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Abstract:
Divertor detachment is a prerequisite for large burning plasma fusion devices. The understanding
of the processes leading to divertor detachment is currently incomplete and a reliable prediction for
future large scale devices out of reach. In the full-metal ASDEX Upgrade divertor detachment has
been studied for Ohmic and L-mode density ramp discharges with deuterium, hydrogen and helium
as a fuelling species and both toroidal field directions. For hydrogenic fuelling species the integrated
ion flux at the inner target reaches its peak value at an only ∼ 10 − 20% lower n̄e than for the outer
divertor target. However, the maximum of the integrated ion flux to the inner target remains well
below what is observed at the outer target.
The numerical transport code package SOLPS5.0 is applied. Under common assumptions for the
model it is found that the roll over of the ion flux at the inner and outer targets occurs at a similar
nsep
e . Contrary to experimental findings the simulated peak values remain comparable for both target
plates and no strong reduction of the ion flux density is seen for the inner divertor. An experimental
observation of high ne in the far SOL during a fluctuating phase indicates that plasma is transported
outward into the far SOL while radiation increases over a large volume. Based on these observations
various levels of perpendicular transport in the X-point region of the inner divertor are assumed in
the model and impurities are included. The simulated inner target peak ion flux is reduced by a
factor of 3 − 4.

1

Introduction

For existing devices with thin metal coatings as plasma facing components along the divertor
target plates such as JET and ASDEX Upgrade it is sufficient to reduce the heat flux and thus Te
at the divertor target plates in order to respect the prescribed safety margins. Such an operational
regime is labelled ’power detachment’ and can be achieved under high recycling conditions.
Depending on the power entering the Scrape Off Layer, SOL, and the upstream density at the
separatrix, nsep
e , impurity seeding may be required to reduce Te in order to establish this regime
[1].
Large burning plasma fusion devices such as ITER and DEMO require divertor particle
detachment. Here the total plasma pressure is lost along a field line between the region above
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FIG. 1: Measured integral ion flux to the inner (red,a) and outer target (blue,c) in forward field
together with the radiation from a line of sight close to the X-point region (b) and its fluctuation
spectrum (d), from [6].
the X-point and the target plate as defined in [2]. The most prominent effect is the observation
of the reduction of the integral ion flux, Φ, or of the peak value of its density, Γpk
t , at a divertor
pk
target plate. Experimentally such a reduction of Γt is accompanied by the observation of a
strong increase of line radiation such as e.g. Dδ , which itself indicates increasing volumetric
recombination of D+ ions. Deuterium ions impinging on plasma facing components, PFC,
recombine to atomic neutrals and further on to molecules. This surface recombination process
alone deposits ∼ 18.1eV per impinging ion onto PFCs. For divertor target temperatures of
Te ≤ 2.5eV and assuming Te equal to Ti the power deposited by surface recombination is
similar to the heat flux onto the target plate [3]. The high recycling regime and therefore the
usual ’power detachment’ alone would be insufficient to further reduce the power onto PFCs for
Te . 2.5eV as according to the simple two point model Γt ∝ 1/Tt [4, 5]. A strong reduction
of Γt is needed as elsewise the release of recombination energy onto PFCs, alone would be
sufficient to exceed the tolerable power load densities, nowadays estimated to be . 5M W/m2
for long pulse operation.
In order to loose plasma pressure along a field line momentum needs to be transferred to
PFCs not connected to this field line. This is achieved either by perpendicular plasma transport,
by elastic charge exchange, CX, collisions or by volumetric recombination with a subsequent
escape of the formed neutrals to a segment of the wall or a collision with another neutral.
Perpendicular transport of power in the SOL has been invoked to trigger detachment by
’starving’ the divertor of power thereby dropping the recycling level [7]. Perpendicular particle
transport, Γ⊥ , on the low field side, LFS, of the SOL is thought to be able to reduce the threshold
of the upstream density at which detachment occurs [8]. In devices with high Γ⊥ on the LFS and
walls made of Carbon enhanced erosion of the PFCs can also trigger detachment by sensitively
changing the power balance in the divertor and triggering detachment [9].
Elastic CX collisions become important if Te < 5 − 10eV . For higher Te the neutrals
carrying the momentum of the plasma will be ionized shortly after the elastic CX process and
would thus be unable to transfer momentum to the PFCs. The process D2 + D+ → D2 + D+
is the dominant momentum loss mechanism [10–12]. Neutral pressure needs to be high for CX
to be significant. Thus the high recycling regime is a necessary precursor for detachment.
Ions and therefore momentum can also be removed by volume recombination. In a divertor
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of a fusion device electron ion recombination dominates over molecular assisted recombination [13, 14]. For volumetric recombination to be a significant sink term, the time needed for
recombination to take place, τrec , needs to be smaller than the dwell time, τdwell , the time the
ion travels through a region of net recombination. A decrease of parallel velocity is necessary
and a signature for momentum loss [15].
Experimentally the detached regime has been observed in a large variety of fusion devices
with varying PFC materials, confinement modes and main ion fuelling species. Detachment is
accessed either by increasing the line averaged density, n̄e , or by additional external seeding
of impurities. The understanding of the processes leading to divertor detachment is currently
incomplete but of crucial importance for the prediction of the divertor performance of future
large scale devices [16]. It is however believed that the requirements for its onset are known
[5, 17, 18].
Being a volumetric process the understanding of divertor detachment requires the quantification of the distribution of ne , Te , plasma flows and volumetric processes. At ASDEX Upgrade
ne was determined in the divertor volume by measuring the Stark broadening of the D line.

2

Experiment

The PFCs of ASDEX Upgrade are currently tungsten coated. Divertor detachment has been
studied for Ohmic and L-mode density ramp discharges with deuterium, hydrogen and helium as
a fuelling species and forward as well as reversed toroidal magnetic field direction and current.
The discharges are lower single null discharges with a plasma current of Ip = 1M A, a toroidal
field of Bt = 2.5T and a lower triangularity of δ = 0.36. The additional heating power for
L-mode discharges was varied between 400kW and 900kW consisting only of ECRH. For both
field directions, thus with the ion B × ∇B drift towards and away from the active divertor n̄e
was ramped using a gas puff .
With increasing n̄e the divertor undergoes different distinct states and the behavior of the
inner and outer divertor is coupled. Prior to the detachment of the outer divertor a fluctuating
detachment state appears in the SOL of the inner divertor, characterized by strong radiative
fluctuations close to the X-point, see Fig.1 (b,d). The frequency bands are in the kHz range and
scale with the inverse of the square root of the mass ratio of the fuelling species [6]. Simultaneously a region with high ne appears in the inner far SOL and X-point regions. This occurs
independent of the toroidal field direction [16, 19]. Moreover, during this fluctuating state Φ
to the targets initially increases and then decreases, defined as roll over, Fig.1(a,c). It was possible to confirm the existence and localization of regions of high ne in the far SOL during the
fluctuating phase after having upgraded the lines of sight for better spectroscopic coverage of
the inner divertor . A high Γt in the far inner SOL reported in [2] was confirmed. The roll
over of Φ occurs at the inner target at an only ∼ 10 − 20% lower n̄e than for the outer divertor
target and is independent of the field direction. However, when comparing Φ to the inner target
with predictions based on the simple two point model [4] a strong deviation is observed, Fig. 1
and a high degree of detachment, as defined in [17], is reached. Once the radiative fluctuations
disappear detachment occurs along the entire inner target plate. Areas of high ne correlate well
with regions in which a high total radiation is measured. Thus the tomographic reconstruction
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FIG. 2: Tomographic reconstruction from foil bolometry at medium (a) n̄e during the radiative
fluctuations and complete inner target detachment at high (b) n̄e , from [6]
shown in Fig. 2 is a good representation for the evolution of the spatial 2D location of ne .
Together with detachment at the strike point of the inner target a region of high ne is observed
at the target plate at the hight of approximately the X-point, Fig. 2 (a). This region of high ne
then moves radially and poloidally towards and above the X-point and complete detachment is
reached along the vertical inner target plate. Simultaneously the outer divertor reaches complete
detachment. Qualitatively the roll over of Φ is rather symmetric at both divertor targets with
increasing n̄e . However, some yet unknown additional process is present in the inner divertor
plasma. It induces an asymmetry by strongly reducing the peak and integral values of the ion
flux reaching the inner divertor target plate.
Furthermore, once the region of high ne in the far SOL of the inner divertor is seen Te at
the inner strike point increases independant of field direction. Values for Te between 15eV and
35eV have been measured. Once the region of high ne has moved away from the target towards
the X-point and above then Te decreases again to values ≤ 5eV at the inner strike zone.
The same asymmetry in terms of Φ is seen when comparing experimental data obtained in
the full-metal device with those data from previous campaigns during which the target plates
were composed of graphite and all other PFC were tungsten coated. Furthermore, the n̄e at
which the outer divertor detached is similar to that for the fully tungsten coated device [2].
However, no spectroscopic measurement of the 2D distribution of ne in the divertor volume
was available.
For helium fuelled Ohmic discharges similar to D fuelled discharges Φ to the divertor target
plates is asymmetric as a function of n̄e for forward field [16]. This has been recently also
observed in ECRH heated L-mode plasmas. It was concluded by this comparison that the
increased complexity of volumetric processes for D fueled discharges is not the root cause for
the lack of understanding the asymmetry of Φ.

3

Numerical Modelling

The fast appearance of high ne in the far SOL together with the fluctuating phase indicates that
plasma is transported outward into the far SOL. Simultaneously radiation increases over a large
volume of the inner divertor. Up to now no other measurement is available to shed light on the
origin of the fluctuations and of the high ne in the far inner SOL.
Numerical codes such as the SOLPS5.0 code package and within it the 2D coupled fluid
Monte Carlo neutrals Code B2.5-EIRENE contain an as complete as possible model of our
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FIG. 3: Comparison of Ion flux density js at for inner (a) and outer (b) target together with
= 2.0x1019 m−3 under different perpendicular
ne (c) and Te (d) profiles at inner target for nsep
e
transport assumptions including one case with 0.5% Carbon content. The reference case is
taken from [2, 16] with no drift terms activated.
current understanding of the basic processes present in the Scrape Off Layer, even allowing the
activation of drift terms. The SOLPS5.0 code package is a transport code and perpendicular
turbulent transport is prescribed by a particle and energy flux that is a linear combination of
a diffusive and an advective term. For the perpendicular particle flux, Γ⊥ , this translates into
Γ⊥ = −D⊥ · ∇ne + ne · v⊥ . The terms D⊥ and v⊥ are generally defined by fitting the simulated
upstream profiles in the SOL and edge region as well as possible to the experimentally available
set of data [2, 20, 21]. The particle source distribution also determines the shape of the plasma
profiles and is calculated self consistently. If however physics is missing in the model used
then an incorrect Γ⊥ may result. This Γ⊥ , whose origin is a modified fuelling profile and thus a
different divertor sink action for plasma will drive flows in the SOL that are not accounted for
correctly otherwise.
pk
Under common assumptions (see e.g. [2, 22]) and with increasing nsep
e , Γt as well as Φ
at both target plates roll over at very similar nsep
e . Similar to the experiment the roll over of
sep
Γt at the inner target occurs at a ne slightly lower than for the roll over at the outer target.
However, the simulated Γpk
t values remain similar for both target plates and no strong reduction
of the ion flux density is seen for the inner divertor contrary to experimental findings [16]. An
increase of the Γ⊥ with increasing n̄e under the assumption of a collisionality dependant scaling
does not induce any asymmetry in Γpk
t while nevertheless reducing the n̄e at which the roll over
occurs [8].
The activation of drift terms was thought to allow an explanation of the high ne in the far
inner SOL. The strong poloidal temperature gradient that exists in the high recycling regime
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would induce an outward particle drift via the Epol × B drift. However, when activating the
drift terms this was seen to only have a small effect at medium to high nsep
e . Furthermore a field
reversal inverses the drift velocity and transports particles towards the separatrix. The region of
high ne exists however independent of field direction.
The asymmetry in Φ between the two targets was suggested to be connected to hot electron
tails in non maxwellian distributions. This assumption has only been tested in principle using
a fluid only code B2.5 without kinetic neutrals [23]. It let to an asymmetry of Φ but not to the
observation of regions of high ne in the far SOL of the inner divertor.
Having excluded these options for an explanation of the experimentally observed asymmetry
of Φ between the two divertor targets an ad hoc assumption is made. It is postulated that an
enhanced Γ⊥ exists in the region of the X-point in the SOL of the inner divertor. Transport is
assumed to be outward. Various levels of Γ⊥ in the X-point region of the inner divertor are
assumed with various poloidal and radial extensions. This perpendicular transport is either set
by prescribing a constant D⊥ or a constant v⊥ in the designated region. The additional effect of
activating drift terms is not tested yet. They are likely able to change the simulated values by
modifying transport perpendicular and parallel to B under the effect of the postulated particle
transport. A realistic quantitative comparison with the experiment is however currently not
possible. All other boundary conditions, input powers, geometry are taken from [16].
Figure 3 shows the effect that a strongly enhanced D⊥ has on a selection of target profiles at
an upstream density just above that at which a ’roll over’ of Γpk
t was observed for the outer
target in [16]. The enhanced D⊥ in the cases shown is poloidally limited to 5 numerical cells
around the X-point, thus extending about 10cm poloidally in real space and extends radially
across the entire SOL. A radial reduction of the extension of the enhanced transport has the
effect of narrowing the profile and resulting in a plasma solution that is as if a lower D⊥ had
been assumed. Qualitatively there is only a marginal difference on the profile shape if instead
of a diffusive transport an advective transport is assumed. Figure 3 shows that in order for such
transport to have a major effect D⊥ needs to be ≥ 500m2 /s. Only under the assumption of
very strong transport perpendicular to the magnetic flux surfaces (D⊥ = 104 m2 /s) a very broad
profile can be seen with a flat second peak in the far SOL for dsep > 10cm. The Γpk
t and ne
at the inner divertor target can be reduced by a factor of 3 − 5. Only at the highest D⊥ can an
elevated Te be seen at the inner strike zone. The assumption of 0.5% carbon has only a small
impact on the overall plasma solution. None of these transport assumptions has an effect of
≥ 20% on the outer target.
Figure 4 shows the distribution of a few key quantities in the divertor volume for the case of
D⊥ = 500m2 /s. The electron density extends over a wide range in the region of the divertor
target, however despite the high nsep
electron densities of several 1020 m−3 are not seen in the
e
simulations in the volume of the inner divertor and the ne profiles are very flat in radial direction.
Furthermore, in contradiction to the experimental observations, the simulations do not show any
high density region close to the X-point. The parallel Mach number of the plasma accelerates in
the region around the HFS X-point and then strongly drops in the volume between the X-point
and the target. In addition the plasma pressure drops by about one order of magnitude over a
large volume in the divertor. The area of the strongest drop corresponds to the zone of strong
drop of the Mach number which coincides also with a region of elevated molecular density. In
the numerical simulations it is also seen that for those cases in which enhanced X-point transport
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FIG. 4: Two dimensional distribution of ne (a), Mach number (b), the plasma pressure (c) and
the density of deuterium molecules (d) in the divertor for the case with D⊥ = 500m2 /s
is assumed more neutrals are ionized inside the core region. In fact for unchanged main SOL
transport coefficients it is observed that the density profile steepens and thus a higher fuelling
efficiency is obtained. The same assumptions as for D fuelled cases were made for simulations
with He as main fuelling species. The results obtained are qualitatively very similar to those
for D plasmas.

4

Conclusions and Discussion

Experimentally, as the inner divertor detaches, a region of high ne forms in the inner far SOL
and strong radiative fluctuations appear simultaneously in the SOL of the HFS close to the Xpoint. While the integrated ion flux at the inner target reaches its peak value at an only 10−20%
lower n̄e than for the outer divertor target, the maximum of the integrated ion flux to the inner
target remains well below what is observed at the outer target. The SOLPS5.0 code package
has been applied without activating drift terms. Based on the experimental observations it is
postulated that an enhanced perpendicular particle flux exists in the region of the X-point in the
HFS. This particle flux is added to the common assumptions made so far [16] and it is assumed
to be perpendicular to the flux surfaces. Such a particle flux drops Γpk
t at the inner target by
a factor 3 to 5 only if very high values of D⊥ are assumed, while affecting the conditions at
the outer target only up to 20%. While this and a few other observations made are a progress
in recovering the experimental findings of the detachment on the HFS, the result is not yet
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satisfactory as it lacks i.e. reproducing the very high electron densities in the inner divertor
volume seen experimentally. In order to make further progress the origin and the dynamics of
the radiative fluctuations need to be understood. A direct measurement of perpendicular and
parallel flows in the X-point region are needed. In the future it will be tested how the result
changes if instead of a transport perpendicular to the flux surfaces one that is radially inward is
assumed.
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