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Abstract

The behaviour of carbon in the divertor of ASDEX-Upgrade is investigated by means of optical spectroscopy,
bolometry and thermography. Apparent chemical erosion yields, derived from CH molecular band emission and Hg
spectroscopy are shown to exhibit a pronounced flux dependence and isotope effect, Yepem o< my x I'™*7, while no de-
pendence on surface temperature (7y,,r < 100°C) and impact energy is seen. The flux and isotope dependences also show
up in the CII, CIII and total carbon radiation. The weak correlation between the carbon yields in the divertor and the
core plasma carbon concentration supports the assumption that main chamber sources are important for the core
plasma carbon content under the low temperature, high recycling conditions of this study. © 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Chemical erosion and transport of carbon are im-
portant processes for the appropriate choice of plasma
facing components in a future fusion device like ITER.
Of particular interest is their impact on component
lifetime, trittum codeposition and the role of carbon
radiation in the achievement of low power densities at
the target plate [1,2]. In a recent paper [3], evidence for a
pronounced reduction of the apparent chemical erosion
yield with increasing hydrogen flux was reported, which
has been obtained from CH band and Hy spectroscopy.
However, the observed reduction of the intensity ratios
of the molecular band and the Hy line with hydrogen
flux I'y could not unambiguously be interpreted as the
corresponding reduction of the chemical erosion yield
Yhem With flux. The reasons are uncertainties in the
atomic data and divertor plasma parameters necessary
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for the evaluation of the yields and cross-correlations of
plasma parameters during the experimental parameter
variations. In particular, the possible flux and energy
dependences could not be disentangled due to a strong
experimental correlation of the impact energy E and
1/I'y. There is evidence for an energy dependence of the
chemical erosion yield in laboratory experiments [4], but
the high flux densities typical of a tokamak divertor
cannot be achieved by beam experiments, and extrapo-
lation is uncertain unless all intermediate steps in hy-
drocarbon formation are understood in a quantitative
way.

In this study, the parameter range for deuterium
discharges could be considerably widened due to high
power operation with 20 MW neutral beam heating now
available at ASDEX-Upgrade, and the (experimental)
correlation of particle flux and mean energy could be
better resolved. In the following, the term ‘H’ is used for
hydrogen and deuterium generically, ‘D’ refers to deu-
terium in particular. All data points shown are taken
along the viewing line indicated in Fig. 1, the symbol
coding explained in Fig. 2 is used throughout this paper.
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2. Derivation of erosion yields

Chemical erosion yields are determined by spectro-
scopic measurements of CH molecular band emission [5]
and Hj line intensities in the outer divertor of ASDEX
Upgrade. Fig. 1 shows the experimental arrangement
and typical experimental profiles along the target for the
power load, ion saturation current, CIII (465 nm) and
Dy emission. In addition, the variation of electron den-
sity n. and temperature 7, along the viewing line is in-
dicated taken from B2-EIRENE modelling of a typical
attached, high power case. The target material is carbon
fibre composite (CFC). In the following, we consider
only experimental conditions which are attached around
the crossing point of the line of sight with the target.

The spatial Dg and CIII profiles in Fig. 1 are mea-
sured by a multichordal [6] photomultiplier system
equipped with interference filters. To determine erosion
yields a spectrometer must be used because the CD band
intensity is weak. The corresponding line of sight indi-
cated in Fig. 1 is connected to a low-resolution mini-
spectrometer PC-card equipped with a Si-photodiode
array detector (Control Development Instruments). All
data points represent the temporal average over at least
100 ms in order to reduce the statistical scatter and to
average over several ELMs during H-mode.

There are three reasons for selecting the line of sight
about 10 cm above the strike point: First, enough
plasma line density must be present to allow for the
ionization which is necessary for a spectroscopic particle
flux measurement. Second, gradient lengths perpendic-
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ular to the viewing line must be longer than the mean
free paths. The most important point is the contribution
of recombination to the Hy line emission, which makes
the interpretation of photon fluxes in terms of particle
fluxes impossible. The corresponding high density, low
temperature conditions appear first near the strike point
and furthermore extend upward in the course of devel-
oping detachment. The contribution of recombination
to the hydrogen lines is seen around s =1.10 m in Fig. 1,
where the population of higher lying hydrogen states by
recombination contributes to the measured Hp emission.
This contribution is experimentally detected by the line
ratio drop of Hp/H,.

The atomic physical factor used to evaluate the hy-
drogen flux is the ratio S/XB of ionization and photon
emission probabilities, the corresponding quantity D/XB
used for the molecular flux refers to the number of dis-
sociations taking place per emitted photon. By multi-
plying S/XB and D/XB with the measured atomic and
molecular photon flux densities the particle flux densities
are obtained, provided that all particles are ionized or
dissociated along the line of sight and electron impact is
the mechanism of spectral line excitation. Spectroscopic
I'y measurements are no longer possible when recom-
bination dominates the Hy emission. Such conditions
routinely apply for the inner divertor, where detachment
is more easily achieved; the corresponding plasma pa-
rameters are T, ~ 1 eV and n, up to 10>’ m=3 [7].

The chemical erosion yield in the upper outer di-
vertor is calculated from the absolutely calibrated mea-
surements via

#10279/1. t=2.0-2.1s
Thermography
Bolometer/2
0 i e o
0
1.05 1.10 1.15 1.20 1.25

s (m)

Fig. 1. Left: Experimental arrangement for the line of sight (l.o.s.) used for spectroscopic particle flux measurements in the outer
divertor (Div-1I) of ASDEX Upgrade. Typical profiles of n. and T, along the l.o.s. from B2-EIRENE modelling are also shown. Right:
Profiles of total power load (thermography), radiative power load (bolometry), CIII emission (visible spectroscopy array with inter-
ference filters, IF) and particle fluxes from Langmuir probes and Dy spectroscopy (IF) for an H-mode discharge with P,y =8 MW.
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D/XB(CH;) 1(CH) 0
S/XB(Hp) ~ I(Hp) "

In the following, we use S/XB = const=230 for the
Hp line. The ‘effective’ value D/XB = const =50 is used
to extrapolate the total hydrocarbon flux from the (ac-
tually measured) CH flux using a simple model for the
loss of intermediate neutral and ionized molecular
breakup products [5]. First results of a Monte Carlo
calculation with the ERO code and a discussion of the
T. and n. dependences of D/XB can be found in Ref. [§].
Besides CH,, heavier hydrocarbons are expected to be
eroded with fluxes comparable to those of methane.
These heavier hydrocarbons are covered by our mea-
surement only via the CH molecules originating from
their breakup. Realistic calculations of their breakup
chain are not available so far. Assuming that a lower
fraction of the carbon atoms bound in C,H, molecules
ends up as CH in comparison to CHy, the total hy-
drocarbon yield calculated by our effective D/XB rep-
resents the lower limit. Therefore, the parameter
dependence of our effective D/XB is the major source of
uncertainty (factor 2) for the experimental chemical
erosion yields.

Numerical parameter studies have shown that taking
a constant S/XB for Hy is a fair approximation of the
experimental situation, since the parameter variations of
S/XB on n. and T, tend to partly cancel in the experi-
ment. Typical values for 7, measured by Langmuir
probes at the plate are 5-15 eV, the electron densities
vary 1-5 x 10" m™3, higher temperatures corresponding
to lower densities. The lowest values of the density are
not relevant for the evaluation of S/XB, since the long
mean free path of the particles causes a penetration
deeper inside the divertor plasma, where higher densities
exist. The approximation of S/XB=-const is also con-
firmed by the fact that spectroscopic hydrogen fluxes
agree with the ion fluxes obtained from the Langmuir
probes within a factor of 2. The hydrogen ion flux
profiles along the outer target shown in Fig. 1 demon-
strate a typical situation. The Hy line intensities mea-
sured along identical viewing lines in different toroidal
positions with the minispectrometer and the interference
filter/multiplier system agree within 20%, which corre-
sponds to the uncertainties of the individual calibra-
tions. The error of the CH band intensities is slightly
higher ~30% due to the line fitting procedure and the
influence of spurious lines.

Ychem = FCH4/FH =

3. Regression analysis

The experimental parameters which presumably have
an impact on the chemical erosion yield are the flux I'y,
the hydrogen impact energy E, the atomic mass of the
incident hydrogen ions and atoms my and the target

surface temperature Ty,¢. Since no direct measurement
for the impact energy E is available, we estimate E from
the particle flux density I'y and the power density Pirge
from thermography, which has to be corrected for the
contribution of radiation. The latter is approximated by
half the measured line integral P°° (W/m?) on the
corresponding line of sight (l.0.s.) (see Fig. 1), according
to a simulation based on reconstructed emission profiles.
The impact energy E is approximated via

E = (Parget = Pine’ /2 = 't X Eion) /Tt X i/, 2)

line

where y and 7, represent the total and the ion sheath
transmission factors and Ej,, is the hydrogen ionization
potential released during recombination at the surface.
We use y = 8 and y; = 4, assuming that half of the en-
ergy is carried by hydrogen ions. This averaged value for
E does not take into account the energy distribution of
the ions, the molecular dissociation energy and the
contribution of low-energy neutrals which are produced
by charge-exchange collisions or H, breakup close to the
wall.

No significant dependence of Y., on the surface
temperature is found in a multiparameter regression.
Regression analysis of the obtained yields versus energy
E, mass my and flux I'y for fluxes I'y > 102 m=2 s~!
results in

Yenem (%) = 0.92 x T'7>® x E*7 x m};»®
(10 m™? s7', eV, amu). (3)

Very similar results are obtained when the ion saturation
current is used to calculate I'y and E. Since the energy
dependence in Eq. (3) is not significant within the ex-
perimental uncertainties, and the isotope effect is almost
proportional to the mass, we used the fixed ansatz
Yehem o< my x E° for the regression of Yy, versus I'yy for
fluxes I'y > 102 m~2 s~

Yenem(%0) = 1.18 x my x I'y™’
(amu, 102 m~2 s7"). 4)

Fig. 2 shows the measured erosion yields versus flux I'y.
The scaling for H and D as predicted by Eq. (4) is drawn
as slanted lines, the horizontal dashed lines indicate
typical (flux-independent) results from laboratory ex-
periments obtained under low-flux conditions.

As already noted, the regression analysis of the ex-
perimental yields shows no significant dependence (ex-
ponents less than 0.1 in power law description) on target
temperature and impact energy. To visualize this find-
ing, Fig. 3 displays the measured yields divided by yields
according to Eq. (4) versus: (a) the target temperature
obtained from thermography and (b) the impact energy
estimated from power load corrected by bolometry. In
Fig. 3, Eq. (4) is evaluated for hydrogen to better sep-
arate the D and H data and to underline the isotope
effect.
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Fig. 2. Chemical erosion yields, derived from CH/CD molecu-
lar band emission versus hydrogen/deuterium flux densities for
various experimental conditions in hydrogen and deuterium
plasmas in ASDEX Upgrade Div-II.

4. Impact of carbon erosion on divertor radiation and core
carbon content

The carbon production in the divertor is important
for the radiative power removal below the x-point and
therefore an ingredient for the observed low peak power
densities at the plate (see Fig. 1 or Ref. [1]). The isotope
effect seen in the chemical erosion yields for carbon (note
there is also an isotope effect in the corresponding
physical sputtering yields, depending on the impact en-
ergy) also shows up in the CII and CIII line intensities
(Yerem o< I'™!, see Fig. 4(a)) and in the radiated power
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measured by bolometry. Fig. 4(b) shows the total hy-
drogen radiation and the sum of CII and CIII radiation
normalized to the line-integrated radiation measured by
the corresponding bolometer chord. The total hydrogen
radiation is projected from the Hg emission, the total
CII and CIII radiation is projected from individual lines
under the assumption 7emission = Eion /3 using the ADAS
atomic data base. For low hydrogen fluxes, carbon ra-
diation dominates, while at high fluxes the hydrogen
radiation prevails. The reconstructed ‘spectroscopic’
radiation typically accounts for 50% of the bolometric
value. This degree of agreement is satisfactory, taking
into account uncertainties in atomic data and plasma
parameters and the fact that the radiation from boron,
CI and CIV is omitted. Generally, hydrogen radiation is
more important in hydrogen plasmas in comparison to
deuterium plasmas due to the isotope effect in the car-
bon erosion.

It is worthwhile to compare the erosion yield with
the carbon concentration in the main plasma, although
the latter is believed to be only weakly coupled to the
erosion rates deep in the divertor in the medium-to-high
density operational region of ASDEX Upgrade. In fact
no correlation is visible between the divertor chemical
yields and the core carbon concentrations (the same
picture is obtained when the CIII yield is used). Evi-
dence for the importance of main chamber sources for
the core carbon content had been reported earlier [9].
An additional hint is the fact that the typical carbon
concentrations in the main plasma are virtually the
same (0.5-1.5% in deuterium) in the present Div-II and
in the tungsten-coated Div-1. The isotope effect for the
net carbon erosion, which is also present at low flux
densities also shows up in the main plasma carbon
content.

0 50 100 150
Impact energy (eV)

Fig. 3. Measured erosion yields, normalized by the scaling Eq. (4) evaluated for hydrogen, (a) versus target surface temperature and (b)
versus impact energy calculated from radiation-corrected deposited power.
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Fig. 4. (a) Total C>* erosion yield, obtained from CIII emission. (b) Line integrated radiation, reconstructed from individual lines of
the corresponding species, normalized by bolometer measurements versus flux density.

5. Discussion

If Eq. (4) represents in fact a good empirical de-
scription of Yem, the question about the underlying
physical mechanisms arises. At first sight, the primary
candidate would be the kinetic ejection of surface hy-
drocarbon complexes due to collisional energy transfer,
a process called Yy,r in [10]. The flux dependence would
then be caused by the fact that this collisional process
does no longer determine the erosion rate. But, the
isotope effect should vanish or weaken under these
conditions, since the better momentum transfer to hy-
drocarbons by deuterium can no longer lead to corre-
spondingly higher erosion rates when the erosion rate
has become independent of the collision frequency. The
isotope effect shown in Fig. 2 does not exhibit a reduc-
tion at higher fluxes. Therefore, the process Yy, should
not be considered responsible for the observed behav-
iour of the apparent Yiuen. This is more probably caused
by an intermediate step in the hydrocarbon formation.
More work is necessary to reduce the uncertainties in
the measurement of Y., and to identify possible reac-
tion steps which explain the behaviour expressed by
Eq. (4).

The major source of uncertainty in the interpretation
of the obtained spectroscopic yields is the possibility of a
fast, flux-dependent redeposition of molecular products
before the photon emission takes place. This — hypo-
thetic — effect is not taken into account by the D/XB used

for the evaluation. Such a fast redeposition due to
plasma interaction would not be seen in laboratory
beam experiments measuring the chemical erosion yield.
However, such a fast redeposition would have a similar
positive effect on target lifetime as a direct, flux-depen-
dent reduction of the underlying chemical processes.
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