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Abstract 

The role of neutral and charged hydrogenic molecules in detached regimes of tokamak plasmas is 

investigated using simplified 1D parallel numerical models. Using MAST-Upgrade like conditions, 

simulations are implemented to study the rollover of target flux 𝛤 in upstream density scan and target 

temperature scan. It is found that if 𝐻2 and 𝐻2
+ are considered in simulations a lower target temperature 

and a larger upstream density will be required to trigger the divertor detachment under the same input 

power and particle flux, and the critical detachment threshold is found to be 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
~8.1 𝑁 𝑀𝑊⁄  at rollover. 

Molecule–plasma interactions are found to be as crucial as atom–plasma interactions during divertor 

detachment, both of which account for the main plasma momentum loss. Further analysis of the 

momentum loss decomposition shows molecule-plasma elastic collision dominates molecule-plasma 

interactions, while molecular charge exchange cannot effectively reduce plasma momentum. In terms of 

𝐻𝑎𝑙𝑝ℎ𝑎 emission, a strong rise of 𝐻𝑎𝑙𝑝ℎ𝑎 signal could be found due to molecular excitation channels when 

the upstream density further increases after rollover. 
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A. Introduction 

 
Impurity induced detachment discharge and density ramp detachment discharge are two important ways 

to realize the divertor detachment [1][2]. According to the first detachment regime, the divertor volume 

is cooled down mainly due to the radiation of impurity, which is generated by plasma-material 

interactions (e.g. 𝐶, 𝑊) [3] or impurity seeding (e.g. 𝑁2, 𝑁𝑒) [4]. During a density ramp discharge, 

molecular hydrogen 𝐻2 is injected into the divertor volume through gas puffing and therefore creates an 

increasing density of neutral particles, which interacts with the plasma flux moving towards the target 

and cools it down. Despite general consensus on the importance of impurities and neutral particles on 

divertor detachment, uncertainties remain in the details of how the molecule species (𝐻2, 𝐻−, 𝐻2
+

and 

𝐻3
+

) influence divertor physics before and after flux rollover is achieved, and how these in turn affect 

the conditions to achieve divertor detachment [5][6]. For example, the effects of molecular processes 

(e.g. molecular charge exchange, molecular assisted recombination (MAR), molecular assisted ionization 

(MAI)) on the momentum and power loss in divertor volume [7][8], the effect of plasma recycling with 

different wall and target materials [9] [10], and the importance of hydrogen emission radiation [11] in 

different detachment discharge regimes are all active areas of research. These studies are crucial for 



understanding the atomic and molecular physics in divertor volume, and will be helpful to better control 

the divertor detachment in experiment. 

 

The sophisticated 2D edge plasma transport codes, e.g. SOLPS, EDGE2D [12][13], have been widely 

used for studying edge plasma phenomena e.g. divertor detachment, but they are often too complex for 

easy interpretation of the physics involved. The simplified analytic [2][14] and 1D computational model 

(e.g. [15][16][17]) could provide more details of the underlying processes of edge plasma. This paper 

aims to explore the dynamics of molecule species and their effects on the detachment process with a 

BOUT++ module named SD1D[15]  (section B.1). SD1D is a time-dependent code and could be used to 

investigate the importance of power and momentum loss to the detachment process, the profile variation 

in different detachment discharge regimes, feedback control of detachment, and the dynamics of different 

particle species during the detachment process [15]. In [15] only the dynamics of plasma and neutral 

atom was included in the SD1D model. To investigate the effects of molecule species, we have upgraded 

the SD1D model: the dynamics of 𝐻2 and 𝐻2
+

, the collisional reactions related to molecule species, and 

the emission radiation via molecule channels (𝐻2, 𝐻−, 𝐻2
+

) have been added to the physical model 

(section B.2). The reaction rate coefficients and hydrogen emissivity used in the upgraded SD1D are 

shown in section C. These coefficients are calculated by the data from the EIRENE-Amjuel database 

[18], another improvement over the original SD1D code used in [15]. With the upgraded SD1D, we 

analyse the cases with and without carbon impurity in the MAST-Upgrade conditions, the variations of 

plasma ion flux to the target in different recycling conditions, the critical detachment threshold, the 

importance of molecular species on plasma momentum loss, and 𝐻𝑎𝑙𝑝ℎ𝑎 emission in different excitation 

channels as shown in section D. 

 

B. The SD1D model 
1. The physical model of old SD1D version 

SD1D uses a 1D time dependent fluid model [2][17], which evolves the plasma density 𝑛, 

parallel momentum density 𝑚𝑖𝑛𝑣∥  and static pressure 𝑝 = 2𝑒𝑛𝑇 . The equations are shown 

below [15]: 

                                                (1a) 

                                        (1b) 

                                     (1c) 

Where 𝜕∥ = 𝒃 ⋅ 𝛻, the heat flux is 𝒒𝑒 =
5

2
𝑝𝒃𝑣∥ − 𝜅∥𝝏∥𝑇𝑒 , and thermal conduction coefficient is 

𝜅 = 𝜅0𝑇
5

2 . The ion and electron temperatures are assumed to be equal and isotropic: 𝑇𝑒 = 𝑇𝑖 . 

In eq.1a, S𝑛  is the external particle source evolved by a proportional-integral (PI) feedback 

controller. 𝑆 shows the particle sources and sinks caused by collisional reactions like ionisation 

and recombination. In eq.1b, 𝑆𝐸  represents an external source of power that keeps injecting 

energy with a fixed rate into a volume above X-point; 𝐸  presents energy exchange due to 

plasma-neutral interactions; R is radiation power generated by hydrogen excitation and impurity 

radiation.  

 

The equations of atom density 𝑛𝑛, atom parallel momentum 𝑛𝑛𝑣∥𝑛 and atom static pressure 

𝑛𝑛𝑇𝑛 are similar to eq.1a – eq.1c. Since the magnetic field is unable to confine the neutrals, the 

atoms can be transported across the magnetic field and spread upstream. To model this process, 

SD1D gives an effective parallel velocity to atoms which is the sum of a parallel flow and 

parallel projection of a perpendicular diffusion [15]: 

                             (2) 



Where total atom collision frequency 𝜈  is calculated by the sum of charge exchange rate, 

ionisation rate and neutral-neutral collision rate and the cross-field neutral diffusion multiplier 

(field-line pitch)  (
𝐵𝜙

𝐵𝜃
)

2

 is equal to 10 in the simulations shown here. 

 

Only atom particle species are included in the original neutral model of SD1D, while volumetric 

processes involving molecule particle species are not considered. As discussed in section A, 

molecules can be a crucial part of divertor plasma dynamics, especially for the divertor 

detachment. To study the effects of molecules with SD1D, it is necessary to create a molecule 

model in SD1D. An impurity model ‘atomic++coronal’, based on coronal equilibrium, is 

applied in SD1D [19]. It is able to provide impurity radiation power (i.e. carbon) with a fixed 

impurity fraction, through fetching and using data from ADAS database [20].  

 

The Bohm boundary conditions are used at the target, where the parallel plasma velocity 𝑣∥ ≥

𝑐𝑠. The plasma density and pressure boundaries are ‘free’, so that they are extrapolated into the 

boundary. The temperature gradient at the sheath entrance is set to zero, and the energy flux 

corresponds to a sheath heat transmission of 𝑞 = 𝛾𝑛𝑇𝑐𝑠 [15], where the sheath transmission 

coefficient 𝛾 is equal to 6. As for recycling process, SD1D sets the recycling fraction of ion flux 

to the target with 𝑓𝑟𝑒𝑐𝑙 =
Γ𝑟𝑒𝑐𝑙

Γ𝑖𝑜𝑛
𝑡 = 0.99, which represents that 99% of plasma ion flux to target 

Γ𝑖𝑜𝑛
𝑡  is recycled and becomes the neutral flux Γ𝑟𝑒𝑐𝑙  (atoms and molecules) in the final grid point 

at target [15]. 

 

2. The upgrades of SD1D 
 

In the previous version of SD1D, only atomic collisional and radiative reactions were included, 

while molecular processes were neglected. To better investigate the physics of divertor 

detachment, an important upgrade of the SD1D model was carried out by adding a molecule 

model, including a hydrogen molecule model labelled ‘m’ and a charged molecule model 

labelled ‘𝐻2
+’. Like for the atom model, equations of molecule density 𝑛𝑚, parallel momentum 

𝑛𝑚𝑣∥𝑚 and static pressure 𝑛𝑚𝑇𝑚 are also in the form of eq.1a –eq.1c. The terms of particle 

sinks, energy exchange 𝐸𝑚 and friction force 𝐹𝑚 are generated by the collisional reactions listed 

in Table 1, including non-dissociative ionisation, dissociation, molecular charge exchange and 

molecular activated recombination (MAR) via 𝐻−. Following eq.2, a similar parallel velocity 

𝑣𝑚  is given to molecules in the current SD1D implementation, with the cross-field neutral 

diffusion (
𝐵𝜙

𝐵𝜃
)2 = 10. Differently from eq.2, the total molecule collision frequency is calculated 

by the sum of molecular charge exchange rate, non-dissociative ionisation rate and neutral-

neutral collision rate.   

 

Now the new model contains two neutral species, atom and molecule. According to the 

experiment in the divertors, both atoms and molecules are important plasma recycling channels 

[11]. Based on the original atomic recycling model [15], a new recycling channel 𝐻2 has been 

included in SD1D. In section D, a comparison was made to study the influence of molecules on 

detachment physics with different recycling fractions.  

 

Consistently with the atomic and neutral molecules equations a similar set of three equations 

for charged molecule 𝐻2
+ is also added in SD1D: the sources, sinks and friction force in density, 

pressure and momentum equations are determined by dissociative excitation, molecular 

ionisation, dissociative ionisation, dissociative recombination and molecular charge exchange 

shown in Table 1 (reaction 4, 6, 7, 8 and 9) 

 

As discussed in section B.1, Bohm boundary conditions are also used for 𝐻2
+  at the target, 

where the parallel plasma velocity 𝑣∥,𝐻2
+ ≥ 𝑐𝑠,𝐻2

+. The density and pressure boundaries of 𝐻2 



and 𝐻2
+ are ‘free’. The temperature gradient of 𝐻2

+ at the sheath entrance is also zero, and the 

energy flux is related to a sheath heat transmission of 𝑞𝐻2
+ = 𝛾𝑛𝐻2

+𝑇𝐻2
+𝑐𝑠,𝐻2

+ , where 𝛾=6.  

 

Table 1. List of collisional reactions (black) in the atom model and the reactions (blue) in the 

molecule model  

Index Reactions Reaction types 

1 𝑒 + 𝐻 → 2𝑒 + 𝐻+ Ionization 

2 𝐻+ + 𝐻 → 𝐻 + 𝐻+ Charge exchange 

3 𝐻+ + 𝑒 → 𝐻 Recombination 

4 𝑒 + 𝐻2 → 2𝑒 + 𝐻2
+ Non-dissociative 

Ionization 

5 𝑒 + 𝐻2 → 𝑒 + 𝐻 + 𝐻 Dissociation 

6 𝐻+ + 𝐻2 → 𝐻2
+ +  𝐻  Molecular charge 

exchange 

7 𝑒 + 𝐻2
+ → 𝑒 + 𝐻+ + 𝐻 Dissociative excitation 

8 𝑒 + 𝐻2
+ → 2𝑒 + 𝐻+ + 𝐻+ Dissociative ionization 

9 𝑒 + 𝐻2
+ → 𝐻 + 𝐻        Dissociative recombination 

10 𝐻+ + 𝐻2 + 𝑒 → 𝐻 + 𝐻 + 𝐻 MAR via 𝐻− 

 
In the original SD1D model, semi-analytic approximations [21][22] were used to calculate 

hydrogenic rates, such as rate coefficients of atom-plasma interactions and hydrogen emissivity. 

According to the approximations, however, the reaction rate coefficients for ionisation, 

recombination and charge exchange only depend on the electron temperature 𝑇𝑒. This, however, 

was not very precise since rate coefficients have a 𝑛𝑒 dependence as well, which is particularly 

strong for the rate coefficient of recombination, ionisation, and dissociative recombination.  

 

Taking into account the density dependence of the plasma-neutral interactions is important 

because the electron density in the divertor can significantly change depending on the operation 

conditions and is sensitive to the variation of upstream density, heat and particle flux. When 

divertor detachment is triggered by increasing upstream density, the peak electron density in the 

divertor will be several times larger than its peak density in attached conditions, while when 

fully detached the electron density at the target can reduce. Thus, it is essential to consider 

electron density variation in the calculation of rate coefficients and emissivity. To solve this 

issue, the ‘Amjuel’ database has been used in SD1D. Amjuel provides double polynomial fitting 

expression as a function of electron temperature and density to calculate rate coefficients of 

electron-atom, electron-ion and electron-molecule interactions (i.e. ionisation, dissociation, 

recombination and the reactions related to molecule) [18]. For the ion-atom, ion-molecule 

interactions (i.e. charge exchange), its double polynomial expression is a function of energies 

of the two collided particles [18]. 

 

Besides collisional reactions, the hydrogen emission radiation caused by atom-plasma or 

molecule-plasma interactions is also crucial for the divertor physics. It contributes a significant 

energy loss from the plasma in the divertor volume, and greatly affects the target flux in terms 

of particle and power balance. The previous SD1D version already considered hydrogen atomic 

excitation, but its hydrogen atom emissivity is just an empirical function of 𝑇𝑒. According to the 

discussion about rate coefficient fitting functions above, it is more precise and reliable to 

associate the emissivity with both 𝑇𝑒  and 𝑛𝑒 . Furthermore, there is no molecular excitation 

model included in the old version. Here, the hydrogen emissivity as a function of 𝑇𝑒 and 𝑁𝑒 can 

be modelled by the population coefficients from Amjuel. According the collisional and radiative 

models [23], there are 6 channels to generate excited atoms for hydrogen excitations. Direct 

excitation (via 𝐻) and recombination (via 𝐻+) are atomic excitation channels. Dissociation (via 

𝐻2 ), dissociative recombination (via 𝐻2
+  and 𝐻3

+ ) and mutual neutralization (via 𝐻− ) are 

molecular excitation channels. Just as the channel’s names imply, the radiative reactions always 

happen together with the corresponding collisional reactions. 
 



The radiation power induced by every channels could be obtained by the following steps. 𝐼𝑝𝑞  

is the emission intensity from state ‘p’ to ‘q’ and defined as 

𝐼𝑝𝑞 = 𝑁𝑒𝑁0𝜒𝑝𝑞
𝑒𝑓𝑓

,                   (3) 

𝜒𝑝𝑞
𝑒𝑓𝑓

= 𝑅0𝑝𝐴𝑝𝑞 ,              (4) 

 𝑅0𝑝 =
𝑁𝑝

𝑁𝑒𝑁0
,                  (5) 

where 𝜒𝑝𝑞
𝑒𝑓𝑓

is effective emission rate coefficient and 𝑅0𝑝 represents the population coefficient 

of the excited hydrogen atom in state ‘p’ [18]; 𝐴𝑝𝑞 is the Einstein coefficient or possibility of 

transmitting from state ‘p’ to ‘q’ [24]; 𝑁0 is the density of the reacting species which collides 

with electrons to generate atoms in the excited state ‘p’ (e.g for direct excitation 𝑁0 represents 

the density of hydrogen atom). From eq. (3-5), we can get the emission intensity of the excited 

atom from state ‘p’ to ‘q’ in eq. 6.   

𝐼𝑝𝑞 = 𝑁𝑒𝑁0𝜒𝑝𝑞
𝑒𝑓𝑓

= 𝑁𝑒𝑁0 ×
𝑁𝑝

𝑁𝑒𝑁0

× 𝐴𝑝𝑞 = 𝑁𝑝𝐴𝑝𝑞        (6) 

Then multiplying 𝐼𝑝𝑞  with the energy gap between any two states 𝐸𝑝𝑞 [24], the radiation power 

by the excited atoms in a certain state ‘p’ is obtained by eq. 7.  

 

𝑃𝑜𝑤𝑝𝑞 = 𝐸𝑝𝑞 × 𝐼𝑝𝑞                (7) 

Through sum up the radiation power over energy level transmissions (only Lyman series of 

p=2-6 is considered), the radiation power of an excitation channel can be written as: 

𝑃𝑜𝑤𝑝𝑞
𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = ∑ ∑ 𝐸𝑝𝑞𝑁𝑝𝐴𝑝𝑞

5

𝑞=𝑝−1

6

𝑝=2

           (8) 

Repeat the calculation for all the 6 excitation channels, and we can get the total hydrogen 

emission radiation power per volume (e.g in the unit W/m3) by summing up the radiation 

powers of all channels.  

 

The dynamics of 𝐻3
+ and 𝐻− are not considered in the upgraded SD1D due to their tiny density 

and limited contribution to the energy loss in experiment [25][26]. But the emission radiation 

via 𝐻− is still added in the current SD1D model by using a fraction of 𝐻− density (
𝑛𝐻−

𝑛𝐻2

) as a 

function of 𝑇𝑒 and 𝑛𝑒 [18]. 

In the next section, the rate coefficients of collisional reactions and the hydrogen emissivity of 

five excitation channels (except 𝐻3
+) will be discussed.    

 

C. Analysis of collisional and radiative reactions with open databases 

 
A number of collisional and radiative reactions occur in the tokamak edge and divertor, and 

greatly affect transport processes. A number of public databases provide the molecular reaction 

rate coefficients, e.g. the EIRENE or ADAS databases [18][20]. Even though ADAS is now one 

of the most reliable databases for studying atomic processes, it does not contain any data related 

to molecular species. We are employing it to provide impurity emissivity in the SD1D 

simulations, by using the impurity model ‘atomic++coronal’ [19][20]. The EIRENE code has 

attached another database, which has been widely used in fusion numerical study, i.e. 

SOLPS[27], EDGE2D[13] and EMC3[28]. Amjuel[18] and Hydhel[29] are the two main parts 

of such a database, both of which contain extensive information on atomic and molecular 

reactions (including cross-sections, rate coefficients and population coefficients).  While the 

reaction rate coefficients of ionisation, recombination, charge exchange, dissociation et al, are 

just a function of 𝑇𝑒 in Hydhel, Amjuel presents a double polynomial fitting function of both 𝑇𝑒 

and 𝑛𝑒 . Allowing for 𝑛𝑒  variations, has a profound effect on the calculations. To further 

compare the two databases, the rate coefficients of the plasma-neutral collisional reactions were 

plotted and compared in the Appendix. In the upgraded SD1D simulations, all the reaction rate 

coefficients and hydrogen emissivity are obtained from Amjuel. 

 

https://github.com/TBody/atomicpp


1. The rate coefficients of hydrogen atomic and molecular reactions 
 

The rate coefficients for the reactions shown in Table 1 for both hydrogen atom and molecule 

are shown in figure C.1-C.3 as a function of electron temperature 𝑇𝑒. Each reaction has three 

curves, which represents the rate coefficient in three different electron densities: 𝑛𝑒 = 5 ×

1018/𝑚3 , 𝑛𝑒 = 5 × 1019/𝑚3  and 𝑛𝑒 = 5 × 1020/𝑚3 . In figure C.1, the ionisation, charge 

exchange and recombination rate coefficients show the basic processes occurring during 

divertor detachment: (1) ionisation and charge exchange are the dominant atomic processes at 

higher 𝑇𝑒; (2) once 𝑇𝑒 goes down (𝑇𝑒 < 10𝑒𝑉), the ionisation rate coefficient drops, and charge 

exchange becomes the most significant atomic process; (3) recombination becomes more 

significant at 𝑇𝑒 < 1𝑒𝑉. The effective volume ionisation and recombination rates are affected 

by both the rate coefficients and hydrogen atom fraction, both of which are crucial factors to 

trigger divertor detachment. In figure C.2, the rate coefficient curves shows non-dissociative 

ionisation is the main molecule sink at high temperatures, with dissociation contributing more 

when 𝑇𝑒~10𝑒𝑉 . Once 𝑇𝑒 < 10𝑒𝑉 , both dissociation rate coefficient and non-dissociative 

ionisation rate coefficient dramatically decrease, and molecular charge exchange gradually 

becomes the main molecule sink (𝑇𝑒~2.0𝑒𝑉). 

𝐻2
+ is an important product from molecule collisional reactions. There are three channels for 

the dissociation of 𝐻2
+ : dissociative excitation ( 𝑒 + 𝐻2

+ → 𝑒 + 𝐻+ + 𝐻 ), dissociative 

ionisation (𝑒 + 𝐻2
+ → 𝑒 + 𝐻+ + 𝐻+) and dissociative recombination (𝑒 + 𝐻2

+ → 𝑒 + 𝐻 + 𝐻). 

Through comparing the rate coefficients in figure C.3 to the coefficients of non-dissociative 

ionization and molecular charge exchange in figure C.2, the rate at which 𝐻2
+ is dissociated is 

generally larger than the rate at which 𝐻2
+ is produced, therefore the density of 𝐻2

+ is always 

small. The density ratio  
𝑛

𝐻2
+ 

𝑛𝐻2 

 is about 0.01 in the electron temperature range 1𝑒𝑉 < 𝑇𝑒 < 10𝑒𝑉. 

During the detachment discharge with fueling in divertor, molecules can be injected into the 

divertor volume by localized gas puffing, but it is typically recycling the main process that 

generates molecules near target. As molecular density increases, more 𝐻2
+ will be produced 

and thus the 𝐻2
+  collisional reactions will become more important. As a result, in such 

conditions this charged molecule plays a bigger role in the dynamics of detachment. The 

molecular activated recombination (MAR) via 𝐻−  channel is less important than the 𝐻2
+ 

channel due to the relatively small rate coefficient as shown in Figure C.3. 

 

 
Figure C.1: Hydrogen atom effective ionisation, charge exchange and recombination rate 

coefficients as a function of electron temperature for electron density 𝑛𝑒 = 5 × 1018/𝑚3, 

𝑛𝑒 = 5 × 1019/𝑚3 and 𝑛𝑒 = 5 × 1020/𝑚3. 

 



 
Figure C.2: Hydrogen molecule effective charge exchange, dissociation, and non dissociative 

ionisation rate coefficients as a function of electron temperature for electron density 𝑛𝑒 =

5 × 1018/𝑚3, 𝑛𝑒 = 5 × 1019/𝑚3 and 𝑛𝑒 = 5 × 1020/𝑚3. 

 

 

 
Figure C.3: Rate coefficients of effective dissociative ionisation (purple), dissociative 

excitation (red), dissociative recombination (blue) and molecular activated recombination 

(MAR) via 𝐻−, as a function of electron temperature for electron density 𝑛 = 5 × 1018/𝑚3, 

𝑛𝑒 = 5 × 1019/𝑚3 and 𝑛𝑒 = 5 × 1020/𝑚3. 

 

2. Analysis of hydrogen atomic and molecular excitations with Amjuel 

database 
 

The emissivity L = 𝑃𝑜𝑤𝑝𝑞/𝑁𝑒𝑁0 (in erg ∗ cm3𝑠) corresponding to the low-n and medium-n 

Lyman lines (e.g n=2-6) are shown in figure C.4 for direct excitation (via 𝐻) and recombination 

(via 𝐻+), dissociation (via 𝐻2), dissociative recombination (via 𝐻2
+) and mutual neutralization 

(via 𝐻− ) at three different electron densities. As mentioned in section B-2, the radiative 

reactions always happen together with the corresponding collisional reactions. Qualitatively, 

the curves of the ionisation rate coefficient and recombination rate coefficient shown in figure 

C.1 is similar as the corresponding emissivity curves in figure C.4 (a)-(c) and the corresponding 

the photon emission coefficients (e.g. Balmer lines n=3-6) shown in figure 5(a). Similarly, the 

curves of emissivity and Balmer photon emission coefficient via dissociation channel (𝐻2) and 

dissociative recombination channel (𝐻2
+) correspond to the rate coefficients of dissociation in 

figure C.2 and dissociative recombination in figure C.3, respectively. For the mutual 

neutralization excitation channel (𝐻−), its emissivity curve is similar as the rate coefficient of 

reaction 7.2.3b (𝐻+ + 𝐻− →  𝐻+ + 𝐻 + 2𝑒) in Amjuel [18].  

 

Looking at the emissivity of the hydrogen excited atom at different energy levels (n= 2 − 6) , 

it can be seen that the deviation between the curves via direct excitation is much larger than the 



one between the recombination emissions. Therefore, the intersection of emissivity for the two 

excitation channels is located at a larger 𝑇𝑒 for a higher-n Lyman line. Once the electron density 

increases, the direct excitation emissivity is slightly reduced, while the emissivity via 

recombination emission increases. Thus, the emission via recombination channel tends to be 

more significant at higher densities. Moving now to molecular emission, in figure C.4(d)-(f), 

the emissivity variation between different Lyman lines is generally large for the three excitation 

channels considered. Only the emissivity of the Lyman line n = 3 via 𝐻2
+ and 𝐻− does slightly 

decrease with the increase of electron density, while the others change little. One thing should 

be noted for the molecular excitation channels: due to the small densities, the excitation via 𝐻2
+ 

and 𝐻− are less important at high temperatures, even though the emissivity via 𝐻2
+ and 𝐻− is 

greater than the other channels, but they may become crucial in the divertor as their densities 

greatly enhance with the drop of temperature (𝑇𝑒 < 3eV) or with external fuelling (gas puffing). 

The photon emission via 𝐻2
+ and 𝐻−channel may also become important when 𝑇𝑒 < 3eV , as 

the emission coefficients shown in figure C.5(b). In particular of 𝐻𝑎𝑙𝑝ℎ𝑎  photon emission (𝐵3→2
𝑒𝑥𝑐 ), 

𝐻2
+ and 𝐻− are expected to the dominant excitation channels. 

 

 

 

Figure C.4: Hydrogen emissivity of the hydrogen excited atom at different energy levels 

(Lyman lines n= 2 − 6) as a function of electron temperature for the electron density 𝑛𝑒 =

5 × 1018/𝑚3, 𝑛𝑒 = 5 × 1019/𝑚3 and 𝑛𝑒 = 5 × 1020/𝑚3. Two atomic excitation channels 

(direct excitation 𝐻 and recombination 𝐻+) and three molecular excitation channels 

(dissociation via 𝐻2, dissociative recombination via 𝐻2
+ and mutual neutralization via 𝐻−)  

are shown here. 



 

Figure C.5: Photon emission coefficient of the hydrogen excited atom at different energy 

levels (Balmer lines n= 3 − 6) as a function of electron temperature for the electron density 

𝑛𝑒 = 5 × 1019/𝑚3. (a) Two atomic excitation channels and (b )three molecular excitation 

channels are shown here. 

 

 

D. A comparison of divertor detachment with and without hydrogen 

molecules  
 

Investigating the behaviour of the particle flux Γ towards divertor target is a useful way to define the 

plasma detachment in both numerical and experimental research. We study here the rollover of Γ𝑡𝑎𝑟𝑔𝑒𝑡 

in all our scans, which include upstream density and upstream power flux. We compare the target particle 

flux to investigate the effects of molecules during detachment discharge with 1% carbon. All the 

simulations are implemented in MAST-Upgrade like conditions: (1) the parallel heat flux is 50𝑀𝑊/𝑚2 

at the X-point; (2) the connection length is 30m (20 m from X-point to target); (3) the effect of gradients 

in total magnetic field is considered with an area expansion factor (the ratio of 
𝑇𝑜𝑡𝑎𝑙 𝑓𝑖𝑒𝑙𝑑 𝑎𝑡 𝑋−𝑝𝑜𝑖𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑓𝑖𝑒𝑙𝑑 𝑎𝑡 𝑡𝑎𝑟𝑔𝑒𝑡
) of 2 

between X-point and target [15]. 99% of plasma ion flux arriving at the target is recycled for all the cases 

considered. At the target, ions can recycle as both atoms or molecules, their relative ratio depending on 

the target material (and to a lesser extent, conditions). Here we include both recycling channels by 

changing such a ratio in a way that either atoms or molecules prevail. We have approached the problem 

by choosing three cases: one with just molecules as the recycling output, another with just atoms and a 

third with ions recycling as atoms or molecules with equal probability. The recycling temperature of 

neutral molecule and neutral atom is 𝑇𝐻2,𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 0.1𝑒𝑉 and 𝑇𝐻,𝑟𝑒𝑐𝑦𝑐𝑙𝑒 = 3.5𝑒𝑉 in our simulations. 

 

We start with an upstream density scan for the cases without hydrogen molecules 𝐻2, as shown in figure 

D.1. Here we will compare a case with and without carbon impurities. The results show that the plasma 

ion flux towards target rolls over at an upstream density 𝑛𝑢𝑝~1.8 × 1019/𝑚−3  for the case without 

carbon (labelled ‘𝐻’), while including 1% carbon (labelled ‘𝐻 & 𝑐𝑎𝑟𝑏𝑜𝑛’), the rollover occurs at a lower 

𝑛𝑢𝑝 (about 1.69 × 1019/𝑚−3 ). Before the flux rollover, the influence of carbon impurity radiation is 

limited, but it gradually becomes significant after the rollover since both the plasma ion and carbon 

impurity accumulate near target with the increase of 𝑛𝑢𝑝. Therefore, the carbon impurity radiation greatly 

increases in the cases with a higher 𝑛𝑢𝑝 and leads to a lower target temperature.  



 
Figure D.1 Upstream density scan for the cases (a) without impurity and hydrogen molecule 

(labelled ‘H’), (b) with 1% carbon impurity (labelled ‘H & carbon’) 

 

The other two recycling channels, 𝐻+ → 𝐻 and 𝐻+ → 𝐻2 in even proportions and only molecules, are 

considered in figure D.2. When molecules are introduced in the calculation, it is found that the flux 

rollover occurs at a higher 𝑛𝑢𝑝 (varied from 1.69 × 1019/𝑚−3 to 1.92× 1019/𝑚−3 ) with a larger peak 

target flux, while the target temperatures before rollover gradually become higher. The reason is that the 

generation of hydrogen molecules from recycled ions reduces the source of atom, therefore causes a 

lower direct excitation radiation power and slows the atom-plasma interactions, which are the main 

energy sink before rollover in the divertor. In the case where the rollover occurs (e.g. the case at 𝑛𝑢𝑝 =

1.92 × 1019/𝑚−3 in figure D.2), the ratio of total amounts of molecule and atom (
∫ 𝑛𝑚𝑑𝑉

∫ 𝑛𝑛𝑑𝑉
) in the divertor 

could be up to 50% when all recycled plasma ions become molecules. As shown in figure D.3, the 

reduction of atom source from recycling can lead to a much smaller peak atom density near the target, 

such that the peak density of plasma ion near the target is also gradually reduced. The plasma-neutral 

collisional and radiative interactions are, therefore, mitigated. Furthermore, the density profiles of 𝐻+, 

𝐻, 𝐻2 and 𝐻2
+ in figure D.3 indicate the plasma ion flux towards target first interacts with neutral atoms 

and the ion density dramatically decreases before hitting the molecule cloud (𝐻 and 𝐻2
+) near the target. 

Due to the lower plasma density and temperature near the target, the molecular emission radiation is 

found to be much smaller than the atomic emission radiation, which accounts for over 85% of hydrogen 

emission radiation power in the divertor. After the rollover which marks divertor detachement in figure 

D.2, the plasma ion flux reaching target starts dropping with increasing 𝑛𝑢𝑝. As the recycling flux is 

proportional to the ion flux at the target, molecule densities are found to quickly rise at the beginning of 

detachment and then slowly drop with upstream density increasing further, while more atoms are 

produced by recombination (when 𝑇𝑒 < 1𝑒𝑉) in the divertor. Hence, the molecule-plasma interactions 

might be less important than atom-plasma interactions in the divertor. The details about the effects of 

different reaction types on plasma momentum loss are discussed in figure D.8.   

 

 
Figure D.2 Upstream density scan for the cases (a) with 1% carbon impurity and without 

molecules labelled ‘recycling (𝐻+ → 𝐻)’, (b) with 1% carbon and hydrogen molecules (All 

recycled ions becomes molecules in this case), labelled ‘recycling (𝐻+ → 𝐻2)’, and (c) with 



1% carbon and hydrogen molecules (half recycled ions becomes molecules and half becomes 

atoms in this case), labelled ‘50% (𝐻+ → 𝐻2) & 50% (𝐻+ → 𝐻)’. 

                                                     

 

                                               (a)100% (𝐻+ → 𝐻)                       (b) 50% (𝐻+ → 𝐻2) & 50% (𝐻+ → 𝐻)                 (c)100% (𝐻+ → 𝐻2) 

Figure D.3 Density profiles of 𝐻+, 𝐻, 𝐻, 𝐻2
+and temperature profile of electron in the case 

with (a) all the recycled ions converting into atoms (𝐻+ → 𝐻), (b) 50% recycled ions 

becoming atoms and the other half becoming molecules (‘50% (𝐻+ → 𝐻2) & 50% (𝐻+ → 𝐻)’, 

and (c) all the recycled ions converting into molecules (𝐻+ → 𝐻2). The upstream density is 

𝑛𝑢𝑝 = 1.92 × 1019/𝑚−3 for all the three cases, corresponding to the three cases at 𝑛𝑢𝑝 =

1.92 × 1019/𝑚−3 in figure D.2. The target is located at the position of 30m. 

 

Our calculations also allow us to get insight into the dissipation mechanisms at play. According to the 

Two Point Model (TPM), the upstream and target pressure should be such that 𝑝𝑢𝑝 = 2𝑝𝑡𝑎𝑟𝑔𝑒𝑡, if no 

momentum losses are considered. However, in the presence of plasma-neutral interactions, the plasma 

momentum will be affected and vary along the SOL. To keep into account this effect, a momentum loss 

factor is defined as: 

𝑓𝑚 = 1 − 2𝑝𝑡𝑎𝑟𝑔𝑒𝑡/𝑝𝑢𝑝                                     (9) 

Before the code upgrade, the studies with SD1D in the same MAST-U like conditions [15], found that 

the factor could be written as an exponent function:  

2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
= 1 − 𝑓𝑚 = 0.9[1 − 𝑒

(−
𝑇𝑡𝑎𝑟𝑔𝑒𝑡

2.1
)
]2.9                       (10) 

According to the Self-Ewald model [15][30], the atom-ion charge exchange imposes a drag force on the 

plasma ion momentum, while ionisation produces plasma ions. This mechanism for momentum losses is 

determined by the competition between ionisation and charge exchange, but it ignores many other factors, 

e.g. molecule-plasma interactions. The Self-Ewald model sets the momentum loss factor as a function of 

ionisation and charge exchange rate coefficients [30]: 1 − 𝑓𝑚 = [
𝛼

𝛼+1
](𝛼+1)/2, where 𝛼 =< 𝜎𝜐 >𝑖𝑜𝑛/(<

𝜎𝜐 >𝑖𝑜𝑛+< 𝜎𝜐 >𝑐𝑥). In the new version of SD1D used here, we could calculate the momentum loss 

factor based on the direct interaction with the atomic and molecular species. As a consequence, we can 

plot 
2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
 from the cases previously discussed is in figure D.5, with the data well fitted by an 

exponential expression for the momentum loss factor (the black solid line): 

2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
= 1 − 𝑓𝑚 = 0.889[1 − 𝑒

(−
𝑇𝑡𝑎𝑟𝑔𝑒𝑡

2.62
)
]1.65 .             (11) 

Having the target pressure from the expression above, we can now calculate the target particle flux: 

𝛤𝑡𝑎𝑟𝑔𝑒𝑡 ∝ 𝑛𝑡𝑎𝑟𝑔𝑒𝑡√𝑇𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑝𝑡𝑎𝑟𝑔𝑒𝑡/√𝑇𝑡𝑎𝑟𝑔𝑒𝑡. Using the target pressure 𝑝𝑡𝑎𝑟𝑔𝑒𝑡 =
(1−𝑓𝑚)𝑝𝑢𝑝

2
 from eq. 9, 

Γ𝑡𝑎𝑟𝑔𝑒𝑡 can be written as: 

𝛤𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑝𝑢𝑝
(1−𝑓𝑚)

√8𝑚𝑖𝑇𝑡𝑎𝑟𝑔𝑒𝑡
                                                    (12) 

A target temperature scan at fixed pup for the target plasma flux is shown in figure D.6, which compares 

the simulations to the analytical calculations obtained by replacing our expressions for (1 − 𝑓𝑚) into eq. 

12. To complement figure D.2, it is interesting to visualize our results in a 𝛤𝑡𝑎𝑟𝑔𝑒𝑡  versus target 

temperature plot, which is shown in Figure D.6. What we see is that the detachment roll over occurs for 

all simulations at around 5eV regardless the specific recycling conditions. We could see that also eq. 12 



together with the exponential expression in eq.11 give a curve for 𝛤𝑡𝑎𝑟𝑔𝑒𝑡  that rolls over at a fixed target 

temperature as long as 𝑝𝑢𝑝 does not vary much with the target temperature. To be more specific, we 

observe a small variation of the plasma temperature at rollover, with higher values (6.7eV) for recycling 

of pure atoms and smaller values (5.3eV) for pure molecular recycling. 

 

 

Figure D.5 Ratio of  
2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
 as a function of target temperature achieved from the simulation cases 

without molecules (labelled ‘H (no carbon)’ and ‘recycling (𝐻+ → 𝐻), with molecules introduced by 

different recycling conditions (labelled ‘recycling (𝐻+ → 𝐻2)’ and ‘50% (𝐻+ → 𝐻2) & 50% (𝐻+ →

𝐻)’) 
 

 
Figure D.6. Target flux as a function of target temperature for the upstream density scan in 

the cases: 1) without impurity and molecules labelled ‘H (no carbon)’, 2) with 1% carbon and 

without molecules labelled ‘recycling (𝐻+ → 𝐻)’, 3) with 1% carbon and with hydrogen 

molecules labelled ‘recycling (𝐻+ → 𝐻2)’ and ‘50% (𝐻+ → 𝐻2) & 50% (𝐻+ → 𝐻)’. The 

celeste and black solid curves show the target flux calculated with eq. 12 by using eq. 10 and 

eq. 11. The upstream density is 𝑛𝑢𝑝 = 1.97 × 1019/𝑚−3 for the black and celeste solid lines, 

while 𝑛𝑢𝑝 = 2.35 × 1019/𝑚−3 for the black dashed line.  

 

Part of the the input power 𝑃𝑖𝑛  is dissipated by the impurity radiation 𝑃𝑖𝑚𝑝, part used to ionise the neutrals 

in the target region 𝑃𝑖𝑜𝑛 and the rest, 𝑃𝑡𝑎𝑟𝑔𝑒𝑡 , reaches the target. According to [2], we define 

𝑃𝑟𝑒𝑐𝑙 = 𝑃𝑖𝑜𝑛 + 𝑃𝑡𝑎𝑟𝑔𝑒𝑡 = (𝐸𝑖𝑜𝑛 + 𝛾𝑇𝑡𝑎𝑟𝑔𝑒𝑡)𝛤𝑡𝑎𝑟𝑔𝑒𝑡 ,                       (13) 

where 𝛾𝑇𝑡𝑎𝑟𝑔𝑒𝑡Γ𝑡𝑎𝑟𝑔𝑒𝑡 represents the total energy density reaching target and 𝐸𝑖𝑜𝑛 is the total effective 

ionisation energy (including hydrogen excitation). Together with the eq.12, the detachment parameter 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 (𝑝𝑢𝑝 represents upstream pressure) could be obtained: 

𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
=

√8𝑚𝑖𝑇𝑡𝑎𝑟𝑔𝑒𝑡

(1−𝑓𝑚)(𝐸𝑖𝑜𝑛+𝛾𝑇𝑡𝑎𝑟𝑔𝑒𝑡)
                   (14) 

 

                                                        =
√8𝑚𝑖𝛾 𝐸𝑖𝑜𝑛

−
1
2(

𝛾𝑇𝑡
𝐸𝑖𝑜𝑛

)

1
2

(1−𝑓𝑚)(1+
𝛾𝑇𝑡

𝐸𝑖𝑜𝑛
)

 



                                                      , 

where 1 − 𝑓𝑚= 
2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
 is a function of target temperature as shown in eq.11. Thus, both the target 

temperature and the effective ionisation energy  𝐸𝑖𝑜𝑛  at the time when rollover occurs determine the 

detachment threshold 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
. According to figure D.4, 1 − 𝑓𝑚 varies little when 𝑇𝑡 > 10𝑒𝑉, and steeply 

go to zero when 𝑇𝑡 < 10𝑒𝑉. If a fixed ionisation energy is used in calculation, 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 grows as  the target 

temperature decreases (dashed line in figure D.7). We can absorb the effect of neutral radiation in the 

ionization energy in an ad hoc way, which is an approximation that is sometime used to capture both 

effects. If we do so,  𝐸𝑖𝑜𝑛 becomes a function of the target temperature, which now would represent the 

total energy loss of ionisation plus hydrogen atom excitation divided by the ionisation rate. We have 

shown this quantity as a red solid line in figure D.7, by using our numerical results from the simulation 

with pure molecular recycling. We have found that the other simulations with different recycling 

conditions produced simila results. Using this in (14), we find that the ratio of 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 is about 9.5N/MW at 

high temperatures, and it quickly decreases when 𝑇𝑡 < 10𝑒𝑉, as the blue solid line shows in figure D.7. 

Generally, the target flux rollover, indicating onset of detachment, occurs when a critical value of the 

gradient of 𝐸𝑖𝑜𝑛 with respect to 𝑇𝑡  is achieved [2][15][25]: 

             
𝜕 𝐸𝑖𝑜𝑛

𝜕 𝑇𝑡
< −𝛾,                       (15) 

For the sheath transmission coefficient 𝛾  used in this paper ( 𝛾  =6), we find 𝑇𝑡 = 5.6𝑒𝑉  and the 

corresponding effective ionisation energy 𝐸𝑖𝑜𝑛 = 82.23𝑒𝑉 . This corresponds to the value of the 

detachment parameter given below:  
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
= 8.1 𝑁/𝑀𝑊, 

which is smaller than 12.6N/MW found in the old SD1D [15] and 17N/MW found in SOLPS4.3 

simulation on DIII-D like equilibria [31]. However, it is similar to the measured value of 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 on TCV 

(#56567), which shows the detachment threshold is between 5 N/MW and 10 N/MW when the target 

flux rollover occurs [25]. 

 

 
Figure D.7. 

𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 as a function (eq.14) of target temperature and effective ionisation energy  𝐸𝑖𝑜𝑛 . 

𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
 

is calculated with  fixed 𝐸𝑖𝑜𝑛 = 13.6𝑒𝑉, 30𝑒𝑉 and with the  𝐸𝑖𝑜𝑛( 𝑇𝑡) as a function of target 

temperature (which is the total energy loss of ionisation and hydrogen atom emission divided by the 

ionisation rate as the red solid line shows). The threshold in eq.15 is marked by the vertical red dashed 

line.    

 

As discussed in some previous works [11][25], plasma ions can undergo charge exchange collisions with 

hydrogen molecules (𝐻+ + 𝐻2 → 𝐻2
+ +  𝐻) in the divertor, which may account for a rise of plasma ion 

momentum loss in the low temperature region. To investigate the importance of molecule-plasma charge 

exchange and other reaction types, we use a momentum loss factor 𝑓𝑚𝑜𝑚𝑙𝑜𝑠𝑠 = (∑ ∫ 𝐹𝐻+−𝑝𝑑𝑙
𝑡𝑎𝑟𝑔𝑒𝑡

𝑢𝑝𝑝 )/

𝑝𝑢𝑝, where ∑ ∫ 𝐹𝐻+−𝑝𝑑𝑙
𝑡𝑎𝑟𝑔𝑒𝑡

𝑢𝑝𝑝  is the total energy loss of 𝐻+ by the collisions with other particle species 

‘p’ (𝐹𝐻+−𝑝 represents collision force).  Based on SD1D simulations (the case of ‘recycling (𝐻+ → 𝐻2)’), 



we found molecule density near the target enhances quickly at the onset of detachment (𝑛𝐻2
>  𝑛𝐻 at this 

moment), and thus it is found that in figure D.8(a) the momentum loss 𝑓𝑚𝑜𝑚𝑙𝑜𝑠𝑠 caused by 𝐻2 - 𝐻+ rises 

rapidly and it becomes more important than other collisions when 𝑛𝑢𝑝 < 2.2 × 1019/𝑚−3. But with the 

𝑛𝑢𝑝 growing further, the growth of molecule density becomes slower and molecule density is even found 

to decrease at high upstream densities (𝑛𝑢𝑝 > 3.5 × 1019/𝑚−3) due to the decreasing recycling source 

(plasma ion flux at the target Γ𝑡𝑎𝑟𝑔𝑒𝑡) and no external fuelling included. In a result, 𝐻2 - 𝐻+collisions 

becomes less important, while H - 𝐻+ collisions provide the largest part of momentum loss because 

recombination produces more neutral atoms at low temperatures (𝑛𝐻2
<  𝑛𝐻 at this moment ). In figure 

D.8(b), it compares the momentum loss caused by two main 𝐻2 - 𝐻+ interactions, charge exchange and 

elastic collision. The simulation result predicts that the momentum loss mechanism via 𝐻2  - 𝐻+ 

interactions is primarily due to 𝐻2 - 𝐻+ elastic collisions, instead of ion-molecular charge exchange. 

 

𝐻𝑎𝑙𝑝ℎ𝑎 emission signal (𝐵3→2
𝑒𝑥𝑐 ) is crucial for tokamak experiment diagnostic, which conveys information 

of neutral density and neutral-plasma interactions. In figure D.8(c), simulations found that atomic 

channels (primarily direct excitation) dominate 𝐻𝑎𝑙𝑝ℎ𝑎  emission before Γ𝑡𝑎𝑟𝑔𝑒𝑡  rollover and then change 

little during detachment, while molecular channels account for the strong rise of  𝐻𝑎𝑙𝑝ℎ𝑎 signal, which 

grows to be 5 times of the 𝐻𝑎𝑙𝑝ℎ𝑎 at Γ𝑡𝑎𝑟𝑔𝑒𝑡 rollover (𝑛𝑢𝑝 = 1.92 × 1019/𝑚−3). It is mainly due to the 

fast growth of molecule density near target at the beginning of detachment and then due to the increase 

of 𝐻𝑎𝑙𝑝ℎ𝑎 emission coefficients via dissociative excitation ‘𝐻2
+’ and mutual nuetralization ‘𝐻−‘  (figure 

C.5(b)) with the decrease of 𝑇𝑒 when 𝑇𝑒 < 3.0𝑒𝑉. This result well matches the measured  and predicted 

photon emission on TCV  [11]. Further analysis of the decomposition of molecular channels in figure 

D.8(d) shows the rise of  𝐻𝑎𝑙𝑝ℎ𝑎 signal is firstly due to 𝐻2
+ channel (1.92 × 1019/𝑚−3 < 𝑛𝑢𝑝 < 2.5 ×

1019/𝑚−3) and then 𝐻− channel becomes more important when the target gets further detached (𝑛𝑢𝑝 >

2.5 × 1019/𝑚−3).  

 

                                                             Γ𝑡𝑎𝑟𝑔𝑒𝑡  𝑟𝑜𝑙𝑙𝑜𝑣𝑒𝑟         (a)                                                                                                                 (b) 

                  
                                                                                              (c)                                                                                                                                     (d) 

                    

Figure D.8 (a) Decomposition of momentum loss factor 𝑓𝑚𝑜𝑚𝑙𝑜𝑠𝑠 due to different reaction types, 

labelled as ‘H - 𝐻+’, ‘𝐻2 - 𝐻+’, ‘𝐻2
+ - 𝐻+’ collisions, and their total 𝑓𝑚𝑜𝑚𝑙𝑜𝑠𝑠 (the red dashd) when all 

recycled ions become molecules; (b) Decomposition of 𝑓𝑚𝑜𝑚𝑙𝑜𝑠𝑠 caused by 𝐻2 - 𝐻+collisions.(c) 



decomposition of total 𝐻𝑎𝑙𝑝ℎ𝑎 photon emission due to atomic and molecular channel, (d) 

decomposition of 𝐻𝑎𝑙𝑝ℎ𝑎  photon emission through molecular channels. Vertical dashed lines indicates 

the position of 𝛤𝑡𝑎𝑟𝑔𝑒𝑡  rollover. 

 

 

E. Conclusions 

 
In the previous version of SD1D, only atomic collisional and radiative reactions were included, while 

molecular processes were neglected. To better investigate the physics of divertor detachment, an 

important upgrade was carried out of the SD1D model by adding a molecule model, including a hydrogen 

molecule 𝐻2 and charged molecule 𝐻2
+ species. The Amjuel database is used to provide data of the 

molecular collisional and radiative reactions listed in Table 1. 

Using the upgraded SD1D code in the MAST-Upgrade like conditions, we have studied the role of 𝐻2 

and 𝐻2
+ in detached regimes of tokamak plasmas. It is found that molecules play an important role on 

the flux rollover, which occurs at a lower target temperature and a larger upstream density if a larger 

proportion of 𝐻2 generated from recycling process.  

Generally, the target flux rolls over, indicating onset of detachment, occurs when a critical value of the 

gradient of 𝐸𝑖𝑜𝑛 with respect to 𝑇𝑡𝑎𝑟𝑔𝑒𝑡   is achieved: 
𝜕 𝐸𝑖𝑜𝑛

𝜕 𝑇𝑡
< −𝛾 [2][15]. For the sheath transmission 

coefficient 𝛾 = 6 used in this paper, we find 𝑇𝑡 = 5.6𝑒𝑉  and the corresponding effective ionisation 

energy 𝐸𝑖𝑜𝑛 = 82.23𝑒𝑉  for flux rollover. In the simulations, we also calculated the momentum loss 

factor 𝑓𝑚 = 1 − 2𝑝𝑡𝑎𝑟𝑔𝑒𝑡/𝑝𝑢𝑝 and obtained 
2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
 as a function of target temperature: 

2𝑝𝑡𝑎𝑟𝑔𝑒𝑡

𝑝𝑢𝑝
= 1 −

𝑓𝑚 = 0.889[1 − 𝑒
(−

𝑇𝑡𝑎𝑟𝑔𝑒𝑡

2.62
)
]1.65. This corresponds to the value of the critical detachment parameter (eq. 

14) given as 
𝑝𝑢𝑝

𝑃𝑟𝑒𝑐𝑙
= 8.1 𝑁/𝑀𝑊, which is smaller than the value found by the previous version of SD1D 

[15] and close to the measured value on TCV [25]. 

The SD1D simulations predicts that both molecule–plasma and atom–plasma collisions can lead to a 

large plasma momentum loss during detachment. The decomposition of momentum loss shows 

molecule-plasma elastic collision dominates molecule-plasma interactions, while molecular charge 

exchange cannot effectively reduce plasma momentum. The 𝐻𝑎𝑙𝑝ℎ𝑎  emission diagnostic is also 

considered in SD1D simulations, which found a strong rise of 𝐻𝑎𝑙𝑝ℎ𝑎 signal when the upstream density 

is increased after rollover. The 𝐻2
+ channel accounts for the  most growth of 𝐻𝑎𝑙𝑝ℎ𝑎  at the onset of 

detachment and then 𝐻− channel contributes more when the target gets further detached. 

 

F. Appendix 

 
Figure F.1 shows the rate coefficients calculated by using Hydhel databases [29], which collect plenty of 

reaction cross-section and rate coefficient for hydrogen-helium plasma. As mentioned in section C-1, the 

main difference is that the rate coefficients of Hydhel are not related to the electron density, while rate 

coefficients are determined by both electron temperature and plasma density. A huge error will inevitably 

appear if Hydhel database is applied to study the divertor physics. With the increase of electron density 

in figure C.1, specifically, the rate coefficient greatly enhances at lower temperatures (e.g. 𝑇𝑒 < 5𝑒𝑉), 

while no such change occurs in figure E.1(a). Thus, it may contribute a significant error to the hydrogen 

atom and plasma ion densities. Another crucial difference is that the rate coefficients of molecular charge 

exchange and dissociation in figure E.1(b) are about 1 order smaller than the results shown in figure C.2 

at 𝑇𝑒 < 10𝑒𝑉. It will largely reduce the molecule sink in simulations, and therefore narrows the source 

of charged molecule 𝐻2
+ . The dissociative excitation rate coefficient from Amjuel includes the 

component 𝑒 + 𝐻2
+ → 𝐻∗ + 𝐻 → 𝐻+ + 𝐻 , while the dissociative excitation rate coefficient from 

Hydhel consider 𝑒 + 𝐻2
+ → 𝑒 + 𝐻2

+ ∗ → 𝐻+ + 𝐻 [18] [29]. 𝐻∗  and 𝐻2
+ ∗  represent the excited atom 

and vibrational excited molecule. As discussed in section C-2, 𝐻2 and 𝐻2
+ just convert into the excited 

atom in this paper. Thus, the Amjuel database is applied to provide dissociative excitation rate coefficient 

in simulations. 



 

(a) H 

 
 

                              (b) 𝐻2                                                                       (c) 𝐻2
+ 

 
Figure F.1 The rate coefficients of collisional reactions related to (a) hydrogen atom H, (b) 

molecule 𝐻2 and (c) charged molecule 𝐻2
+, calculated by data from [29] 
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