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Introduction 
Our current understanding of divertor physics indicates that at least partial detachment will 

be a necessary condition for operation of future fusion power devices such as ITER, DEMO 
and beyond. In recent years a divertor operation regime with complete detachment was 
achieved in ASDEX Upgrade with tungsten walls and nitrogen seeding [1-3]. Simultaneously, 
modeling with the SOLPS5.0 transport code reproduced the main features of these 
experiments [4], e.g. reduction of the target heat and particle fluxes, strong X-point radiation 
and moderate pedestal pressure loss. In parallel, additional modeling, aimed at understanding 
the transition to the detachment regime [5], and using the SOLPS-ITER version of the code 
[6,7], was performed, however assuming carbon walls, which corresponds to the ASDEX 
Upgrade experimental condition before changing to a full tungsten wall. This work 
demonstrated the key role played by the electric field near the X-point [5]. The possible effect 
of the detached divertor on the radial electric field in the confined region was reported in [8]. 

In the present paper, the above analysis of the modeling results from the SOLPS-ITER 
simulations is revisited, but now considering the full tungsten ASDEX Upgrade wall with 
nitrogen seeding. We consider a range of modeling scenarios by varying the gas puffing and 
impurity seeding rates. We begin with a reference case with minimal puffing and seeding, 
which we use to adjust the anomalous transport coefficients so as to match the experimental 
high-recycling divertor regime with reasonable accuracy. Then, keeping transport coefficients 
constant we increase the fueling and seeding rates to model a transition to detachment, to 
study the nitrogen distribution and to compare with previous modeling results obtained earlier 
for a carbon divertor. 

 

Modeling 
The ASDEX Upgrade shot #28903 (described in [4]), was chosen as our reference case, in 

which the transition to detachment was induced by intensive nitrogen seeding, 22105.2 ⋅≈  
electrons/s ( 21106.3 ⋅≈  atoms/s), applied at 2.8 s on, while the deuterium fueling rate was kept 
constant from about 1.3 s on at the level 22102.2 ⋅≈  electrons/s. Instead of modeling the 
discharge dynamics we consider several steady-state modeling scenarios with different 
seeding rates in the range from 18102 ⋅  to 20100.2 ⋅  atoms/s, thus representing different 
amounts of nitrogen in the system. The cases with higher seeding rates are not presented due 
to slow convergence. 



In each of these scenarios, in the plasma part of the SOLPS-ITER package (B2.5), drifts 
and currents are fully turned on for each plasma species (deuterium and nitrogen), while the 
neutral distribution is modelled by the EIRENE code. The computational domain for the B2.5 
and EIRENE codes together with the loci of puffing and pumping are shown in Fig. 1. 

 

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
0

1

2

3

4

5

SOL

 

D
, χ

e, χ
i,  

m
2 /s

Distance from separatrix,  m

 D
 χe

 χ
i

separatrix

CORE

-1.0

-0.5

0.0

 v
,  

m
/s vpinch

 
Fig. 1. Computational domain. Blue lines indicate 
pumps, red bar – locus of puffing, magenta line shows 
the separatrix. 

Fig. 2. Anomalous transport coefficients in equatorial 
midplane 

At the core boundary of the computational domain, we prescribe the total heat fluxes in the 
electron and ion channels (3.2 MW and 1.8 MW correspondingly), zero net deuterium and net 
nitrogen fluxes (including neutral species modelled by EIRENE), zero net current and an 
average parallel velocity of -50 km/s (in the co-current direction). Boundary values of D+ ion 
and N7+ ion densities, both temperatures and the electric potential are fitted to satisfy these 
boundary conditions. For all other nitrogen ions the condition 0=∂∂ yn  is used, the condition 

0|| =∂∂ yu  is applied for all nitrogen ions.  

Fig. 3. Calculated profiles at the equatorial midplane. Scattered symbols represent experimental data measured at 
2.4 s (before the onset of N-seeding), which correspond to the high-recycling outer target regime. 

At the targets, sheath boundary conditions are applied for all main quantities (densities and 
velocities of charged species, both temperatures and the electric potential).  
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At the Scrape-off layer (SOL) and Private Flux Region (PFR) boundaries of the B2.5 
computational domain the density and temperature decay lengths are prescribed, the condition 

0|| =∂∂ yu  is applied for all charged species. 
In Fig. 2 are plotted the anomalous transport coefficients along the equatorial midplane, 

and the modeling results are shown in Figs. 3-6. Note that the transport coefficients in the 
divertor region (not plotted in Fig. 2) are somewhat bigger, namely [ ] [ ]4.0 9.6, ,0.8 , , ie =χχD  
m2/s, and are radially constant. 

Fig. 4. Calculated profiles at targets. Scattered symbols represent experimental data measured at 2.4 s (before the 
onset of N-seeding), which correspond to the high-recycling outer target. 

 

One can see the appearance of detachment signs at the seeding rate about (8 – 12)⋅1019 N 
atoms per second, which corresponds to about (1.3 – 1.7)⋅1019 N atoms in the system. These 
signs are the reduction and flattening of the electron temperature profile and the so-called 
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rollover in electron density and D+ ion flux at the outer target, and the reduction (and a sign 
change) of the net current at both targets. Similar (at least qualitatively) behavior was recently 
observed in experiments on ASDEX Upgrade [2-4]. 
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means that the current is directed from inner to outer 
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Fig. 6. Total amount of nitrogen nuclei in the confined 
region and in the whole computatonal domain. 

 
Discussion 
To analyze what happens during the transition to detachment in the outer divertor, we start 

from the nitrogen behavior. One can see from Figs. 3-4 that all three low seeding rate cases 
satisfactorily agree with experimental data corresponding to the high-recycling regime 
without any seeding at all. This means that the total amount of nitrogen in the system is so 
small that nitrogen almost does not affect the plasma profiles in the confined region and at the 
outer target. The inner target is detached due to the high fueling rate rather than due to 
seeding. 
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Fig.7 Parallel (along B
r

) momentum balance for nitrogen (averaged over all nitrogen ions) in the near SOL.
 
We start our analysis from the nitrogen distribution and transport, which play an important 

role in the transition to detachment. The parallel velocity of nitrogen is determined from the 
balance between friction force ( ) 21

||||
2

||
−−≈ pIpiII VVmnnZR τ  and thermal force 

TnZR I
T

||
2

|| 56.1 ∇≈  thus giving ippiI TmnVV ||
1

|||| 56.1 ∇+≈ −τ , as illustrated in Fig. 7, see also [9]. 
Assuming the parallel velocity of main ions to be positive (i.e. directed towards the target), 
one may expect that for a hot outer target (like for the seeding rate 18108 ⋅ at/s) the nitrogen 
parallel velocity becomes smaller or even negative (i.e. directed upstream). One can see that, 
as the seeding rate increases, the ion temperature near the outer target decreases, and the 
nitrogen parallel velocity becomes closer to the parallel velocity of main ions, which is 
directed towards the target. Thus at the attached outer divertor nitrogen leaks and during 
transition to the detachment the leakage changes to retention resulting in the nitrogen density 



rise and equilibration between the targets, see Fig. 8. The net poloidal nitrogen fluxes in the 
PFR and SOL, which are directed from the hot outer to the cold inner target for the low 
seeding rate [9], becomes sign-changing, i.e. vanishes as the nitrogen density increases. 

Fig.8. Total nitrogen density (sum over all ionization states) for different seeding rates. 
 

Fig.9. Net poloidal nitrogen flux (sum over all ions, integrated across SOL and PRF) for different seeding rates.
 

Fig.10. Electric potential.
The outer target cooling and temperature equilibration between targets result in the 

reduction of thermoelectric current flowing from the hotter plate to the colder one, similarly 
to experimental observation [3]. This thermoelectric current give the main contribution to the 
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net poloidal current in the SOL for the low seeding rate scenarios, while for the higher 
seeding rate ones the thermoelectric current vanishes, and the Pfirsch-Schlüter current that 
closes the divergent part of B∇ -current becomes the most important. Due to the complicated 
structure of B∇ -current (the analysis of electric potential, Fig. 10, and current distributions in 
the divertor region shows that the B∇ -current are closed by the Pfirsch-Schlüter current 
inside the plasma volume rather than through the targets), it appears that the net current 
between targets changes its sign and starts to flow from the inner to the outer target. 

 

Fig. 11. 2D plots of the Te and the relative difference between j|| and σ||E|| 
The requirement to drive the parallel current through the cold plasma of low electric 

conductivity results in the growth of the poloidal electric field, which reaches the value of 500 
V/m while the plasma temperature does not exceed 1-3 eV.  

To understand why does this high E-field develop, let’s consider Ohm’s law 
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adjusts to approximately cancel the parallel gradient terms, and the potential is of the order of 
Te/e. However, to drive this current through the cold plasma of low electric conductivity near 
the detached targets, a strong electric field needs to be set up. The potential then exceeds Te/e 
significantly, and Ohm’s law reduces to j||= σ||E||. As the seeding rate increases and the outer 
target detaches, the area of validity of this reduced Ohm’s law increases, see Fig. 11. 

 

Fig. 12. left: radiated power due to nitrogen ions (excluding nitrogen atoms); right: total electron power losses 
due to atomic processes.

As the seeding rate increases, the cold region where the temperature is below 5 eV 
broadens significantly, reaching the X-point from the PFR side and from the HFS of the SOL. 
Since the boundary of this region is sharp, the ionization of neutrals (and the first two 
nitrogen ionization states) takes place at this boundary. Due to the same reason the radiation 
power comes from the same narrow boundary between cold and hot plasma, see Fig. 12. The 
bigger the seeding rate (and nitrogen content correspondingly), the closer to the X-point does 
the locus of radiation losses maximum move. 

One can see that a seeding rate of even 20102 ⋅  atoms/s is not enough to provide a confined 
region cooling below 5 eV at least in the X-point vicinity, as it was observed in the 
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experiment. Note, however, that the experimental seeding rate reaches a value of about 
21106.3 ⋅  atoms/s, while corresponding modeling scenarios exhibited poor convergence and 

are not presented here. The question whether it will be possible to get a stationary solution 
with such a high amount of nitrogen is left for the near future. 

Another problem in modeling results is the too high nitrogen density in the SOL and in the 
confined region resulting in effZ  exceeding measured values. 

 

Conclusions 
A series of steady state modeling scenarios corresponding to the ASDEX Upgrade N-

seeded plasma was performed with the SOLPS-ITER code. The transport equations are taken 
in the SOLPS5.2 form (see [10]), and all drift and current terms are turned on. By varying the 
nitrogen seeding rate from one scenario to another the total nitrogen amount inside the 
vacuum vessel is controlled, thus the transition to detachment observed in the experiment 
after turning the seeding on is modelled. 

The experimental conditions corresponding to the high-recycling regime at the outer target 
with zero seeding rate are reproduced in low seeding rate modeling scenarios almost 
independently of the seeding rate value while it remains much smaller than the experimental 
value 21106.3 ⋅  atoms/s. It is demonstrated that the BE ×  drift gives a significant contribution 
to the nitrogen fluxes in the SOL and in the PFR. 

During the transition to the detachment at the outer target with increasing seeding 
rate/nitrogen content, the following experimentally observed features are reproduced: 
i) reduction and even sign inversion of the net current through the divertor plates; ii) roll-over 
in electron density and main ion particle flux at the outer target; iii) appearance of the 
radiating spot near the X-point vicinity, iv) appearance of the cold and dense plasma near in 
the target vicinity, which broadens towards the X-point with increasing seeding rate. Inside 
this cold and dense region with low Spitzer conductivity a strong E-field develops in order to 
drive Pfirsch-Schlüter currents there.  

A seeding rate of 20100.2 ⋅  atoms/s is not enough to provide the cooling of the confined 
region even in the X-point vicinity and the ability for neutrals to penetrate there. No 
significant radiative losses from the confined region and no confinement reduction are 
observed in the corresponding modeling scenario despite the fact that the nitrogen content 
(and Zeff) exceeds the experimental value.  

Results from runs of another scenarios with increased seeding rate (up to the experimental 
value), which are time consuming and converge slowly, are required for further understanding 
and are expected in the near future.  
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