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Abstract

The change of the divertor plasma behaviour from Div-I to Div-II for ASDEX Upgrade as measured by a set of

reconstructed or newly designed divertor diagnostics is presented. The Div-II con®guration is characterised ± due to the

highly inclined target plates ± by re¯ection of neutrals towards the separatrix. Therefore, detachment in Div-II starts

rather early localised close to the separatrix. In contrast, the complete global divertor detachment is practically un-

changed, because the outer parts of the SOL stay attached even for high densities. The power distribution on the di-

vertor in Div-II is much broader than in Div-I, resulting in a large reduction of peak power loads both in L and H-mode

(factor of 2±4) due to larger divertor radiation losses. The larger losses are caused by larger hydrogen losses, en-

hancement of carbon radiation due to radial transport and convective energy transport into the radiation zone and

larger radial energy transport in the divertor. The new Div-II geometry shows larger neutral gas densities in the divertor

for the same line averaged density and a much faster helium exhaust rate (s�He=sE � 4) in H-mode. The neon com-

pression is worse compared with helium. No strong e�ect on impurity compression and overall divertor performance

was seen by pu� and pump experiments, neither in Div-I nor in Div-II. Ó 1999 Elsevier Science B.V. All rights re-

served.
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1. Introduction

One of the critical questions to be solved for ITER

(or any other reactor) is the exhaust problem for power

and particles consistent with good core con®nement.

The operational point for ITER even slightly above the

Greenwald limit motivates the analysis of high density

operation, especially for detached divertor conditions

[1].

Optimised divertors have to be tested in existing

machines based mainly on the idea of closing them very

e�ciently to the main chamber and, by the choice of the

plate and ba�e geometry, positively in¯uencing the de-

tachment properties and reducing the target power load

especially close to the separatrix. Additionally, ASDEX

Ugrade needed an improved divertor to be able to op-

erate at increased heating power, especially with doubled

NBI power of up to 20 MW for deuterium, without

target power load problems leading e.g. to carbon

blooms.

In this paper, we report on the e�ects of divertor

geometry on detachment and core plasma performance

in the poloidal divertor tokamak ASDEX Upgrade.

Results with the original, relatively open (Div-I) divertor

con®guration are compared with those obtained with

the new, fairly closed LYRA divertor (Div-II), being

more similar to the present ITER reference design

(Fig. 1).

Detached operation is favourable as an operational

scenario to solve the peak power load problem by

reducing the target power loads to values below

5 MW=m2. In detached divertor operation one can

identify essentially three loss mechanisms for reducing

the target power load. The ®rst, if one starts from the
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target plate, is the loss through hydrogen, predomi-

nantly through radiation, which occurs at about 5±7

eV. The relatively low temperature also means that

this loss channel gets only important if others have

already reduced temperature and parallel power ¯ow

considerably compared to the midplane. The hydro-

genic losses determine the detachment physics and ±

through the pressure balance pro®le along ®eldlines ±

midplane scrape-o� layer pro®les and by this even

core performance, e.g. through a scrape-o� layer

density limit. The charge exchange energy losses by

hydrogen atoms are getting important only for the gas

target cushion, removing the remaining small part of

the parallel heat ¯ux in front of the target and al-

lowing onset of strong volume recombination [2]. The

second loss mechanism is the loss through impurity

radiation, which in the case of carbon as the dominant

intrinsic impurity is occurring between 10±15 eV.

These losses are very bene®cial for the power load

problem, because they do the necessary reduction of

power ¯ux and temperature to make the hydrogen

losses important. A last mechanism can be the

spreading of the power ¯ow by radial transport. As

we will see, it is also important in the analysis of the

behaviour of the two divertor con®gurations in AS-

DEX Upgrade, especially for reduction of peak power

loads even in attached operations.

2. Divertor con®gurations

The Div-I con®guration (Fig. 1) was characterised by

¯at horizontal divertor plates, where the outer target

plate was put close to the X-point to bene®t from the

large ¯ux expansion in that region. The material was ®ne

grain graphite. It had a relatively open divertor chamber

with a small pumping ba�e in the outer divertor, which

nevertheless was quite important for good particle ex-

haust (see Section 5). For pumping, 14 turbomolecular

pumps, adjacent to the outer divertor plate provided 12

m3/s total pumping e�ciency.

The new, fairly closed Div-II (Fig. 1) has curved

vertical plates and is relatively deep and well ba�ed

towards the main chamber. To maximise power exhaust

capability even for attached conditions, CFC is used at

the strike points. The pumping is done through the

private ¯ux region, where a dome ba�e is used to en-

hance pumping. In addition to the turbomolecular

pumps a cryopump has been installed with a pumping

e�ciency of 100 m3/s.

3. Detachment properties

The old Div-I had a practically orthogonal inner

plate and an outward tilted outer plate, re¯ecting the

neutrals away from the hot zone close to the separatrix

into the outer scrape-o� layer. In contrast, the rationale

for the construction of the Div-II con®guration was the

optimisation of neutral losses in the region close to the

separatrix by strongly tilting the plate to re¯ect the

neutrals preferentially into this hot region. This causes

quite di�erent detachment properties. In Div-I detach-

ment as de®ned by a drop of the total ion saturation

current by at least one order of magnitude developed

rather uniformly and rather close to the density limit. In

Div-II one observes an earlier detachment at the sep-

aratrix associated with an earlier onset of strong volume

recombination (Fig. 2). This is accompanied by an ear-

lier drop of the separatrix ion saturation current com-

pared with Div-I as predicted by B2-Eirene modelling

(Fig. 3). This reduction of detachment threshold with

geometry was already seen on Alcator C-Mod [3] and in

the new JET MK-II divertor [4].

Detachment in Div-II progresses from the separatrix

to the outer scrape-o� layer, which stays attached up to

the global density limit. This e�ect also shows up in the

B2-Eirene simulations. From these calculations, one

also understands the observation that the earlier drop

of the separatrix ion saturation current in Div-II is not

seen in the total integrated particle ¯ux, because in

Div-II the outer scrape-o� layer stays attached due to

Fig. 1. Poloidal cross-section of ASDEX Upgrade with Div-I (left) and Div-II in the Lyra con®guration (right).
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Fig. 3. B2-Eirene density-scan for pure hydrogen plasmas with 2 MW input power. On the left side, the dependence of the separatrix

particle ¯ux density is shown as a function of midplane separatrix density for inner and outer target in Div-I and Div-II. On the right

side, the same dependence is plotted for the integrated particle ¯ux.

Fig. 2. Spectroscopic measurements (left) of Ha (top) as a function of de¯ection angle. The results are shown for both Div-I and Div-II

for standard ohmic shot conditions and same line integral density range. Di�erent curves represent di�erent scans in time, respectively

for di�erent line integral densities. The location of the inner and the outer divertor are indicated in the top part of the ®gure. For Div-II

the deepest part of the outer divertor is hidden by the divertor modules (see right part of the ®gure). For line integral densities, where

one observes for Div-II a strong Ha emission in the inner divertor a much lower and more uniform Ha distribution is seen for Div-I.

The strong Ha emission is a kind of ®ngerprint for the onset of strong volume recombination, existing at this range of line integral

densities already in the inner divertor of Div-II, but not for Div-I. The spectroscopic measurements of CD band emission for same

standard ohmic shot (bottom) and NBI heated shot conditions(middle) show no large di�erence for both divertor con®gurations. For

some measurements the scan was not done for the whole divertor. On the right side the schematic setup of the spectroscopic line-of

sights is shown.
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inverted temperature pro®les up to a global detachment

of the target plates. This de®nes, for Div-II, an opti-

mum operational window with a factor of 2 di�erence

for upstream separatrix densities between start of de-

tachment at the separatrix and complete global de-

tachment, associated with the appearance of a MARFE

on closed ®eld lines and with the global L-mode den-

sity limit. This makes plausible, why the global density

limits for Div-I and Div-II are the same, both in L and

H-mode.

Speci®c detachment studies are possible in Div-II due

to new diagnostics installed there. A detailed study of

the recombining state was possible. This recombining

phase is determined by the formation of a recombina-

tion ionisation double layer, where in the net recom-

bining zone close to the target plates the plasma gets

neutralised forming a kind of virtual target below a

temperature of about 1 eV as measured by spectroscopy

[5]. These neutrals then travel upstream in a 2-D way by

leaving the zone sidewards and getting through multiple

re¯ections at the side walls and the plasma into a hotter

upstream regions where they are ionised (5±7 eV) [2]. In

this ionisation front zone one drives quite large Mach

¯ows even up to or above Mach equal 1 measured with a

fast moveable Langmuir divertor probe [6] due to the

large neutral sources there. In contrast, the net recom-

bination zone is characterised by quite small ¯ow ve-

locities, as measured with a sophisticated toroidally

viewing spectroscopy system [7], giving the plasma en-

ough time to recombine.

4. Divertor power load

The power distribution on the divertor in Div-II is

much broader than in Div-I, resulting in a large reduc-

tion of peak power loads both in L and H-mode (factor

of 2±4) and now allowing a safe operation with less than

4 MW/m2 in the full operational range without problems

for the target plates even with 20 MW input power in H-

mode [8]. This very positive e�ect is more than expected

from simple geometry, because the outer target plate of

Div-I had the same geometrical reduction due to ®eld

line inclination as the outer target plate of Div-II. The

®rst did bene®t from the large ¯ux expansion close to the

X-point, whereas the Div-II achieves the same by tilting

the plate. Comparing the total power reaching the outer

target as a function of the total heating power minus the

radiation loss in the main chamber above the X-point

(Fig. 4), it is obvious that the radiation losses in the

divertor of Div-II are much larger than in the Div-I (by

the factor of 2±4).

Comparing the bolometer deconvolution of radiation

for two similar shots, the radiation pattern in Div-II is

much more concentrated in the divertor with a pro-

nounced maximum in the divertor tip and an emission

zone of carbon close to the separatrix, resulting in a

larger divertor radiation for Div-II.

For the reduced power load, the di�erent possible

loss mechanisms have to be discussed. For relatively low

power cases (total input power below about 2 MW), the

e�ect of the preferential re¯ection of neutrals towards

the separatrix with maximised losses can already explain

for pure plasma conditions a factor of 2 reduction at

high densities.

However, the experimental results of thermography,

calorimetry and Langmuir measurements show this

power load reduction also for attached conditions. That

this e�ect has to be related to changes of the radial

transport (or changes of the radial ¯ow pattern) in the

divertor region and not to changes of the upstream

transport is experimentally indicated by no signi®cant

change of the midplane energy fall-o� length from Div-I

to Div-II [9].

In the code predictions the larger compression of the

¯ux surfaces in the deeper divertor II results in larger

anomalous radial ¯uxes when they are assumed to be

described as a di�usion process determined by the local

gradient in real space. This already produces for at-

tached conditions a considerable broadening of the

pro®le and by this a reduction of the power load max-

imum. If the di�usion process is assumed to be constant

in ¯ux-coordinates, this e�ect disappears.

Comparing the spectroscopically measured impurity

production, e.g. by measurements of the CD bands

(Fig. 2), for Div-I and Div-II the larger divertor radia-

tion in Div-II cannot be understood by larger impurity

production. The large values for the radiation losses of

up to 10±20 MW/m3 in Div-II can be explained by both

the radial transport, allowing to enhance the radiation

Fig. 4. The total power reaching the outer target plate P outerdiv
target

as measured with thermography is shown as a function of the

power going into the divertor, which is the di�erence of heating

power Pheat and main chamber radiation Prad;main as determined

from bolometry. Open symbols are hydrogen, full symbols

deuterium shots. Crosses indicate H-mode conditions.
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volume [10] and the transport of energy into the radia-

tion zone not only by conduction but predominantly by

convection in the cold divertor region as already dis-

cussed by DIII-D [11].

The early onset of volume recombination in Div-II

close to the separatrix also enhances the carbon losses

there. Due to the slowing down of the parallel ¯ow in

this region, one gets a higher density of deuterium or

hydrogen there. Also, the carbon residence time in the

region near the separatrix is large, because the carbon

ion mass ¯ow pattern (Fig. 5) shows a ¯ow reversal zone

due to the ion thermal force with small ¯ow velocities

close to the separatrix and a forward ¯ow in the outer

scrape-o� layer with relatively fast ¯ow [7].

Spectroscopically determined radiation potentials for

the dominant divertor radiator CIII, de®ned as the ratio

of the radiation power emitted from the CIII charge

state along a line-of sight and the in¯ux of CIII along

this line-of sight getting ionised, are strongly tempera-

ture dependent as shown in Fig. 6 using the ADAS

database [12]. They reach values up to 2±3 keV for

temperatures close to 10 eV, rather independent of

electron density. This method is only applicable if the

CIII has enough time to ionise, which means that one

really measures spectroscopically a particle ¯ux. There-

fore, for lower temperatures the transport time has to

get large to allow for this ionisation process. This is

possible due to the reduced carbon ion ¯ow in the ra-

diation zone close to the separatrix. However, in regions

close to the target plate with strong forward ¯ow, the

basic assumption for a ¯ux measurement fails.

B2-Eirene can be used to extract total radiation po-

tentials for carbon de®ned as the ratio of total radiation

loss by carbon to the carbon source ¯ux rising with

upstream density up to 2000 eV for cold divertor con-

ditions showing the same trend as the experimental

procedure.

The ¯ow pattern is also quite important for the

analysis of the exhaust properties, which will be done in

Section 5.

All e�ects discussed before increase the losses in Div-

II also in ELMy H-mode (Fig. 4) and broaden the de-

position pro®le in the divertor like in L-mode. There-

fore, one obtains in Div-II much lower peak power loads

also during ELMs [8]. For type III ELMs one can get in

Div-II detachment during ELMs like in the CDH mode

in Div-I now even without adding extrinsic impurities.

The same power and particle ¯uxes should enter during

ELMs, the divertor in Div-II as in Div-I, because the

limiting structure for the ELMs is still the contour of the

4 ICRH antennas, which follow typically the 3 cm

midplane magnetic ¯ux contour (see Section 5). There-

fore, the narrow divertor entrance in Div-II does not

a�ect the overall ELM characteristics. One di�erence

exists due to the strongly inclined geometry in Div-II:

the variation of the separatrix position during ELMs

(several mm in the midplane) translate in Div-II into

large shifts of the separatrix at the target plate (several

cm distance along the target plate), whereas in Div-I for

the more orthogonal plates no strong shift was observed.

5. Pumping and helium exhaust

As important as the power exhaust is the particle

exhaust for any reactor, because removal of the helium

ash is necessary to avoid extinguishing the burning

plasma and good pumping is necessary to do burn

control and feedback operations.

The design of Div-II was done for optimising the

pumping capability by reducing the plasma pumping in

the private ¯ux region with a dome ba�e [13]. As pre-

dicted by B2-Eirene one gets larger neutral gas ¯ux

densities in the divertor for the same midplane separatrix

and line averaged densities [9,14]. In contrast, the main

chamber neutral ¯uxes do not change [9,14] for medium

and high densities, also consistent with B2-Eirene pre-

dictions. Therefore, the main chamber neutral ¯ux is

apparently not determined by the divertor leakage in

Div-I or Div-II, but through main chamber recycling at

ba�es or limiters. The closest surfaces in the main

chamber are 4 ICRH antennas, which follow typically

the 3 cm midplane magnetic ¯ux contour. Additionally,

Fig. 5. The ion mass ¯ow pattern for a B2-Eirene simulation

with hydrogen and physically and chemically sputtered carbon

for 4 MW input power and a midplane separatrix density of

2:6� 1019 mÿ3. Trace particles are started according to the

distribution of the total carbon density in the outer divertor and

followed according to the radial and parallel velocities until

they reach either a B2 side-wall or the target plate. The total

carbon velocities and densities are obtained from the sum of the

individual transported carbon charge states. The ¯ow pattern is

characterised by a ¯ow reversal zone close to the separatrix and

a forward ¯ow zone in the outer scrape-o� layer. For guiding

the eye the black arrows show one possible carbon trajectory.
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due to the existence of shoulders in density and tem-

perature pro®les (possibly caused by strongly enhanced

turbulence by e.g. ¯ute-like modes in the outer scrape-o�

layer [15]) extending even into the shadow of limiters

one expects a contribution from direct main chamber

recycling which is nearly independent of the distance of

the closest limiting structure from the main plasma.

Therefore, the closing of the divertor seems not to be too

important for good core performance as long as the

plasma plugging itself is doing well, which especially

works very e�ciently in the inclined target setup of Div-

II with the attached outer scrape-o� layer. From this

argument, it is plausible that the core plasma perfor-

mance, e.g. L- and H-mode density limits, con®nement

times and L±H threshold scaling, is practically un-

changed from Div-I to Div-II. For low densities, which

are usually not the standard ASDEX Upgrade opera-

tion, the main chamber neutral ¯uxes are reduced con-

siderably [14], because for these conditions the divertor

leakage is large and any improvement of the divertor

ba�ing appear in the main chamber neutral ¯uxes.

The impurity (and also hydrogenic) compression in

Div-I was determined by recycling in the outer scrape-o�

layer, where the existence of a small pumping ba�e was

quite important [16,17]. In contrast, in Div-II the feed-

ing of the pump duct is now done through the private

¯ux region. Experimentally, one observes in Div-II very

good helium exhaust with s�He=sE � 4 for H-mode con-

ditions and, in contrast to Div-I, a much better com-

pression of helium compared to neon [18,14]. Both

measurements agree with B2-Eirene predictions, which

allow an analysis of the di�erent mechanisms. Due to

the ¯ow pattern of helium and neon which is rather

similar to that of carbon one gets a second particle ¯ux

maximum away from the separatrix for impurities in

both divertor con®gurations, in the region of the outer

scrape-o� layer with strong forward ¯ow. In Div-II,

neon and helium have to enter the pumping plenum by

direct re¯ection of neutrals (neon and helium have no

dominant charge±exchange process in contrast to hy-

drogen). Therefore, the longer mean free path of helium

gives better compression for helium compared to neon

[17].

Another check of this hypothesis is possible, because

experiments where one vertically shifts the plasma

varying by the intersection of the separatrix on the tar-

get plates show a strong sensitivity of helium and neon

compression, whereas hydrogen compression and pum-

ping is much less a�ected [14]. This is expected from the

picture given before, because hydrogen compression and

pumping is not determined by direct re¯ection of neu-

trals into the pumping plenum but through multiple CX

collisions, whereas neon and helium compression are

dominated by this ballistic e�ect.

In ASDEX Upgrade no strong e�ect on impurity

compression and overall divertor performance was seen

by pu� and pump experiments, neither in Div-I nor in

Div-II [14,19] in agreement with B2-Eirene predictions

and in contradiction to results of DIII-D [20].

6. Conclusions

The change of the divertor plasma behaviour from

Div-I to Div-II as measured by a set of reconstructed or

newly designed divertor diagnostics seems to agree with

modelling predictions by B2-Eirene.

The Div-II con®guration is characterised ± due to the

highly inclined target plates ± by re¯ection of neutrals

towards the separatrix. Therefore, detachment in Div-II

starts rather early, localised close to the separatrix. In

contrast, the complete divertor detachment is practically

unchanged, because the outer parts of the SOL stay

attached even for high densities. This makes it plausible

that Div-I and Div-II have the same global (line integral)

density limits.

Fig. 6. CIII radiation potential as a function of temperature (left) from ADAS for an electron density of 1:0� 1020 mÿ3. CIII ioni-

sation times as a function of temperature (right) from ADAS for an electron density of 1:0� 1020 mÿ3.
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The power distribution on the divertor in Div-II is

much broader than in Div-I, resulting in a large reduc-

tion of peak power loads both in L and H-mode (factor

of 2±4) due to larger divertor radiation losses. The larger

losses are caused by larger hydrogen losses, enhance-

ment of carbon radiation due to radial transport and

convective energy transport into the radiation zone and

larger radial energy transport in the divertor.

The new Div-II geometry shows a stronger neutral

gas scaling with line averaged density and a much faster

helium exhaust rate (s�He=sE � 4) in H-mode. The neon

compression is worse compared with helium. All these

e�ects can be understood from the di�erent pump re-

cycling through the dome ba�e.

No strong e�ect on impurity compression and overall

divertor performance was seen by pu� and pump ex-

periments, neither in Div-I nor in Div-II.

Over all, the Div-II results for ASDEX Upgrade

demonstrate the possibility to optimise the geometry to

obtain minimum power load together with optimum

particle exhaust and large operational window without

negatively a�ecting the core con®nement. However, one

loses experimental ¯exibility concerning MHD equilib-

ria ®tting into the divertor. Therefore, the design of a

¯exible divertor especially for high triangularity might

need to relax some of the optimisation criteria.
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