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Introduction  The characterisation of the impurity content of a fusion plasma is still an
important task as the performance of future burning plasma experiments like ITER will de-
grade with increasing impurity content. A commonly used quantity characterising the im-
purity content is the effective charge state Zeg = ZiniZiz / ¥iniZ; which can be derived e. g.
from absolutely calibrated measurements of bremsstrahlung when the radial profiles of elec-
tron density n, and temperature 7, are known. As a weighted average, Z.¢ will be dominated
by the contribution of low Z impurities; impurities such as W give in ASDEX Upgrade a
AZegr < 0.3.

Usually, the measurement of bremsstrahlung is carried out by recording the plasma emission
in a certain wavelength range free of line radiation using interference filters and varying types
of diodes as detectors. Mostly, a narrow band in the green range of the spectrum is used. The
range of up to Snm around 537 nm is reported to be line free in several machines. At ASDEX
Upgrade, the existing filter/detector combinations of the vertical Thomson scattering diag-
nostic (VTS) [1] were mainly used for bremsstrahlung measurements. Although the sensitive
Avalanche-diodes used as detectors are very well suited to measure the low intensities of the
bremsstrahlung, the interference filters are not optimised for this task. They observe rather
broad spectral ranges (up to 80nm) in the near infrared region. Therefore, the bremsstrah-
lung signals may be disturbed by line radiation and/or thermal radiation from hot parts of the
plasma facing components. To compensate for these disadvantages a new approach has been
devised to determine Zg from bremsstrahlung measurements. A new diagnostic set-up was
brought into operation which measures the bremsstrahlung emission spectrally resolved. In
order to take advantage of the strengths of the various measurements and to provide checks
for signal contamination, all available signals measuring bremsstrahlung have been included
in one evaluation procedure to deduce one consistent Z.g profile.

Current diagnostic set-up and data evaluation At ASDEX Upgrade bremsstrahlung
emission from the plasma is measured along many lines-of-sight. These are shown in figure
1, mapped onto a poloidal cross-section. As they were optimised for different purposes, they
differ in the type of their detectors, temporal resolution, sensitivity and wavelength range of
observation. As mentioned above, the bremsstrahlung measured with the sight-lines from
VTS frequently suffer from line and/or thermal radiation due to the broad interference filters
in the near infrared. The sight-lines of diagnostic ZEA are equipped with an interference filter
in the green spectral range (5 nm wide, centred at 538 nm) and a diode array as detector. No
thermal and almost no line radiation is observed by this diagnostic, but the rather insensitive
diode-array results in a poor signal-to-noise ratio and its data is therefore not useful for Z.
profile evaluation. Nonetheless these sight-lines provide a good check for data consistency
of diagnostic VTS.

The diagnostic ZEB was recently constructed to complement the information on bremsstrah-
lung emissivity of the plasma from the other two diagnostics discussed above. Its 12 sight-
lines view the plasma edge at the outer mid-plane in a toroidal cross-section. Another two
sight-lines are used to monitor the plasma centre. The plasma emission is detected using a
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Czerny-Turner type spectrograph and a back-illuminated frame-transfer CCD-camera, lead-
ing to a good separation of line radiation and bremsstrahlung. For the determination of Zg,
the wavelength range between 532-562nm is usually used at a cycle time of 60ms, which
gives a good trade-off with respect to the signal-to-noise ratio.

A new feature is the inclusion of the brems-
strahlung, as measured by the charge exchange
recombination spectroscopy (CXRS), in the
deconvolution algorithm. As the sight-lines
of the CXRS are oriented tangentially in the
outer mid-plane and cover the whole minor
radius, they may be used to replace the ones
of the VTS and thus help avoiding problems
due to line and/or thermal radiation. The in-
tensity calibrations of the CXRS and ZEB
diagnostic have been refined by using dedi-
cated plasma sweeps accross the sight-lines
in order to improve the relative channel-to-
channel calibration. The absolute calibra-
tion is then fixed in high-density discharges
with very low impurity content (Zeg < 1.5).

ASDEX Upgrade
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bremsstrahlung measurements, the profiles Figure 1: Sight-lines at ASDEX Upgrade mea-

of n, and T, have to be known. They are suring bremsstrahlung emission, mapped into a
usually taken from the evaluation of the poloidal cross-section.

Thomson-scattering diagnostic. Further more, calculations of the effective Gaunt-factor have
to be performed. At ASDEX Upgrade the formulas given in [2] are used to calculate a tab-
ulated data set, from which the Gaunt-factors can be retrieved very efficiently during data
evaluation using spline interpolation. As the Gaunt-factors depend on the charge, the decon-
volution of Zg is iterated until the Gaunt-factors do not change any more.

The algorithm adopted for the deconvolution of the brems-

strahlung emissivity, is based on the matrix inversion me- T

thod and uses curvature minimisation as regularization. | n, oo /
The functional, which is minimised, is an extension of the o /
functional of the weighted x2-fit to the linear model y = 4 . /
X - B, which is given by y2 = (F—X-B)7 - W- (=X .B).  z—= /
A detailed description of its principle and implementation 9 oo oo B
can be found in [3]. Poo

During most discharges at least one of the sight-lines from  Figure 2: Z.4 profile for an ELMy
ZEB passes completely outside the separatrix. Despite n, H-mode discharge at ASDEX Up-
being very low in this region, a considerable level of emis-  grade (#17481, t = 2.885).

sion is measured, which originates mainly from line radiation and radiation from molecular
bands resulting in a quasi-continuum. For Z.¢ profile deconvolution this emission is there-
fore considered as the emission of a radiative mantle as in [4] and routinely subtracted from
the measurements of the remaining sight-lines, resulting in a reduced statistical error of the
deconvolved profile.

Zegr in ELMy H-mode discharges  In ELMy H-mode discharges at ASDEX Upgrade Z
profiles are typically flat. An example is shown in figure 2. The region outside the separatrix
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is shaded because there is no dedicated information on Zg from outside ppo; = 1. In this case
due to being the region whose emission is considered as the radiative mantle. In other cases
shown also due to the lack of measurements.

Using the deconvolved Z.¢ profiles from many discharges, the dependency of the line aver-
aged Z.¢r values on the plasma density was investigated. As shown in figure 3, Z.¢ decreases
with increasing density. ELMy H-modes achieved during various scenarios with co-injection
of neutral beam heating (co-NBI) can be fitted by Zeir— 1 = nel'(‘)% 7 (figure 3(a)).
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Figure 3: Line-averaged Z,y vs. line-averaged density for ELMy H-mode discharges at ASDEX Up-
grade

A similar behaviour is observed for ELMy H-modes during ctr-NBI (figure 3(b)). The same
trend can be observed, which applies not only to ELMy H-modes (shown in blue) but also
to QH-mode discharges (shown in red). These quiescent H-modes are an ELM-free regime
where the transport across the separatrix is taken over by a continuous MHD activity lo-
calised at the plasma edge without bursting energy and particle output [5]. In this picture,
the relatively high values of Z.s are caused by the low electron densities rather than being a

particular feature of QH-modes. H-modes and QH-modes can be fitted by Zegr — 1 = - '_2(‘)?96.
In comparison to the co-NBI case (dotted line), Z.¢r is somewhat higher.
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Figure 4: n, and Z.y profiles from different time-slices during an H-mode discharge while scanning
through all 8 NBI sources at ASDEX Upgrade (#15715).
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At ASDEX Upgrade it has been discovered that the density profile shape can be controlled
via the heating power deposition. As shown in [6], a power deposition on-axis leads to flat n,
profiles whereas off-axis power deposition results in peaked n, profile shapes. For the case
of NBI heating this is shown in figure 4(a). The present understanding of this behaviour is
based on the assumption that the particle transport is coupled to the energy transport (D o< ).
The off-axis heating leads to very low values of % in the plasma centre. According to the
assumed proportionality, a pinch of the order of the neoclassical Ware pinch is is now no
longer masked and leads to peaked n, profiles. With peaked n,(p) a neoclassical pinch should
lead to increased impurity influx and thus to peaked Z.s(p). For NBI heating this is actually
observed as shown in figure 4(b). Using ICRH instead of NBI heating power, n.(p) still
shows the expected peaking during time (figure 5(a)). Ze(p) on the other hand is essentially
flat at all time points (figure 5(b)). The different levels of Z.¢ are only due to different levels
of n, in the respective discharges.
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Figure 5: n, and Zy profiles during H-mode discharges with on-axis (#16161) and off-axis (#15122)
ICRH deposition.

The reason why NBI and ICRH heated discharges behave differently with respect to the
impurity content is still unclear. Further investigations will be done using the improved di-
agnostical capabilities provided by the inclusion of bremsstrahlung data as well as impurity
concentrations from the charge exchange recombination spectroscopy.
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