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Abstract

The radiation and transport characteristics of ASDEX Upgrade discharges with a neon
driven radiative mantle are modelled using a 1-D radial impurity transport code that has
been coupled to a simple divertor model describing particle recycling and pumping. The
code is well suited to describe the measured impurity line radiation, total, soft x-ray and
bremsstrahlung radiation in regions of the plasma which are not dominated by two dimen-
sional effects. The recycling and pumping behaviour of neon as well as the bulk transport
of neon for radiative boundary scenarios are discussed.

1 Introduction

Radiative cooling of the plasma boundary by controlled injection of medium Z impurities has
been demonstrated to yield substantial reductions of the power flow onto the target plates as
required for future reactors. The feasibility of the concept has first been shown for L-mode
as well as improved I-mode on the limiter tokamak TEXTOR (SAMM et al., 1993; MESSIAEN
et al., 1994). However, the compatibility of a radiative mantle with H-mode operation, high
heating power and divertor operation was demonstrated recently on the ASDEX Upgrade
divertor tokamak (GRUBER et al., 1995; KALLENBACH et al., 1995; NEUHAUSER et al., 1995).
In these experiments the radiated power fraction was feedback controlled (RAUPP et al., 1995)
by puffing of noble gases (mainly neon) and was tuned to such a level, that the reduced power
flow across the separatrix P**P = Pheq; — P2%F was just above the H—L threshold P57, ;. By
these means an H-mode with frequent small amplitude type-1II ELMs accompanied by complete
divertor detachment could be achieved (CDH-mode). More information about the threshold
behaviour of L/H-mode transitions for radiating boundary discharges in ASDEX Upgrade is
given by (KALLENBACH et al., 1996).

For extrapolation of these experimental results to next step experiments a good understanding
of the neon transport and the radiation characteristics is needed. The global transport proper-
ties of neon in the plasma vessel (global residence time, divertor retention) determines whether
an effective feedback control of the radiated power fraction can be set up. The transport of
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neon in the bulk plasma governs the question how much fuel dilution and impurity fraction has
to be taken into account for a certain amount of radiated power. Furthermore, it is desirable
to analyse the observed radiation profiles in terms of the atomic data for ionization, recombi-
nation and excitation. The exact form of the radiation profile at the plasma edge might be an
important feature for defining the interaction of H-mode barrier and radiating boundary.

This paper describes in detail a simple modelling approach for the description of the neon bulk
and midplane edge radiation in high power, high density radiating boundary discharges and
compares the results with measured intensities of line emission, total radiation and soft x-ray
emission. The quantitative comparison also includes the slow dynamic effects of the build-up
and decay of the neon content on a global residence timescale, but not resolving ELMs or MHD
phenomena. The global residence time results from a simple description of the neon circulation
from the injection through the valve until its disappearance in the pumping system. The
model focuses on the impurity transport and radiation, while the parameters of the background
plasma are taken from the experiment. Modelling approaches of radiating boundary discharges,
which self-consistently handle the interplay of impurity transport and radiation with heat and
particle transport of the background plasma, were performed for discharges on the limiter
tokamak TEXTOR. (TOKAR et al., 1995) and references therein and for CDH-mode discharges
in ASDEX Upgrade (BECKER et al., 1995).

2 Modelling of neon transport and midplane emission

The impurity transport and the midplane emission characteristics are modelled with the radial
impurity transport code STRAHL (BEHRINGER, 1987). The code solves the radial continuity
equation for each ionization stage of the impurity in 1-D geometry. For the transport an
ansatz of anomalous diffusivities and radial drift velocities is used; a full neoclassical treatment
of impurity transport can be switched on if desired.

The rate coefficients for ionization, recombination and radiation are taken from the ADAS
(SUMMERS, 1994) database. For the calculation of the actual rates the code uses measured
profiles of electron density and temperature in the main plasma, the scrape-off layer is treated in
a simplified manner applying decay lengths which are fitted to measured data. For comparison
of the atomic data set with other recently published data (CLARK et al., 1995) the total cooling
rate coefficient in the approximation of coronal ionization equilibrium L(T) was calculated and
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good agreement (differences are below 20 %) in the temperature range from 20 — 1000eV was
found. Bremsstrahlung is calculated taking effective Gaunt factors (KARZAS and LATTER,
1961).

An essential feature is the empirical description of recycling and pumping by a simple chamber
model (KALLENBACH et al., 1995). A sketch of the particle fluxes in this chamber model is
given in Fig. 1. Neon is puffed into the main chamber via a calibrated valve and is distributed
in the main plasma according to diffusion constants and drift velocities. At the plasma edge
a fixed decay length for the impurity density is assumed and there is an according flux 'y
towards the wall, which is assumed to recycle completely. The transport processes between
scrape-off layer (SOL) and divertor chamber are treated by the ansatz of empirical loss times.
Particles in the SOL are lost to the divertor with the parallel loss time constant Tsor—sdiv -
Particles in the divertor either escape to the SOL with the divertor retention time 74;,— 507, OT
are pumped out with the pump time constant Tpymp .

The parallel loss time Tsor—diy can roughly be estimated from the density decay length A
and the diffusion constant D in the SOL yielding Tsor—saiv = A%/D ~ 2.5ms. The pump time
constant Tpump = V4¥ /SN, is given by the pumping speed Sy of the 14 turbomolecular pumps
and an assumed effective divertor volume of V¥¥ = 3m3. The pumping speed for neon is a
function of the neutral D, density in the pump duct. For low densities (molecular flow) the
pumping speed for neon can be calculated from the measured pumping speed for deuterium
and the ratio of the particle masses to be Sye = 6.9m3/s. In the limiting case of laminar
flow conditions small neon concentrations would be pumped with the same pumping speed as
deuterium setting an upper limit at SF2% = 17.6m3/s. In the investigated parameter range a
linear increase up to Sy, = 11m3/s was estimated.

The determination of 74,501 was performed by an analysis of the observed average res-
idence time of a neon atom in the plasma vessel. This effective particle confinement time
Ty = Tpump(l + Nmain /Ndiv) depends on the relative populations in the main plasma volume
N™%" and in the divertor volume N%¥. The ratio of the particle populations Nméin yNdiv o
governed by the ratio of the according time constants 7sor—div/Tdiv—sor- Thus, a long diver-
tor retention time leads to compression of neon in the divertor, which causes a small effective
particle confinement time 7, .

It has been shown that increased neutral flux density in the outer divertor, which is measured
by ionization gauges and feedback-controlled by deuterium puffing into the main chamber,
leads to a strong decrease of the effective particle confinement time 7, (KALLENBACH et al.,
1995). In Fig. 2a the decay rate of the neon recycling flux at midplane, being approximately
equal to the inverse of 77 is shown versus the neutral hydrogen/deuterium flux density in the
outer divertor for different isotope compositions of the plasma. These data represent attached
H-modes with heating powers in the range from 4.5 to 8 MW. There is no strong isotope
effect of the neon decay rate. The line gives the decay rates from the transport code, when
using a fixed time constant of 2.5 ms for Tsor—4iv and choosing the dependence of Tum, and
Tdiv—+SoL as given in Fig. 2b. The dependence of Tpump on F%;’ was taken to be offset linearly
as described above. With these values for 7sor—sdiv and Tpump the dependence of 74,501 On
r %;’ could be fitted to the measured values of the effective particle confinement times. The
divertor retention time 74,501 is found to grow with I'j;3. The absolute value of 7aiv—ss0L
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Figure 2: Recycling 1/e decay rates from several discharges after neon puffing and for three
isotope compositions of the background plasma versus the neutral Dy flux density in the outer
divertor. The line gives the result of the transport model when using the time constants de-
picted in figure (b). The according ratio of neon particles in the divertor to that in the main
plasma is shown in the inlay of figure (a).

depends on the absolute value of Tsor—4¢iv and the fitting curve in Fig. 2a would be similar
when decreasing both constants by 50% . This behaviour is due to the fact that the model is
only sensitive to the ratio of the two time constants as long as they are small compared to the
pumping time. Since the estimate of the parallel loss time is quite coarse the absolute value
of the divertor retention time might be uncertain as well. However, it can experimentally be
proven that the time constants can not be much larger as will be described in the next section.
A more robust quantity is the compression of neon in the divertor volume. It increases with
increasing decay rate and the ratio of N™en /N4 that yields the transport model is given in
the insert in Fig. 2a.

3 Particle balance and puff position

In the case of small internal time constants compared to Tpyump the particle balance in equilib-
rium does not change whether the neon is puffed into the divertor or whether it is puffed into
the main chamber. The particle balance is purely determined by the ratio of divertor retention
time Tg4iy—sor and parallel loss time Tgor—div - However, if the internal time constants are of
the order of Tpump , the particle balance might be influenced by the puff position. Thus, dis-
charges with identical divertor neutral flux density and different puff positions were performed
to assess the magnitude of the internal time constants. The feed forward neon puff was set to
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a constant value in both cases and a neutral flux density of F%;’ =4.7102m was used.

The neon puff strength into the divertor was 75% of the puff strength into the main chamber.

Fig. 3 shows neon line emissions in the vacuum ultraviolet spectral range as measured at mid-
plane by the SPRED spectrometer and compares it with the signals from the emission/transport
calculations. The discharge with main chamber puff (# 6516) is shown in the left column and
the discharge with divertor puff (# 6538) in the right column. For both discharges all time
constants were taken from the global dependences of Fig. 2b: Tpump =242ms, Taiv—s0L =55ms,
TSOL—sdiv =2.5ms. Two lines from the boron- and beryllium-like stages are shown for both dis-
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charges and two extra lines from the carbon- and lithium-like stages are shown for # 6538 in
the bottom row. The model can explain the time behaviour and the absolute size of the line
emission with less than 30% deviation for the individual lines from NeV to NeVIIL. The NeVIII
line is off by a factor of 3. All these comparisons give confidence in the simple chamber model
to give a good description of the global neon transport and the neon source function. The
particle balances from the transport calculation (second row) show that the majority of the
neon resides in the divertor in both cases. The dashed line gives the result of the transport
calculation when increasing the parallel loss time by a factor of 5, i.e. Tsor—div = 12.5ms.
For the discharge with main chamber puff the time behaviour and the signal heights can still
be fitted but to do so a large divertor retention time of Tgiv—sor = 400ms has to be used
being already a factor of ~ 1.7 larger than the pump time constant. When using this set of
time constants for the discharge with the puff into the divertor the influence of the pumps on
the particle balance is already quite large and the calculated line emissions at midplane are
too low by a factor of 2. This clearly demonstrates that the internal time constants are indeed
small compared to the pump time constant and that the particle balance is only a function of
the ratio TsoL—sdiv/Tdiv—sor and not of the puff position.

Similar measurements of the main chamber argon radiation versus the deuterium puff strength
and the argon puff location (divertor and top of the vessel) have been performed on the DIII-
D tokamak (SCHAFFER et al, 1995) and the interpretation given here is in line with the ’
observations made at DIII-D. The steady state argon concentration in the main chamber varied
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by a factor of 10-20 when increasing the neutral deuterium pressure in the private flux region
by a factor of 6. However, a slight dependence of the main chamber concentration on the argon
puff location has been found leading to the interpretation that the internal time constants of
argon for the DIII-D divertor are in the range of the pump time constant.

4 Neon compression and divertor neutral flux

It has been discussed in the second section that an increase of the neutral flux density in the
outer divertor produces a strong increase in divertor retention and leads to a large increase
in the neon decay rate. However, at a fixed pumping speed for deuterium a certain divertor
neutral flux density is always produced by the same deuterium puff rate and it cannot be
decided whether the external gas puff determines the impurity flow in the scrape-off layer and
the divertor retention. To answer this question a pair of discharges with equal neutral flux
densities in the divertor, I‘%;’ = 4.710%*m?/s, but with largely different pumping speeds was
performed. To this end all but 4 of the 14 pumps were disconnected from the torus. The
neon puff was feedback controlled to reach the same amount of total radiated power (BoscH
et al., 1995). The result of the transport/emission calculation is shown in Fig. 4. First the
high puff case with all pumps on was modelled (# 6119). The divertor retention time and
pump time constant were taken from the functions shown in Fig. 2b: 7givmsor = 80 ms
and Tpump = 225ms. With these values the measured decay times of the neon line emission
which were observed at midplane by the SPRED spectrometer can be fitted. The resulting
particle balance from the model is shown in the first row. In the low puff case the same time
constants for divertor retention and parallel loss were used as in the high puff case and only the
pump time constant was multiplied by 14/4 according to the reduced pumping speed. Using
the reduced neon puff rate from the experiment the decay time and the amount of neon line
emission at midplane can be reproduced very nicely. Thus, the difference in the particle balance
and in the decay time is only caused by the changed pumping speed. The difference in puff




strengths (®p, = 710%e™ /s for # 6119, &p, = 1.510*'e~ /s for # 6122 including neutral
beam injection) does not influence the retention and the particle balance, which seems to be
governed by the internal flux pattern. Besides the impurity transport, no influence on the
electron density and temperature profiles at the plasma edge could be observed (BoscH et al.,

1995).

5 Neon transport in the bulk plasma

An important key figure for radiating boundary scenarios is the fuel dilution and central ra-
diation loss caused by an increased central neon density (PosT et al., 1995). When using a
transport description by anomalous diffusivity D and drift velocity vg the radial equilibrium
distribution of the neon ion density is purely determined by the dimensionless drift parameter
a = vgr/D. Zero convection, vg = 0, means constant neon density in the source-free region,
constant inward drift causes a gaussian impurity profile. With the knowledge of the drift para-
meter the Z;; increase and the increase of the central radiation can be obtained for a certain
edge radiation level if the profiles of n. and T, are known.

For the analysis of the radiating boundary discharges the profiles of soft x-ray measurements
and the time evolution of bremsstrahlung measurements in the visible range (A = 536 nm)
have been investigated. The soft x-ray emission in the energy range above 1 keV is measured
by pinhole cameras using 6 pm thick beryllium filters (BESSENRODT-WEBERPALS et al., 1995)
and 32 lines-of-sight from a camera that covers the whole poloidal plasma cross section have
been used here. In the CDH-discharges a pronounced peaking of the soft x-ray profile develops
reaching a stable level 1 s after the start of the neon injection. This peaking is accompanied by
a peaking of the electron density profile (SCHWEINZER et al., 1995). In Fig. 5a the measured
soft x-ray radiation fluxes for each line-of-sight are drawn versus the minimal poloidal flux
label of the according line-of-sight (negative flux labels for lines-of-sight below the center) for a
time when the peaking reaches a stable level (t=3 s). The corresponding electron density and
temperature profiles are shown in Fig. 5c. The modelling results of the soft x-ray radiation
fluxes are depicted for two different radial dependencies of the drift parameter. The line in Fig.
5a shows the result for a drift parameter of the form given in Fig. 5b while the broken line
gives the result for zero convection demonstrating that the shape of the soft x-ray emission can
only be explained when a strong inward drift is included. Without drift the soft x-ray profile
is hollow since the resonance lines of the hydrogen like neon ion and partly of the helium like
neon ion are above the 1 keV limit causing a maximum of the emissivity distribution around
a poloidal flux label of p,o = 0.85. For the case with inward drift the density of the hydrogen
like neon ion at the center rises by a factor of =~ 5 and the increased line radiation from the
resonance lines together with recombination radiation and bremsstrahlung lead to the peaked
soft x-ray emission. The modelling also used carbon being the main intrinsic impurity. The
carbon influx was adapted to the radiation fluxes measured by the SPRED spectrometer at
midplane. The same drift parameter was taken for carbon and neon. Carbon has no resonance
lines above the 1 keV energy limit and only contributes to the soft x-ray radiation by the
increase of bremsstrahlung. The total Z.s; caused by the peaked neon and carbon profile is
shown in Fig. 5d while the the Z,s; caused by carbon is given by the dashed line. In Fig. 5c the
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Figure 5: Comparison of soft x-ray measurements and calculated line-of-sight integrals for a
stationary CDH-mode (# 6136). The peaked soft x-ray profile (a) can only be explained when
using a strong inward drift (b) leading to a strongly peaked Z.ss shown in (d). The electron
density (c) is accordingly peaked while the proton density (c, dashed line) is hollow. Mea-
sured and calculated time traces of soft x-ray radiation (e) and bremsstrahlung (f) for a central
line-of-sight (triangles) and a line-of-sight tangential to ppo = 0.5 (plus signs) demonstrate the
evaluation of the peaked profile.

modelled proton density (dashed line) is shown. The proton density is hollow and the peaking
of the electron density is only caused by a strongly peaked impurity density. In Fig. 5e and 5f
measured and modelled soft x-ray and bremsstrahlung radiation fluxes versus time are shown
for a central line-of-sight (triangles) and a line-of-sight with minimal poloidal flux label of ~ 0.5
(plus signs). The signals of the central lines-of-sight increase up to t ~ 2.8 s while the more
peripheral lines-of-sight very early reach a stable level. The bremsstrahlung measurements are
not absolutely calibrated but their time dependence confirms the Z.;; development from the
model.

During the development of the peaked impurity profile an m=1 mode with increasing amplitude
is detected (NEUHAUSER et al., 1995; BESSENRODT-WEBERPALS et al., 1996). The mode
amplitude and the peaking reach a stable level after about 1 s. No sawtooth activity can be
measured. This kind of behaviour is observed for all radiating boundary discharges in the
CDH-mode. When the impurity puff is too strong the plasma falls back into L-mode. In this
case the sawtooth activity is not suppressed, the electron density is flat and the soft x-ray
profile is hollow. These long L-phases with radiating boundary could be produced for scenarios
with high H-mode threshold, i. e. D — D%*-discharges with VB drift away from the X-point
or H — H'-discharges, and in both cases no impurity peaking and no sawteeth suppression
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igure 6: Comparison of bolometer measurements in the upper halfplane and calculated line-
of-sight integrals for a stationary CDH-mode (# 6136). The first row gives profiles at t=3s
for the measured and modelled total radiation fluxes (left) and the according total line radi-
iation emissivities (right) for neon (thick line) and carbon. The second row shows measured
~ and modelled time traces for lines-of-sight with different minimal poloidal flux label for two
- bolometer cameras.

- are observed. When the impurity puff is not strong enough to cause a transition from the
;.‘H-mode to the CDH-mode, that means an H-mode with high boundary radiation and type-1
- ELMs with reduced frequency, the electron density is again flat, the soft x-ray profile is hollow
- and sawteeth are observed. Up to now it cannot be decided whether the impurity peaking
causes the suppression of the sawteeth or, whether the lack of sawteeth causes the impurities
~ to peak.

6 Emissivity profiles in the upper halfplane

The total emission profile for the CDH-discharge of the last section (# 6136) was calcu-
~ lated from the same modelling results as which were used to figure out the soft x-ray and
~ bremsstrahlung signals. Fig. 6 shows the comparison of the resulting line-of-sight integrals
for the total radiation and the bolometer measurements for the same time point as in Fig. 5
(t=3 s). The x-axis gives the minimal poloidal flux labels of the according lines-of-sight, which
belong to a camera observing the upper half of the plasma from the outer midplane. The total
emissivity is dominated by the line radiation and the underlying line emissivity profiles for neon
(upper line) and carbon (lower line) are shown in the upper right picture indicating the minor
effect of carbon in this case. Finally measured and modelled time traces for lines-of-sight with
different minimal poloidal flux labels are given. Each of these pictures contains a line-of-sight
from a camera situated at midplane (triangles) and from a camera situated 1 m above the




midplane on the outer side of the torus (plus signs). Inside the separatrix the total radiation
profile is very nicely described by the model. Outside the separatrix the model delivers too
high values mainly due to the carbon line radiation. This is due to the one-dimensional nature
of the model, which cannot describe the spatial variations of the carbon influx from the inner
heatshield to the upper outer side of the torus.

7 Conclusions

A simple chamber model for recycling and pumping of neon is used and found well suited to
describe the neon source function at midplane. The divertor retention time 74iv—SOL depends
only on the divertor neutral flux density and is in the range of 50-100 ms for high neutral
flux densities. Since Tgy—sor is small compared to Tpump the particle balance between main
chamber and divertor cannot be significantly influenced by the pufl position. The neon trans-
port in the bulk sensitively depends on the confinement mode. In H-mode with type-I ELMs
as well as in L-mode no peaking of neon can be observed. In CDH-mode, however, there is a
strong inward drift and a peaking of neon occurs which finally reaches a stable level. As long as
sawteeth activity is observed (H-, L-mode) the impurity profiles are flat, while the CDH-mode
has no sawteeth and exhibits impurity peaking. Inside the separatrix the total emission profiles
in the upper halfplane can be modelled by the radial impurity transport model.
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Abstract

Operational parameters of highly radiative divertor discharges in the ASDEX-Upgrade
tokamak are investigated for different confinement modes and radiating species. The net
heat flow across the separatrix, P,ep, is determined using bolometric radiation profiles
for steady state conditions as well as during H—L and L—H transitions. The radiation-
corrected L—H threshold is not affected by gas puffing and is described by _
P,lg;’H = 0.125-Te - By - (2/Aptasma) [MW, 10'* m~3, T, amu]. The H—L threshold power,
which is typically lower by a factor of two without strong deuterium puffing, is increased by
heavy gas puffing leading to Pg;* L P,{;;’H . In the vicinity of the radiation-induced H—L
transition, a general alignment of H and L mode is observed with regard to global energy
confinement time and edge density and temperature profiles. The H—L transition itself
exhibits a smooth evolution in time. Reduction of target plate power load down to only 10
% of the total heating power is easily achieved by edge radiation in the CDH-mode for low
PH>L conditions. However, this reduction is attributed mainly to radiation from inside
the separatrix and is connected to relatively high values of the core Z.s;. These results
emphasize the importance of the development of more closed divertor concepts, leading to

higher divertor radiation levels and lower core Zgy.




1 Introduction

Although impurity-induced, improved L-modes exhibit quite high energy confinement (SAMM
et al., 1993) (NEUHAUSER et al., 1995), the H-mode is still the prime candidate for the reactor
operational regime (ITER-JCT aNpD HoME TEAMS, 1995) owing to the narrow confinement
margin for the achievement of ignition and self-sustained burn. Therefore, indispensible mea-
sures to reduce the power load of the divertor have to be compatible with H-mode operation.
On the other hand, the intense power bursts connected with type-I ELM activity in the H-mode
may not be acceptable in a reactor.

The Completely Detached High-Confinement (CDH-) mode recently discovered in ASDEX Up-
grade (GRUBER et al., 1995) would meet the requirements for an operational mode of a reactor
as far as target power load is concerned: Radiative power removal closely inside the separatrix
moderates the ELM activity from type-I to type-IIl enabling the divertor plasma to buffer’
the remaining small power bursts before reaching the target plates, while high H-mode energy
confinement is preserved. However, the extrapolability of this regime to reactor conditions
mainly depends on the relative locations of the H—L and detachment power thresholds: The
CDH mode in ASDEX Upgrade is obtained only in deuterium plasmas, where the H—L power
threshold is low and subsequent detachment relatively easy to achieve (BoscH et al., 1996b).
Another major point of concern are the relatively high values of Zes; connected with radiative
scenarios exhibiting full detachment. Since neither the H-mode- nor the detachment thresh-
old in a reactor are precisely known so far, flexibility has to be demonstrated in present day

experiments in order to develop different solutions which can meet the various requirements.

This study investigates and compares the behaviour of neutral beam heated divertor discharges
with strong edge radiation caused by controlled puffing of neon, nitrogen and argon. Special
emphasis is placed on experimental conditions in the vicinity of the radiation-induced H—L
transition. Chapter 2 gives a short review on the influence of the divertor neutral deuterium
flux on the behaviour of discharges with impurity injection. A comparison of the behaviour of
highly radiative discharges with neon, argon and nitrogen injection is presented in Chapter 3.
Chapter 4 deals with the L-H threshold behaviour in radiative scenarios. Operational diagrams
of radiative H-modes are presented in Chapter 5, while aspects of plasma contamination and

Zesy during strong radiation are discussed in Chapter 6.




2 Experimental conditions and influence of the divertor neutral flux

An important experimental parameter for radiative scenarios appears to be the neutral deu-
terium flux in the divertor. It is measured by ionization gauges and feedback-controlled by deu-
terium puffing in the main chamber. An increasing divertor neutral density has two beneficial
effects on the performance of discharges with impurity injection (KALLENBACH et al., 1995):
Firstly, the divertor retention increases leading to better pumping of noble gases and faster
feedback response on the request of radiation reduction. Secondly, the higher divertor neutral
density is connected with a higher edge electron density in the main plasma (NEUHAUSER
et al., 1995) and increased ELM activity. These effects lead to a higher radiative capability
at the edge and core screening of impurities. The price for the improved radiative behaviour
is a moderate degradation of the energy confinement of roughly 7 o 74 0:1. Although con-
traproductive to the achievement of very high energy confinement (ALLEN et al., 1995), a high
neutral deuterium flux may be inevitable for the achievement of good helium divertor compres-
sion and pumping in a reactor anyway: Similar to the behaviour observed for neon, the helium
pumping was found to increase strongly with the deuterium neutral flux in the divertor (HaAs
et al., 1995). Corresponding experiments with simultaneous reduction of pumping speed and
deuterium puff-rate have shown, that the divertor impurity retention is determined by strong
internal deuterium fluxes. Variation of the net deuterium flux from the main chamber to the
pumps in the divertor up to 7-10?! atoms/s revealed no variation in confinement, profile shapes,
impurity compression and radiation, while the neutral D, flux level in the divertor was kept
constant (BOSCH et al., 1996a). Another consequence of the dominance of internal fluxes is the
unimportance of the puff location (main chamber or divertor) for the steady-state radiation
distribution as long as the divertor retention time is considerably shorter than the pumping

time (DuX et al., 1996).

For the experiments of this paper, neutral beam heating is started after the plasma current
has reached its flattop value. Next, the divertor neutral gas feedback is activated and finally
the radiation feedback system is enabled. The discharges are terminated with the reversed
sequence, allowing for about 0.5 s with high neutral divertor flux to improve removal of the
seed gas and full heating power to avoid a H—L backtransition with subsequent density limit
disruption. Details of the experimental procedure and feedback control for radiative scenarios

in ASDEX Upgrade have been published elsewhere (KALLENBACH et al., 1995).



3 Comparison of highly radiating discharges with Ne, Ar and N; injection
Fig. 1 shows a comparison of 3 discharges with high radiation levels obtained by injection of Ne,

Ar and Ny under otherwise almost identical external parameters. Discharge # 6136 exhibits
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Figure 1: Comparison of highly radiating discharges with Ne, Ar and Ny injection in

the main chamber. 7’;??'5 ~ 3 in the H-mode at t= 2.5 s for all 3 discharges. Pheqt= 7.5

MW, DP Dt NBI, Ip: 1 MA, Qo5= 4.

the CDH-mode with quasi steady-state stored energy, radiation level (feedback-controlled) and
density peaking. Using argon, the electron density profile shows higher peaking factors and
short L-phases are triggered by the high radiation level. With nitrogen, compound-ELMs
(ZouMm et al., 1995) and short L-phases appear at a radiation level lower than that obtained
with neon. Strong wall pumping of nitrogen is usually observed during experiments with Ny
puffing, making feedback control easier. On the other hand, the formation of a high nitrogen
wall inventory makes its use as a seed element for continuously operating devices questionable.
The fraction of main chamber radiation emitted inside the separatrix, f;,, which is important
for the H-mode behaviour is calculated with a fitting procedure to bolometer line integrals in
the upper halfplane under the assumption of constant emissivity on flux surfaces E= f(ppot)
with a prescribed functional profile shape. Two Lorentzian half-profiles were chosen to allow
for a parametrization of E, whose decay lengths, peak intensity and position were varied in a
least-squares fitting procedure to reproduce the measured radiation line integrals. For typical

conditions, the emission maximum was localized just at the separatrix, with a steeper decay
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’< the outside than to the inside. The obtained emission function E= f(p,0) is then used to

srive the total radiation inside the separatrix, Pi" ;= f;,-P™%", using the total main chamber

; jation taken from 30 line integrals of the horizontal bolometer camera above the X-point.

r = (1- in) P74 4 PYY the total radiation outside the separatrix, is the sum of the SOL

adiation in the main chamber and the divertor radiation, the latter taken from the deconvolu-

ion of all the 72 bolometer line integrals (Fucss et al., 1994). The procedure described above

s the attempt to take into account the contribution of the X-point radiation to Pi® ,, since the

deconvolution procedure is not capable to evaluate the radiation distribution around the

:. -point with enough spatial resolution to separate contributions from inside and outside the
paratrix owing to the limited number of viewing chords.

_ As shown in Fig. 1 the total plasma emissivity is shifted towards the interior (i.e., higher tem-

peratures) with increasing Z of the radiating species, as one would expect from simple radiative

loss rate considerations (POST et al., 1995) and from analytical modelling including transport

féﬁ'ects (TokAR, 1994). Simultaneously with the rising radiation level inside the separatrix,

'SOL and divertor radiation decrease leading to a reduction of the parameter P%%/Pi" , by a

factor of 2 from nitrogen to argon. While this parameter shows the best (i.e. highest) values

%'With nitrogen, the occurence of large compound ELMs which lead to high peak power loads of

the target (see also Chapter 4.3) plate remain a disturbing feature probably not suitable for

~ operation conditions of a reactor.




4 L/H-mode transitions and threshold behaviour

An important parameter for radiative H-mode scenarios is the value of the H—L threshold
power. It mainly depends on the toroidal magnetic field, the electron density and in a not
well-established manner on the edge recycling level. For typical plasma conditions without
additional central radiators, the separatrix power flux is often treated synonymously with the
heating power. Taking intrinsic central radiation into account (typically 25 % of the heating

power for deuterium plasma and about 15 % for hydrogen),

PLoH _ P — P = 01257, - Bt - (2/Aplasma) (MW, 10° m™%, T, amu] (1)

sep r

is a good approximation for ’standard’ conditions (i. e. no strong gas puffing, no additional
impurities) on ASDEX Upgrade, the corresponding value for the H—L transition being about
a factor of 2 lower, known as the H-mode hysteresis (RYTER et al., 1994b). The plasma sur-

face is about 44 m?. Without additional impurity radiation and strong deuterium puffing,
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the transitions between L- and H-mode occur only at rather low heating powers and plasma
energy contents. For these conditions, also a clear difference between L- and H-mode energy

confinement times is observed.




;.1 H—L transition due to impurity radiation

‘The H-mode behaviour changes considerably, when higher heating powers are applied in com-
pination with impurity injection. These conditions produce a rather energetic plasma core, but
4 considerable fraction of the power flux is lost by radiation before being conducted across the
:separatrix. For these experimental conditions, the otherwise pronounced difference in energy

~ confinement between L- and H-mode becomes weak, as can be seen in Fig. 1. Beyond this
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~ observation, inspection of a number of impurity-induced H—L transitions shows that even the
definition of the H-mode is going to become ambiguous. This is demonstrated in Fig. 2, where
various time-traces are shown for a discharge which was forced back to L-mode by strong neon
puffing. The ’standard indicators’ for the discharge state, divertor D, emission, energy content
and line-averaged density exhibit a continuous and smooth transition evolving over several hun-
dred milliseconds with no visible jump or steepening. The degradation of energy confinement
and particle content is accompanied by the appearence of m=1, n=1 mode activity. During the
temporal evolution from ’pure H’ to 'pure L’ state, the type-IIl ELMs seen on the D, signal
change into dithering L-H transitions and further on to negative H-spikes’ emanating from
an increased L-mode level. Pronounced transitions are only detected on the peaking factor of
the density profile and on a specific indicator signal constructed from bolometer measurements
further explained in Fig. 4. Edge profiles of electron temperature and density just before,
during and after the H—L transition are shown in Fig. 3. While almost no change is seen in
the temperature profile, the density decreases around and inside the separatrix. The reduction
of the density causes a partial re-attachment of the outer divertor leading to an increase of the
divertor radiation. This radiation is measured routinely and is therefore a well suited monitor
signal to determine wether a highly radiating discharge is in H- or L-mode. Such information
will be highly valuable for online discharge control systems, e.g. to reduce the neon puff rate

after a transition to L-mode is detected (RAUPP et al., 1995).
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Figure 4: Indicator signal to distinguish between radiating H-mode and L-mode con-

structed from line integrals of the ’horizontal’ bolometer camera. The arrangement of the
used lines of sight with respect to the separatrix position is indicated on the right-hand-side.
The bolometer line hl probes radiation in the outer divertor outside the strike point and is
a measure for the power flux in the divertor. The midplane chord h21 acts as a coarse nor-
malization for different heating powers and impurity concentrations. The chord ratio h7/11
indicates the occurence of an X-point Marfe shifting the radiation pattern near the X-point
upward. Since this Marfe activity is coupled to a strong reduction of the power flux to the
divertor, the hl emission decreases considerably. Therefore multiplication of h21/h1 with
h7/h11 results in an indicator signal which is robust against misinterpretation of the L-mode

with X-point Marfe as H-mode.

The determination of the transition time is confirmed by an indirect measurement of the radial
electric field derived from charge exchange particle analysis: The gradient of the slowing-down
spectrum of ripple-trapped beam ions is a sensitive measure of the radial electric field near the
separatrix (HERRMANN and THE ASDEX UPGRADE TEAM, 1995). Despite the effort to fix
the transition time using all available diagnostics, its assignment is still uncertain within about
+ 10 ms because it is not a sharp event.

4.2 L-H-L hysteresis

Without additional gas puffing, the H—L transition generally occurs at a lower power than the
L—H transition. This "H-mode hysteresis’ amounts to about a factor of 2 with the ion-VB drift
towards the X-point (*favourable’ drift direction). With the VB drift away from the X-point,
the L H threshold is about a factor of 2 higher, while the H—L threshold is similar for both
drift directions, leading to an even higher hysteresis with VB«X (RYTER et al., 1994a).

Figs. 5 and 6 compare the power flux into the separatrix derived from heating power and

bolometer measurements with the prediction for Pfe”;H according to Eq. 1. Allowing for some
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uncertainty in P, due to the bolometer deconvolution procedure, the result is as following:
The usually low H—L threshold increases in gas puff/radiative scenarios up to the value of
the L—+H threshold, which is little or not affected: The L-H-L hysteresis is lost. This behav- |
iour is also observed for conditions with increased L—H power threshold, namely for hydrogen i
discharges (Fig. 6b) and discharges with the ion VB drift away from the X-point (Fig. 6c). |
The question arises whether the gas puff or the radiative boundary is the origin of the loss of
hysteresis. Overlooking some weaknesses of the current experimental database, the deuterium
gas flux, either due to direct puffing or to backstreaming from the divertor under high neutral
pressure conditions, seems to be responsible for the destruction of the L-H-L hysteresis: A rise

in the H—L threshold power flux is also observed in discharges with strong hydrogen puffing



injection and power flow Py, close to the PL=H threshold predicted by Eq 1. The neutral flux
level in the divertor is continuously increased by hydrogen puffing in the main plasma. Except
for a slight decrease of the stored energy, all bulk plasma parameters remain constant, includ-
ing the line-averaged density and the density profile shape. The electron density in the SOL,
however, increases with the divertor neutral recycling level. The H—L transition observed at
t— 92.95 s shows an ELM behaviour similar to the radiation-induced transition shown in Fig.
2. Since T, , Prqq and B; are constant over the transition, the most obvious explanation of the
H—L transition is the increase of the H—L threshold by the increasing (internal) neutral flux.
It should be noted, that there is also evidence from theory for the existence of a critical neutral
density above H-mode bifurcation cannot occur (SHAING and Hsu, 1995). The time evolution
of several shots with different gas puffing rates indicates that the gas puffing itself is not the
cause of the threshold change. The assumption, that the high neutral hydrogen /deuterium flux
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level and not the radiation is responsible for the loss of hysteresis is further supported by Fig.
6d showing Psep and Pfe;H from Eq. 1 from a discharge with strong nitrogen radiation and low
deuterium recycling level (nitrogen enters the main plasma via puffing into the divertor, Dg
valves are closed). Quiescent H-modes (H*) occur under these conditions, which are terminated
by a strong compound ELM at P,,,=PL H-stendard /9 pH-Lstandard 51 therefore exhibit the

sep sep

‘normal’ L-H-L hysteresis. With high neutral deuterium flux, such quiescent H-modes have not
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:‘;:. cen observed in radiative discharges. This is probably a result of the lack of hysteresis, since
ithe density increase during the H* phase in the vicinity of Pfﬁ; L rapidly triggers an intense

‘compound ELM.

4.3 ELM activity
_’The occurence of edge localized modes (ELMs) is an inevitable ingredient of steady-state H-
 mode operation. Typical time traces of ELM activity in the light of CIII emission above the

k outer divertor plate are illustrated in Fig. 8. The CIII emission is usually a convenient measure

type-I #6139 =35

LT

' type-I compound #6401 =15

- type-III compound #6228 t=1.8s

—_—

Figure 8: Various types of ELM activ-
120 ity in the light of CIII emission (A= 465
nm) integrated along a radial viewing line

type-III detached #6136 t=2.4s closely above the outer target plate.

I [ W/(m**2%sr) ]

At=100ms —»

for the power flux to the target plate and exhibits lower noise and higher temporal resolution in
comparison to our thermography diagnostic. Pure type I and type III ELM activities (DoOYLE
et al., 1991) are easily separated by their frequency range of the order of 100 Hz and 1-2 kHz,
respectively. In the vicinity of the threshold separatrix power flux, Pfe;H , compound ELMs
occur, which lead to higher power load of the divertor plate. They consist of regular ELMs
(type I or type III) which trigger a short L-phase of a few msec duration. Compound ELMs
during completely detached type III (CDH-) ELMs usually transiently re-attach to the target
plate. Compound ELMs in ASDEX Upgrade are much more frequently observed in hydrogen

than in deuterium plasmas, and could not be avoided with nitrogen as seed element so far.

The strongest compound ELMs are those terminating longer lasting quiescent H* phases.

The question of tolerable ELM-types for a reactor is still open. CDH-ELMs would be fine, if
necessary purity and confinement criteria could be met. Moderately attached type III ELMs
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are perhaps tolerable, while the possible occurence of type-I or strong compound ELMs is not
acceptable. Unfortunately, best confinement performance is achieved under condition of very
low neutral recycling levels in the main chamber, which implies to a certain degree the lack of

a buffering high neutral gas pressure in the divertor.

5 Radiative H-mode operational region

Figure 9 shows P, versus 7 - B, for discharges with various radiation levels. The dashed line
indicates the ’standard’ L—H threshold corrected for intrinsic radiation following Eq. 1 and
including the isotope effect via the factor (2/Apiasma)- The data points represent measurements
time-averaged over an appropriate time interval (typ. 20-200 ms) in order to reduce statistical

errors and to achieve proper averaging with respect to ELMs. Different H- and L-mode types
are distinguished by symbols.
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Figure 9: Operational diagram of radiative discharges with respect to the standard L—H

transition threshold for D and H plasmas. Ne, Ar and Ny injection, Ppeat= 5-8 MW, [,=
0.8-1 MA, qo5 = 2.8-4.

The H-mode threshold according to Eq. 1 and the assumption of the absence of the L-H-L
hysteresis in these scenarios gives a proper description of the operational space of radiative
scenarios. It is important to note that no (L and H) data points exist far below the dashed

L-H threshold line in Fig. 9, i. e. PsLe;H is near the lowest value of P, compatible with stable
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tion. The CDH-mode data points of Fig. 9 correspond to electron densities ranging from
’i 90 % of the Greenwald limit.

: Figure 10: a) Radiation inside and
b) radiation outside (SOL+divertor)
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Important parameters for the performance of radiative discharges are the relative magnitudes
of radiated power inside and outside the separatrix and the relation of the remaining power
flow across the separatrix versus the H—L transition power flux. Fig. 10 shows Pi”, and P2
normalized by the total heating power versus the total target power load (in+out), P¢arget, from
thermography, also normalized by Ppeqs. It is clearly seen, that the target power load reduction
is obtained predominantly from radiation inside the separatrix. The ratio of radiation outside

the separatrix and the target power load is shown in Fig. 11 versus the separatrix power flux



' 3.3 for low-threshold H-mode conditions. Radiative L-modes in hydrogen reach slightly higher
values up to 4. All data points with high P2 /Pyq,get are situated near the H-mode threshold,
including the L-mode data.

It may be concluded from Figs. 10 and 11, that the development of divertor concepts with
better impurity entrainment is highly desirable, since especially for reactor conditions with
high H—L threshold, a high value of P2t /Pi" . will be required simultaneously with a high

level of the total radiated power.

6 Zesy

While the H-mode threshold represents one upper limit for the radiation level in a reactor, other
and probably more restricting limits are fuel dilution and confinement degradation by central
bremsstrahlung losses. Both drawbacks can be expressed by the effective plasma charge, Zey;.
Line-averaged values Z.;s are obtained from chord-integrated measurements of bremsstrahlung
in the line-free visible region (A = 536 nm) on two different viewing chords (bremsstrahlung
arrays with high spatial resolution operated in the near infrared are usually disturbed by ther-
mal radiation from hot carbon tiles under high-power conditions). A radial viewing line with a
tangency radius p;‘::,‘g ~ 0.5 was routinely available. Average densities and electron tempera-
tures and their proper weighting functions for the calculation of Z.sg were calculated for a few
typical discharges with full n.(r) and T.(r) profile information available and parametrized for
the use of routinely available signals (DCN interferometer chords for 7., stored energy and 7.
for T,) to establish a broad Z.ss database covering all classes of electron density profile shapes
observed on ASDEX Upgrade.

For a smaller number of more recent discharges, also a toroidal viewing line for bremsstrahlung

measurements with a tangency radius p;‘z?g ~ 0.2 was available. It is important to note the

average radius
fsightline ng(Ppol)'f(Te(pyol))'ppolds
fsightline nZ (ppot)-f (Te(ppor))ds

ppol =

of the Z,; s measurement: For 7???'5 we obtain 7, ~ 0.75, and for 7§f<f0'2, Ppot ~ 0.6-0.45, the
latter value typical of peaked n. profiles (CDH-mode). Typically, the local weighting function
(StaLLcop and BILLMAN, 1974), n2(ppet) - f(Te(ppot)), is flat over the plasma core, since the
weak temperature dependence (less than square-root), in combination with the rather peaked

T. profiles about cancels the quadratic n, dependence due to the flatter n. profile shape.

Figure 12 shows 757})'5 for the database (see Figs. 9 and 10) versus the main plasma radiation

normalized by 7, (this normalization is arbitrarily chosen for clarity because, at given Zeyy,
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Figure 12: Line-averaged Zsy
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Symbols corresponding to Fig. 9.

e radiation is expected to rise stronger than linearly with @, (TOKAR, 1994)). A typical
lue for the CDH-mode is 7’;;}"5= 3, with about equal contributions 6Z.;; from intrinsic
ppurities (carbon dominated) and from the additional seed element (Ne, Ar or N). Generally,
tise in Zess (or the corresponding increase in edge radiation) causes an increasing peaking of

he electron density profile both in L and in H-mode, as shown in Fig. 13 (see also (BECKER,
996)).

2.00
* .
= ox 4+ 7
= 167} w K e X< 8
& X x qug =
gﬁ ;‘ Figure 13: Peaking of the electron
o 1.33F o?’% @ - density profiles, obtained by the ra-
//% %o tio of two DCN interferometer chords,
1.00L7 . . versus line-averaged Z.sy (radial view,
1.0 2.3 3.7 5.0 0.5 )
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Peaking factors for the Z.ss profiles are determined for a few discharges with the tangential
bremsstrahlung measurement also available. Variations up to + 20 % are observed for the
ratio of the central- versus the edge-weighted Z.;; values, CDH-modes indicating central Z.;
peaking and radiative L-modes exhibiting hollow Z. profiles. Simulations with assumed Zcy ¢
profile shapes suggest central values Z.;;(0) up to 4 for the CDH-mode. A similar result is

obtained from impurity transport calculations modelling the soft X-ray emission (DuX et al.,



sawtooth activity, which on the other hand only happens in the CDH mode (considering only

high heating power scenarios).

7 Conclusions

Radiative scenarios with various impurities and plasma conditions have been investigated and
compared for their performance in ASDEX Upgrade. Stationary CDH-modes are routinely
obtained with neon injection exhibiting complete divertor detachment in the presence of high
heating powers. In comparison to neon, argon shows higher radiation levels inside the separatrix
and less SOL and divertor radiation. Owing to the stronger n. peaking, it is unclear whether
impurity accumulation in the center can be avoided and stationary CDH-modes can be achieved
for ASDEX Upgrade conditions with argon. Nitrogen exhibits the most favourable values of

in

in ., however, up to now no ’quiescent’ CDH-mode could be obtained

the parameter P24/
due to the disturbing appearance of large compound-ELMs and early H—L backtransitions.
The values of Z.;s ~ 3 and the even higher values on axis indicated by the central-tangential
bremsstrahlung chord in the CDH-mode would be intolerably high in a reactor.

While there exists on ASDEX Upgrade a general trend of the electron density profile to peak
with rising Zess, the peaking of Z.sy itself seems to occur exclusively in line with sawtooth
suppression. Since n. peaking may be welcome for the desired high-density reactor operation,
the Z.ss peaking seen in the CDH-mode would be highly unwanted. Future experiments will

have to show whether such peaking is avoided if sawtooth activity can be preserved during the

CDH-mode, e. g., by central ICRF heating.

Recent experiments with neon and nitrogen seeding with the new JET Mark I divertor (THE
JET TEAM, PRESENTED BY G. F. MATTHEWS, 1995) showed similar, high values of Z.yy, but
in contrast to ASDEX Upgrade no peaking of the electron density profile and no confinement
improvement (and also no Z.ss peaking) were observed during the radiative type-Ill ELMy
phase. It may be speculated that the property of the n. profile to peak with rising Z.s; depends

on the machine size, and therefore may be negligible for a reactor.

For the experimental parameter space covered in ASDEX Upgrade so far, high total radiation
levels are always connected with only moderate radiation levels in the SOL and divertor. If
this behaviour cannot be overcome by improved divertor concepts in the future, reduced target
plate power load in a reactor can only be achieved under radiative H-mode conditions if PL
is low. Better compression of impurities in the divertor is required to achieve higher divertor
radiation levels along with a low impurity level in the main plasma. Discharges with high

neutral pressure in ASDEX Upgrade tend to produce sufficient impurity compression, but
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me energy confinement is sacrificed due to the high deuterium flux escaping to the main
plasma.

The power flux into the separatrix, derived from the total heating power and deconvolution
of bolometer measurements, was found to be indeed a good parameter to characterise the
' fH-mode behaviour. Analysis of impurity-induced L-H-L transitions reveals that the L-H-L
hysteresis is lost in radiative scenarios with high divertor neutral gas pressure. The usually
lower H—L threshold is increased and matches the higher L—H threshold which does not
deviate significantly from its standard value. The isotope effect, leading to about a factor

of 2 higher threshold values in hydrogen plasmas is maintained, as well as the higher L—H

threshold with ion VB drift away from the X-point. The loss of the L-H-L hysteresis comes
~along with an overall alignment of edge profiles and global energy confinement for radiative

H- and L-modes, i.e. the usual bifurcation character of energy confinement between L and
" H mode is also lost eventually leading to a general convergence of H- and L-mode for highly
' radiative/gas puff conditions. Improved confinement observed in TEXTOR with high electron
density and radiation levels (MESSIAEN et al., 1994) is another hint for the at least partial

alignment of (improved) L- and H-modes.

The rise of the H—L transition threshold is of major concern for ITER, since it may inhibit the
anticipated high-density H-mode operation combined with radiative cooling. Another point
of apprehension is the high value of Z.;s necessary in ASDEX Upgrade (and also JET) to
obtain complete detachment which strongly exceeds the present limit anticipated for ITER
(Zess € 1.6 ITER-JCT aND HoME TEaMs, 1995)). Both findings may suggest to relax
the maximum power flow limit in the ITER divertor to allow for, e.g., type-III ELMs burning
through and fully attaching to the target plate. The radiative H-mode in a hydrogen plasma
can act as a simulation for such a scenario, since its higher Pgep/Pheqt value perhaps better
matches the corresponding reactor conditions. However, the occurence of strong compound
ELMs typical for hydrogen discharges near the H—L threshold in ASDEX Upgrade, the origin

of which is not understood so far, will have to be safely avoided in a reactor.

As the final conclusion, the observed behaviour of radiative discharges with high heating power
demonstrates the necessity to develop more closed divertor arrangements with higher retention
of hydrogen and impurities. This could result in a higher divertor radiation level for a given
core contamination, at least a partial regain of the L/H hysteresis allowing H-mode operation
at lower Py, and possibly the achievement of larger H-factors which are usually observed at

low main chamber neutral densities.
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