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Routine average effective charge calculation using visible Bremsstrahlung emission and 
comparison with the impurity transport code of Tore-Supra. 
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Introduction: The effective charge (Zeff) is an important plasma parameter dealing for 
example with the impurity behaviour and the fuel dilution. Thus it is important to get a 
reliable, routinely available Zeff calculation. This is done in Tore-Supra, using a visible 
Bremsstrahlung diagnostic. Here we present the measurements, together with a reliability test 
of die results by means of an impurity transport code simulating all available experimental 
data (XUV line spectroscopy, soft X-ray emission and Bremsstrahlung). 
L Visible Bremstrahlung and Zefr 
1.1. Visible Bremsstrahlung diagnostic [1]: Tore-Supra is equipped with a telescope 
coupled to nine optical fibres guiding the light from nine Unes of sight in a poloidal section of 
the plasma onto interferential filters centered at 5238±5À. The photons passing through the 
filters are then collected by photomultipUer tubes and stored with an acquisition speed of 4 
ms. The filters were recently doubled to reduce the nearby C II 5249.5À Une to a negUgible 
level. Fig, 1 shows the diagnostic set-up. Note the position of the first five (low field side, 
LFS) chords viewing the external wall through die plasma. 
I. 2. Visible Bremsstrahlung typical profiles: Fig. 2 shows (solid line) a typical profile 
during a steady state phase for a low density (<nc>= 2.2 1019 nr3), ohmic discharge. A clear 
enhancement can be seen on the LFS chords, which can be attributed either to an extra 
contribution (molecular radiation has already been observed on Tore-Supra) coming from the 
outside of the confined plasma or to a density excess at the external edge of the plasma. Since 
in this case there is no indication for any unusual high density at the edge, it has to be due to 
an "outside contribution", and has nothing to do with the effective charge of the plasma. This 
effect has been found to be weaker for higher ne as shown on the dashed line profile, which 
represents a similar discharge at <ne>=3.35 1019 nr3. Note that a signal deficiency is visible 
on the innermost chord (at h=-0.4 m), probably due to a misalignment. 

The effect of additional heating (LH or ICRH waves) is similar to the previous one, as 
can be seen on fig. 3 presenting two ICRH heated discharges leaning on the outer limiter. The 
two discharges are identical except for the injected power, respectively 1 MW and 4 MW. 
Clearly the light excess depends on the injected power. However this effect is weaker when 
the plasma leans on the inner wall, due not only to the relative displacement of die Unes of 
sight towards the external edge, but also to die lower plasma-external wall interaction. 

Fig. 4a presents the case of a deuterium, medium density (<ne> = 2.7 1019 nr3) 
discharge with ergodic divertor (ED). The characteristic feature to be noticed for an ED 
discharge is the local Bremsstrahlung enhancement seen only on the outermost chord (h=0.7 
m). Fig. 4b shows the density profiles measured 0 by reflectometry [2] in the equatorial plane 
and ii) by Thomson scattering on a vertical diameter. The outboard Bremsstrahlung 
enhancement might be due to the high edge density measured by reflectometry. 
13. Zeff calculation: The visible Bremsstrahlung emissivity e(r) at a position r in the plasma 
is related to the electron density ne(r) and temperature Te(r) and to the effective charge of the 
plasma ZefKr) through the following expression: 
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e being in photons/(s.sr.À.cm3), ne in enr3 and Te in keV; X (in Â) is the centre filter wave
length and gff is the average Gaunt factor for the free-free processes. 
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Since. on one hand, we do not measure the emissivity but its integral B; on die i* 
chord, and on the other hand, an important part of the emission profile is affected by die 
"outside contribution", we use only one of the most central lines of sight for our Zeff 
calculation. Furthermore, our purpose is to build a routine process of Zeff calculation, and so 
die choice of only one line of sight allows to avoid die problems raised by die Abel inversion. 

To use ( 1) we assume mat Zeff is constant over die plasma (which is reasonable as far 
as we neglect die contribution from die edge): 

In addition to the Bremsstrahlung data, die calculation uses Te and ne profiles measured by 
Thomson scattering and interferometry. The Gaunt factor depends on Te and, strictly 
speaking, on die individual impurity ions. This can be taken into account by an impurity 
transport code. For our purpose simplified formulae [3][4] have been used, which differ from 
5 to 10% (but are less sur at low Te values characteristic of die edge region). The Zeff 
uncertainty is estimated to be 30%, mainly due to die uncertainty on ne and on die diagnostic 
geometry. An example is shown on fig. 5, for a tiiree phase discharge: ohmic, 3 MW ICRH 
(light shaded region) and then ICRH after a Neon puff( dark shaded region). 
II. The impurity transport code and related diagnostics. 
II.1. UV and soft X-ray emission diagnostics: Two odier diagnostics are used with the 
impurity transport code: the first one is a grazing incidence spectrometer for XUV emission 
line detection. This spectrometer gives two spectra around, respectively, 30 Â and 250 Â 
every 200 ms and die temporal evolution of C, O, and metallic impurity lines in die confined 
plasma. The XUV spectrometer sensitivity in die low wavelength region has been obtained 
from low-Z targets Ka radiation by using an auxiliary electron gun and an absolutely 
calibrated proportional counter. 
The second diagnostic is a multichord soft X-ray camera with 38 vertical lines of sight. The 
detector sensitivity has been roughly estimated from die manufacturer data and corrected 
empirically to agree witii die numerical simulations in a variety of experimental situations. 
The final uncertainties are 30-40% for line emission between 20 and 120 A and 50% for soft 
X-ray emission. 
H.2. The impurity transport code: The impurity transport code includes subroutines 
evaluating die measured soft X-ray emission and the visible Bremsstrahlung emission [5]. 
The free-free Gaunt factor is evaluated for each impurity ion following references quoted in 
[5]. The impurity flux is obtained as usually adding a diffusive and an inward convection 
term. Since only steady-state phases of the discharges are considered for tiiese simulations, 
the impurity distribution depends only on die transport peaking parameter, a function of die 
ratio of the two transport parameters. A peaking parameter of the order of one is usually 
taken. For comparison witii XUV spectroscopy die brightnesses of die most ionised ions are 
simulated (Lya for C and O and An=0 Be-like ion lines for metals). Since die two Lya lines 
are not central, the poor knowledge of die peaking factor causes an additional uncertainty on 
die line brightnesses. 
III. Comparison of the results: As an example (fig.6) we take the first two phases of the 
case shown on fig. 5. Figures 6a,c superimpose the measured Bremsstrahlung profile and the 
simulation. The agreement is good for the central chords. Figures 6b,d present the same 
comparison for the soft X-ray emission; the agreement is again satisfactory. Corresponding to 
fig 6a,c (ohmic phase) we find Z^Brerns.) - 1.3 and Zeff(simul.) - 1.2 . During the second 
phase (fig. 6c, d, ICRH) the values are respectively 1.4 and 1.35; after the Neon puff (fig. 5, 
t=5.4s), 2 and 1.8 . The differences between the two values might be due to the plasma edge 
emission which should be subtracted from the central chord signal but the agreement is 
however satisfactory. 
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The main difficulties are found in He discharges, for which the Bremsstrahlung 
measurements are significantly lower than the simulations. An overestimate of the He/D 
concentration ratio would produce this effect. 
Conclusion: The Bremsstrahlung brightness profiles depend greatly on the experimental 
program: the LFS chords seem to reflect the plasma-external wall interaction, but the most 
central chords can be used for Zefj calculation in most cases (with the possible exception of 

plasmas with Marfes). The routine Zcff calculation, although not perfect, has the advantage to 
give reasonable (compared to the code) values in various scenarios. The agreement between 
calculations and simulations is surprisingly good considering the various uncertainties 
presented here: these are probably overestimated and should be recomputed. 
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Figure caption: 
1. Visible Bremsstrahlung diagnostic setup; 
2. Visible Bremsstrahlung brightness profile as a function of the viewing chords 

tangency radius for two ohmic discharges: 
<ne>=2.2xlOl9 m-3 (SoUd line) and <nc>=3.35xl019 nr3 (dashed line); 

3. Same as fig.2 without (solid line) and with ICRH (dashed line: 1 MW, dot-
dashed line: 4 MW); <ne> - 4.2 101» or3. 

4.a) Same as fig.2 for an ohmic, ED discharge; b) Corresponding density profile 
measured by reflectometry (+) and Thomson scattering (solid line); 

5. Z e f f time evolution ; light shaded: ICRH; dark shaded: ICRH + Ne; 
6. Simulation (solid line) and experiments (+). same shot as fig.5: 

Ohmic phase: a) visible Bremsstrahlung; b) soft X-rays; 
ICRH phase: c) visible Bremsstrahlung; d) soft X-rays 
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