order of the 

neoclassically expected value. Outside the separatrix, the poloidal electric field balances the electron 

pressure gradient and the thermal force except in the private flux region, where the electric conductivity 

is low and the potential is determined by the parallel current.  

Neon density peaking is predicted in the near SOL, due to the thermal force and frictional drag 

with the main ions. The Ne distribution is more sensitive to the drifts than the main ions, with the 

consequence that drifts lead to a considerable decrease of the Ne concentration in the outer and increase 

in the inner divertor. As stated earlier, this impurity redistribution as a result of the drifts is what drives 

the increasing out-in asymmetry at low neutral pressure. Impurity retention in the divertor regions is 

reduced with drifts activated compared to the no drift case.  

Until the new SOLPS-ITER drift simulations reported here became available, the ITER 

divertor physics basis was entirely founded on an extensive SOLPS-4.3 simulation database [15,16], 

where drifts could not by default be included (drift terms are not present in the B2 fluid code used by 

SOLPS-4.3). It was thus important to compare the new simulation results with equivalent SOLPS-4.3 

cases. The major differences are found at low divertor neutral pressure, where SOLPS-ITER without 



drifts finds a lower out-in peak power load asymmetry.  This was traced to the impact of ion heat flux 

limiting, which is included in the SOLPS-ITER model, but is absent in SOLPS-4.3.  Switching it off 

in the new simulations brings the SOLPS-ITER and SOLPS-4.3 code results into agreement.  At higher 

pressures, the effect is much reduced and the two codes are in good agreement in absolute magnitude 

of the peak heat loads at both targets for approximately similar Ne impurity concentration. Thus, at 

low neutral pressure, the ion heat flux limiting in SOLPS-ITER pushes the out-in power load 

asymmetry down, but the drifts increase it even more so that the overall effect is an increase in the 

asymmetry in comparison with the previous SOLPS-4.3 results. 

This paper provides a comforting demonstration that the inclusion of drift effects in ITER 

divertor plasma simulations does not significantly modify the partially detached solutions found 

previously without drifts at high sub-divertor neutral pressure and input power consistent with burning 

plasma operation. Operationally important differences appear at lower neutral pressure due to the drift 

effect on the distribution of seeded impurity.  As a result, a more complete assessment is now required, 

in which the existing full SOLPS-4.3 database is reproduced with SOLPS-ITER, including drifts.  Such 

studies must extend the range of impurity concentration, examine the influence of input power and 

investigate the differences across the full operational range of using nitrogen seeding as an alternative 

to neon. 
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Fig.1.(a) Computational grid for the B2.5 fluid plasma solver (blue, quadrangles) and grid expansion 

for EIRENE (green, triangles). The main chamber D gas puffing location is marked by the blue arrow 

and the pumping surface under the dome with red line. The flux tube where the average Ne 

concentration, cNe is calculated is shown in red with the region over which pn is computed shown in 

yellow (figure adapted from [16]).  (b) Radial profiles of anomalous radial diffusion, viscosity and 

heat conductivity coefficients, showing clearly the H-mode pedestal region with reduced transport. (c) 

Parallel heat flow of electrons at the X-point level divided by flux tube cross-section at the target and 

plotted versus distance at the omp for cases with pn in the range 6.5-7.5 Pa and qpk = 6 – 7.5 MW/m2 

comparing SOLPS-ITER with and without drifts and a comparable SOLPS4.3 simulation. Numbers 

of calculations in the SOLPS-ITER database (Integrated Modelling Analysis Suite, IMAS database) 

are given in the plot. 

 

 

Fig. 2. Distribution of electrostatic potential in the divertor for Case #2b, Table 1. The white regions 

inside the separatrix correspond to very negative potentials, down to -3 kV, the second scenario. 
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(a)                                                                                             (b) 

Fig. 3. Poloidal electric field profiles for Case #2b and the associated parallel current (a) in the PFR, 

along the flux surface intersecting the inner target 11 mm from the strike point and (b) in the SOL on 

the flux surface intersecting the inner target 13 mm from the strike point ((r-rsep)omp = 2 mm).  

 

-10 -5 0 5 10

-40

-30

-20

-10

0

 

R
a

d
ia

l 
e
le

c
tr

ic
 f
ie

ld
 (

k
V

/m
)

 E
r
, case #1b

 E
r

NEO
, case #1b

 E
r
, case #2b

 E
r

NEO
, case #2b

Radial coordinate (cm)

SOL

core

 

Fig. 4. Radial electric field profile at the omp for the low and high fuel throughput drift cases in Table 

1. The vertical line marks the separatrix position. 
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Fig. 5. Radial profiles at the omp of (a) nD  (b) Te  (c) nNe  (summed over all charge states), for Case 1 

(black) and Case #2 (red) (d) densities of the different Ne charge states for Case #2b (e) parallel heat 

flow of electrons at the X-point level divided by flux tube cross-section at the target and plotted versus 

distance at the omp. The vertical lines mark the separatrix position. 
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Fig.6. Radial profiles at the inner (left) and outer (right) divertor targets (Case 1 (black) and Case #2 

(red)). (a,b) nD, (c,d) Te, (e,f) nNe (summed over all charge states), (g,h) target power load, (i,j) 
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 . The vertical lines denote the strike point position. 
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Fig.7. Poloidal distribution of (a) near SOL nD at (r-rsep)omp = 2 mm, (b) far SOL nD at (r-rsep)omp = 22 

mm, (c) near SOL nNe at (r-rsep)omp = 2 mm , (d) far SOL nNe at (r-rsep)omp = 22 mm.  Case #1 (black) 

and Case #2 (red). Ne densities are the sum of all charge states. The X-point positions are -8.3 m and 

10.1 m. 
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Fig.8. Parallel momentum balance per Ne ion (averaged overall ionized states) in the SOL at (r-rsep) = 

7 mm, case #2b. 



 

Fig.9. Schematic illustration of the ITER SOL main ion poloidal flow pattern. Violet dashed lines mark 

zones of ionization. Red/blue arrows represent poloidal flows towards and away from the divertors 

respectively. Brown arrows represent the direction of diffusive radial fluxes and green arrows that of 

the grad-B drift. 
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(e)                                                                                                   (f)  

 

Fig.10. Poloidal distribution of the parallel velocity (positive velocity directed towards inner target) of 

(a) main ions in the near SOL, (r-rsep)omp = 2 mm; (b) main ions in the far SOL (r-rsep)omp = 22 mm; (c) 

Ne in the near SOL, (r-rsep)omp = 2 mm; and (d) Ne in the far SOL, (r-rsep)omp = 22 mm. (e) poloidal 

velocity (positive velocity directed towards outer target) of Ne in the near SOL, (r-rsep)omp = 2 mm and 

(f) in the far SOL, (r-rsep)omp = 22 mm 
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Fig.11. Poloidal flow of the plasma power (including the ionization energy carried by ions) towards 

the outer target, integrated over the radial coordinate for Cases #1 and 2.  

-10 -5 0 5 10 15
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

 case #1a

 case #1b

 case #2a

 case #2b

 
 

P
o
lo

id
a

l 
fl
o
w

, 
1
0

2
3
p
a

rt
c
le

s
/s

Poloidal coordinate (m)

X
-p

o
in

t

o
m

p

X
-p

o
in

t

 
 

Fig.12. Poloidal flow of D ions (sum of the poloidal projections of the parallel flow and poloidal E×B 

flow) through the SOL integrated over the radial coordinate for Cases #1 and 2.  
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Fig. 13.  Operating range for the peak outer target power load as a function of the neutral divertor 

pressure from SOLPS-ITER with and without drifts (filled points at cNe = 0.8 – 1.1%, all points in the 

range cNe = 0.35 – 2%)  and from the SOLPS-4.3 database at two different values of cNe. 
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Fig.14. (a) Inner versus outer target peak power loads for the same datasets as in Fig. 13; grey line 

corresponding to 1:1 asymmetry; (b) rate of outer to inner target peak power load versus neutral 

divertor pressure 

  

 

 

 

 

 

 

 


