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Abstract

The design and construction of advanced divertors has been one of the main topics of tokamak research during the
last decade. The design of such divertors has been carried out by using 2-D plasma edge modelling codes. Many of the
predictions from the modelling, which guided the optimisation procedure, have been demonstrated experimentally such
as: larger operating density range for partially detached plasmas in vertical divertors compared to horizontal ones,
improvement of the divertor pumping capability with more closed divertors and corresponding changes in recycling
impurity exhaust following predictions. New phenomena that were hinted at by modelling but not clearly quantified,
such as the increase in radiative capability of the divertor induced by the geometry, have been measured and understood
by 2-D modelling. Divertor flows determined by divertor sources, which are in turn determined by the geometry, show
the expected qualitative trends but detailed modelling which includes plasma drifts, not yet carried out, is required to

sort out the effects of drifts and particle sources. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last decade, one of the key drivers for the
design and upgrade of the current generation of to-
kamaks has been the incorporation of advanced diver-
tors [1-5]. The design of such divertors has been
optimised by means of 2-D plasma edge codes, such as
B2-Eirene, EDGE2D-NIMBUS and UEDGE [6-11], in
order to maximise the benefits that can be expected from
successful divertor operation: access to regimes of low
divertor power deposition (with high divertor radiation)
which are compatible with good bulk plasma perfor-
mance, reduction of the ionisation source in the main
plasma and enhancement of hydrogen pumping leading
to good main plasma density control, impurity enrich-
ment in the divertor leading to higher main plasma pu-
rity, enhanced helium pumping necessary for reactor
tokamaks, etc., which are of paramount importance for
the development of a next-step tokamak such as ITER
[12].
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In order to achieve these objectives, most divertor
tokamaks (Alcator C-mod, ASDEX-U, DIII-D, JET, JT-
60U, etc.) have modified their divertors and conducted
dedicated experimental campaigns to assess whether
these predicted beneficial effects of divertor geometry are
reproduced in the experiment. This paper reviews the
main results obtained in the course of this activity.

2. Modelling of divertor geometry effects on detachment
and divertor power load

The initial drive in optimising divertor designs was
the need to solve the power load problem in next-step
tokamaks [12]. In order to achieve an acceptable peak
power load on the divertor of a tokamak such as ITER,
it is required that a large proportion of the power flow
into the plasma edge (typically ~60%) is lost in the di-
vertor via volumetric processes such as hydrogen and
impurity radiation before reaching the divertor target.
These losses can only be achieved in a low temperature/
high density divertor close to plasma detachment [13,14].

The area of the divertor target which is subject to the
largest power fluxes is obviously the separatrix strike
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point and, therefore, the divertor designs have been
optimised to maximise the volumetric losses near the
separatrix. In order to study this problem, 2-D codes
have been used to determine the divertor design which
favours this effect most and found this to be a vertical
divertor [15,16]. In a vertical divertor, the recycling
neutrals are emitted towards the separatrix, which be-
comes a region of preferential ionisation, decreasing the
temperature and increasing the density in its vicinity.
This concentration of recycling neutrals promotes sep-
aratrix detachment at lower main plasma densities and
increased volumetric energy and particle (recombina-
tion) losses in the separatrix region. On the contrary, a
horizontal divertor with outwards inclined target plates
concentrates the recycling neutrals away from the sep-
aratrix and, therefore, leads to detachment starting away
from the separatrix rather than close to it, as is required
for optimum divertor operation. Such a difference in
divertor behaviour was predicted with B2-Eirene for the
JET-Mk IIA divertor [17] and found experimentally
[18]. Figs. 1(a) and (b) show the predicted recombination
strengths for two similar B2-Eirene runs displaying the
behaviour described above: plasma recombination close
to the separatrix for vertical divertor discharges and
away from the separatrix for horizontal divertor dis-
charges. Fig. 1(c). shows the inner divertor experimental
detachment behaviour, characterised by the degree of
detachment (DoD), where DoD > 1 implies divertor
detachment [19], for two comparable density scans on
the JET-Mk ITA horizontal and vertical target. While
the vertical divertor shows detachment starting at the
separatrix and progressing smoothly across the SOL
with increasing density, the horizontal divertor shows
the plasma detaching away from the separatrix, with the
separatrix plasma itself remaining attached until the
formation of a divertor MARFE. Observations dis-
playing similar effects have been reported from Alcator
C-mod [20] and ASDEX-U [21].

One of the problems in the achievement of a de-
tached divertor plasma is the asymmetry between inner
and outer divertors (related to plasma drifts and ge-
ometry effects) and which, for the normal direction of
the toroidal field, makes the inner divertor reach de-
tachment at lower densities than the outer one. Physi-
cally separating the inner and outer divertors and
feeding the gas separately to either divertor was ex-
pected to allow some control of the detachment
asymmetry in JET-Mk II Gas Box. Such behaviour has
indeed been found experimentally in agreement with
the predictions from EDGE2D-NIMBUS [22]. Chang-
ing the location of the gas puff from the inner to the
outer divertor makes detachment occur almost at the
same density for both divertors. When gas is puffed at
the inner divertor, the density limit is reached with a
totally detached inner divertor and a fully attached
outer divertor [22].

The achievement of separatrix detachment at lower
densities for a vertical divertor does not necessarily lead
to a lower L-mode density limit. The L-mode density
limit is very well correlated with the onset of total ion
recombination at the divertor [23], which is much less
sensitive to the geometry of the divertor target [21].
Modelling for ASDEX-U Div I and Div II (shown in
Fig. 2) demonstrates that the range of densities in which
separatrix detachment is obtained is much larger in Div
II than in Div I, but this does not imply a smaller range
of operating densities in terms of total divertor detach-
ment, as shown by the drop of the integrated ion flux.

Besides allowing an easier access to separatrix de-
tachment, a vertical divertor creates an extended region
of low electron temperature in the vicinity of the sep-
aratrix [21]. This temperature profile favours the for-
mation of large radiating volumes so that the amount of
divertor radiation can be a large proportion of the
power flowing into the divertor, as required for next-step
devices [12]. Such extended radiation pattern has been
measured in ASDEX-U and is in very good agreement
with B2-Eirene modelling (see Fig. 3). Recent studies on
the nature and size of this carbon radiation in ASDEX-
U [24] have demonstrated that the divertor geometry
leads to these large radiated powers in the following
way: the divertor geometry of Div II leads to the for-
mation of an extended region around the separatrix with
high electron density and low divertor temperature at
lower separatrix density in Div II than in Div I. The
amount of divertor radiation is then determined by
the electron temperature at the divertor and the size of
the carbon source (i.e., chemical sputtering yield). For
typical ASDEX-U conditions, the proportion of power
reaching the divertor is typically less than 40% of the
edge power flow, when the divertor temperature is few
eV, which is in agreement with the experimental mea-
surements [24].

A further obvious effect of the divertor geometry on
the power flux is to allow the diffusion of energy into the
private flux region by anomalous plasma transport. This
effect has been studied in DIII-D by scanning the
X-point to wall distance and found to cause a drop of
about a factor of 2 in the measured peak parallel power
flux, when moving the X-point to ~35 cm from the di-
vertor target [25]. Such an effect is sizeable in ASDEX-U
as well and can account for a reduction of a factor ~2 in
the peak parallel power flux for similar attached dis-
charges in Div I and Div II [21].

3. Modelling of divertor geometry effects on neutral
pumping

One of the other main goals of an optimised divertor
is to provide good neutral pumping. This is required to
obtain good density control in existing experiments, as
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Fig. 1. (a) B2-Eirene divertor particles losses (recombination) for typical L-mode conditions in a vertical divertor JET-Mk IIA dis-
charge [17]. (b) B2-Eirene divertor particles losses (recombination) for typical L-mode conditions in a horizontal divertor JET-Mk IIA
discharge [17]. (c) DoD for the inner divertor plasma at various distances from the separatrix for two JET-Mk IIA density scans. The
upper figure shows the early onset of detachment for the plasma starting away from the separatrix for horizontal divertor discharges.
The lower figure shows detachment starting progressively from the separatrix outwards in the SOL for vertical divertor discharges [18].

well as to remove the helium ash in next-step devices.
Increasing the physical divertor closure reduces the es-
cape probability of recycled neutral atoms/molecules
reaching the bulk plasma and, therefore, increases the
divertor neutral pressure and pumping, as has been
measured in JET [26]. Beyond this obvious effect, other
effects of divertor geometry on pumping have been de-
termined since the first pumping experiments carried out

in DIII-D [27]. The probability of a recycled neutral to
be pumped depends on the probability of the neutral
reaching the pumping plenum compared to that of being
ionised in the plasma. The initial results from DIII-D
had shown a very strong dependence of divertor
pumping on the geometry itself (in particular, the dis-
tance between the strike point and the entrance of
the pumping plenum [27]). On the contrary, other
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Fig. 2. Inner and outer divertor ion flux (separatrix and inte-
grated) for two density scans in ASDEX-U modelled with B2-
Eirene for Div I (horizontal) and Div II (vertical). The upper
figure shows the reduction in density required to achieve sep-
aratrix detachment in Div II compared to Div I. The lower
figure shows the integrated ion flux to inner and outer divertor
both for Div I and Div II displaying much smaller differences
with respect to total detachment [21].

experiments have not found such dependence for deu-
terium pumping but a much smoother one [28,29]. The
reason for such a difference was identified in [30] by
means of 2-D modelling with EDGE2D-NIMBUS for
DIII-D, JET and Alcator C-mod and analytical models.
In [30], it was found that divertor pumping depends
strongly on the exact position of the plasma with respect
to the pumping plenum when the transport of neutrals
to the plenum is dominated by a first flight neutral
contribution. Otherwise, when the neutral transport to
the plenum is dominated by multiple scattering (charge-
exchange and multiple collisions with vessel walls), the
transport process is diffusive and presents a naturally
weaker dependence on the neutral source location. Figs.
4(a) and (b) show a comparison between modelling re-
sults from EDGE2D-NIMBUS and experimental mea-
surements from DIII-D and JET-Mk ITA discharges
illustrating this point.

These physical neutral transport mechanisms apply
not only to deuterium neutrals but also to recycling
impurities. In this case, the ballistic component of neu-
tral transport is particularly important, as the recycling
impurity neutrals are not subject to charge-exchange in
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Fig. 3. Measured and B2-Eirene modelled radiation profiles in
ASDEX-U Div II showing the extended region of radiation
close to the separatrix. The absence of this feature in the
measurements for the outer divertor is due to the lack of bo-
lometer channels in this area [21].

the experiment (due to their low concentrations). Mod-
elling with B2-Eirene for ASDEX-U had predicted that
in going from Div I to Div II, the relative pumping of He
and Ne would change considerably [21]. In Div I, He
and Ne were pumped from the outer side of the SOL and
this meant that the atoms with shorter mean free path
(Ne) were better confined near the pumping plenum
entrance in the divertor. He, which has a longer mean
free path, could escape from the divertor more easily
and, therefore, its compression in the pumping plenum
was low. In the present Div II, pumping takes place
through the gaps between the lower parts of the vertical
target and the private flux region dome. In this case, the
longer mean free path of He facilitates its enrichment in
the pumping plenum. Such predictions have been con-
firmed experimentally, as seen in Fig. 5, which shows the
He and Ne decay rates in ASDEX-U Div I and Div 11
pumping experiments [31]. Similarly, JET-Mk II exper-
iments show preferential He enrichment when the di-
vertor strike point is located near the pumping plenum
entrance, for which the probability of neutral He atoms
reaching ballisticaly the plenum is highest [30,32].

4. Modelling of divertor geometry effects on plasma flows

As it has already been shown, the divertor geometry
has a deep influence on the neutral sources in the di-
vertor plasma and, as a consequence, on divertor plasma



A. Loarte | Journal of Nuclear Materials 290-293 (2001) 805-811 809

-

I L SR S S T
—[3 - Experiment_Low_ne
— I - Experiment_High_ne
—E&— EDGE2D-NIMBUS

o
o
T

e
)
T

y

o
n
T

{
Bias Ring
~ |

o

Normalised Neutral Pressure at Pump

-5 0 5 10 15
(a) Distance from Separatrix to Bias Ring (cm)

JET MKII separatrix scan
0.6

® Experiment
0O EDGE2D

T
'
'
'
1
'
'
'
'

Neutral pressure at cryopump (10-3 mb)

0.1+
— — §
Vertical divertor Horizontal divertor g
0 1 L I | | g
-15 -10 -5 0 5 10 15 20
(b) Distance from corner (cm})

Fig. 4. (a) Experimental and EDGE2D-NIMBUS modelled normalised neutral pressure at the pumping plenum for DIII-D, versus
distance from the strike point to the plenum entrance (Bias Ring). The experimental data corresponds to high density and low density
ELMy H-mode conditions, while the modelling corresponds to an intermediate density point [30]. (b) Experimental and EDGE2D-
NIMBUS modelled neutral pressure at the cryopump for JET-Mk IIA experiments, versus distance from the strike point to the plenum

entrance (vertical dashed line) [30].

— —
. o DIV-I
\:": 45 m DIV-1I, wio cryo pump 1
) 0O DIV-II, with cryo pump
® 3} ]
>
3 o ﬁ/
D
o 2t 4
g o® (@] o
£t -~ :
a8
0 —
¢ DIv-|
g 4 g DIV-II, w/o cryo pump
@
s 3} 1
&
3
S 2f
c
3
Z 1F 4
0 T T T T T T T
(0] 2 4 6 8 10 12 14

ne (10'°m3)

Fig. 5. Experimental decay rates of He and Ne for pumping
experiments in ASDEX-U with both divertor configurations
Div I (horizontal) and Div II (vertical) showing the improve-
ment in He pumping and the deterioration of Ne pumping in
going from Div I to Div II, in agreement with modelling pre-
dictions [31].

flows. A major difficulty, when carrying out modelling of
these flows, is the need to include plasma flows not
driven by particle sources such as drifts. Presently, new
versions of 2-D codes are becoming available which in-
clude a proper treatment of the classical drift terms (a
thorough experimental description of divertor and SOL
flows can be found in [33] and their modelling in [34])
and the complete picture of the relative importance of
the source-driven and drift flows, both in the SOL and
the divertor, remains to be evaluated. Despite this,
considerable advances in the measurements, under-
standing and modelling of 2-D plasma and impurity
flows in the divertor have taken place in the last few
years [33-39].

The concentration of neutrals towards the separatrix,
typical of vertical divertors, tends to create a region of
deuterium flow reversal in this area [40]. As a conse-
quence, momentum transport in the divertor region is
modified, leading to an inwards diffusion of momentum
(through particle diffusion and perpendicular viscosity)
[13,41] which, in turn, produces a region of overpressure
at the divertor target (compared to the one expected
from momentum conservation along the flux tubes and
acceleration to Mach 1 at the sheath). Such divertor
separatrix overpressure has been observed experimen-
tally in Alcator C-mod and given the name of ‘Death
Ray’ [40].

Reversal of the deuterium flow is not as drastic, in
terms of core impurity contamination, as originally
feared [13]. This is due to the fact that impurity flow
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Fig. 6. Experimental and UEDGE modelled velocity of the
carbon impurity flows across the SOL versus radial coordinate
along the divertor floor. A region of reversed flow close to the
separatrix (u;(C) < 0) is clearly seen both in code and simula-
tions [39].

reversal is seen to appear even before deuterium flow
reversal takes place. Reversal of impurity and deuterium
flows have been observed in horizontal divertors, such as
DIII-D, as well. Impurity flow reversal in DIII-D occurs
at low/medium densities well before deuterium flow re-
versal is observed [37-39]. The region of impurity flow
reversal is concentrated close to the separatrix where the
thermal force, which transports impurities against tem-
perature gradients, is largest. Measurements and
UEDGE modelling of this impurity flow reversal are in
good agreement, as shown in Fig. 6. Deuterium flow
reversal in DIII-D occurs at higher densities for attached
plasmas near the separatrix, which is in good agreement
with UEDGE predictions [39]. When partial detachment
starts, the region of deuterium flow reversal disappears
as the ionisation front (where M ~ 1) moves away from
the target. Positive results of the comparison between
the measured and B2-Eirene modelled impurity and
deuterium flows have also been reported for ASDEX-U
[35,36].

5. Conclusions

In this paper, we have summarised the comparisons
among the predicted divertor geometry effects and
those seen in the experiments. Many of the expected
predictions for the detachment behaviour with divertor
geometry have been reproduced in the experiment,
following quite closely the modelling predictions. In
particular, the lower density required to access separ-
atrix detachment for vertical divertor configurations
compared to horizontal ones is universally seen.
Modelling for ASDEX-U has shown that the low
temperature region close to the separatrix, together

with the fact that carbon is produced by chemical
sputtering, is what allows the divertor radiation to in-
crease when going from Divertor I (horizontal) to Di-
vertor II (vertical).

Another area where there has been a successful ex-
perimental confirmation of the divertor geometry effects
is divertor pumping. The differences seen among the
experiments in the behaviour of the pumped particle flux
(for recycling impurities and deuterium neutrals) is well
described by the models. Deuterium transport to the
pumping plenum can be either diffusive (dominated by
wall and charge-exchange collisions), such as in JET-Mk
II A, or ballistic (such as in DIII-D) which depends
strongly on the divertor and magnetic geometry. In the
second case, the exact position of the plasma strike point
with respect to the pumping plenum determines the
pumped flux, while in the second case, the dependence is
weaker. Recycling impurities, such as noble gases, are
not subject to charge-exchange and, therefore, their
transport tends to be strongly influenced by the geom-
etry of the divertor. This has been clearly shown in
changing from Div I to Div II in ASDEX-U, which has
lead to a worsening of the Ne compression and an in-
crease of the He compression, as expected from model-
ling. Similar experiments in the JET-MKkII divertor show
a clear preferential enrichment when the strike point is
located at a position such that the solid angle for helium
reaching the pumping plenum is highest.

Divertor plasma flows for impurities and deuterium
ions are presently areas of intense research. Although a
quantitative comparison of simulations that reproduce
experimental plasma flows (which include drifts) has not
yet been performed, the predicted effects of divertor
geometry on divertor-induced flows have been seen in
the experiment. These effects include the occurrence of
impurity flow reversal with forward deuterium flow at
low densities, seen in DIII-D, and the occurrence of
deuterium flow reversal at high densities. Momentum
transport across the SOL, associated with these patterns
of reversed flows, can cause the formation of regions in
which the divertor pressure can exceed the values ex-
pected from pressure balance with the upstream SOL
profiles. Such phenomena has been studied with models
and seen experimentally in Alcator-C-mod (Death
Rays). Similarly, the slowing down of the deuterium
flow in the recombination region, which is a funda-
mental physics mechanism to achieve plasma detach-
ment, has been measured in several experiments such as
JT-60U [33] and ASDEX-U [35].

Areas where further work is needed to make the
comparison between modelling and experiment more
quantitative are those associated with SOL flows
(thought to be drift-driven) and understanding anoma-
lous transport processes in the SOL, as well as, the role
of main chamber recycling in the global particle and
energy balance out of the main plasma.
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