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ABSTRACT: The advanced Soft X-ray (SXR) diagnostics setup devoted to studies of the SXR 

plasma emissivity is at the moment a highly relevant and important for ITER/DEMO application. 

Especially focusing on the energy range of tungsten emission lines, as plasma contamination by 

W and its transport in the plasma must be understood and monitored for W plasma-facing 

material. The Gas Electron Multiplier, with a spatial and energy-resolved photon detecting 

chamber, based SXR radiation detection system under development by our group may become 

such a diagnostic setup considering and solving many physical, technical and technological 

aspects. This work presents the results of simulations aimed to optimize a design of the detector’s 

internal chamber and its performance. The study of the effect of electrodes alignment allowed 

choosing the gap distances which maximizes electron transmission and choosing the optimal 

magnitudes of the applied electric fields. Finally, the optimal readout structure design was 

identified suitable to collect a total formed charge effectively, basing on the range of the simulated 

electron cloud at the readout plane which was in the order of ∼2 mm. 

KEYWORDS: Nuclear instruments and methods for hot plasma diagnostics; X-ray detectors; 

Electron multipliers (gas); Micropattern gaseous detectors (MSGC, GEM, THGEM, RETHGEM, 

MHSP, MICROPIC, MICROMEGAS, InGrid, etc.); Detector modelling and simulations. 
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1. Introduction 

The detection system based on Gas Electron Multiplier (GEM) technology [1] has been recently 

proposed as a soft X-ray (SXR) tomographic system for ITER-oriented tokamaks [2]. Thanks to 

its ability to discriminate energy and to determine spatial position of incoming X-rays, this 

technology is aimed to effectively monitor the impurity level of tungsten (chosen for the plasma 

facing material in ITER and future fusion reactor) in plasma. Such impurities degrade plasma 

performance, affect the behavior of plasma, and also, due to the interaction between particle 

transport and magnetohydrodynamic activity, might accumulate and lead to the most dramatic 

effect of W contamination - the so-called “radiative collapse”.  

Detectors built based on GEM technology are expected to satisfy the main constraints on 

dimension, spatial position and required energy sensitiveness imposed on any X-ray detector for 

tokamak plasma in ITER and/or DEMO. In addition, combination of just two detectors would 

allow performing a poloidal tomography, an ultimate goal for plasma impurities transport studies. 

Such detection system is under development for some time through the collaboration between 

IPPLM (Poland), WUT (Poland) and CEA (France) aiming to be installed in a poloidal section of 

the WEST project tokamak [3], [4], [5], [6], [7]. This development has already required looking 

deeply into various aspects of design and performance of the detection system in general and of 

GEM detector in particular [8], [9], [10], [11], [12], [13]. This work focuses on the simulations 

of the most important detector parameters that affect its performance: electron transparency, ion 

feedback, electron cloud size and detector amplification. The effect of electrodes alignment was 

also researched to optimize the detector effectiveness as well as the finding of optimal electric 

field distribution through the detector. 

2.  Detector performance simulations  

2.1 Motivation and methodology 

The principle of GEM detector operation is based on collection of electron avalanches produced 

as a result of photoelectric effect, which is dominant for the SXR range for atomic gases. Triple-

GEM detector consists of three GEM foils that are positioned in between the detector window 
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and the readout plane. Such arrangement naturally creates four important structural parameters 

one need to identify when optimizing the internal geometry of a triple-GEM detector. 

The drift or conversion gap, i.e. the first gap between the detector window and the first 

GEM foil must be adjusted to have: the drift velocity as high as possible, a high cluster density 

connected with small transverse drift velocity, high Townsend coefficient for a considerable 

amplification and low attachment coefficient. Overall, that should lead to fast dense pulses of the 

order of 20-50 ns on the readout plane. 

Two transfer gaps (first and second) between consecutive GEM foils have to be as small as 

possible in order to obtain a fast charge transfer but keeping in mind existence of the electrostatic 

forces between two GEM foils and a possibility of a spontaneous discharge between two 

subsequent GEM foils.  

Finally, the induction gap between the last GEM-foil and anode usually is minimized to 

produce the smallest possible induction area in order to deal with the fast readout schemes. 

However, a lower limit for the induction gap length exists (between 1 and 1.5 mm [14]) due to a 

possibility of having a discharge. 

The modelling of electron motion in gas avalanche radiation detectors assists significantly 

in optimization as it allows testing range of designs under any (reasonable or not) values of 

internal and external parameters of operation. The standard procedure for such computer 

simulations was utilized in this paper. First, a spatial model of the detector cell was constructed 

together with finite elements mesh using Gmsh program [15]. Then, the three-dimensional map 

of the electric field distribution for the selected cell was obtained using Elmer FEM solver [16]. 

Finally, electron avalanche propagation is calculated in the whole detector structure solving the 

Boltzmann transport equations for electrons in gas mixtures under electric and magnetic fields 

using Magboltz [17] and Garfield++ [18]. 

Two kinds of simulations were done using the specified procedure. (1) Calculations of the 

electron avalanches for a single-GEM detector for four values of the electric field applied to the 

GEM foil and wide range of the electric fields above and below the foil. Based on the obtained 

results optimal values of the electric fields were chosen for the middle value of the GEM foil 

voltage applied, i.e. 380 V. (2) For the optimal electric field distributions found in (1), simulations 

of the triple-GEM detector electron avalanches were performed for different geometries of the 

detector electrodes. From the obtained data sets basic detector parameters, as electron 

multiplication coefficient, electron energy distribution, electron time distribution and radial 

distribution on readout plane were extracted. 

2.2 Simulations of the detector parameters to optimize readout plane 

The exemplary time distribution of the electron avalanche on the readout plane is shown in 

Figure 1 for a triple-GEM detector of that specific arrangement. It could be seen that the readout 

electron signals are very fast lasting ~20 ns. The dominant effect on the time resolution is the time 

jitter derived from primary ionization. Because the primary ionization is a stochastic process 

governed by Poisson statistics, the drift time for a primary electron to reach the first GEM hole 

differs from event to event and thus, so does the initial time of the induced pulse on the readout 

electrode. Knowing that the time when the induced signal starts to develop is almost equal to the 

time needed to drift towards the GEM hole, knowing that the drift velocity is a function of the 

electric field and taking other requirements (such as parallax effect minimization, effective photon 

absorption, etc.) into account, the length of the drift gap can be estimated. Hereafter, in this paper 
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all simulations were performed for 5 mm drift gap to achieve sufficient photo absorption 

efficiency at the level of 20% for 2-3 keV photons and ~20 ns of the pulse width. 

The primary electrons cloud representing electrons originated in the drift gap forms an 

asymmetric drop-like shape while moving towards the first GEM foil as shown in Figure 2 (a). 

That is related to a fact that overall charge distribution, i.e. with electrons and ions, has a drop 

like shape itself with fast moving electrons in the front and the slower ions at the back.  

An example of the resultant electron cloud distribution on the readout plane, i.e. after going 

through the whole triple-GEM detector with the double conical holes GEM foils for the Ar/CO2 

70/30 gas mixture, is shown in Figure 2 (b). Simulations of 100 of such electron avalanches (the 

results are shown in inset of Figure 2 (b)) showed that the total formed charge extends to ~2 mm 

spot. Based on this, the readout electrodes in the form of rectangular strips with 2.4 mm width 

were chosen for the final detector. Such width will allow both to collect almost the whole 

avalanche charge on the same strip (therefore minimizing the number of independent electronics 

channels) and not to compromise the accuracy of tomography (as the single tomographic line is 

sufficient to be less than 2.5 mm).  

(a)     (b)     (c)  

Figure 1. Triple-GEM arrangement 5/2/2/2 mm with 1500/700/700/900 V drift/transfer/transfer/induction 

voltages and with 360 V on each GEM foil: (a) Time distribution of the electrons reaching the readout plane 

with 0 ns being the time of the primary electron generation; (b) Energy distribution of the electron avalanche 

that reached the readout plane. Note that the energy of the electron avalanche is distributed around 2.4 eV; 

(c) Time distribution of the ions reaching the first GEM foil’s upper electrode for 600/400/500/800 V and 

380 V voltages. 

(a)    (b)  

Figure 2. (a) Cross-sectional view of primary electrons cloud forming a drop-like shape where positive 

values of Z-axis point towards the first GEM foil. The calculations were performed for electrons originated 

from 5.9 keV photons interacting with Ar/CO2 70/30 gas mixture at 1500 V drift voltage. Notice the size 

of a drop-like shape in Z-direction is almost 1.5 times bigger than in X/Y-directions. (Inset shows the 

electron density as a function of X for Z=0). (b) Top view of the electron cloud on the readout plane. The 

calculations were performed for 5/2/1/2 mm arrangement for 1500/700/700/800 V 

drift/transfer/transfer/induction voltages and with 380 V on each GEM foil. (Inset shows the counts of 

electrons collected from 100 electron avalanches as a function of a distance from the cloud center). 
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2.3 Simulations of the detector parameters addressing optimization of its performance 

The overall performance of the detector was assessed as a function of the drift (above the first 

GEM electrode) and transfer (below the second GEM electrode) electric field values. Four basic 

characteristics were extracted representing different aspects of the performance: P1, number of 

ions landed on the upper copper GEM foil electrode normalized to the total number of ions; P2, 

the ratio of the electrons reached the readout plane to the all generated primary electrons, i.e. gain; 

P3, electron transparency expressed as percentage of starting electrons that get to the holes and 

are multiplied; and P4, electron transport efficiency expressed as the number of electrons on 

readout to the total number of electrons produced during avalanche propagation. Based on these 

parameters, an “average optimum coefficient” was proposed having the following expression: 

Popt = P1/P1maxP2/P2maxP3/P3maxP4/P4max. The results are presented in Figure 3 together with the 

results of the electron multiplication simulations for the studied gas mixture as a function of the 

applied electric field. As it could be observed, electron amplification starts to rise over 700 V/cm. 

Based on the obtained values of the optimized parameter Popt and taking into account that 

electrons begin to multiply when the field is over 5000 V/cm (see Figure 3), the following 

electrical field values identify the voltage selection for the optimal triple-GEM detector: 

1200 V/cm in the drift gap, 2000 V/cm in the first transfer gap, 2500 V/cm in the second transfer 

gap, and 4000 V/cm in the induction gap (summarized as 1200/2000/2500/4000 V/cm set). 

Table I presents the values of voltages and the values of basic characteristic parameters for triple-

GEM detectors with different spacing using this set of electric fields.  

In order to confirm the prediction, additional simulations of signals (from 209 primary 

electrons – an average value of created electrons by a 55Fe source photon absorption) were 

performed for the triple GEM-detector with the 5/2/2/2 mm configuration. Besides an optimized 

set of 600/400/500/800 V (see Table I), the sets of 1500/700/700/900 V and 950/600/700/1000 V 
 

  
 

  
 

Figure 3. 2D maps of basic calculated characteristics P1, P2, P3, P4 as well as an optimized parameter Popt 

that represents the overall detector electric field distribution as a function of the drift (above the first GEM 

electrode) and transfer (below the second GEM electrode) electric field values. Number of generated 

electrons as a function of the electric field magnitude simulated using Garfield++ for Ar/CO2 70/30.  
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Table I. The calculated values of basic characteristics P1, P2, P3, and P4 for different structures with voltages 

obtained using 1200/2000/2500/4000 V/cm optimized set of electric fields. 

Spacing [mm] Voltage [V] P1 [%] P2 [gain] P3 [%] P4 [%] 

5/1/1/1 600 / 200 / 250 / 400 56.00 4354 65.28 41.59 

5/1/1/2 600 / 200 / 250 / 800 55.08 5673 66.24 42.30 

5/1/2/1 600 / 200 / 500 / 400 55.44 4584 66.57 41.01 

5/1/2/2 600 / 200 / 500 / 800 55.30 4862 65.28 41.77 

5/2/1/1 600 / 400 / 250 / 400 53.76 5040 65.31 41.41 

5/2/1/2 600 / 400 / 250 / 800 53.50 5156 65.29 42.13 

5/2/1/3 600 / 400 / 250 / 1200 54.46 4306 66.60 41.19 

5/2/2/1 600 / 400 / 500 / 400 53.28 4583 65.61 41.08 

5/2/2/2 600 / 400 / 500 / 800 55.89 4771 65.27 41.83 

5/3/1/2 600 / 600 / 250 / 800 53.87 5399 66.88 42.24 

5/3/3/3 600 / 600 / 750 / 1200 49.73 5202 66.84 41.08 

 

were used. The results (not presented here) confirm that the optimized values produces an 

approximately 50% higher gain. 

All values of basic characteristics presented in Table I are quite close to each other except 

the values calculated not for the optimized set of 1200/2000/2500/4000 V/cm. The final choice 

of spacing for a detector to be built therefore, has to be performed based on other information, 

requirements and/or limitations. Choice of 1 mm spacing for either or both transfer gaps implies 

difficulty of positioning GEM foils so close to each other. Nevertheless, two spacing 

configurations could be further investigated for the triple-GEM detector under construction: 

5/1/1/2 and 5/3/1/2 mm.  

3. Summary 

This work presents the results of simulations aimed to optimize the detector’s internal chamber 

and performance. The modelling of electron motion in gas avalanche radiation detectors was 

conducted for the range of values of internal and external parameters of operation. The analysis 

of the detector’s performance was based on electron multiplication coefficient, electron energy 

distribution, electron time distribution, radial distribution on readout plane and other useful 

parameters. The following set of electrical field values was identified as the optimal for a triple-

GEM detector: 1200/2000/2500/4000 V/cm for drift/transfer/transfer/induction gaps, 

respectively. Suitability of the triple-GEM detectors with the 5/1/1/2 and 5/3/1/2 mm spacing and 

rectangular readout electrodes with 2.4 mm width to act as a first detector chamber design for the 

SXR measurements of plasma radiation will be justified.  
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