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a b s t r a c t 

The understanding of divertor physics and the evolution of divertor detachment is crucial for developing 

the capability to model power exhaust in current experiments and reliably predict it for future fusion 

devices. In simulations of ASDEX Upgrade, an experimentally observed region of high density in the high 

field side scrape-off layer has been recovered. Validated modeling with SOLPS5.0 shows that a detailed 

match of the high field side scrape-off layer plasma is not only important for local plasma parameters, but 

can lead to strong changes in global parameters. Drifts play a crucial role in lower-single null discharges 

with forward toroidal field ( ∇ 

�
 B -drift pointing down). Their inclusion changes the spatial extent as well 

as the radial and poloidal gradients of the high field side high density. Adapted transport coefficients that 

take into account core fueling by plasma diffusion due to the presence of the high field side density and 

drift-driven radial fluxes now reconcile the modeled deuterium compression ratio, divertor neutral den- 

sity, neutral radiation levels and deuterium fueling rates with experimental measurements. The onset of 

strong volume recombination in the simulations now allows to remove the previously necessary increase 

of perpendicular transport in the inner divertor from the simulations. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Future fusion devices like ITER [1] and DEMO [2] will have

o be operated with a detached divertor to meet material limits,

hich are otherwise largely exceeded at the divertor targets [3,4] .

 sound understanding of the controlling physics in the divertor

nd scrape-off layer plasma as well as of the interplay of the in-

ividual processes in the evolution of divertor detachment is cru-

ial for developing the capability to accurately model power ex-

aust experiments in current devices such as ASDEX Upgrade or

ET [5,6] and ultimately develop a predictive capability for future

usion devices, such as ITER or DEMO. Previous numerical mod-

ling with SOLPS5.0 has shown that most experimental measure-

ents can be reproduced in the fluctuating [7] and completely

etached plasma scenarios as in nitrogen-seeded ASDEX Upgrade

-Modes [5,8] . However, the neutral density and compression in
∗ Corresponding author. 

E-mail address: f.reimold@fz-juelich.de (F. Reimold). 
1 see http://www.euro-fusionscipub.org/mst1 . 
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he (sub-)divertor could not be reproduced using the experimental

pstream profiles [8] . The persistent discrepancy with experiment

anifested in the simulations via an underprediction of the neu-

ral flux densities, the line-integrated Balmer line intensities ( D δ &

 ε ) and the deuterium fueling rates. In addition, almost no volume

ecombination occurred in these simulations despite experimental

ndications of recombining plasma in the inner divertor [9] . 

This paper presents new SOLPS5.0 2 modeling, which shows that

t can be crucial to match the experimental measurements in both

ivertors accurately – as opposed to matching the outer divertor

nly – in order to obtain an improved plasma solution. 

It has been shown experimentally that a region of high den-

ity in the high field side scrape-off layer – the so-called high field

ide high density (HFSHD) – is connected to the evolution of the

ivertor towards complete detachment and to the fueling of the

ore plasma [5,7,10,11] . Such a high density region also forms in

ur simulations of the fluctuating detachment state, where it plays
2 Modified SVN Revision 4551 at http://solps-mdsplus.aug.ipp.mpg.de/repos/ 

OLPS/trunk/solps5.0/ (restriced access). 
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an important role in the fueling of the core plasma and largely

determines the achievable neutral pressure in the divertor for a

given upstream separatrix density. Consistent with experimental

data, the high density region forms with sufficient heating power

[7,12] and extends out of the divertor up to the inner midplane

[11] . The nature of the core plasma fueling is changed – with po-

tential implications for plasma performance [12,13] – and is at

least partly responsible for the previous discrepancies of model-

ing and experiment in the particle throughput and divertor neu-

tral density. An improved match of the high field side scrape-off

layer plasma and the analysis of its dynamics enables us to match

the experimental neutral compression, fueling rates and to obtain a

significant recombination sink for ions in the inner divertor, while

maintaining comparable agreement with the other experimental

measurements as previous modeling [8] . 

The experimental setup of the modeled H-mode experiments

is shortly presented in Section 2 . The modeling setup is detailed

in Section 3 . The impact of the high field side high density on

the simulations and of input parameters on the high field side

high densityis discussed in Section 4 . A discussion and summary

in Section 5 closes the paper. 

2. The experimental setup 

The selected ASDEX Upgrade H-mode discharge (#28903) was

a lower single null configuration with a plasma current of I P =
800 kA , a toroidal field of B t = 2 . 5T ( ∇ 

�
 B -drift points down) and a

total heating power of P H = 8 . 2 MW . The separatrix electron den-

sity at the outer midplane is about n e = 2 . 5 × 10 19 m 

−3 with a cen-

tral line integrated density of 〈 n e 〉 = 6 . 8 × 10 19 m 

−3 . Measured core

plasma impurity concentrations were about c N = 0 . 5% , c C ≈ 0.1%,

c He ≈ 0.5% in the modeled, non-seeded reference phase. The tung-

sten core concentration varied between c W 

= 1 . 5 − 3 . 0 × 10 −5 . The

discharge #28903 is modeled for an averaged inter-ELM period in

the time slice from 2 . 0 − 2 . 6s . ELM-synchronization has been used

to restrict experimental data to stable inter-ELM phases where pos-

sible. The plasma is in the fluctuating detachment state [7] , where

the impact of the high field side high density is most pronounced.

This state features a detached inner divertor and an outer divertor

in the high-recycling regime. The discharge is described in more

details in Refs. [5,8] . 

3. The modeling setup 

The SOLPS5.0 code package [14] has been used for the mod-

eling. SOLPS mainly consists of two coupled codes: B2.5 [15] is a

fluid code that solves Braginskii-like equations for ions (D, C, He,

N) and electrons. Eirene is a Monte-Carlo code that describes ki-

netic neutrals [16] . Both codes are coupled via source terms and

are called iteratively. The reference equilibrium for the grid gen-

eration is taken at 2.4s of the discharge #28903. The separatrix

density is set by a neutral gas puff of deuterium molecules at the

experimental feed-forward fueling rate of 2 . 0 × 10 22 e −s −1 . A puff

of nitrogen atoms at a low seeding rate ( ∼10 19 e −s −1 ) is applied

to account for residual wall sources of nitrogen from seeding in

the previous discharges. The densities of fully-stripped helium and

carbon ions are set to fixed values at the core boundary to match

the experimental core impurity concentrations. Deuterium, helium

and nitrogen are assumed to be fully recycling, whereas carbon is

assumed to be a sticking species. The input power into the simula-

tion domain takes into account the core radiation – predominantly

from tungsten. The latter is determined from bolometric tomog-

raphy that is in accordance with power balance. The power flow

across the separatrix in the simulations is 5–6 MW. A more de-

tailed description of the input parameter settings can be found in

Appendix A . 
. The high field side high density in SOLPS-modeling 

In boundary plasma modeling a substantial mismatch with ex-

erimental data of the inner divertor plasma has been recognized

y the plasma edge community for a long time. Despite significant

ffort devoted to address it, matching the inner divertor experi-

ental data and the in/out divertor asymmetries has remained an

lusive challenge for detached regimes. The situation was aggra-

ated by a common lack of experimental data from the high field

ide scrape-off layer. However, these locations can be important

n determining the boundary plasma solution in ASDEX UpgradeH-

odes in the entire modeling domain. A key ingredient in how the

igh field side scrape-off layer plasma determines the plasma so-

ution is the development of a high field side high density region. 

The inner divertor receives significantly less power (inter-ELM)

han the outer divertor [18,19] , the baffling for neutrals is stronger

nd the parallel connection length as well as the flux expansion

s larger. This leads to a colder and more dense plasma – with

ncreased radiation losses – already for pure deuterium fueling.

ecreased losses of impurity neutrals to the main chamber by

trong baffling and plasma conditions that favor a suppression of

he temperature gradient force out of the divertor as well as an in-

reased friction drag towards the divertor plate below the X-point

llow for a larger impurity retention. Higher impurity content in

ombination with high electron densities then additionally allow

or increased radiation losses from low-Z impurities. These self-

mplifying processes in the inner divertor lead to a transition to

he high-recycling regime and to low target temperatures at lower

pstream densities than for the outer divertor. As a consequence

OLPS simulations of ASDEX Upgradeusually exhibit a region of

igh density and low temperature (1–2 eV) in the inner divertor,

hich is initially confined to the volume between the X-point, the

nner strikepoint and the divertor nose, see Fig. 1 . Drifts and the

ransport model change the spatial extent and the magnitude of

his high density. The remainder of the paper will describe how

he interaction of these two drivers can lead to a better match with

xperiment and how this allows to increase the neutral compres-

ion in the simulations. 

.1. The role of drifts 

Activating drifts in the simulations leads to additional particle

uxes from the outer divertor into the private-flux region and from

here into the inner divertor [20] . This furthers the described ten-

ency of high density and low temperature in the inner divertor

nd leads to a reduction of the density and a reciprocal increase

f the temperature in the outer divertor. Additional redistribution

f the heat flux from the inner to the outer divertor due to drifts

gain amplifies the effect [21] . Lower impurity retention and lower

ensity in the outer divertor also lead to larger in-out asymmetries

f the impurity concentration and to a reduction of the radiation

osses in the outer divertor. For the outer/inner target all this trig-

ers the onset of high-recycling and detachment at higher/lower

pstream densities compared to simulations without drifts. Drifts

lso change the particle flow pattern in the divertor and close to

he X-point in the common scrape-off layer [21] . In particular on

he high field side, the combination of the poloidal and perpen-

icular �
 E × �

 B -drifts lead to additional particle fluxes into the far

crape-off layer [22] . In the drift cases we analyzed, the heat flux

rofile was also shifted outward into the inner far scrape-off layer.

he redistributed heat and particles then help to establish a ‘high-

ecycling’ regime in the high field side far scrape-off layer by in-

reasing the ionization sources there. The high field side high den-

ity region broadens – in perpendicular and poloidal direction –

nd the maximum density in the inner divertor increases. The high

ensity region extends along the inner target to above the divertor
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Fig. 1. The divertor spectroscopy lines of sight [7] at ASDEX Upgrade are shown 

along with the gray shaded region of the high field side high density. Modeled and 

experimental densities from Stark broadening analysis [17] are compared: green - 

agreement within a factor of two; blue/red - under-/overprediction of the density in 

the simulation. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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ose and up to the inner midplane. With the increase of the recy-

ling fluxes in the far scrape-off layer consequently the high field

ide neutral fluxes above the X-point are significantly increased. 

A second order effect, that moderates the effect of this high-

ecycling in the high field side far scrape-off layer, can be exerted

y the neutral conductances of the subdivertor structures of ASDEX

pgrade. These allow the high neutral fluxes of the inner divertor

o migrate towards the main chamber and/or to equilibrate with

he subdivertor pressure. Vice-versa high neutral subdivertor pres-

ures can provide additional neutrals and help to sustain the high

eld side scrape-off layer recycling. This moderation effect can play

 role in the numerical and physical stabilization of the simula-

ions, but the neutral conductances alone in simulations without

rifts so far have not been sufficient to establish high-recycling in

he far scrape-off layer. 

.2. Role of plasma fueling 

Scrutinizing the high density region in the high field side

crape-off layer, it became clear that two additional processes need

o be considered for fueling of the confined plasma. Fig. 2 (a) shows

ensity profiles at the low field side (red) and high field side

green) midplane. At the inner midplane the density gradients are

nverted at the separatrix. Such inverted gradients can be present

n drift simulations between the X-point and the inner midplane

nd lead to a diffusive plasma flow across the separatrix, see red

haded region in Fig. 3 . In addition, a drift-driven plasma flow

cross the separatrix also provides a particle source for the con-

ned plasma, see blue shaded region in Fig. 3 . The high field side

igh density changes the balance of the outward and inward di-
ected drift-driven particle flows by changing the poloidal asym-

etry of the plasma profiles, which in turn impacts on the ion-

zation distribution and the flow pattern in the scrape-off layer.

nalysis of the flows and their interconnection to the drift-driven

uxes will be presented elsewhere. The amount of drift-driven and

iffusive particle influx can be comparable to the effective ioniza-

ion source due to neutrals inside the confined plasma. Neglecting

he effective particle source due to an influx of plasma in our as-

essment of how the confined plasma is fueled had prohibited us

n the past to achieve the experimental neutral compression due

o an overprediction of the separatrix densities for a given neutral

ressure in the divertor. 

In order to achieve the correct neutral compression in the sim-

lations, the particle diffusion coefficients need to be reduced to

ow values ( D ≈ 0 . 01 − 0 . 10 m 

2 

s ) in the proximity of the separatrix

o decrease the fueling by inward diffusive plasma flow and to con-

ne the high density more to the divertor. Including a perpendic-

lar outward convective transport component in the low field side

crape-off layer to mimic the convective transport by filaments can

urther lower the fueling of the core by plasma influx. The reduc-

ion of the plasma flow into the confined plasma allows to increase

he neutral fueling rates to experimental levels. A fixed pumping

peed of the pumping system then automatically implies an in-

rease of the neutral density in the divertor and in turn a signifi-

ant increase of the neutral radiation. In contrast to previous mod-

ling [8] , the neutral divertor density and the neutral radiation are

ow widely consistent with experimentally observed levels. The

daptation of the transport model also included a reduction of the

reviously necessary additional perpendicular transport in the di-

ertor volume [8] . The reduction of the perpendicular diffusion co-

fficients in the divertor back to original level results in an addi-

ional increase of the gradients and the maximum of the density

n the inner divertor. This has two beneficial effects with respect

o an improved match to the experiment. First, the extent of the

igh density region out of the divertor is reduced and the density

s more strongly peaked in the vicinity of the divertor target. This

educes the plasma influx into the confined plasma further by re-

ucing the density and its radial gradients at the high field side

eparatrix. Second, the increase in the peak particle density leads

o the onset of strong recombination, which we will discuss in the

ollowing. 

.3. The role of recombination 

In the past, we always attempted to match the low experimen-

al values of the ion saturation current measurements at the inner

arget by locally increasing the divertor transport coefficients [8] .

his paper presents that the same result can be obtained with-

ut – or modest – rescaling of the divertor transport. Reducing

he additional transport stepwise to original levels in a series of

imulations at first worsens the match to experiment. In particu-

ar, the density at and the ion fluxes to the inner divertor target

ncrease to large values. However, with increasing density strong

olumetric recombination starts to set in at the inner strikepoint

nd subsequently broadens along the target. It reduces the den-

ity at the inner target plate as well as the ion flux dramatically

nd brings the simulated target profiles back to experimental lev-

ls. The recombination sink rate is then comparable to the total

ecycling flux from all grid boundaries. This is a step forward in

imulating ASDEX Upgrade H-modes as significant volumetric re-

ombination had not been present in previous simulations of the

uctuating detachment state [8] in contrast to spectroscopic sig-

atures of recombination in the inner divertor [9] . In addition, the

esults indicate that it might not be necessary to invoke additional

hysics, e.g. in Ref. [23] , to reconcile modeling with experiment. 
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Fig. 2. a) The electron density profiles at the outer (red) and inner (green) midplane are shown along with experimental data at the outer midplane (grey). A clear in-out 

asymmetry of the scrape-off layer profiles and inverted gradients at the inner midplane separatrix can be seen. b) Heat flux profiles are compared to Langmuir probe and 

infrared thermography measurements. c) Particle flux are compared to Langmuir probe j sat profiles. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 3. The particle flux across the separatrix is plotted along the poloidal direction from X-point to X-point. The neutral fueling of the confined plasma (green) is supple- 

mented by plasma flow driven by drifts (blue) and diffusion due to inverted density gradients (red). (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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The volumetric recombination in the simulations was triggered

mainly by the increase of the density in the divertor and less so

by a decrease in temperatures. This indicates the importance of

three-body recombination. It is yet to be evaluated to which ex-

tent increased losses (radiation, charge-exchange, ionization) due

to increased neutral density in the divertor or a change in the flow

pattern are important. The neutral particle source from volumet-
ic recombination sustains the high neutral pressure in the subdi-

ertor without the need of large recycling fluxes from the target

urface, which allows for high neutral divertor pressures and low

nner target ion fluxes at experimentally observed upstream sepa-

atrix electron densities. High electron density with ionizing tem-

eratures ( > 10 eV) towards the core plasma are responsible for a

igh opacity for neutrals towards the confined plasma. In contrast,
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Fig. 4. Consistent with experiment, the maximum density in the high field side 

high densityshows a linear dependence on the heating power up to a point where 

the inner target starts to re-attach. 
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ecreasing density and temperature towards the private flux re-

ion allow the neutrals to migrate from the high density region

o the subdivertor volume. Both effects combined result in high

eutral subdivertor pressure and high neutral compression. It is to

e noted that non-drift simulations have a significantly lower peak

ensity in the inner divertor. The high density also has a tendency

o peel off the inner target and move from the divertor nose to-

ards the X-point. A concomitant flattening of the electron density

rofile and a reduction of the density below the divertor nose pre-

ents access to a state with significant recombination sinks in the

nner divertor for these simulations. 

.4. The impact of impurity seeding & heating power 

Experiments have shown that the high field side high densityis

iminished in its spatial dimensions and its magnitude with nitro-

en seeding [12] . If the nitrogen influx is increased in the simu-

ation, the same trend is observed. First, a reduction of the den-

ity along with significantly increased radiation in the high field

ide scrape-off layer is observed. Concomitant with the reduction

f the high field side high densitya reduced influx of plasma into

he confined region and hence a drop of the separatrix density

s observed. This is reminiscent of experimental observations that

re connected to confinement improvement with the application

f nitrogen seeding [12,13] . In the initial phase of seeding, temper-

tures at the outer divertor can even increase in the simulations

espite the increased impurity content as the upstream density

rops. The maximum target temperature then varies only slightly

 ∼10%) with increased seeding until the density in the inner di-

ertor stabilizes again. At this point the outer divertor temperature

tarts to drop with further increased seeding and the radiation and

onization fronts move towards the X-point to ultimately form the

-point radiation with completely detached targets. The reduction

f the high field side high densitywith increased nitrogen seeding

s accompanied by a reduction of power into the region of strong

onization as well as a reduction of the ionization source strength

n the high field side scrape-off layer. This indicates that the ion-

zation in the inner divertor is limited by the available energy for

onization and that impurity radiation leads to a power-starvation

f the recycling process, i.e. the ionization source decreases due

o power balance constraints [24,25] . Simulations with a variation

f the applied heating power are also in line with experimental

bservations and support this interpretation. Fig. 4 shows a linear

ariation of the maximum density in the high field side high den-

ityregion with the heating power up to a point where the inner

trikepoint temperature starts to increase and the inner divertor
tarts to re-attach. The linear increase of the density with heating

ower is consistent with experimental evidence presented in [12] .

owever, in ASDEX UpgradeH-mode experiments the inner diver-

or is usually always detached and the roll-over of the density with

e-attachment of the inner target has not been observed so far. The

etails of the parametric dependences and the applicable parame-

er ranges need to be evaluated further and in greater depth in the

uture. 

. Discussion & summary 

This contribution shows the importance of a decent match with

xperimental data from the high field side scrape-off layer in vali-

ated modeling of ASDEX UpgradeH-mode simulations. It is essen-

ial to match the low field side and high field side scrape-off layer

nd divertor plasma simultaneously . In particular, the high field

ide high densityis an essential contributor to the overall plasma

olution. It is responsible for changes in the fueling of the confined

lasma, the distribution of the neutral particle sources and the

chievable neutral compression of the divertor. Drifts play a cru-

ial role in the presented simulations in forward toroidal field ( ∇ 

�
 B -

rift pointing down). They determine the spatial extent as well as

he radial and poloidal gradients of the high field side high den-

ity. In simulations with activated drift terms, inverted radial den-

ity profiles on the high field side and significant particle fluxes

riven by drifts lead to plasma flow into the confined plasma. Tak-

ng into account this plasma flow in the analysis of the fueling of

he confined plasma properly has enabled us to get rid of a long-

tanding discrepancy in the neutral compression ratio of modeling

nd experiment. Adapted perpendicular diffusive transport coeffi-

ients and/or the application of a convective transport component

re able to reconcile the modeled neutral compression ratio with

xperimental values and allow to increase the divertor neutral den-

ity to experimental levels in the presented simulations – along

ith neutral radiation levels, the deuterium fueling rates and the

easured electron densities in the inner divertor volume. In com-

ination with the onset of strong recombination in the inner di-

ertor this allows to drop the increased perpendicular transport in

he divertor that has previously been necessary in our simulations

n order to reduce the ion flux to the inner target. 

In future work the applicability of the presented results to mod-

ling of other tokamaks needs to be tested. Experimental studies

10] and initial results from our modeling of JET indicate that the 

xistence of a high field side high densityis not restricted to ASDEX

pgrade. Detailed validation of these simulations with experimen-

al data is still pending. For ASDEX Upgrade initial simulation re-

ults for H-Mode discharges of different heating power and fueling

ates indicate that the presented discussion seems to be hold for a

ider variety of plasma scenarios in ASDEX Upgrade. 
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ppendix A. Modeling Setup 

The presented simulations are based on nitrogen seeded,

edium heating power ( P Heat / R = 5 MWm 

−1 ) H-mode discharges

n ASDEX Upgrade [5,8] . In this study we limit ourselves to the
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Fig. A1. The transport coefficients are shown: a) particle diffusivity, b) heat diffu- 

sivity, c) particle pinch velocity. 
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fluctuating detachment state. The perpendicular transport coeffi-

cient profiles at the outer midplane are shown in Fig. A.5 . Identical

transport coefficients are assumed for main and impurity ions. To

account for the ballooning nature of transport the coefficients are

rescaled in the poloidal plane by B 2 
t,re f 

/B 2 t , where B t, ref is the av-

erage toroidal magnetic field in the simulations domain and B t is

the local toroidal magnetic field. In the outer common flux region

below the X-point the transport coefficients are increased by a fac-

tor of two. In the private flux region the transport coefficients are

taken to be constant with D = 2 χe = 2 χi = 1 m 

2 / s . All drift terms

and currents are activated in the simulations. 

Fall-off lengths for the electron and ion temperature λT =
1 . 0 cm and the density λn = 1 . 0 cm and a zero perpendicular

shear condition for the Mach number were used as boundary con-

ditions at the main chamber grid boundary. At the private-flux

grid boundary λT = 1 . 0 cm , λn = 0 . 25 cm and a zero perpendicular

shear condition for the Mach number were set. At the targets stan-

dard sheath boundary conditions with γe = 3 . 0 and γi = 5 . 0 for the

heat flux, v ‖ ≥ c s for the parallel velocity and a zero parallel gradi-

ent for the density were employed. At the core grid boundary the

heat flux into electrons and ions was specified to be equal with

P Heat,e/i = 2 . 5 MW . The particle flux across the core boundary was

chosen to be zero for all species except for deuterium, which ac-

counts for the net influx of 8 . 5 × 10 20 s −1 due to NBI heating. A

zero perpendicular gradient of the parallel velocity v ‖ was spec-

ified. The neutral atomic data model employed is similar to Ref.

[26] . The neutral domain model is calibrated to mimic the neutral

conductances of the subdivertor structure [8,27,28] and a pumping

speed of S pump = 114 m 

3 / s of the ASDEX Upgrade pumps [29] . The

recycling coefficient for all ions is taken to be 1.0 (fully recycling)

at all surfaces except for the pump surfaces, where all particles

are pumped with the same efficiency. At the cryopump surface the

albedo is 0.81 and at the entrance to the pumping duct towards

the turbopumps the albedo is 0.993. 

In this work, the above described reference simulation was set

up with a deuterium fueling rate of 2.0 × 10 22 atoms/s. The deu-

terium fueling is mimicked by a gas puff of deuterium molecules
t the center of the divertor dome baffle, where the divertor valves

n ASDEX Upgrade are located. 
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