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ABSTRACT 
This work presents an overview of the experimental results attained while studying TJ-II plasma soft 

X-ray emission to simulate the two-filters method in NBI (high density) plasmas. The data used to 

determine the electron temperature under different plasma conditions were obtained with two 

diagnostics (an X-ray PHA based on a Ge detector and a tomography system) already installed in the 

TJ-II stellarator. 

 

I. INTRODUCTION 

The emission of radiation in hot magnetized plasmas covers a wide energy range and is due to 

several processes (particle acceleration due to the magnetic field, particle deceleration due to the 

interaction of each Coulomb field, atomic ionization, contact between plasma particles and the vessel 

walls, etc.). The emitted radiation covering the electromagnetic spectrum, from the microwaves up to 

the high energy gamma rays, can be either discrete or continuum. These two distinct emissions 

compose the emission spectrum.  

The discrete spectrum, also called line radiation or characteristic lines, arises from excitation by 

electron impact followed by radiative decay of the excited state, and from de-excitation that follows 

radiative or dielectronic recombination. Since it depends on the impurity ions present in the plasma, it 

is used for identifying the impurities from the radiation characteristic wavelength. The continuum 

spectrum also arises from electron-ion collisions and, depending on the final state of the incident 

electron, it may be bremsstrahlung or recombination radiation, or both. 

Assuming that the emitted radiation is isotropic (relativistic corrections are only important at higher 

energies), which allows deriving from the Maxwell equations the following expression for the emission 

spectrum [1]: 
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where W is the emitted radiation, υ is the frequency, e is the electron charge, ε0 is the permittivity of 

free space, c is the light velocity in vacuum, ω  is the angular frequency (= 2πυ) and t is the time. 

As mentioned before, electron-ion interaction can take two forms, depending on the final state of 

the free incident electron. In this sense, the expression of the total spectral power emitted into 4π 

steradians per unit frequency can be written in order to present both contributions: 
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where ne and ni are the electron and ion densities, Z is the ion charge, T is the electron temperature, 

Ry is the Rydberg constant, n is the principal quantum number, ffg  is the free-free Gaunt factor, Gn is 

the free-bound factor for different values of n and C is a coefficient, independent of the initial electron 

velocity, given by the expression: 
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On the right side of the equation (2) it is possible to separate the two contributions. The first term 

can be identified by the free-free Gaunt factor and it corresponds to the Bremsstrahlung radiation, 

where the incident electron remains free in its final state. The recombination radiation contribution is 

given by the second term, which has the free-bound Gaunt factor, and it occurs when the electron is 

captured by the ion into a bound final state. 

Knowing the source of the emitted radiation is highly important since it would allow estimating 

some plasma parameters, such as the electronic temperature (Te), electron density (ne) and effective 

atomic number (Zeff). From the ratio between the two contributions present in expression (2) it is 

possible to evaluate which mechanism dominates the production of radiation: 
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For high frequencies, hυ ≥ Z2Ry, all n possible states contribute and recombination will be the 

dominant process if T ≤ Z2Ry /n3 eV, otherwise it will be negligible for all frequency values. At low 

frequencies, hυ << Z2Ry, only high n states contribute and Bremsstrahlung becomes dominant, due to 

the n-3 dependence of recombination. Therefore, Bremsstrahlung is always dominant at low energy 

radiation (visible and infrared) and at high enough energy radiation (hard X-ray).  

Our study is focused on the X-ray continuum emission (covering the range of  0.1 – 100 Å, or 102 

– 105 eV, in the electromagnetic spectrum), in particular in the soft X-ray region (1 – 10 Å). The soft X-

ray radiation has contributions from both mechanisms (bremsstrahlung and recombination) and, 

depending on the plasma temperature value and composition, the relative importance of each 

mechanism changes. Nevertheless, the spectral dependence of both mechanisms with Te is almost 

the same, as will be shown below; it is dominated by the exponential term. Continuum radiation in the 

soft X-ray region is easily monitored because usually there are not many radiation lines in this part of 

the electromagnetic spectrum, and therefore, it is possible to estimate the Te directly from the spectra 

shape. From soft X-rays signal intensity it is also possible to determine the effective atomic number 

but it is needed additional information about plasma composition. 

Depending on the initial and final conditions of the electron-ion interaction process, such as the 

electron initial velocity, impact parameter and electron final state, the emissivity obtained will 
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correspond to different processes of emission. Independently of the dominant process in emissivity, it 

can be withdrawn the conclusion that the radiation exhibits a dependence on frequency. This 

dependence is contained in the exponential variation of equation (2), provided by the assumption that 

the electron energy distribution function follows the Maxwell distribution. The plasma electron 

temperature from the X-ray emission can be estimated by: 

eTej /)( ωυ h−∝           (5) 

where j(υ) represents the emissivity,  is the Planck constant divided by 2π, ω is the photon 

frequency and T

h

e the electron temperature. 

Two-filters method 

 The two-filters method is a technique that may be applied to determine the Te from soft X-ray flux 

measurements, allowing a very good temporal resolution [2]. It uses two identical detectors looking at 

the same region of the plasma through filters of different thickness. By evaluating the ratio of the soft 

X-ray fluxes transmitted through each filter, the electron temperature can be estimated (taking into 

account that the signal received by the detectors is the intensity over a line integral). 

Integrating the emissivity expression, equation (2), over all the frequencies taken into 

consideration the filters effect, it is possible to calculate the detected intensities. Thus, the electron 

temperature is obtained from the ratio of the detector intensities (P1 and P2): 
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where F is a function, usually not analytical, which we intend to determine. 

The existence of unwanted line transitions is the factor that highlights the importance of choosing 

filters with the adequate thickness. With the appropriate filters these lines can be avoided, making the 

temperature estimate much more accurate. 

In order to study the feasibility of using the two-filters method to determine the electron 

temperature in TJ-II plasmas, part of the soft X-ray hardware already installed in TJ-II was used. We 

selected two identical detectors focused on approximately the same plasma area, each receiving 

radiation through a Be filter of different thicknesses. 

For this situation, the expression used for the electron temperature calculation has been 

approximated to a function of the form: 
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being d1 and d2 the intensities obtained by the two chosen detectors and, α and β the two fitting 

parameters included in order to consider the contributions of impurities, transition lines, recombination, 

charge exchange, etc. Obviously, having previous knowledge of these potential contributions to the 

signals can help to select the less affected chords. 
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II. SOFT X-RAY SYSTEMS IN TJ-II 
Soft X-ray tomography 

The dependence of the soft X-ray emission on plasma parameters (such as density and 

temperature), enables the inference of information about them by observing this radiation. With the 

soft X-ray tomography technique it is possible to obtain relative variations of the complex plasma 

parameters combinations, through the determination of the emissivity as a function of time and space, 

i.e., the soft X-ray emission profiles. In fact, this technique is an important tool to study several 

phenomena in fusion plasmas, such as MHD instabilities, sawtooth, plasma position, impurity 

radiation, etc. [3] 

The TJ-II soft X-ray tomography system is equipped with five cameras, at poloidal angles of 40º, 

0º, -10º, -50º and -110º [4], as can be observed in Figure 1a). 

 
Figure 1: a) scheme of the soft X-ray tomography diagnostic, b) polar coordinates and the impact parameter from the vision 

chord of one of the detectors, c) location of each detector of each camera in the space (p, φ). 

Each camera contains a silicon photodiode array with 16 detectors, separated by 0.12 mm and, 

with a sensitive area of 10 mm2. The fabrication technique used on the p-n junction of these diodes 

guarantees a non-existing dead zone and a zero surface recombination, resulting in a near theoretical 

quantum efficiency for photon energies in the range of 7-6000 eV. This means that their response is 

nearly linear in almost all the energy range [5]. To understand the location of each detector is 

necessary to use a (p, φ) coordinate space, which defines each vision chord by the impact parameter 

(p) and angle (φ), between the chord and the horizontal axis (Figure 1b)). This coordinate system 

enables us to see how uniformly the detectors cover the plasma surface. As can be seen in Figure 1c) 

the coverage is in general good, with the only exception of the region between 160º and 210º, which is 

mechanically inaccessible from outside the vacuum vessel (designated “hard core” in Figure 1a)). 

Besides the detectors, other important components to be chosen carefully are the collimators and 

filters. The used collimators are rectangular (2 mm x 5 mm) with a vertical aperture (2 mm) that allows 

a chord resolution of 1.5 cm which, according to the detectors chosen, is sufficient to cover the whole 

plasma cross-section. Each camera is equipped with a Beryllium (Be) filter carrousel that, depending if 

the camera is located in or outside the vacuum vessel, will have different filter thicknesses. In this 
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sense, the internal cameras have a carrousel of two positions, 8 and 33 µm, while the external ones 

have a more complete set of four filters covering from 8 to 50 µm. 

Soft X-ray spectroscopy 

Pulse Height Analysis (PHA) is, certainly, one of the simplest techniques to analyse the energy of 

the soft X-rays (1-20keV) coming from a plasma. Indeed, this diagnostic is very easily implemented 

and it is also very easy to take physics results from the experimental raw data [6]. In the conduction of 

this work, the radiation spectrum was obtained with an intrinsic Germanium (Ge) detector and 

software that simulates a multichannel analyzer (MCA). The spectrum results from the gathering of all 

the counts possible, i.e., it counts individually the energy of each photon that arrives to the detector. 

The diagnostic is also equipped with a set of filters and collimators that can be combined in several 

ways, resulting in different signal levels for the desired spectral regions. Besides the fact that in this 

diagnostic two types of materials are used in the filters, Aluminium (Al) and Beryllium (Be), their 

thickness range is also different from the previous diagnostic, these cover from 50 to 250 µm. Figure 2 

shows the general scheme of the diagnostic setup. 

Simultaneous high spectral, spatial and temporal resolution is something very difficult to achieve 

with this diagnostic. Since this choice depends on what exactly is intended to be observed, generally, 

the researcher will decide what characteristic to enhance. 

The spectral or energy resolution is the system ability to distinguish lines from the same spectrum, 

with relatively close energies. This characteristic is particularly important when the technique is 

applied with the aim of identifying plasma impurities. This identification is made through the 

characteristic radiation, corresponding to the emission of K and L lines. But, if the plasma parameter 

that needs to be measured is the electron temperature, then the temporal resolution should be 

improved. This characteristic enables the differentiation between two almost simultaneous events. The 

system can detect them separately, counting each as an individual event, or it can count them in such 

short time intervals that the signal recorded may be the sum of both. This implies that the height of the 

signal recorded does not correspond to the true energy, this phenomenon is named pileup. Other 

phenomenon that may be verified is called system blocking, which means that the events occur at 

such speed that the system will not have time to count them, i.e., the system becomes clogged. 

In TJ-II no overlapping of impurity lines is observed and the background radiation measurements 

are not affected by the energy resolution, leading to the conclusion that the temporal resolution is the 

option enhanced. So the operation mode for this diagnostic will present a time resolution of 10 ms and 

an energy resolution of 600 eV. 
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Figure 2: Scheme with all the components that constitute the Germanium (Ge) diagnostic. 

The PHA technique is the method used to perform a previous analysis in our work. It provides 

information about the presence of transition lines and emission of nonthermal electrons, allowing 

observation or quantification of possible deviations of the expected radiation spectrum from a 

Maxwellian distribution. 

 

III. EXPERIMENTAL RESULTS 
The goal of our study was the evaluation of the viability of the two-filters method diagnostic in TJ-

II. Ensuring that the electron temperature covered an ample set of operation scenarios, we have 

analyzed three series of discharges with different input power and plasma composition. 

For each series of discharges we had to choose which detectors provide the best viewing chords, 

i.e., which ones allowed crossing results from the same region of the plasma. For accomplishing this 

some programmes were created [7], in PV-WAVE language, and allowed for the determination of the 

most adequate fitting parameters (α and β) for each situation. 

In the first and second series (plots a) and b) in figure 3) we used two central detectors of the 

tomography diagnostic from two different cameras, namely cameras 1 and 5, which have almost the 

same viewing chord. This election minimizes geometrical differences. We chose Be filters with 

thicknesses of 8 µm (camera 1) and 33 µm (camera 5) which are the thinnest and thickest possible 

option in these cameras. However, in the third series we found that the plasmas happened to contain 

an additional amount of impurities (like oxygen and fluorine), whose emission line energies are high 

enough to pass through the 8 µm Be filter. This implied that we needed to use thicker filters, so we 

decided to compare the signal from a central detector from camera 5 (Be 33 µm) with that of the 

above mentioned Ge-detector (Be 50 µm) looking at the plasma center. 

In TJ-II, precise information about the electron temperature profile can be obtained from the 

Thomson scattering diagnostic but only at a predefined time of the discharge. Also, general 

information about central Te with poor spatial and temporal resolution can be deduced from the Ge-

detector diagnostic (mentioned above). In this work, we have used data from Thomson scattering 

diagnostic to calibrate our two filters method diagnostic. Figure 3 shows the graphics obtained for the 

calibration of each series of discharges, from where it is possible to assess the level of consistency of 

our approximation (expression 6). In all of them, the central electron temperature determined by 
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Thomson scattering (also used as the abscissas axis) has been plotted together with the temperature 

values yielded by the fitting algorithm applied to the selected pair of signals. As well, we have plotted 

the volume averaged electron temperature, <Te>, calculated dividing the plasma energy content (from 

diamagnetic loop measurements) by the average electron density, to serve as a further reference. 

                

 
Figure 3: Graphs showing the quality of the fittings done for each series: a) helium series, b) hydrogen series with one NBI and 

c) hydrogen series with two NBI. 

As can be seen, these <Te> values are always notably lower than the obtained by the other two 

methods, namely, the fitting and the TS values. For that calculation, it has been considered that all 

species reach the same temperature during the NBI phase. From the few shots in which the ion 

temperature has been measured, it can be said that this average electron temperature is a rough and 

underestimated approach. Therefore, the values shown can be considered as a lower limit for the true 

electron temperature. 

The results presented in Figure 4, were obtained from a series of 9 helium plasma discharges. 

The values of the fitting parameters found for this series are: α = 11.9 ± 0.3 and β = 2.4 ± 0.2. As in 

the previous calibration plots, we have represented the <Te> derived from measurements of the 

plasma energy content. It must be mentioned that the time evolution of this averaged electron 

temperature is much farther from the actual value during the ECR heating phase, because the ion 

temperature can be up to ten times lower than the electron temperature at the plasma centre. 
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Figure 4: Example of some of the discharges of the helium series where it is possible to compare the Te  values obtained with 

the two-filters method (dark green line) and from the diamagnetic loop (blue line) versus time. The light green represents the 

errors calculated using the errors from the fitting parameters. 

It is possible to see when the NBI heating is introduced since there is a drastic decay of the slope 

(dark green line), remaining the temperature values much lower than the ones attained for ECRH. This 

behaviour is not present in shot 18147 because none of the NBI injectors was operative, that it is why 

there is such a clear difference between this and the other two shots presented here. The <Te> 

estimations from the diamagnetic loop data (in blue) are always slightly lower than the ones obtained 

by the fitting. 

The second series studied consists of 9 hydrogen plasma discharges with the same magnetic 

configuration as the previous one but with little control of electron density. Some of the results are 

represented in Figure 5. In this case, the fitting parameters found are: α = 7.3 ± 2.2 and β = 1.2 ± 0.3. 

   
Figure 5: Example of some of the discharges of the hydrogen series where it is plotted the average Te obtained from the 

diamagnetic loop (blue) and the Te  obtained from the fitting method (dark green), versus time. 

Although there is a “slight understanding” between the lines plotted, an obvious difference 

between this series and the previous consists in the calculated errors. It can be seen that now they are 

much larger, which leads to the conclusion that the found fitting is not very good (compare the graphic 

3b) with 3a)). 

The third series of discharges corresponds to 19 hydrogen plasma discharges, but in this case 

both NBI injectors were operative (that is, we have twice the input power and probably a higher 

impurity content). This series was chosen because there were reliable soft X-spectra available from 

which Te could be estimated. The electron temperature deduced from the X-ray emission spectrum is 
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shown in Figure 6, together with the obtained with the two filter method and the fitting parameters 

found are: α = 0.21 ± 0.02 and β = 1.9 ± 0.2. 

     
Figure 6: Example of the results obtained for the hydrogen series of discharges. The dark green line represents the Te obtained 

with the two-filters method and in light green are represented the respective errors bars. The blue line represents the electron 

temperature from the PHA spectrum with the errors bars in light blue. 

These discharges were not as stable as the ones obtained for helium plasmas, and we also 

suspect that emissions from some impurity transition lines could have gone through the filter and then 

were included in the fittings. Nonetheless, and remembering that we are using data from two distinct 

systems, we may conclude that the results are better than the expected. It is worthy to mention that 

shot 18938 suffers from the pileup effect that we have mentioned before, therefore the temperature 

values of this discharge should not be considered as real. This reinforces our conviction that if we 

were using diagnostics implemented with the purpose of specifically studying the NBI plasmas, the 

results obtained would be even better and that there is a need to implement a new and dedicated 

diagnostic for electron temperature in TJ-II.  

 

IV. CONCLUSIONS 
This work was developed based on the current need to implement in TJ-II a diagnostic system that 

could provide information about the NBI plasmas. Its aim was the definition of the necessary elements 

for a reliable electron temperature diagnostic based on soft X-ray detection.  

Since it was a feasibility study and the time to carry it was limited, we had to prove our theory 

using the equipment available. The two detection techniques, soft X-ray tomography and 

spectroscopy, were implemented in TJ-II device for different purposes than the ones explored during 

our work. Nevertheless, through them we could obtain the data that was needed, soft X-ray emissivity 

with distinct filters thickness, and determine the most suited two-filters method relation applicable to 

our present situation. 

In NBI plasmas, the only detection system that gives information about the electron temperature is 

the single-point Thomson scattering. Since no stationary plasmas with densities higher than 3 x 10-19 

m-3 have been achieved, the knowledge of the electron temperature in a unique discharge instant is of 

little help, in particular when transport analyses are requested. But, in order to have a reference to 

benchmark the estimations yielded by the soft X-ray diagnostics, we have used the Thomson 

scattering profiles of electron temperature from series of homogeneous discharges (the most 

reproducible possible and without many impurities). 
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Although the conditions were not the most adequate, the results obtained were much better than 

the expected for a first test. We can conclude that the plasma constitution (changing from helium to 

hydrogen) induces the loss of accuracy in the fitting. On the other hand, even when we used two 

different diagnostics in the two-filters method (third series) we obtained a good approximation. 

With this work we are able to conclude that the soft X-ray diagnostics can be an adequate 

measurement technique for NBI plasmas, provided that a new system is implemented in order to 

correctly evaluate high density plasmas. The fitting method must also be perfected so it will include all 

the contributions that may affect the measurement of the soft X-ray emissivity. 

It is planned that by the end of April 2009, a prototype of the two-filters method is constructed and 

installed in TJ-II. 

 

ACKNOWLEDGEMENTS 
I would like to thank the Instituto de Plasmas e Fusão Nuclear (IPFN), in particularly to Dr. Carlos 

Varandas and Dr. Fernando Serra, for accept and giving me the opportunity to take my Master Thesis 

with them. 

I also need to thank to the Spanish Laboratory CIEMAT for allowing me to take the experimental 

results for my Thesis in their installations, especially to Dr. María Antonia Ochando and Dr. Francisco 

Medina for so kind and patiently answering all my questions. 

 

REFERENCES 
[1] Hutchinson I.H. “Principles of Plasmas Diagnostics”, Cambridge University Press, 2002 

[2] Medina F., Ochando M.A. “Determination of the Electronic Temperature in the Torsatron TJ-I 

Upgrade by the two filters method”, Ciemat 725 (1994) 

[3] Dong Y., Liu Y., et al., Journal of the Korean Physical Society, Vol.49, S179 (2006) 

[4] Medina F. “Caracterización de los plasmas de TJ-II y sus poblaciones supratérmicas con 

diagnósticos de rayos X”, Universidad Complutense de Madrid, 2007 

[5] http://www.ird-inc.com  

[6] Muto S., Morita S. and LHD Experimental Group, 28th EPS Conference on Contr. Fusion and 

Plasma Phys. Funchal, ECA Vol. 25A, 417 (2001) 

[7] Baião D., “Preliminary studies to implement a new electron temperature diagnostic for the TJ-II 

plasmas heated with energetic neutral beams”, Master Thesis, Instituto Superior Técnico, 2009 

 

 10

http://www.ird-inc.com/

