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Both fast impurity density estimation from Soft X-Ray tomography [1] and accurate 

determination of impurity transport coefficients [2] can be made possible by low dependency of 

the cooling factor of some impurities on transport. This paper investigates the domain of 

validity of such robustness even when the fractional abundances zSf ,  are significantly affected 

by transport and differ from a local ionisation balance (LIB). The importance of the free-free 

contribution to the total SXR emissivity 

S  of species S, of the plasma electron temperature Te 

and of the detector spectral response   is underlined. 

The local SXR emissivity 
S  is related to the impurity density nS via its cooling factor 

SL . In 

this paper, spectrally differentiated quantities are written with lower case while upper case is 

used for spectrally integrated quantities. 
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 (1)   

The ions cooling coefficients zSk ,  represent the free-free (ff), free-bound (fb) and bound-bound 

(bb) contributions. Robustness of the cooling factor versus transport (i.e.    0
SSS LL  , 

where S  is the flux of species S) can be achieved either by actual local ionisation balance 

(      
zzSzSzS ff


 0,, ) or by very similar contributions of all ions (i.e.: 

    eSzezS TKTK  
, ). The latter possibility is studied in more detail in the following. 

Bare nuclei, for example, emit no lines and their contribution is [3]: 
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 (2)   

Where Bk  is Boltzmann constant, 
ff

zSG ,  (resp. 
fb

nzSG ,, ) is the free-free (resp. fb) Gaunt factor 

(dimensionless and close to unity), eV 6.13RE  and nmin is the minimum principal quantum 

number n on which recombination can occur for a photon of energy h  to be radiated. 
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From (2) it can be seen that two successive bare nuclei of charge z and z+1 have free-free 

contributions that differ only by % 102,,  zkk ff

zS

ff

zS  as soon as 20z , meaning that if 

ff

zSk ,  is dominant, the resulting cooling factor will have low dependency on the ions fractional 

abundances. Such ionisation levels are obtained in today’s Tokamaks for medium to high Z 

impurities and will be more frequent in ITER. We are now going to investigate the conditions in 

which the free-free contribution dominates for bare nuclei: 
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For fixed z and Te, ratio (3) is thus a stair-shaped function (decreasing with h  since nmin 

increases with h ), as represented on Figure 1 (b) for Ni
28+

 at  Te = 5 keV. The limits of the 

stairs correspond to recombinations on different quantum levels (see Figure 1 (a)).  

 

 

The log10(ff/fb) is plotted in the (hν,Te) plane and its iso-contours are used to identify a domain 

in which the free-free contribution is dominant for Ni
28+

 (see Figure 1 (c)). For Ni
28+

, selecting 

a low energy band using spectral response η1 offers a much more favourable convoluted ff/fb 

ratio at low temperatures than η2. The limit (k
ff
 = k

fb
) has been plotted for various nuclei on 

Figure 1 (d), where the dashed straight line can be seen as global limit for bare nuclei. 

Quantitatively, the temperature limits are compatible with today’s Tokamak operation on the 

low-energy part (1 keV – 10 keV), and remain reasonable for ITER-like plasma. 

Two complications arise with more complex ions. First, incomplete screening effects and 

recombination of electrons on a limited number of available energy levels have to be taken into 

account. Second, line emission can have a significant contribution, meaning it must either be 

made negligible (with respect to Bremsstrahlung), or must be similar from one ion to the next. 

Figure 1: (a) k
fb

 for Ni
28+

, showing the spectral intervals in which the ff/fb ratio (b) is constant. (c) 

2D contour plot of log10(k
ff
/k

fb
) for Ni

28+
 in (hν,Te) space and two examples of spectral responses 

(d) the limit (log10(ratio) = 0) of the validity domain for various bare nuclei 
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In order to assess the quantitative relevance of this approach in experimental cases, we studied a 

Tore Supra scenario (cf. TS # 38464), during which various injections were performed, and 

which displays high electron temperature in the core plasma (≈ 5 keV), thus maximising the 

chances that the Bremsstrahlung be dominant. In [4] the authors identified a set of experimental 

transport coefficient profiles for this pulse and showed they were weakly dependent on the 

injected impurity nature. From this reference transport scenario (REF), a family of 5 diffusion 

(D) and 5 convection (V) profiles are generated (see Figure 2). The maximum difference 

between extreme profiles is more than one order of magnitude (a factor 25).  

 

Figure 2: The 5 D and V profiles used to generate the 25 transport scenarii 

All the possible (D,V) sets are then assembled, resulting in 25 transport scenarii used to study 

the robustness of the cooling factor with respect to modifications of the ionisation balance. The 

resulting 25 ionisation balances are represented on Figure 3 (c) which shows the expected 

significant variations between the 25 scenarios and with the LIB (Figure 3 (b)). The associated 

25 cooling factor profiles (for η1 and η2) are also plotted on Figure 3 (d) and (e). 

 

Figure 3: (a) similar to figure 1 (b) plus ionisation potentials of Ni ions (colors), a dotted-dashed line 

showing the max(Te) in TS # 38464 and the two tested spectral responses (b) LIB of TS # 38464 (c) envelopes 

of the fractional abundances resulting from the 25 transport scenarii, cooling factor profile convoluted (d) 

by η1 and (e) by η2 (f) ratio of all the η1-cooling coefficients (ff / (fb+bb)) (g) idem with η2 
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The spectral responses were designed so as to minimise the influence of lines, hence the ratio 

ff/(fb+bb) behaves like ff/fb. It is clear that the ionisation balance is far more affected by 

transport than the cooling factor. In addition, as expected, the cooling factor is less sensitive to 

transport when it is convoluted by η1 than by η2. This results from the fact that η1 corresponds to 

a spectral interval that is lower than the ionisation potentials of the last two Ni ions. Hence, the 

ff/fb ratio is considerably higher than with η2 for Ni
27+

 and Ni
28+

 (see Figure 3 (f) and (g)), 

consistently with the stair-shaped iso-contours previously identified on Figure 1 (c). 

Quantitative estimations of the relative scattering of the cooling factor (total for the 25 

scenarios and with respect to LIB, REF) are in Table 1. 

(rho = 0.01) η1 η2 

Max. difference with LIB 20 % 56 % 

Max difference from REF 18.5 % 33 % 

Max scattering due to transport 25 % 100 % 
Table 1: Relative scattering of the SXR cooling factor due to the 25 different transport scenarii, evaluated 

near the plasma centre with both spectral responses 

Interestingly, ff/(fb+bb) ratio does indeed seem to be a monotonically increasing function of Te 

(cf. Figure 3 (f) and (g)), suggesting that the results would be even better for hotter pulses. 

Conclusion 

As expected, these results underline the importance of three main parameters when considering 

the robustness of the cooling factor with respect to transport: the impurity atomic physics, the 

electron temperature (plasma parameter) and the detector spectral response (user-defined). An 

interpretation is provided for bare nuclei. It highlights the prominent role of Bremsstrahlung for 

medium to high z ions and applies successfully to Ni. The importance of the spectral response is 

underlined, thus calling for the use of SXR detector with tuneable spectral response [5]. 

Complementary work is currently in progress in order to define an optimised set of spectral 

responses adapted to several impurities and electron temperatures. 
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