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Abstract 

 

In this report, the problem of tungsten impurities in tokamak plasmas is introduced and the 

related phenomenon of partial screening occurring during Coulomb collisions between 

suprathermal electrons and tungsten impurity ions is discussed. The report also introduces the 

first code among a chain of numerical tools: ALOHA, C3PO, LUKE and R5X2, available for 

collaborators in CEA Cadarache, where the WEST tokamak is located. This chain of codes has 

recently been upgraded to take into account the partial screening effect. This set of tools will 

allow to carry out statistical investigations on the impact of partial screening on the fast electron 

dynamics in tokamak plasmas. 
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The problem of impurities in tokamak plasmas 

Nowadays, tokamaks represent the most promising device to achieve a thermonuclear power 

plant in the future. In the south of France in Cadarache, countries from the whole world build 

together ITER - International Thermonuclear Experimental Reactor, which will be the biggest 

tokamak in history. The main goal of this reactor is to prove, by achieving a net energy gain 

Q = Pfusion / Pheating > 1, that the construction of a thermonuclear power plant based on magnetic 

confinement is possible.  

Among many components, the divertor is a part of tokamak structure that must sustain intense 

heat and particle fluxes from the plasma edge. This means that the materials used for the divertor 

design must have a high melting point. Historically, the main plasma-facing components 

in previous tokamaks, operating with hydrogen or deuterium were made of carbon composites, 

which exhibit satisfying properties for this purpose. However, deuterium-tritium fusion 

reactions will occur in the future thermonuclear power plants. Tritium is a radioactive isotope 

with half-time of decay roughly equal to 12.5 years. Operation of a tokamak with tritium is 

much more complicated due to radioprotection and safety regulation issues.  It means that the 

material used for the divertor cannot allow for high tritium retention. For this reason, carbon 

was rejected as a material for the divertor. After many considerations, fusion research 

community opted for tungsten, the metallic element with the highest melting point and with 

much lower tritium retention than carbon, as the main element for the ITER divertor. But a new 

problem arises because of the high temperature of the plasma. Indeed, the divertor surface will 

be continuously eroded and will sputter tungsten impurities into the plasma. Such tungsten 

impurities, despite of their small amount, cause a major issue. Tungsten ions tend to accumulate 

in the plasma core and to cool down the plasma by electromagnetic radiation. This can even 

trigger the end of the plasma discharge through plasma disruption, which consists in a sudden 

collapse of the plasma confinement. Nowadays, most of tokamaks work in a pulsed way - single 

discharges with a time duration from hundreds of milliseconds to a few seconds - while future 

thermonuclear power plants are foreseen to operate in a continuous way and without any 

disruptions. Another issue of tungsten is the increase of the bremsstrahlung losses, that decrease 

significantly the fusion performances of the plasma. The conclusion is that among several 

problems that must be solved on the road to thermonuclear power plants, the issue of tungsten 

impurities is a critical one to be solved.  

 Up to now, some researches have been performed on the melting behavior of tungsten and 

tungsten impurity transport on the JET tokamak. From now, one of the main key tokamaks 
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devoted to these investigations will be the French device WEST – standing for W (tungsten) 

Environment in Steady State Tokamak, located in Cadarache. In WEST, not only the divertor 

is covered of tungsten, but also the other plasma-facing components of the vacuum chamber. 

WEST is thus an ideal device to investigate the behavior of tungsten impurities in tokamak 

plasmas. 

 

 

Fig. 1. French thermonuclear device upgraded from Tore Supra to WEST configuration [1].  

  

Besides the tungsten impurities issue, a suprathermal electron population of kinetic energies of 

the order of 100 keV can arise in tokamak plasmas due to electron heating – e.g. by Lower 

Hybrid Current Drive (LHCD) method, or at much higher energies of the order of 1 MeV during 

a tokamak disruption (so-called runaway electrons). While the first ones can allow to control 

the electric current flowing into the plasma, essential for the generation of the poloidal 

component of the magnetic field, the latter ones (runaways) can damage the in-vessel 

components when the plasma confinement is lost, especially after a plasma disruption. There 

are therefore two different situations when considering the interaction between fast electrons 

and tungsten ions in a tokamak plasma. In the case of LHCD, collisions of fast electrons with 

tungsten ions could decrease the efficiency of the current drive. In the case of plasma 

disruptions, the fast electron beam (runaway electrons) can be mitigated by a massive gas 

injection that can slow down the fast electron beam by collisions with the injected impurities. 

Both above situations need a proper description of Coulomb collisions between fast electrons 

and tungsten ions. Up to know, investigations have shown that the main reason for the mismatch 

between experimental data and theory is the so-called partial screening effect [2, 3].  
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Coulomb collision operator 

One can describe fast electron dynamics in tokamak plasmas by the Fokker-Planck equation. 

For solving this equation, the LUKE code was developed by Y. Peysson and J. Decker [4]. This 

code, together with ALOHA [5], C3PO [6] and R5X2 [7], gives a chain of simulation tools for 

modelling fast electron dynamics in the case of LHCD heating.   

 

Let us consider two species of particles in plasma – species a and b. Considering the special 

case when species b has a Maxwellian distribution, the Coulomb collision operator takes the 

form: 

 

 

 

The operator consists of three parts. The most important to consider for the partial screening 

effect are the first two terms. The deflection and slowing down frequencies are parameters 

responsible for elastic and inelastic collisions. 

 

 

 

Partial screening effect 

Investigations on screening effect of partially ionized high-Z impurities (like tungsten) are 

necessary to properly describe the fast electron dynamics in tokamaks. When considering heavy 

impurities, for example tungsten of atomic number Z = 74 in a typical tokamak temperature 

(1) 
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range T = 1 – 10 keV, different ionization states of tungsten impurities coexist. The effective 

electric charge of the impurity ions results from the screening of the ion nucleus 

by the remaining electron cloud. In this case, free incident electrons from the plasma with 

a sufficiently high kinetic energy can probe this electron cloud, resulting in the partial screening 

of the ion nucleus as depicted in Fig. 2. The effective charge of the impurity ion is then higher 

than from a full-screening assumption.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Symbolic picture of partial screening effect. 

 

The effective charge 𝑍 of the ion can be obtained by subtracting the so-called atomic form factor 

𝐹𝑗(𝑞) from number of protons 𝑍𝑗 in the nucleus: 

𝑍 = 𝑍𝑗 − 𝐹𝑗(𝑞) (2) 

where 𝑞  denotes the modified momentum [2] of the incident electron. The form factor is 

a measure of the scattering amplitude in the plane wave approximation and can be associated 

to an equivalent or effective number of screening electrons, therefore 0 ≤ 𝐹𝑗(𝑞) ≤ 𝑍𝑗 . For light 

impurities - fully ionized in the plasma core, like carbon or nitrogen – considered up to now, 

𝐹𝑗(𝑞) = 0 such that the partial screening effect can be neglected. However, for heavy impurities 

like tungsten, 𝐹𝑗(𝑞) > 0  and an estimation of the form factor becomes necessary. The form 

factor can be expressed as the Fourier transform of the radial density of the electron cloud in 

the momentum space:  
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𝐹𝑗(𝑞) = ∫𝜌𝑒,𝑗(𝑟)𝑒
−𝑖𝑞𝑟/𝑎0 𝑑𝑟 

(3) 

This means that the form factor of a particular ion can be estimated by calculating the radial 

density of its electron cloud. To do so, one can consider a few models like the Thomas-Fermi 

model, the Tseng-Pratt model or the Density Functional Theory [8, 9]. 

The partial screening effect impacts the fast electrons dynamics through both the Born-

Rutherford cross-section (Coulomb collisions) and the bremsstrahlung differential cross-

section. 

 

Input, output and general description of ALOHA code 

To perform the whole simulation chain ALOHA-C3PO-LUKE-R5X2, firstly one must have 

access to experimental tokamak data as inputs for the chain of codes. The WEST tokamak is 

considered here. For ALOHA – Advanced Lower Hybrid Antenna code, the experimental inputs 

from the WEST database are the incident powers, phases and reflection coefficients of each 

module of the LHCD antenna. ALOHA can calculate derivative of power over the parallel 

component of the refractive index – power spectrum at the output of the antenna, which is then 

an input for C3PO. C3PO is a ray-tracing code which can model the propagation of the LH 

wave in the plasma from edge to the core of the plasma. Based on this, the LUKE code can 

calculate the electron velocity distribution function. This electron distribution function can be 

further used in the last code – R5X2 to calculate the hard X-ray radiation. The electron 

distribution function allows also calculating the current density in the plasma. The workflow of 

these simulation tools can be drawn in the following way: 
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Fig. 3. Schematic picture of the ALOHA-C3PO-LUKE-R5X2 simulation workflow. 

 

The chain of codes starts from ALOHA written in MATLAB. The code allows calculating 

the coupling between the LH wave in the antenna and the plasma edge. One of the main features 

of this code is the ability to obtain the power density spectrum at the output of the antenna. 

The power spectrum for the WEST shot #55539 is shown below as an example: 

 

Fig. 4. Power density spectrum for WEST LH antenna, shot number 55539. 

 

One of the most important inputs in ALOHA is the electron density in the private plasma region, 

see Fig. 5, at the mouth of the antenna. In the WEST tokamak, there are two Lower Hybrid 
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Antennas: FAM (Full Active Multijunction) and PAM (Passive Active Multijunction) antennas. 

The interface between the antenna and the plasma edge is depicted on Fig 5. 

 

 

Fig. 5. Left: Interface between the LHCD antenna and the tokamak plasma. Right: plasma 

density as a function of the distance from the mouth of LH antenna [10]. 

 

The antenna has two lateral protections (bumpers). The plasma between the mouth 

of the antenna and the surface determined by the end of the bumpers is called private plasma. 

The plasma density at the mouth of the antenna – on the scheme marked by 𝑛𝑒0 is a critical 

input for ALOHA. In ALOHA, it is assumed that the plasma density profile is linear, see 

the Fig. 5. 
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Fig. 6. Simulation workflow of ALOHA [11]. 

 

The ALOHA inputs can be divided into 3 groups. Based on the parameters of a particular lower 

hybrid antenna, a special plug-in named HAMAC calculates the scattering matrix of the antenna. 

The second required input is the so-called antenna feeding - necessary experimental data for 

each module of antenna: incident powers, phases and reflection coefficients. The third input is 

related to the plasma itself. The most crucial parameter is the plasma density at the mouth of the 

antenna. This quantity can be either experimentally measured using Langmuir probes, 

or derived iteratively by matching the observed and predicted reflection coefficients. The power 

spectrum depends on the value of the edge density. So, after a first guess of this quantity, further 

optimization is needed.  To perform a simulation with ALOHA, the first step is to create                          

a so-called scenario data .mat structure. This can be done using a special ALOHA script. Then, 

it is possible to use the main MATLAB function of ALOHA aloha_scenario which takes 

as an input the scenario structure and performs all calculations. This optimization process starts 

with first aloha_scenario calculations and calculates predicted values of reflection coefficients 

for all modules of the antenna. Then, using the method of mean square error optimization, 
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an optimization script is looking for the optimal value of the plasma density based on 

an iterative comparison between calculated reflection coefficients and experimental ones. 

For the users who want to perform simulations in this framework, the following quantities must 

be set: 

1. WEST antenna port variable – it is necessary to choose for which antenna calculations will 

be done. One ALOHA simulation can model the coupling of one LH antenna with the plasma. 

2. WEST shot number – provide the reference number of the WEST tokamak discharge for 

a particular simulation. 

3. Edge density – first initial guess of electron density at the mouth of the antenna. 

4. Start and stop times for measurement averaging, that will be used for antenna feeding. User 

should check before the simulation if experimental data from this particular shot and period are 

correctly processed. 

 Optionally, it is possible to choose the length of the scrape-off layer and also to choose 

the method of calculation with two models of density gradients. 

 

 

Fig. 7. Inputs of ALOHA separated in three groups. 

 

Table 1 (see [12]) shows the importance of performing the optimization of the input plasma 

density. For the Tore Supra shot #31527 in Table 1(a), the results of the first row do not include 
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any plasma density optimization, while the results of the second row include the plasma density 

optimization process. It is shown that the calculated current ILH driven by LH wave and based 

on Langmuir probes measurements is far away from the experimental current (value 

in brackets). But after application of the density optimization process, the new ILH value is much 

closer to the experimental one. This proves that the plasma density optimization based on the 

reflection coefficients is the most adapted to obtain robust results of current drive as calculated 

by the LUKE code. 

 

Table 1 - Comparison of ALOHA and LHCD simulations with and without plasma density 

optimization [12]. 

 

 

 

Summary 

During the year 2019, the HARMONIA team started the preparation of a theoretical and 

numerical framework for the investigations on collisions between tungsten ions and fast 

electrons in tokamak plasmas. This report describes the preliminary study performed towards 

a MATLAB script for the statistical analysis of the impact of the partial screening effect on fast 

electron dynamics using a database of WEST tokamak discharges. This work will allow 

determining the importance of partial screening effect on Lower Hybrid current drive efficiency 

and bremsstrahlung losses.  
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