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Abstract
The role of neutral and charged hydrogenic molecules in detached regimes of tokamak plasmas
is investigated using a simplified 1D numerical model. Using MAST Upgrade like conditions,
simulations are implemented to study the rollover of target flux Γ in upstream density 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 divertor detachment under the same input power and
particle flux, and the critical detachment threshold (the critical ratio of upstream static pressure
to the power entering the recycling region) is found to be pup

Precl
∼ 8.1NMW−1 at rollover.

Molecule–plasma interactions are found to be as crucial as atom–plasma interactions during
divertor detachment, both of which account for the majority of plasma momentum loss in the
cases studied here. Further analysis of the momentum loss decomposition shows
molecule-plasma elastic collisions dominate molecule-plasma interactions, while molecular
charge exchange cannot effectively reduce plasma momentum. In terms of Halpha emission, a
strong rise of Halpha signal is found to be due to molecular excitation channels when the
upstream density further increases after rollover.

Keywords: tokamak, divertor detachment, molecules, plasma momentum loss, Halpha emission,
SD1D
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1. Introduction

Seeding impurities and increasing the upstream density are
the two most widely used approaches to reach the detached
divertor regime [1, 2]. In the first detachment regime, the diver-
tor volume is cooled down mainly due to the radiation from
impurities, which are generated by plasma-material interac-
tions (e.g. sputtering from plasma facing materials, leading to
the release of C,W) [3] or extrinsic impurity seeding (e.g. N2,
Ne) [4]. During a density ramp discharge, molecular hydrogen
H2 may be injected through gas puffing, raising the density in
the core and leading to an increasing upstream density, which
is able to cause a lower target plasma temperature according
to the two-point model (TPM) [2]. The increasing upstream
density also enhances recycling at the target, which results
in an increased neutral density that interacts with the plasma
flux moving towards the target and further cools it. Despite a
general consensus on the importance of impurities and neutral
particles on divertor detachment, uncertainties remain in the
details of how the molecular species (H2,H2

+ and H3
+) influ-

ence 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 pro-
cesses (e.g. molecular charge exchange, molecular activated
recombination (MAR), molecular activated ionization (MAI))
on themomentum and power loss in the divertor volume [7, 8],
the effect of plasma recycling with different wall and target
materials [9, 10], and the importance of hydrogenic radiation
[11] in different detachment discharge regimes are all active
areas of research. These studies are crucial for understand-
ing the atomic and molecular physics in the divertor volume,
and will be helpful to better control divertor detachment in
experiment. Sophisticated 2D edge plasma transport codes,
e.g. SOLPS, EDGE2D, SOLEDGE2D [12–14], have been
widely used for studying edge plasma phenomena e.g. diver-
tor detachment, but they are often too complex for easy inter-
pretation of the physics involved. Simplified analytic [2, 15]
and 1D computational model (e.g. [16–19]) can provide more
details of the underlying processes in the edge plasma, despite
some simplifications and omissions, such as simplified geo-
metry and treatment of cross-field transport. Therefore, mak-
ing reasonable assumptions is crucial in 1D simulations. This
paper aims to explore the dynamics of molecular species and
their effects on the detachment process with a BOUT++mod-
ule named SD1D [16] (section 2). SD1D is a time-dependent
code and can 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 [16]. In [16] only the
dynamics of plasma and neutral atoms were included in the
SD1D model. To investigate the effects of molecular spe-
cies, we have upgraded the SD1D model: the dynamics of H2

and H2
+, the collisional reactions related to these molecular

species, and the hydrogen radiation from excited atoms after
molecular break-up involving (H2,H

−, H2
+) have been added

to the physical model (section 2.2). The reaction rate coeffi-
cients and hydrogen radiation emissivity used in the upgraded

SD1D are shown in section 3. These coefficients are calculated
by the data from the EIRENE-Amjuel database [20], another
improvement over the original SD1D code used in [16]. With
the upgraded SD1D, we primarily use an upstream density
scan to analyse the cases with and without carbon impurity
in 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 the various contributors to the
Halpha emission as shown in section 4.

2. The SD1D model

2.1. The physical model of old SD1D version

SD1D uses a 1D time-dependent fluid model [2, 18], which
evolves the plasma density n, parallel momentum density
mH+nv∥ and static pressure p= 2enT. The plasma equations
are shown below [16]:

∂n
∂t

=−∇ ·
[
bv∥n

]
+ Sn− S (1a)

∂

∂t

(
3
2
p

)
=−∇ · qe + v∥∂∥p+ SE−E−R (1b)

∂

∂t

(
mH+nv∥

)
=−∇ ·

[
mH+nv∥bv∥

]
− ∂∥p−F (1c)

where ∂∥ = b ·∇, the heat flux is qe =
5
2pbv∥ −κ∥∂∥Te, and

the Braginskii thermal conduction coefficient is κ= κ0T
5
2 .

The constant κ0 = 2293.8
[
MW/m2/eV

5
2

]
and mH+ is the

mass of the main ions. v∥ is the parallel velocity of the main
ions. The ion and electron temperatures are assumed to be
equal and isotropic: T= Te = TH+ , while their densities are
equal as well: ne = nH+ . In equation (1a), Sn is the external
particle source evolved by a proportional-integral (PI) feed-
back controller. S shows the particle sources and sinks caused
by collisional reactions like ionisation and recombination. In
equation (1b), SE represents an external source of power that
keeps injecting energy with a fixed rate into a volume above
X-point; E represents energy exchange due to plasma-neutral
interactions; R is radiation power generated by hydrogen atom
radiation and impurity radiation. The particle sources and
sinks (S), friction force (F), and energy sources and sinks (E
and R) caused by collisional reactions can be found in the
appendix (section ‘The definition of sources and sinks’).

The equations of atom density nH, atom parallel momentum
nHv∥H and atom static pressure nHTH are similar to
equations (1a)–(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 perpen-

dicular diffusion [16]: vH = v∥,H −
(
Bϕ

Bθ

)2 ∂∥pH
v , where total

atom collision frequency ν is calculated by the sum of charge
exchange rate, ionisation rate and neutral-neutral collision
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rate and the cross-field neutral diffusion multiplier (field-line

pitch)
(
Bϕ

Bθ

)2
is equal to ten in the simulations shown here.

Only atomic species were included in the original SD1D
neutral model, while volumetric processes involving molecu-
lar species were not directly calculated, being only included
indirectly in the effective radiation rate. As discussed in
section 1, molecules can be a crucial part of divertor plasma
dynamics due to strong interactions with other particle spe-
cies, thus it is necessary to create a molecular model in SD1D.
Including density, energy and momentum equations for
molecular species is also beneficial to model the profile evolu-
tion self-consistently. An impuritymodel ‘atomic++coronal’,
has been added to in SD1D [21]. It is able to provide impur-
ity radiation power (i.e. carbon) with a fixed impurity fraction,
through fetching and using data from ADAS database [22].

Bohm boundary conditions are used at the target, where
the parallel plasma velocity v∥ ⩾ cs, where the plasma sound

speed is cs =
√

2×T
mH+

. The plasma density and pressure bound-

aries are ‘free’, so that they are extrapolated into the boundary.
The temperature gradient at the sheath entrance is set to zero,
replacing the heat conduction with an energy flux correspond-
ing to a sheath heat transmission of q= γnTcs [16], where the
sheath transmission coefficient γ is equal to 6. For recycling
processes at the target, here the recycling fraction of ion flux to
the target is set to frecl =

Γrecl
Γt
ion

= 0.99, so that 99% of the plasma

ion flux to the target Γt
ion is recycled and becomes the neutral

flux Γrecl (made up of atoms and molecules) in the final grid
point at the target [16].

2.2. SD1D upgrades

In the previous version of SD1D, only atomic collisional
and radiative reactions were included, while molecular pro-
cesses were included only in the collisional-radiative model
used to derive the effective rates. To better investigate the
physics of divertor detachment, an important upgrade of the
SD1D model was carried out by adding a molecule model,
including an explicitly evolved hydrogen molecule model
labelled ‘H2’ and a charged molecule model labelled ‘H+

2 ’.
Similar to the atom model, equations of molecule density
nH2 (equation (2a)), pressure pH2 (equation (2b)) and par-
allel momentum nH2v∥H2

((equation 2c)) are used in the
form of equations (equations (1a)–(1c)). The terms of the
sources, sinks (SH2 and EH2) and friction force (FH2) are gen-
erated by the collisional reactions listed in table 1, includ-
ing non-dissociative ionisation, dissociation, molecular charge
exchange and MAR via H− (see section ‘The definition of
sources and sinks’). In equation (2d), qH2

is the energy con-
vection flux of neutral molecules. Following the effective par-
allel velocity to atoms in section 2.1, a parallel velocity vH2

similar to the vH in section 2.1 is given to molecules in the
current SD1D implementation, with the cross-field neutral dif-

fusion
(
Bϕ

Bθ

)2
= 10. The total molecule collision frequency is

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

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 Electron-ion 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−

The model used here contains two neutral species, atoms
and molecules. According to experimental observations in
divertors, both atoms and molecules are important plasma
recycling channels, their relative ratio depending on the tar-
get material (e.g. carbon and tungsten) [9, 10]. In section 4, a
comparison is made to study divertor detachment with differ-
ent proportion of recycled atoms and molecules

∂nH2

∂t
=−∇ ·

[
bv∥,H2

nH2

]
− SH2 (2a)

∂

∂t

(
3
2
pH2

)
=−∇ · qH2

+ v∥,H2
∂∥pH2 −EH2 (2b)

∂

∂t

(
mH2nH2v∥,H2

)
=−∇ ·

[
mH2nH2bv∥,H2

]
+ ∂∥pH2 −FH2

(2c)

qH2
=

5
2
pH2bv∥,H2

. (2d)

Consistently with the atomic and neutral molecules
equations, a similar set of three equations for the charged
molecule H+

2 is also added in SD1D: the sources, sinks (SH+
2

and EH+
2
) and friction force (FH+

2
) in the equations of dens-

ity nH+
2
, pressure pH+

2
and momentum nH+

2
v∥H+

2
are determ-

ined by dissociative excitation, molecular ionisation, disso-
ciative ionisation, dissociative recombination and molecular
charge exchange shown in table 1 (reaction 4, 6, 7, 8 and
9). As discussed in section 2.1, Bohm boundary conditions
are also used for H+

2 at the target, where the parallel plasma

velocity v∥,H+
2
≥ cs,H+

2
, where cs,H+

2
=

√
2×T

H+2
m

H+2

. The density

and pressure boundaries of H2 and H+
2 are ‘free’. The tem-

perature gradient of H+
2 at the sheath entrance is also zero,

and the energy flux is related to a sheath heat transmission of
qH+

2
= γnH+

2
TH+

2
cs,H+

2
, where γ = 6.

In order to compare the simulations of the upgraded
SD1D to the previous work, the assumptions (e.g. TH+ =
Te and nH+ = ne) made in the previous version [16] are
still used in this work. Although another ion species H+

2 is
considered in the upgraded code, its density nH+

2
is small

3
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(
N
H+2

N
H+2

+NH+
< 0.022 when Te< 7eV

)
and is only distributed

in a very narrow area in front of the target (see figure 8).
Therefore, a trace assumption is applied for H+

2 , which means
nH+

2
does not enter into the quasineutrality assumption nH+ =

ne. Since the paper focuses on cases of divertor detachment
(related to low target temperatures), it is expected that the trace
assumption will not affect the main results in the paper (e.g.
the rollover of target flux, momentum loss and photon emis-
sion during detachment). But in some attached cases, Te in the

recycling region is high (e.g. Te > 15 eV), such that
N
H+2
NH2

can

be over 7% and
N
H+2

N
H+2

+NH+
will be no longer negligible in front

of the target. So if future studies focus on the cases with high
target temperatures, the trace assumption on H+

2 may not be
suitable, but require changes to the electron equations.

The main ions and electrons have their own density
and pressure equations (with different energy flux, different
sources and different sinks). If it is assumed that Te ̸= TH+

and ne ̸= nH+ , their densities and pressure can be calculated
separately. It will be important for the cases with significant
quantities of impurities in future studies.

In the original SD1D model, semi-analytic approximations
[23, 24] were used to calculate hydrogenic rates, such as
rate coefficients of atom-plasma interactions and hydrogen
emissivity. According to those approximations, however, the
reaction rate coefficients for ionisation and charge exchange
only depend on the electron temperature Te (electron-ion
recombination rates included density variation), This, how-
ever, was not very precise since rate coefficients have a ne
dependence as well, which is particularly strong for the rate
coefficient of electron-ion recombination, ionisation, and dis-
sociative recombination.

Taking into account the density dependence of the plasma-
neutral interactions is important because the electron dens-
ity in the divertor can significantly change depending on the
operating conditions and is sensitive to the variation of the
upstream density, heat and particle flux.When divertor detach-
ment is triggered by increasing the upstream density, the peak
electron density in divertor will be several times larger than
during attached conditions, while the divertor electron dens-
ity can decrease when the divertor is fully detached. Thus,
it is essential to consider electron density variation in the
calculation of rate coefficients and hydrogenic radiation. To
solve this issue, the ‘Amjuel’ database is now 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, recombin-
ation and the reactions related to molecule) [20]. 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 [20].

Besides collisional reactions, the hydrogen atom radiation
caused by atom-plasma or molecule-plasma interactions is
also crucial for divertor physics [11]. It contributes a signific-
ant energy loss from the plasma in divertor volume, and greatly

affects the target flux in terms of particle and power balance.
The previous SD1D version already considered hydrogen
electron-impact excitation and electron-ion recombination,
but its hydrogen atom emissivity was an empirical function of
Te, derived fromfits to collisional-radiativemodels. 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, radiation from hydrogen atoms
that are excited after molecular break-up was not 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 to the collisional and radiative mod-
els [25], there are six channels to generate excited hydrogen
atoms. Direct electron-impact excitation (via H) and electron-
ion 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, since they generate excited atoms after
molecular break-up. Just as the channel’s names imply, the
radiative reactions always happen together with the corres-
ponding collisional reactions.

The radiation power produced by every channels is
obtained by the following steps. Ipq is the emission intensity
from state ‘p’ to ‘q’ and defined as

Ipq = neN0χ
eff
pq , (3)

χeff
pq = R0pApq, (4)

R0p =
Np

neN0
, (5)

whereχeff
pq is effective emission rate coefficient and R0p repres-

ents the population coefficient of the excited hydrogen atom in
state ‘p’ [20]; Apq is the Einstein coefficient or rate of transmit-
ting from state ‘p’ to ‘q’ [26]; N0 is the density of the reacting
species, which collides with electrons to generate atoms in the
excited state ‘p’ (e.g. for direct electron-impact excitation N0

represents the density of hydrogen atom). From equations (3)–
(5), we can get the emission intensity of the excited atom from
state ‘p’ to ‘q’ in equation (6)

Ipq = neN0χ
eff
pq = neN0 ×

Np

neN0
×Apq = NpApq. (6)

Then multiplying Ipq by the energy gap between any two
states Epq [26], the radiation power density (W m−3) by the
excited atoms in a certain state ‘p’ is obtained by equation (7)

εrad,pq = Epq× Ipq. (7)

Through summing the radiation power density over energy
level transitions (only Lyman series of p = 2–6 → 1 is con-
sidered), the radiation power density of an excitation channel
can be written as [27]:

εchannelrad,p→1 =
6∑

p=2

Ep→1NpAp→1. (8)

4
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Repeat the calculation for all the six excitation channels,
and we can get the total hydrogen atom radiation power per
volume (e.g. in the unit Wm−3) by summing the radiation
power density of all channels.

The dynamics of H3
+ and H− are not considered in the

upgraded SD1D due to their negligible density and limited
contribution to the energy loss in experiment [11, 28]. Accord-
ing to equation (8), it is also found that the radiated power due
to H3

+ and H− channels is small. In order to study the Halpha

photon emission, the hydrogen atom 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 [20].

In the next section, the rate coefficients of collisional reac-
tions and the hydrogen emissivity of five excitation channels
(except H3

+) will be discussed.

3. 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 pro-
cesses. Public databases provide the required molecular reac-
tion rate coefficients, including EIRENE and ADAS [20,
22]. 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 radiation in the SD1D simulations, by
using the impurity model ‘atomic++coronal’ [21, 22]. The
EIRENE code is widely used in fusion-related numerical stud-
ies, i.e. SOLPS [29], EDGE2D [13] and EMC3 [30]. Amjuel
[20] and Hydhel [31] databases contain extensive informa-
tion on atomic and molecular reactions which are contained in
EIRENE including cross-sections, rate coefficients and popu-
lation coefficients. While the reaction rate coefficients of ion-
isation, recombination, charge exchange, dissociation etc, are
just a function of Te in Hydhel, Amjuel presents a double poly-
nomial fitting function of both Te and ne. Allowing for ne vari-
ations, has a profound effect on the calculated rates. To further
compare the two databases, the rate coefficients of the plasma-
neutral collisional reactions are plotted and compared in the
appendix (section ‘The rate coefficients in Hydhel databases’).
In the upgraded SD1D simulations, all the reaction rate coef-
ficients are obtained from Amjuel and the population coeffi-
cients in Amjuel are applied to calculate hydrogen emissivity
(in section 2.2) [20].

3.1. 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 figures 1–3 as a
function of electron temperature Te. Each reaction has three
curves, which represents the rate coefficient at three differ-
ent electron densities: ne = 5× 1018m−3, ne = 5× 1019m−3

and ne = 5× 1020m−3. In figure 1, the ionisation, charge
exchange and recombination rate coefficients show the basic
processes occurring during divertor detachment: (a) ionisation

Figure 1. Hydrogen atom effective ionisation, charge exchange and
recombination rate coefficients as a function of electron temperature
for electron density ne = 5× 1018m−3, ne = 5× 1019m−3 and
ne = 5× 1020m−3.

Figure 2. Hydrogen molecule effective charge exchange,
dissociation, and non dissociative ionisation rate coefficients as a
function of electron temperature for electron density
ne = 5× 1018m−3, ne = 5× 1019m−3 and ne = 5× 1020m−3.

and charge exchange are the dominant atomic processes at
higher Te; (b) once Te goes down (Te < 10eV), the ionisa-
tion rate coefficient drops, and charge exchange becomes the
most significant atomic process; (c) recombination becomes
more significant at Te < 1eV. The effective volume ionisation
and recombination rates, which are important for describing
detached plasma, are affected by both the rate coefficients.
In figure 2, the rate coefficient curves shows non-dissociative
ionisation is the main molecule sink at high temperatures,
with electron-impact dissociation contributing more when
Te ∼ 10eV. Once Te < 10eV, both dissociation rate coeffi-
cient and non-dissociative ionisation rate coefficient dramat-
ically decrease, and molecular charge exchange gradually
becomes the main molecule sink (Te ∼ 2.0eV).

5
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Figure 3. Rate coefficients of effective dissociative ionisation
(purple), dissociative excitation (red), dissociative recombination
(blue) and MAR via H−, as a function of electron temperature for
electron density n= 5× 1018m−3, ne = 5 × 1019 m−3 and
ne = 5 × 1020 m−3.

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), dis-

sociative ionisation (e+H2
+ → 2e+H+ +H+) and dissoci-

ative recombination (e+H2
+ → e+H+H). Through com-

paring the rate coefficients in figure 3 to the coefficients of
non-dissociative ionization and molecular charge exchange in
figure 2, the rate at which H2

+ is dissociated is generally lar-
ger than the rate at which H2

+ is produced, therefore the dens-
ity of H2

+ is small. The density ratio
nH2+

nH2
is about 0.01 in the

electron temperature range 1eV< Te < 10eV. During detach-
ment with fueling in the 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 the target. As the 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.

3.2. Analysis of hydrogen atomic and molecular excitations
with Amjuel database

The emissivity L= εrad,pq/neN0 (in erg × cm3 s−1) corres-
ponding to the low-n and medium-n Lyman lines (e.g. n= 2–6
→ 1) are shown in figure 4 for direct electron-impact excita-
tion (via H) and recombination (via H+), dissociation (via H2),
dissociative recombination (via H2

+) and mutual neutraliza-
tion (via H−) at three different electron densities. As men-
tioned in section 2.2, the radiative reactions always happen
together with the corresponding collisional reactions. Qualit-
atively, the curves of the ionisation rate coefficient and recom-
bination rate coefficient shown in figure 1 are similar to the
corresponding emissivity curves in figures 4(a)–(c) and the
corresponding the photon emission coefficients (e.g. Balmer

lines n= 3–6→ 2) shown in figure 5(a). Similarly, the curves
of emissivity and Balmer photon emission coefficient via dis-
sociation channel (H2) and dissociative recombination chan-
nel (H2

+) correspond to the rate coefficients of dissociation
in figure 2 and dissociative recombination in figure 3, respect-
ively. For the mutual neutralization excitation channel (H−),
its emissivity curve is similar to the rate coefficient of reaction
7.2.3b (H+ +H− → H+ +H+ 2e) in Amjuel [20].

Looking at the emissivity from hydrogen excited atoms at
different energy levels (n = 2–6), it can be seen that the devi-
ation between the curves via direct electron-impact excita-
tion 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 dir-
ect electron-impact excitation emissivity is slightly reduced,
while the emissivity via electron-ion recombination emission
increases. Thus, the emission via recombination channel tends
to be more significant at higher densities. Moving now to
molecular emission, in figures 4(d)–(f), the emissivity vari-
ation 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 increasing electron density, while the others change little.
One thing should be noted for the molecular excitation chan-
nels: 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.
They may become important in the divertor as their densit-
ies 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 5(b). In particular
forHalpha photon emission, H2

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

This paper focuses on the study of divertor detachment in
the hydrogen plasma conditions. But some other works have
shown that the impact of isotope mass on neutral pressure,
plasma density and other divertor conditions is crucial for
divertor physics [32–34]. In deuterium or tritium operation,
the peak electron density and neutral density might become
higher in the divertor [32]. Divertor detachment is expected to
be started at a higher target temperature and a lower upstream
density [2, 33]. In future work, we will investigate the effect
of mass rescaling on divertor detachment.

4. A comparison of divertor detachment with and
without hydrogen molecules

Investigating the behaviour of the particle flux Γ to the diver-
tor 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: (a) the
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Figure 4. Hydrogen emissivity of the hydrogen excited atom at different energy levels (Lyman lines n= 2–6→ 1) as a function of electron
temperature for the electron density ne = 5 × 1018 m−3, ne = 5 × 1019 m−3 and ne = 5 × 1020 m−3. Two atomic excitation channels
(direct electron-impact 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 5. Photon emission coefficient of the hydrogen excited atom at different energy levels (Balmer lines 3–6 → 2) as a function of
electron temperature for the electron density ne = 5 × 1019 m−3. (a) Two atomic excitation channels and (b) three molecular excitation
channels are shown here.

parallel heat flux is 50 MWm−2 at the X-point; (b) the con-
nection length is 30 m (20 m from X-point to target); (c)
the effect of gradients in total magnetic field is considered

with an area expansion factor
(
the ratio ofTotalfieldatX−point

Totalfieldat target

)
of two between X-point and target [16]. These are typical
of expected Super-X divertor conditions in the first phase of
MAST Upgrade operation [35]. About 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 recyc-
ling as atoms or molecules with equal probability. The recyc-
ling temperature of neutral molecules and neutral atoms are
TH2,recycle = 0.1eV (based on the temperature of the facing
material) and TH,recycle = 3.5eV (based on the Franck–Condon
energy [17]) in our simulations.

We start with an upstream density scan for the cases
without hydrogen molecules H2, as shown in figure 6. Here
we 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× 1019m−3 for the
case without carbon (labelled ‘H’), while including 1% car-
bon (labelled ‘H&carbon’), the rollover occurs at a lower
nup (about 1.69× 1019m−3). Before the flux rollover, the
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Figure 6. Upstream density scan for the cases (a) without impurity
and hydrogen molecule (labelled ‘H’), (b) with 1% carbon impurity
(labelled ‘H & carbon’).

influence of carbon impurity radiation is limited, but it gradu-
ally 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.

In figure 7 we investigate the impact of the recycling
channel (H+ → H and H+ → H2) on the plasma flux roll-
over and target temperature. When recycling releases hydro-
gen molecules H2 in the simulation, it is found that the flux
rollover occurs at a higher nup (varied from 1.69× 1019m−3

to 1.92 ×1019m−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 atom source and density, therefore
causing a lower electron-impact excitation radiation power
loss and slowing the atom-plasma interactions, which are
the main energy sinks before rollover in the divertor. In the
case where the rollover occurs (e.g. the case at nup = 1.92×
1019m−3 in figure 7), the ratio of total amounts of molecule

and atom
(

∫nmdV
∫nndV

)
in the divertor could be up to 50% when all

recycled plasma ions becomemolecules. As shown in figure 8,
the reduction of atom source from recycling can lead to amuch
smaller peak atom density near the target, such that the peak
density of plasma ions 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 8 indicate the plasma ion flux towards
the target first interacts with neutral atoms and the ion dens-
ity 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 hydrogen radiation from
excited atoms after molecular break-up involving (H2,H

−,
H2

+) is found to be much smaller than the electron-impact
excitation radiation, which accounts for over 85% of hydro-
gen atom radiation power in the divertor. After the target ion
flux rollover, which marks divertor detachment in figure 7, the

Figure 7. 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)’.

plasma ion flux reaching target starts dropping with increasing
nup. As the recycling flux is proportional to the target ion,
molecule densities are found to quickly rise at the beginning of
detachment and then slowly drop when the upstream density
increases further and more atoms are produced by recombin-
ation (when Te < 1eV) in the divertor. Hence, the molecule-
plasma interactions might become less important than atom-
plasma interactions once recombination becomes significant
in the divertor. The details of the effects of different reaction
types on plasma momentum loss are shown in figure 12.

Our calculations also allow us to gain insight into the
dissipation mechanisms at play. According to the TPM [2],
the upstream and target static pressures should be such that
pup = 2ptarget, if no momentum losses are considered. How-
ever, 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 Upgrade like conditions [16], found that this
momentum loss 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 [16, 36], the atom-
ion charge exchange imposes a drag force on the plasma
ion momentum, while ionisation produces plasma ions.
This momentum loss mechanism is determined by ion-
isation and charge exchange, but it ignores many other
factors, e.g. molecule-plasma interactions. The Self–Ewald
model calculates the momentum loss factor as a function of
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Figure 8. Density profiles of H+, H, H2, 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× 1019m−3 in figure 7. The target is located at the position of 30 m.

Figure 9. 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)’).

ionisation and charge exchange rate coefficients [36]: 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 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 9, 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 equation (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 10, which compares the simulations to
the analytical calculations obtained by replacing our expres-
sions for (1− fm) into equation (12). To complement figure 7,
it is interesting to visualize our results in a Γtarget versus tar-
get temperature plot, which is shown in figure 10. What we
see is that the detachment roll over occurs for all simulations
at around 5 eV regardless the specific recycling conditions.
We could see that also equation (12) together with the expo-
nential expression in equation (11) give a curve for Γtarget that
rolls over at a fixed target temperature as long as pup does not
varymuchwith the target temperature. To bemore specific, we
observe a small variation of the plasma temperature at rollover,
with higher values (6.7 eV) for recycling of pure atoms and
smaller values (5.3 eV) for pure molecular recycling.

Part of 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 the power entering the recycling region

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

where γTtargetΓtarget represents the heat flux reaching the tar-
get and Eion is the total effective ionisation energy (including
hydrogen atomic radiation). Together with the equation (12),
the detachment parameter pup

Precl
(pup represents upstream pres-

sure) could be obtained:

pup
Precl

=

√
8miTtarget

(1− fm)(Eion + γTtarget)

=

√
8miγEion

− 1
2

(
γTt
Eion

) 1
2

(1− fm)
(
1+ γTt

Eion

) , (14)

where 1− fm =
2ptarget
pup

is a function of target temperature as
shown in equation (11). Thus, both the target temperature and

9
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Figure 10. Target flux as a function of target temperature for the
upstream density scan in the cases: (a) without impurity and
molecules labelled ‘H (no carbon)’, (b) with 1% carbon and without
molecules labelled ‘recycling (H+ → H)’, (c) 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 equation (12) by using
equations (10) and (11). The upstream density is
nup = 1.97× 1019m−3 for the black and celeste solid lines, while
nup = 2.35× 1019m−3 for the black dashed line.

the effective ionisation energy Eion at the time when rollover
occurs determine the detachment threshold pup

Precl
. According to

figure 9, 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 11). We can absorb the effect of neutral
radiation in the ionization energy in an ad hoc way, which is an
approximation that is sometimes 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.
This assumes that all ionisation occurs directly at the target
(e.g. occurs at a target temperature Tt). We have shown this
quantity as a red solid line in figure 11, by using our numer-
ical results from the simulation with pure molecular recycling.
We have found that the other simulations with different recyc-
ling conditions produced similar results. Using this in (14), we
find that the ratio of pup

Precl
is about 9.5 NMW−1 at high temper-

atures, and it quickly decreases when Tt < 10eV, as the blue
solid line shows in figure 11. 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, 16, 27]:

∂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:

Figure 11.
pup
Precl

as a function (equation (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 equation (15) is marked by the
vertical red dashed line.

pup
Precl

= 8.1N MW−1,

which is smaller than 12.6 N MW−1 found in the old SD1D
[16] and 17 N MW−1 found in SOLPS4.3 simulation on
DIII-D like equilibria [37]. The different results obtained in
the upgraded SD1D and the previous version are very likely
due to different effective ionisation energy (Eion = 60.8eV in
the previous version). Variations in this quantity with model
assumptions and inputs are expected: The ratio pup

Precl
is not a

universal quantity though it has a physical basis. This quant-
ity is however experimentally measurable, and is an important
metric that can be used for comparisons between simulation
and experiments.

As discussed in some previous works [11, 27], 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 ionmomentum loss in the low tem-
perature region. To investigate the importance of molecule-
plasma charge exchange and other reaction types, we use

a momentum loss factor fmomloss =

(∑
p

target´
up

FH+−pdl

)
/pup,

where
∑
p

target´
up

FH+−pdl is the total energy loss of H+ by

the collisions with other particle species ‘p’ (FH+−p rep-
resents collision force). Based on SD1D simulations (the
case of ‘recycling (H+ → H2)’), we found molecule dens-
ity near the target increases quickly at the onset of detach-
ment (nH2 > nH at this moment), and thus it is found that in
figure 12(a) the momentum loss fmomloss caused by H2–H

+

rises rapidly and is more important than other collisions when
nup < 2.2× 1019m−3. But with the nup growing further, the
growth of molecule density becomes slower and the peak
molecule density is even found to decrease at high upstream

10
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Figure 12. (a) Decomposition of momentum loss factor fmomloss due to different reaction types, labelled as ‘H–H
+’, ‘H2–H+’, ‘H+

2 –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.

densities (nup > 3.5× 1019m−3) due to the decreasing recyc-
ling source (plasma ion flux at the targetΓtarget) and no external
fuelling included. As a result, H2–H

+collisions becomes less
important, while H–H+ collisions provide the largest part of
momentum loss because recombination produces more neut-
ral atoms at low temperatures (nH2 < nH at this moment). In
figure 12(b), it compares the momentum loss caused by two
main H2–H

+ interactions, charge exchange and elastic colli-
sion. The simulation results predict 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 is crucial for tokamak experiment dia-

gnostics, and conveys information on neutral density and
neutral-plasma interactions. The upgraded SD1D model
includes the main Halpha emission processes, including the
Halpha emission from direct electron-impact excitation and
from excited atoms generated via electron-ion recombina-
tion and plasma-molecule interactions. Therefore, it is able
to investigate the total Halpha emission and the importance
of different excitation channels. In figure 12(c), simulations
found that atomic channels (primarily direct electron-impact
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 the Halpha emission at Γtarget rollover

(nup = 1.92× 1019m−3). This is mainly due to the fast growth
of molecule density near the target at the beginning of detach-
ment and then due to the increase of Halpha emission coef-
ficients via dissociative excitation ‘H2

+’ and mutual neut-
ralization ‘H−’ (figure 5(b)) with the decrease of Te when
Te < 3.0eV. This result well matches the measured and pre-
dicted photon emission on tokamak à configuration variable
(TCV) [38]. Further analysis of the decomposition of molecu-
lar channels in figure 12(d) shows the rise of Halpha signal
is firstly due to H2

+ channel (1.92× 1019m−3 < nup < 2.5×
1019m−3) and then H− channel becomes more important
when the target gets further detached (nup > 2.5× 1019m−3).

5. Conclusions

In the previous version of SD1D, only atomic collisional and
radiative reactions were included, while molecular processes
were only indirectly included as part of effective reaction and
emission rates. To better investigate the physics of divertor
detachment, an important upgrade has been carried out of the
SD1Dmodel by adding amolecule model, including hydrogen
molecule H2 and charged molecule H2

+ species. The Amjuel
database [20] is now used to provide data of the molecular col-
lisional and radiative reactions listed in table 1.
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Using the upgraded SD1D code in MAST Upgrade like
conditions, we have studied the role of H2 andH2

+ in detached
regimes of tokamak plasmas. It is found that molecules play
an important role in the flux rollover, which occurs at a higher
upstream density and a slightly lower target temperature if a
larger proportion of H2 generated from recycling process.

Generally the target flux rollover, indicating onset of
detachment, occurs when a critical value of the gradient of
Eion with respect to Ttarget is achieved:

∂ Eion
∂ Tt

<−γ [2, 16]. For
the sheath transmission coefficient γ = 6 used in this paper,
we find Tt = 5.6eV and the corresponding effective ionisation
energyEion = 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 (equation (14))
given as pup

Precl
= 8.1NMW−1, which is smaller than the value

found by the previous version of SD1D [16].
The SD1D simulations predict that both molecule–plasma

and atom–plasma collisions can lead to a large plasma
momentum loss during detachment. The decomposition of
momentum loss showsmolecule-plasma elastic collision dom-
inates molecule-plasma interactions, while molecular charge
exchange cannot effectively reduce plasma momentum. Halpha

emission 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 the
H− channel contributes more when the target becomes further
detached.

SD1D has wide applicability, and is able to simulate diver-
tor detachment on other devices, e.g. DIII-D, TCV and Interna-
tional Thermonuclear Experimental Reactor (ITER). In future
studies, it will be interesting to investigate the effects of
molecular species on divertor detachment on other devices.
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Appendix

The definition of sources and sinks

The source and sink terms in density equation (S), momentum
equation (F) and energy equation (E and R) caused by the col-
lisional reactions shown in table 1 are defined as below:

Ionisation:

S ionH =−S ionH+ = nHne⟨σv⟩ion,
F ion
H =−F ion

H+ = mHVHnHne⟨σv⟩ion,

E ion
H =−E ion

H+ =
3
2
THnHne⟨σv⟩ion and

R ion
e = 13.6eV× nHne⟨σv⟩ion.

Electron-ion recombination:

S recH+ =−SrecH = nH+ne⟨σv⟩rec,
Frec
H+ =−Frec

H = mH+VH+nH+ne⟨σv⟩rec and

Erec
H+ =−Erec

H =
3
2
TH+nH+ne⟨σv⟩rec.

Charge exchange (CX):

FCX
H+ =−FCX

H = nH+nH⟨σv⟩CXmH+ (VH+ −VH) and

ECX
H+ =−ECX

H = nH+nH⟨σv⟩CX
3
2
(TH+ −TH) .

Non-dissociative ionisation:

S ionH2
=−S ionH2

+ = nH2ne⟨σv⟩
H2
ion,

F ion
H2

=−F ion
H2

+ = mH2VH2nH2ne⟨σv⟩
H2
ion and

E ion
H2

=−E ion
H2

+ =
3
2
TH2nH2ne⟨σv⟩

H2
ion.

Dissociation:

SdissH2
=−0.5× SdissH = nH2ne⟨σv⟩

H2
diss,

Fdiss
H2

=−Fdiss
H = mH2VH2nH2ne⟨σv⟩

H2
diss,

Ediss
H2

=−Ediss
H =

3
2
TH2nH2ne⟨σv⟩

H2
diss and

Rdiss
e = 4.25eV× nH2ne⟨σv⟩

H2
diss,

where 4.25 eV is the bind energy of a hydrogen molecule.
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Molecular charge exchange:

The momentum and energy of H2 transfer to H2
+, while the

momentum and energy of H+ transfer to H

SCXH2
= SCXH+ =−SCXH2

+ =−SCXH = nH2nH+⟨σv⟩H2
CX

FCX
H2

=−FCX
H2

+ = mH2VH2nH2nH+⟨σv⟩H2
CX

FCX
H+ =−FCX

H = mH+VH+nH2nH+⟨σv⟩H2
CX

ECX
H+ =−ECX

H =
3
2
TH+nH2nH+⟨σv⟩H2

CX+

ECX
H2

=−ECX
H2

+ =
3
2
TH2nH2nH+⟨σv⟩H2

CX.

Dissociative excitation (DE):

SDEH2
+ =−SDEH+ =−SDEH = nH2

+ne ⟨σv⟩H2
+

DE ,

FDE
H2

+ =−2×FDE
H+ =−2×FDE

H = mH2
+VH2

+nH2
+ne ⟨σv⟩H2

+

DE

and EDE
H2

+ =−2×EDE
H+ =−2×EDE

H

=
3
2
TH2

+nH2
+ne ⟨σv⟩H2

+

DE .

Dissociative ionisation (DI):

SDIH2
+ =−0.5× SDIH+ = nH2

+ne⟨σv⟩H2
+

DI ,

FDI
H2

+ =−FDI
H+ = mH2

+VH2
+nH2

+ne⟨σv⟩H2
+

DI and

EDI
H2

+ =−EDI
H+ =

3
2
TH2

+nH2
+ne⟨σv⟩H2

+

DI .

Dissociative recombination (DR):

SDRH2
+ =−0.5× SDRH = nH2

+ne⟨σv⟩H2
+

DR ,

FDR
H2

+ =−FDR
H = mH2

+VH2
+nH2

+ne⟨σv⟩H2
+

DR and

EDR
H2

+ =−EDR
H =

3
2
TH2

+nH2
+ne⟨σv⟩H2

+

DR .

Molecular activated recombination (MAR) via H−:

SMAR
H2

= SMAR
H+ =−1

3
SMAR
H = nH2ne⟨σv⟩

H2
MAR

FMAR
H2

= mH2VH2nH2ne⟨σv⟩
H2
MAR

FMAR
H+ = mH+VH+nH2ne⟨σv⟩

H2
MAR

FMAR
H =−mH2VH2nH2ne⟨σv⟩

H2
MAR −mH+VH+nH2ne⟨σv⟩

H2
MAR

EMAR
H2

=
3
2
TH2nH2ne⟨σv⟩

H2
MAR

EMAR
H+ =

3
2
TH+nH2ne⟨σv⟩

H2
MAR

EMAR
H =−EMAR

H2
−EMAR

H+ =−3
2
TH2nH2ne⟨σv⟩

H2
MAR

− 3
2
TH+nH2ne⟨σv⟩

H2
MAR.

The energy sink of plasma caused by hydrogen excitation
radiation is given by equation (8) in section 2.2.

The rate coefficients in Hydhel databases

Figure 13 shows the rate coefficients calculated by using
Hydhel databases [31], which is a collection of reaction cross-
sections and rate coefficients for hydrogen-helium plasmas.
As mentioned in section 3.1, the main difference is that the
rate coefficients of Hydhel do not depend on electron dens-
ity, while rate coefficients depend on both electron temper-
ature and plasma density. An error will inevitably appear if
the Hydhel database is applied to study divertor physics, par-
ticular detachment where the range of plasma density can be
large. With the increase of electron density in figure 1, spe-
cifically, the rate coefficient greatly enhances at lower tem-
peratures (e.g. Te < 5eV), while no such change occurs in
figure 13(a). Thus, it may contribute a significant error to
the hydrogen atom and plasma ion densities. Another cru-
cial difference is that the rate coefficients of molecular charge
exchange and dissociation in figure 13(b) are about 1 order
smaller than the results shown in figure 2 at Te < 10eV. It will
largely reduce the molecule sink in simulations, and there-
fore narrows the source of charged molecule H2

+. The dis-
sociative excitation rate coefficient from Amjuel includes the
component e+H2

+ → H* +H→ H+ +H, while the disso-
ciative excitation rate coefficient from Hydhel consider e+
H2

+ → e+H2
+ * → H+ +H [20, 31]. H* and H2

+* repres-
ent the excited atom and vibrational excited molecule. As
discussed in section 3.2, 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.

13
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Figure 13. The rate coefficients of collisional reactions related to (a) hydrogen atom H, (b) molecule H2 and (c) charged molecule H2
+,

calculated by data from [31].

ORCID iDs

Yulin Zhou https://orcid.org/0000-0002-4044-420X
Benjamin Dudson https://orcid.org/0000-0002-0094-4867
Fulvio Militello https://orcid.org/0000-0002-8034-4756
Kevin Verhaegh https://orcid.org/0000-0002-0500-2764
Omkar Myatra https://orcid.org/0000-0002-1469-2429

References

[1] Kallenbach A, Bernert M, Dux R, Reimold F and
Wischmeier M (ASDEX Upgrade Team) 2016 Plasma
Phys. Control. Fusion 58 045013

[2] Stangeby P C 2018 Plasma Phys. Control. Fusion
60 044022

[3] Kunze H J 2009 Introduction to Plasma Spectroscopy
vol 56 (Berlin: Springer) (https://doi.org/10.1007/978-
3-642-02233-3)

[4] Bernert M et al 2017 Nucl. Mater. Energy 12 111–8
[5] Krasheninnikov S I, Pigarov A Y and Sigmar D J 1996 Phys.

Lett. A 214 285
[6] Krasheninnikov S I, Kukushkin A S and Pshenov A A 2016

Phys. Plasmas 23 055602
[7] Moulton D, Harrison J, Lipschultz B and Coster D 2017

Plasma Phys. Control. Fusion 59 065011
[8] Paradela Pérez I, Scarabosio A, Groth M, Wischmeier M and

Reimold F ASDEX Upgrade Team 2017 Nucl. Mater.
Energy 12 181–6

[9] Bykov I et al 2020 Phys. Scr. 171 014058

[10] Zhang C, Sang C F, Wang L, Chang M, Liu D and Wang D
2019 Plasma Phys. Control. Fusion 61 115013

[11] Verhaegh K et al 2021 Nucl. Fusion 61 106014
[12] Du H L, Sang C F, Wang L, Bonnin X, Guo H Y, Sun J Z and

Wang D Z 2016 Plasma Phys. Control. Fusion 58 085006
[13] Groth M et al 2019 Nucl. Mater. Energy 19 211–7
[14] Bufferand H et al 2015 Nucl. Fusion 55 053025
[15] Krasheninnikov S I and Kukushkin A S 2017 J. Plasma Phys.

83 155830501
[16] Dudson B, Allen J, Body T, Chapman B, Lau C, Townley L,

Moulton D, Harrison J and Lipschultz B 2019 Plasma Phys.
Control. Fusion 61 065008

[17] Nakamura M, Togo S, Ito M and Ogawa Y 2011 J. Plasma
Fusion Res. 6 2403098

[18] Togo S, Nakamura M, Ogawa Y, Shimizu K, Takizuka T and
Hoshino K 2013 J. Plasma Fusion Res. 8 2403096
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