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Two sets of pure deuterium plasmas are simulated using UEDGE, one including
atoms and molecules and the other including atoms only as separate fluid species.
Simulation results in one and two dimensions are reported to assess the role of
molecules in tokamak plasmas. It is shown that thermal coupling of the molecules to
the plasma can be relevant for the onset of detachment under highly collisional condi-
tions in simple geometries, but play a modest role at low collisionality. Ion-molecule
equipartition presents an additional ion energy loss channel, dissipating ion energy
that would otherwise heat the electrons by equipartition. The resulting reduced elec-
tron temperature increases the ion-electron recombination by an order of magnitude
as the plasma density is increased, yielding earlier and deeper detachment.
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1 INTRODUCTION

Operation with detached divertor plasmas is a promising operational mode for future fusion reactors as the total plasma particle
flux incident on the target (Γt) decreases with increasing scrape-off layer (SOL) density. Subsequently, the plasma heat fluxes to
the targets decrease, preserving the structural integrity of the plasma-facing components. This Γt-rollover occurs as a result of
volumetric recombination, plasma momentum removal, and radiative power dissipation. The radiative and three-body recom-
bination rates increase strongly with decreasing electron temperature in the sub-eV range [1]. However, onset of detachment
is experimentally observed to occur at plasma temperatures of ∼ 3 eV [2]. At such temperatures, molecular processes, which
may enhance the volumetric recombination rates, plasma momentum removal and power dissipation, become relevant [3]. Thus,
molecular processes may play a role in the experimentally observed onset of detachment. Additionally, atoms and molecules
carry thermal, kinetic and binding energy to the targets which may result in significant target energy fluxes owing to high atomic
and molecular densities close to the targets typically associated with detached conditions.
Kinetic Monte-Carlo codes, such as EIRENE [4] and DEGAS2 [5], are capable of modeling atomic and molecular transport

and processes using collisional-radiative models on a plasma background. These codes are well-suited for modeling linear
processes, such as neutral transport when the neutral mean-free paths (�mfp) are comparable to the divertor characteristic size
(Ldiv). However, when �mfp∕Ldiv ≪ 1, which is the case under detached conditions, neutral-neutral interaction results in non-
linear processes. Under such conditions, kinetic Monte-Carlo codes require a moment approximation of the neutrals obtained
from multiple iterations in order to approach steady-state atomic and molecular densities and temperatures on a fixed plasma
background.
Conversely, fluid models are well-suited for modeling collisional processes (�mfp∕Ldiv ≪ 1) and often achieve numerical

convergence rapidly, but the basic assumptions of the fluid model is violated at low collisionalities (�mfp∕Ldiv ≳ 1). However,
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low collisionalities are typically associated with high plasma temperatures and low atomic and molecular densities, owing to
high dissociation and ionization rates. Thus, under attached plasma conditions precise profiles of atoms and molecules are
expected to have a small effect on the plasma state and a fluid approximation of atoms and molecules is justifiable. Here,
�mfp,j = vtℎ,j∕�jk, where vtℎ,j is the thermal velocity of the neutral species j, �jk = Kel,jknk, n the density, and Kel,jk is the
elastic scattering rate coefficient of species j with k. For deuterium atoms and molecules �mfp,a ≈ 1 ⋅ 1019 m−2eV−1∕2 ⋅

√

Ta∕na
and �mfp,m ≈ 7 ⋅ 1018 m−2eV−1∕2 ⋅

√

Tm∕nm, respectively, where T is the temperature, Kel = 5 ⋅ 10−16 m3s−1 is assumed, and
subscripts a and m refers to the atoms and molecules, respectively.
Previously, UEDGEmodeled a diffusive molecular fluid with a user-defined, time-independent, spatial molecular temperature

profile. Simulations using this model were not self-consistent with respect to energy as thermal equipartition between molecules
and ions and atoms was not considered [6]. This work includes thermal coupling between the deuterium species, yielding a
self-consistent solution with respect to energy.

2 THE FLUID MOLECULAR MODEL IN UEDGE

Compared to atomic processes, molecular processes are complicated to model, owing to their electronic, vibrational, and rota-
tional degrees of freedom. Self-consistent models of molecules in fusion plasmas requires collisional-radiative modeling of the
molecular reactions [3,7,8]: such models must be formulated carefully, and may require multiple molecular species [9].
The model implemented in this work is a simple fluid molecular model and, as such, only aims to capture first order effects

of molecules on the plasma state. For this purpose, the molecules are modeled as a diffusive, neutral gas at their electronic,
vibrational, and rotational ground state. Thus, molecular reaction chains involving negative ions and ionic molecules, commonly
referred to as molecular-assisted ionization, dissociation, and recombination, which may play a role in plasma detachment [3,8]
are not considered. The sole molecular dissociation process considered is electron-impact dissociation into two atoms, which is
the dominant dissociation process involving only molecules, atoms, and plasma. The rates of reactions involving negative ions
and ionic molecules, which are not modeled in this work, may become significant at the low and high temperature limits, but
require a collisional-radiative model which has not yet been implemented into UEDGE. Here, the dissociation energy (4.6 eV)
is extracted from the electron fluid, and distributed evenly between the products as their initial energy. When molecules are not
included as a separate fluid species UEDGE includes dissociative energy losses implicitly by removing the dissociation energy
from the electrons at the same location as ionization of atoms [10].
The full continuity (1), momentum (2), and energy (3) equations for molecules, before some simplifications described below,

are:
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Here, P , v̄, and m refer to the pressure, velocity, and mass, respectively and subscripts i and e to the ions and electrons,
respectively. The dissociation, elastic scattering, and equipartition rates are �diss = ne⟨�v⟩diss(Te), �el,jk = nkKel,jk, and �eqp =
Kel,mana +Kel,mini, respectively. The UEDGE fluid atom assumption of ion-atom charge-exchange reactions sufficiently strong
for Ta = Ti has been used for the equipartition rate [10]. In equations 2 and 3, �m is the viscosity coefficient, and �m = nm�m the
thermal conductivity of the molecules, where �m = Tm∕

∑

k∈{i,a,m} mm�el,mk.
The UEDGE molecular model presented here assumes subsonic molecular velocities, allowing equations 2 and 3 to be

simplified. Equations 2 and 1 can be solved for vm, resulting in diffusive molecular transport:

vm = −
∇Pm

mmnm
(

�el,mi + �el,ma
) . (4)

Here, the molecular momentum has not yet been coupled to the ion and atom momentum equations, resulting in equation 4.
The assumption allows the RHS of equation 3 to be solved as − 3

2
nm�eqp

(

Tm − Ti
)

− 3
2
nm�dissTm, and the corresponding sink and

source terms are considered in the ion and atom equations.
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The molecular fluxes are limited to the free-streaming fluxes by scaling the transport coefficients by the factor (1 +
|q∕qfs|2)−1∕2, where q is the flux and qfs = nkvk,tℎQk the corresponding free-streaming flux, vk,tℎ =

√

Tke∕2mk, and Qk the
limited quantity. The model considers constant elastic scattering coefficients, Kel,mk = 5 ⋅ 10−16 m3s−1, k ∈ {i, a, m}. Dirich-
let boundary conditions, Tm = 0.04 eV, are prescribed at the walls and targets. All ion and atom fluxes incident on the targets
and walls are recycled as molecules, prescribing the boundary conditions for the continuity equation while also acting as the
sole molecular source in the simulations: recycling of incident fluxes predominantly as molecules is characteristic of carbon
devices [11].

3 ONE-DIMENSIONAL SIMULATIONS

One-dimensional (1D) simulations were performed on a single, 1 m long, isolated flux-tube with upstream symmetry boundary
conditions for deuterium plasmas. A 10 kW ion and 20 kW electron Gaussian heat source with poloidal half-width of 20 cm
are centered at the upstream boundary. The plasma (electron and ion) density is controlled by prescribing a constant density
at the inner boundary of the flux tube upstream of the X-point. This density is taken as the independent parameter for the
simulations and is assumed representative of the neutral collisionality. TheX-point is located 62.5 cm from the target plate, with
16 cells poloidally upstream and 96 downstream, concentrated in front of the target. The poloidal and toroidal magnetic fields
are assumed constant: B� = 0.3 T and B� = 5 T, respectively. The simulations were evolved time-dependently at increasing
time-step, until steady-state is achieved with residuals 10−8 below their initial values.
To assess the impact of molecules on detachment, UEDGE simulations were performed with atoms and molecules included as

separate species (atom-molecule simulations) and with atoms as the sole neutral species (atom-only simulations). For the atom-
molecule simulations, 50% of the one-sided Maxwellian atom flux incident on the target is recycled as molecules, the remainder
being reflected, and 0.5% of the atom and ion fluxes incident at the target fluxes is removed. For the atom-only simulations,
the particle removal rates were adjusted so that the fraction of particles removed corresponds to that of the atom-molecule
simulations under conduction-limited conditions. The resulting rates for the atom-only simulations are 0.05% pumping of the
one-sided Maxwellian atom flux incident on the target and 0.1% removal of the ion flux incident at the target, the remainder
being recycled as atoms.
For the conduction-limited case, the plasma and atom densities of the atom-molecule simulations are lower than for the atom-

only simulations within 3% of the poloidal distance from the target to theX-point ([x−xt]∕xXpt ≲ 0.03) due to a longer plasma
recycling chain (Fig. 1 d). For the atom-only simulations, the recycled atoms are ionized within a short distance of the targets,
owing to high Te (Fig. 1 a). In the atom-molecule simulations, the particles are recycled as molecules, introducing volumetric
dissociation that limits the atom content in the domain, yielding lower atom densities compared to the atom-only simulations
(Fig. 1 d). The reduced atom density results in a weaker ionization source and radiation sink (Fig. 2 c), yielding lower plasma
density (ne,i) and higher Te for the atom-molecule simulations compared to the atom-only simulations (Fig. 1 a and d). The
lower plasma density yields weaker electron-ion (e-i) thermal equilibration (Peqp,i→e ∝ neniT

−3∕2
e [Ti − Te]), resulting in thermal

decoupling of the ions and electrons (Fig. 2 c). The high molecular densities close to the targets (Fig. 1 d), due to target
recycling as molecules, results in ion-molecule (i-m) equipartition, cooling the ions and heating the molecules (Fig. 2 c). The
local Tm > Te,i observed (Fig. 2 a and b) is a numerical artifact due conservation of molecular pressure and strong dissociation
sinks upstream, reducing the molecular densities to the order of the background density (1012 m−3) imposed to prevent negative
gas densities during the evolution to steady state.
At detachment onset, thermal coupling to the molecular fluid results in lower Te,i for the atom-molecule simulations compared

to the atom-only simulations for (x − xt)∕xXpt ≲ 0.15 (Fig. 1 b). As the collisionality increases, the target fluxes increase,
yielding higher nm and ne,i at the targets (Fig. 1 e). The increased densities result in stronger e-i equipartition (Fig. 2 c) and
thermal plasma equilibration close to the targets (Fig. 1 b). Ion-molecule equipartition heats the molecules, decreases Ti and,
subsequently, decreases Te due to strong thermal coupling.
As the collisionality is further increased, i-m equipartition cools the ions to sub-eV temperatures, resulting in Te < 1 eV due

to strong thermal electron-ion coupling for (x− xt)∕xXpt ≲ 0.5, which is not observed for the atom-only simulations (Fig. 1 c).
Increased target molecular and atom densities (Fig. 1 f) results in stronger electron energy sinks due to increasing radiative and
dissociative losses (Fig. 2 c), as well as strong m-i equipartition (Fig. 1 c).
Ion-molecule equipartition results in a Γt-rollover, indicative of plasma detachment, which does not occur for the atom-

only simulations (Fig. 2 a). The high molecular densities in the high-recycling regime (Fig. 1 e and f) results in a strong
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FIGURE 1 Temperature (a–c) and density (e–f) profiles for the 1D atom-only (red) and atom-molecule (black) simulations.
The ion ( ), electron ( ), atom ( ), and molecule ( ) profiles are shown as a function of poloidal distance from
the target ([x − xt]∕xXpt = 0) normalized to the X-point location ([x − xt]∕xXpt = 1) on logarithmic axes. Here, Ta = Ti
due to UEDGE using a mean temperature of the combined ion and atom energy equations and ne = ni as no impurity species
are considered. The profiles are shown for core densities ncore = 2.5 ⋅ 1019 m−3 (a,d), 5.0 ⋅ 1019 m−3 (b,e), and 7.0 ⋅ 1019 (c,f),
representing the conduction-limited regime, detachment onset, and deep detachment, respectively, marked in Figure 2 . The 1D
grid is represented by crosses in b.

i-m equipartition energy sink for the ions (Fig. 2 c), reducing Ti to the sub-eV range. The e-i thermal coupling is sufficiently
strong for Te ≈ Ti < 1 eV, resulting in higher recombination rates [1] and an increase in volumetric recombination source by
up to two orders of magnitude compared to the atom-only cases (Fig. 2 b). The increased recombination source causes the
observed Γt-rollover, and na > ni,e for (x − xt)∕xXpt ≲ 0.5 (Fig. 1 f). Subsequently, the hydrogen radiation and volumetric
power dissipation increases (Fig. 2 c), further decreasing Te in this region (Fig. 1 c). The decreased electron temperatures
results in decreased dissociation and ionization rates, yielding increasing atom and plasma densities. This positive feedback
results in plasma detachment over a range of ncore = 5 − 7 ⋅ 1019 m−3. The plasma power is primarily exhausted radiatively,
while the dissociative and i-m equipartition losses present a conduit for reducing Te below 1 eV, where recombination becomes
significant. The atom-only Γt-profile (Fig. 2 a) corresponds well to the ionization profile (Fig. 2 b): the ionization sink reduces
Te sufficiently to decrease the ionization rates, and thus electron ionization losses, but e-i equipartition maintains Te ≳ 1 eV,
where the recombination rates are insufficient for detachment to occur.

4 SIMULATIONS FOR A TWO-DIMENSIONAL SLAB

A two-dimensional (2D) slab geometry is used to assess the impact of molecules on detachment in more realistic geometries.
The slab is 3 m in the poloidal direction, with theX-point located 1 m poloidally from the target. The inner boundary is located
1 cm radially inside the separatrix, with the core region being isolated from the private-flux region (PFR) at the X-point. The
outer boundary is located 5 cm radially outside the separatrix and the slab extends 1 m in the third dimension perpendicular to
the poloidal and radial directions. The slab has 12 and 32 cells poloidally above and below theX-point, respectively, 6 flux tubes
in the core/PFR, and 12 in the common SOL, concentrated around the separatrix and target. The poloidal and toroidal magnetic
fields are assumed constant: B� = 0.2 T and B� = 2 T, respectively.
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FIGURE 2 Total target ion flux (a) and particle (b) and power (c) sinks and sources for the 1D atom-only (red) and atom-
molecule (black) simulations. Here, the total ion target flux (Γt ), ionization (Sioniz ), recombination (Srec ), and
dissociation sources (Sdiss ), as well as the e-i (Pi→e ) and i-m ( Pi→m ) equipartition, dissociation (Pdiss ),
and radiation (Prad ) sinks and sources as a function of ncore. Here, Pi→e and Pi→m are the thermal energy transferred from
the ions to the electrons molecules, respectively, and where the unit Aeq corresponds to the particle fluxes and sinks/sources
multiplied by the electron charge for brevity of presentation and comparison to probe measurements. The S and P profiles are
integrated from the target to theX-point, the ionization losses are scaled by a factor 2 for brevity of presentation, and the profiles
shown in Figure 1 are marked by vertical lines.

FIGURE 3 Total target ion flux (a) and particle (b) and power (c) sinks and sources for the 2D atom-only (red) and atom-
molecule (black) simulations, as described for Figure 2 . The S and P profiles integrated over the divertor volume, the vertical
lines represent the profiles shown in Figure 4 , and the transparent line segments mark the discontinuous transition from
conduction-limited to detached conditions.

Symmetry boundary conditions are prescribed at the upstream location, with radial gradient scale-length boundary conditions
for the plasma temperatures (�T ,⟂ = T ∕|∇⟂T | = 10 cm) at the inner and outer walls. A zero derivative in the radial direction
is prescribed for the plasma density at the PFR boundary, and a radial gradient scale-length boundary condition at the outer
wall, �n,⟂ = 3 cm. The power crossing the core boundary is 50 kW, split equally between the ions and electrons. The molecular
and atomic one-sided Maxwellian fluxes incident on the core boundary are removed at a 50% rate. As for the 1D simulations,
the plasma density is controlled by prescribing a constant density at the core boundary, taken as the independent parameter and
representative of the SOL collisionality. The simulations were performed for steady-state plasmas, as described above.
For the atom-molecule simulations, 1% of the ion and atom fluxes incident on the targets are removed, the remainder being

recycled as molecules. At the targets and walls, 50% of the one-sided Maxwellian atom flux incident on the targets and walls is
recycled as molecules, the remainder being reflected. The corresponding particle removal rates for the atom-only simulations
were determined bymatching the particle removal rates under conduction-limited conditions: 1% of the incident ions are recycled
as atoms and the one-sided Maxwellian atom flux incident on the walls and targets is reflected.
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FIGURE 4 Molecular temperature (a,d), molecular-to-ion temperature ratio (b,e), and density (c,f) contours for ncore = 1.0 ⋅
1020 m−3 (a–c) and 1.3 ⋅1020 m−3 (d–f). The separatrix, PFR/core boundary, and outer wall are located atR = 0 cm,R = −1 cm,
and 5 cm, respectively. The target is located at x − xt = 0 m and the X-point at x − xt = 1 m. The portion of the core shown is
representative of the conditions further upstream.

The slab simulations support the observations regarding the impact of molecules on detachment made in the 1D simulations:
a Γt-rollover is observed for the atom-molecule simulations, which is not observed for the atom-only simulations (Fig. 3 a).
The observed discontinuous transition from conduction-limited to detached conditions is due to the same positive feedback
discussed for 1D simulations (Fig. 2 and 3 ): i-m equipartition decreases Ti, resulting in a smaller electron heat source due to
e-i equipartition (Fig. 3 c). In fact, the i-m equipartition becomes the dominant plasma loss process, cooling the ions so that
Ti < Te, resulting in e-i equipartition becoming an electron energy sink (Fig. 3 c). The increased role of i-m equipartition is
attributed to the large volume available for volumetric process, compared to the 1D simulations. The resulting, low electron
temperatures yield a high recombination source comparable to the ionization source (Fig. 3 b) and increased radiative losses
(Fig. 3 c), further decreasing Te.
Under conduction-limited conditions the impact of molecules is expected to be small, as the molecular densities decrease

rapidly within a short distance upstream of the target due to high Te and ne, resulting in strong dissociation (Fig. 4 c). Radially
away from the separatrix, the nm increases due to Te,i and ne,i. The molecules are heated close to the separatrix and in the core
region due to high Ti (Fig. 4 a), but the low nm result in weak i-m equipartition and Tm ≪ Ti (Fig. 4 b).
As the plasma detaches, the dissociation front moves upstream from the target, similar to the ionization front, creating a region

of high molecular density between the targets and the dissociation front, where Te is too small to cause substantial dissociation
(Fig. 4 f). The high molecular densities result in strong i-m equipartition (Tm ≈ Ti) (Fig. 4 e). However, Ti and Te are low due
to the high radiative losses (Fig. 3 d), resulting in Tm ≈ 1 eV (Fig. 4 d).

5 CONCLUSIONS AND FUTURE WORK

Including molecules as a diffusive fluid species is shown to facilitate detachment for UEDGE simulations in both one-
dimensional and two-dimensional (slab) geometries. Ion-molecule equipartition becomes a conduit for ion energy removal,
reducing the energy available for electron-ion equipartition. Subsequently, the electron temperature is decreased, increasing the
recombination source by an order of magnitude, compared to when only atoms were included, resulting in increased radiative
losses. The transition from conduction-limited to detached conditions appears discontinuous for the two-dimensional simula-
tions, which is due to positive feedback for the electron energy sinks. Low grid resolution may contribute to the discontinuous
transition; increasing the resolution might better resolve the transition.
The ion-molecule equipartition is linearly dependent on the elastic scattering rates: introducing temperature-dependent rates

may affect the role of molecules in detachment, and might better resolve the transition from conduction-limited to detached
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conditions. Including the previously omitted v̄m-dependent terms into the energy equation may also affect ion-molecule equipar-
tition. Additionally, considering ion-molecule and atom-molecule momentum losses is likely to affect the role of molecules in
the onset of detachment. The molecular model needs to be extended to include the molecular binding energy, which is carried by
dissociated atoms and carry energy fluxes to the target. Rotational and vibrational activation of the molecules, which enhances
the ionization, recombination, and dissociation rates via molecule-assisted processes are also expected to impact the plasma
state.
UEDGE predicts the inclusion of molecules as a separate fluid species to play a modest role in low-collisionality plasmas due

to their low densities, but molecular processes become relevant for onset of detachment as the collisionality increases. This effect
is pronounced in the two-dimensional simulations, but the one-dimensional simulations produce more disparate predictions for
the atom-only and the atom-molecule simulations. This disparity is due to the strong dependency of the solution on the radial
boundary conditions, and needs to be further investigated. The effect of molecules on the plasma solution is expected to increase
non-linearly with decreasing electron temperature, or increasing X-point density, since the dissociation rate considered in the
molecular model is strongly non-linear for electron temperatures below a few eV. The electron temperature at which molecular
processes become relevant is dependent on themolecular processes included in themodel, which are typically strongly non-linear
functions of the temperature of the reactants.
The UEDGE molecular model needs to be verified against kinetic molecular simulations to assess whether the fluid depiction

of molecules is accurate for the operating space where molecular processes influence the plasma state. The difference in molecu-
lar energy and density between the fluid and kinetic description of molecules will be assessed by comparing UEDGE predictions
to molecular EIRENE simulations in a slab geometry on a UEDGE background plasma. The merit of the fluid approximation
of the molecules will be evaluated in the context of molecular self-collisionality and statistical distribution to assess the validity
of the underlying assumptions of the fluid model.
Additionally, the UEDGE simulations need to be extended to full tokamak geometries, including intrinsic impurities and drift

effects, to assess the effect of molecules relative to other processes. UEDGE simulations of DIII–D plasmas will be compared to
fluid-neutral EDGE2D-EIRENE simulations and experimental DIII–Dmolecular measurements to accurately assess the validity
of the implemented fluid molecular model and the role of molecules in tokamak plasmas.
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