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Abstract 

 

Detachment is required to mitigate the power exhaust of future fusion reactors. It is induced 

by a complex chain of plasma-atom and molecule interactions resulting in simultaneous 

power, particle and momentum losses. Dissecting these processes experimentally using 

plasma spectroscopy and novel analysis of the Balmer line series indicated that the reduction 

of divertor ion sources during detachment, brought on by power limitation, reduces the ion 

target flux initially. As detachment evolves, lower target temperatures are obtained, which 

lead to volumetric momentum losses, enhanced molecular densities that lead to molecular-

activated recombination; and ultimately electron-ion recombination.  

 

Analysis methodology 

 

The role of plasma-atom as well as plasma-molecule interactions on divertor detachment in 

the TCV tokamak (before installation of divertor baffles) has been analysed in detail applying 

a new suite of analysis techniques for the hydrogen Balmer line series [1, 2]. Initially, this 

analysis technique purely focussed on atomic processes (atomic ionisation and electron-ion 

recombination) [1, 3]. However, using only atomic processes, the measured increase of the 

Dα emission, during detachment induced by density ramps, could not be explained [4].  

 

Newer analysis indicates that plasma-molecule interactions result in vibrationally excited 

molecules which promote the creation of molecular ions (D2
+ and D2

- -> D + D-). The 

interaction of those species with the plasma leads Molecular Activated Recombination 

(MAR), leading to excited hydrogen atoms and an enhancement of Dα during detachment [2], 

which is indicative of significant levels of MAR [2, 5].   
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Experimental results 

 

Our results indicate that during a density ramp discharge, the ion target flux reduction is 

induced by both a reduction of the ion source in the outer divertor leg [6] as well as ion sinks 

from Molecular Activated Recombination (MAR) (Tt < 4 eV) [5], whereas Electron-Ion 

Recombination (EIR) was shown to be small [3]. During N2 seeding, however, MAR as well 

as EIR are insignificant. This can be explained by the relatively high target temperatures (Tt ~ 

4-5 eV) observed during N2 seeded detachment [5, 7]. These measurements show that 1) EIR 

is negligible during the early detachment phase and 2) volumetric recombination, in general, 

is not a requirement for detachment [3].  

 

Measurements show that the reduction of the ion source starts as the power entering the 

ionisation region (Precl) approaches (and limits) the power spent on ionisation (Pion) [6, 7].  

This ‘power limitation’ starts when Precl ~ 2 Pion and target temperatures of Tt = Eion / γ ~ 4-6 

eV are reached – in quantitative agreement with new detachment threshold predictions from 

improvements in analytic models [6]. Reaching power limitation conditions, brings on 

volumetric momentum loss processes and, as the temperature decreases, plasma-molecule 

reactions and MAR. As Tt drops even further (when Precl ~ Pion ) electron-ion recombination 

starts to occur but remains modest in the analysed discharges (Tt ~ 1.5 eV, ne ~ 1020 m-3). 

 

Comparisons against SOLPS-ITER modelling 

 

SOLPS-ITER simulation results from [8] have been directly compared against these novel 

measurements. The ‘atomic’ aspects (e.g. electron densities, electron-ion recombination, 

atomic ionisation) of the SOLPS-ITER simulations are generally in quantitative agreement to 

the experiment [6]. However, the ion target flux does not roll-over during detachment in the 

SOLPS-ITER simulations. Although the portion of Dα associated with electron-impact 

excitation and EIR is in agreement between experiment and simulation, the simulations do not 

predict a strong increase of the Dα emission during detachment [7]. Likewise, molecular 

activated recombination is negligible in the SOLPS-ITER simulations: the impact of 

molecular ions is thus strongly underestimated in the simulations.  

It is hypothesized [7] that this underestimation is related to the molecular charge exchange 

rate used for deuterium in SOLPS-ITER (D2 + D+ -> D2
+ + D). This rate depends on the 
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relative velocity between the reacting particles as well as the distribution of the vibrationally 

excited levels of the D2 molecules (D2 (ν) - which is modelled using a simplified model). As 

the relative velocity is different for deuterium than hydrogen at the same ion temperature (due 

to the isotope mass difference), the total effective reaction rate for hydrogen is rescaled by the 

isotope mass to obtain the deuterium rate. To test whether this reaction rate rescaling is the 

cause of the underestimated impact of molecular ions on detachment, the converged SOLPS-

ITER simulations are post-processed using a different molecular charge exchange reaction 

rate, where only the ion-molecule interaction terms are rescaled by the isotope mass [9]. This 

leads to higher D2
+/D2 ratios (for Te < 5 eV), that lead to quantitative agreement of the total 

Dα and MAR ion sink between experiment and simulation [7].  

 

Discussion 

 

The generality of these results on the TCV tokamak to other devices and reactors need further 

investigation. TCV operates with a carbon wall at relatively low electron densities and power 

levels, which likely increases the ratio between MAR and EIR. The TCV conditions result in 

large mean-free-paths which impacts the behaviour of neutral atoms and molecules. 

Molecules are more likely to reflect of a metal wall than of a carbon wall. All of this could 

change the molecular density as well as the vibrational distribution of the molecules. 

 

However, ionisation estimates from JET also indicate the importance of the reduction of the 

ion source in the roll-over of the ion target flux [10, 11]. Comparing Dα measurements from 

JET to atomic expected behaviours is qualitatively suggestive of the presence of MAR [11]. 

 

The validity of different molecular rates, as well as the model assumptions made for 

modelling the distribution of  D2 (ν) (which has a strong impact on the effective reaction 

rates), requires further experimental and modelling investigations.  

 

Conclusion 

 

Detachment is induced by a complex chain of plasma-atom and molecule interactions 

resulting in simultaneous power, particle and momentum losses. Dissecting these processes 

experimentally using novel analysis of the Balmer line series indicated that the reduction of 

the divertor ion source during detachment, brought on by power limitation, is an important 
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element of detachment. As detachment evolves, lower target temperatures are obtained which 

lead to volumetric momentum losses, enhanced molecular densities resulting in molecular-

activated recombination; and ultimately electron-ion recombination.  

 

More experimental as well as modelling investigations are required to monitor the evolution 

of these processes on other devices and to make sure that they are sufficiently accurately 

captured by plasma-edge modelling. That would increase confidence in plasma-edge 

simulations and increase their predictive capabilities for extrapolation to fusion reactors.  
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