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Abstract. Detachment is achieved in Magnum-PSI by increasing the neutral
background pressure in the target chamber using gas puffing. The plasma is
studied using the B2.5 multi fluid plasma code B2.5 coupled with Eunomia,
a Monte Carlo solver for neutral species. This study focuses on the effect
of increasing neutral background pressure to the plasma volumetric loss of
particle, momentum and energy. The plasma particle and energy loss almost
linearly scale with the increase of neutral background pressure, while the
momentum loss does not scale as strongly. Plasma recombination processes
include molecular activated recombination (MAR), dissociative attachment, and
atomic recombination. Atomic recombination, which includes radiative and
three-body recombination, is the most relevant plasma process in reducing the
particle flux and, consequently, the heat flux to the target. The low temperature
where atomic recombination becomes dominant is achieved by plasma cooling
via elastic HT-Hs collisions. The transport of vibrationally excited Ha molecules
out of the plasma serves as an additional electron cooling channel with relatively
small contribution. Additionally, the transport of highly vibrational Ho has a
significant impact in reducing the effective MAR and dissociative attachment
collision rates and should be considered properly. The relevancy of MAR and
atomic recombination occupy separate electron temperature regimes, respectively,
at Te = 1.5 eV and T, = 0.3 eV, with dissociative attachment being relevant in
the intermediary. Plasma cooling via elastic HT-Hy collisions is effective at T < 1
eV.

Keywords:linear plasma device, detachment, fluid-kinetic code, plasma-neutral
interaction
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1. Introduction

The discovery of plasma detachment in the past [1]
has led to extensive research in understanding the
mechanism that may prevent the destruction of plasma
facing materials in future tokamak reactors. Several
recent reviews of detachment studies in tokamak
[2,13] and linear plasma devices [4] highlighted the
importance of volumetric losses in reducing the particle
and heat flux in the divertor plasma region. One of
them is the process of plasma recombination, which
effectively transports the plasma particles and energy
through the recombined neutral particles that are not
confined by the magnetic field. Thus, the energy
will be deposited in a larger surface area. Plasma
recombination is achieved via radiative and three-
body recombination at low temperatures (<1 eV) and
mediated via the molecular activated recombination
(MAR) process at higher temperatures (> 1 eV).
For either of these two processes to be relevant, a
significant drop of plasma temperature must occur
before the plasma reaches the target material. This
drop is driven by the loss of plasma parallel momentum
and energy through plasma-neutral interaction, via
charge exchange, elastic collision (atomic or molecular)
or radiative processes. Numerical codes are often used
to investigate the contribution of these three main
processes, recombination, momentum, and radiative
losses [bH11|, while at the same time rely on the correct
inclusion of such processes in the code. A validation
between such codes and experimental measurement in
linear plasma devices can provide more insight into the
actual processes involved in the more complex tokamak
plasmas, given that the relevant plasma parameters
can be achieved. The detailed modelling of processes
involved in plasma detachment is rather limited in
linear plasma devices. A recent modelling study using
the LINDA code in GAMMA10/PDX [12] showed a
reduction in electron temperature due to injection of
H neutrals. However, processes involving hydrogen
molecules such as molecular activated recombination
(MAR) was not yet included. Another study
used SOLEDGE2D-EIRENE and comparison with
experimental data to investigate plasma detachment
in Pilot-PST [13], highlighting the importance of
ion-molecule elastic collision in determining the ion
flux reaching the target. However, the simulation
overestimated the measured electron temperature and
the absence of vibrational excitation of the hydrogen

molecules were suspected to be the cause.

Investigations into detachment properties were
recently conducted [14] using the linear plasma device
Magnum-PST [15]. Magnum-PSI produces plasma
beams with temperatures below 5 eV, similar to
tokamak plasma conditions in front of the target in
(partially) detached divertor regime. Detachment in
Magnum-PSI is achieved by increasing the neutral
gas pressure in the target chamber. H-a emission
from the plasma is very localized at the target in
the case of very low neutral gas pressures. As the
neutral pressure increases, more of the plasma volume
is emitting light, and eventually the volume is visibly
moving away from the target. The plasma parameters
observed using Thomson scattering (TS) during this
transition have been simulated using the coupled
plasma and neutral particle code B2.5 [16]-Eunomia
[17] and reported in [18]. B2.5-Eunomia includes
molecular hydrogen processes in vibrationally excited
states and treats vibrationally excited Ho molecules as
test particles. The increase of neutral gas pressure
in the target chamber is achieved by gas puffing.
The simulation parameters are adjusted such that
the resulting plasma parameters are matched as close
as possible with Thomson scattering measurements
when there is no gas puffing. Gas puffing is then
introduced in the simulation to increase the neutral
pressure in the target chamber, while keeping all
other simulation parameters unchanged. The electron
temperature and density in the target chamber are
compared to TS measurements in the same location
and gas pressure value. Quantitative agreements are
found in the comparisons of electron temperatures,
which are the sensitive parameter that dictates the
collision processes between the plasma and neutral gas
[18]. The increase of gas pressure in the target chamber
has been observed to reduce the heat and particle flux
reaching the tungsten disc target, and this behaviour
was qualitatively replicated in the simulation.

This paper is a companion paper of |1§], together
giving a description and analysis of detachment
experiments in Magnum-PSI. While [18] described the
detachment experiments and simulations in terms of
plasma and gas parameters, the present paper focuses
on the collisional processes that cause both the change
of H-a emission volume and the reduction of target
fluxes in the transition to a detached state. This
paper is structured as follows: first, an overview of
the code B2.5-Eunomia is discussed in section 2l The
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global particle, momentum and energy balance of the
simulation results are discussed in section Bl The
detailed discussion of collisional processes affecting
detachment characteristics is in sectiondl The effect of
vibrational hydrogen molecule transport to the plasma
particle balance is discussed in section [5} And finally,
the relevance of collisional processes in different plasma
regimes is discussed in section [fl The conclusion and
outlook of this paper are presented in section

2. B2.5-Eunomia

2.1. Description

A Dbrief description of B2.5-Eunomia will be provided
here to help elucidate the results presented in this
paper. For a more detailed explanation of the code,
we recommend reading the cited sources for each code.
B2.5 |16] is a multi-fluid plasma code that solves
the conservation equations of particle, momentum
and energy derived by Braginskii [19] in two spatial
dimensions. These equations, in steady state, can be
written as follows [16]:

V. (anl) =5 (1)
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where is the particle balance for ions, is the
particle balance for electrons, is the ion momentum
balance, is the generalized Ohm’s law, and
@ are, respectively, the energy balance for ions and
electrons. The B2.5 simulation grid is defined using
the cylindrical coordinate system with axisymmetry in
the ¢ direction. The magnetic field is parallel to the
Z direction and perpendicular to the R direction. We
can define the positive direction of plasma flow, Vi, as
going from upstream to downstream in the Z direction,
and as going from the center of the plasma beam to the
edge in the R direction.

Eunomia [17] is a non-linear Monte Carlo code
for neutral particles that solves the equilibrium
state of the neutrals as well as source terms for
fluid plasma calculations. Neutral test-particles are

(6)

emitted from known neutral sources and during their
trajectories a collision partner is drawn from a local
shifted Maxwellian plasma background accounting the
plasma flow velocity supplied by B2.5. The averaged
accumulated collisions with this partner will result
in the source terms in - @, specifically the
Si, Se; Sm;vi, SE, and Sg,, that is supplied back to B2.5
for calculations of the next time step. This coupling
process is repeated until equilibrium is reached. For
the modelling of Magnum-PSI detachment experiments
[20,[21], the list of collisions that are implemented for
the results of this paper is presented in table

Table 1: Collision lists used in the Eunomia code. The
databases used are HYDHEL [22], AMJUEL |23], and
H2VIBR [24], with the respective reaction numbers
stated. For collisions between neutral particles the
cross-section are calculated using the Lennard-Jones
potential of the atom or molecule [25]. Spontaneous
means the process occurs simultaneously when the
ionic reactant is produced by another process.

Nr.  Collision formula Database ref.
1 H+ e — Ht + 2e~ [22] 2.1.5

2 H+e - H*(n=2)+e" 122] 2.1.1

3 H+HT - HT + H [22] 3.1.8

4 H + H — elastic 125

5 H + Hy — elastic 125]

6 Ho + Ha — elastic 125

7 H + HT — elastic [23] 0.1T

8 Hy + Ht — elastic 23] 0.3T

9 H* + e~ - H 23] 2.1.8

10 HT 4 Hao(v=0-14) - H + Hf [24] 2.12

11 H;r +e — H+ H* Spontaneous
12 Hy(w=i)+e —Hy(v=1i+1)+e [24 2iv(i+1)
13 Ho(v=14)+e” - Ho(v=19—1) + e~ [24] 2.iv(i-1)
14 Hy(v=0-14) + e~ — H + H~ [24] 2.3

15 H- + Ht - H + H* Spontaneous
16 Hy(v=0-14)+e~ > H+H+e~  [24 211

2.2. Simulations of Magnum-PSI detachment
experiments

The detached plasma condition was experimentally
investigated in Magnum-PSI by locally increasing the
neutral gas pressure near the target [14}20]. The
experiments are done using two different plasma source
settings. When the electron density and temperature
profiles are measured using T'S near the target location,
their peak values correspond to two different plasma
regimes. The first experiment, where n, = 10?° m—3
and T, = 4 €V, is labeled the low density case. The
second experiment, where n, = 5-102° m=3 and T, = 1
eV, is labeled the high density case. For both of
these experiments, while the source settings remained
fixed, gas puffing is used in the target chamber to
increase the local neutral pressure, p,. The electron
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temperature near the target is observed to decline with
increasing neutral pressure. There is also evidence of
reduction in heat flux to the target with increasing p,
measured with calorimetry. Using B2.5-Eunomia, the
plasma profiles in both experiments during zero gas
puffing are replicated using the limited information
available from the experiment to constrain the input
parameters of B2.5 and Eunomia. Input parameters
with no information from the experiment are used
as adjustment parameters to match the n. and T,
profiles that are measured using TS at the same
coordinates. When the matches are achieved, all input
parameters are fixed and gas puffing are introduced
in the target chamber domain, thereby increasing the
neutral pressure as in the experiments. Therefore,
B2.5-Eunomia can produce the plasma and neutral
distribution for different neutral pressures within the
target chamber. The details of the methodology and
comparison with experimental measurements can be
found in the first part of this study [18]. In this
paper, as the second part of this study, the plasma
solution will be further analyzed to understand the
effects of increasing the local neutral pressure to the
observed plasma parameters and heat flux to the
target.  Specifically, the role of different collision
processes between the plasma and neutrals will be
discussed in detail.

2.8. Direct sampling of ion-neutral collisions in
Funomia

As explained in section Eunomia launches test-
particles to interact with the background Maxwellian
plasma obtained from B2.5 in order to calculate the
plasma source terms caused by interaction with neutral
particles. The contributions of the collision events in
each grid cell can be described as follows [17]:

Si = Fcol AR/AV (7)

S, =Te ARJAV (8)

Smvi = Leol m(v —u)/AV (9)
1

Sp = Leol gm(lv = Vil? — [u— Vi|*)/AV (10)

Sp. = Tet AE/AV (11)

here AP, and AP, = —1,0, or 1 depending on the
collision process, u and v are the velocity vectors of
the particle before and after the collision event, AF; is
the electron energy gain or loss, and AV is the volume
of the grid cell. T'¢, is the number of real collision
rate in the cell. T'¢, is approximated from different
neutral sources that are specified in the simulation.
Tcor is approximated by ol = Tip.col I'rp/Nip, where
I'tp.cor is the number of test-particle collision events,
I',p is the real neutral flux from the neutral source (for
example gas puffing), and N, is the total number of
test-particles launched from the neutral source. When

running B2.5-Eunomia to obtain a converged solution,
the neutral source contributions are summed for all
collision events thereby providing a net source term
in each cell. To separate the contributions of each
collision event a second simulation with Eunomia is
performed. The steady-state plasma solution from the
first simulation is used as the plasma background and
test-particles are launched again from the same neutral
sources. However, for the second simulation the B2.5
continuity equations are not solved. This is achieved
by specifying a very small time step value in the B2.5
code (10729 s), and so the plasma is frozen in place.
B2.5-Eunomia is run for a few cycles, and for each cycle
the data of are outputted, which contains the value
of these terms for each unique collision events in every
cell.

3. Global particle, momentum and power
balance

In this paper, the analysis will be limited to the
simulation domain of the Magnum-PSI target chamber.
From [18], it was shown that the change in neutral
pressure is localized to the target chamber only. The
upstream location is defined as the entrance to the
target chamber, the downstream location is the target,
and the radial boundary is the radial outer edge of the
plasma beam as illustrated in figure [l The integral

_:
1

Figure 1: A simplified picture of the plasma beam in
the target chamber. The plasma enters the chamber
from the skimmer (blue) and ends at the target (red).
The upstream flux I', is defined in the skimmer
entrance and the downstream flux I'y is at the target.
The radial flux I'; is the total particle flux leaving the
plasma beam radially. The arrows indicate the flow
direction. In this illustration the chamber walls lie
outside the bounding box.

form of - @ can be written as:

iI‘-dA:/VSdV (12)

In B2.5 the quantity T' is defined on cell boundaries,
while S is defined in the cell volume. We define I' = I'ii
where 1i is the vector normal to the surface A pointing
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outward of the volume. From code output, the particle
balance in is written as:

D TuAu+ Y Tidi+ Y Tedi =Y SV
u t T c

where the subscript u,t and r denote the upstream,
downstream, and radial location of the bounding
surface, vol is the volumetric source due to collisions, A
is the surface area, V' is the cell volume, and c indicates
the cell number. We treat the individual terms > ,T'A
as source terms and noting in figure [I| that T’ is anti-
parallel to 1, simplifies to:

®u = (Dt + (I)r + (I)vol-

(13)

(14)
where @, is the total particle sink so that ®,, =
— > . SicVe. The steady state particle balance is shown
in figure [2] for all cases. It is readily shown that

High density case Low density case

Particle source, S (1020 s71)
o = N w = w o

Pressure, p, (Pa)

Pressure, p, (Pa)

—— Oy —— O o @ o= Dy —=— Do, joss

Figure 2: The total plasma particle balance in the
plasma beam. The incoming particle flux, ®, must
equal the total particle loss, ®io10ss in steady-state
which is shown here. ®;qs 1055 = Pyol+Pr+ Py, where O
is the particle flux reaching the target, @, is the total
particle sink, and ®, is the particle flux perpendicular
to the magnetic field. ® is reduced due to increasing
®,,,1 with increasing neutral background pressure, p,

is satisfied with the slight visible differences due to the
numerical tolerance in B2.5’s solution of the plasma
equations. It is also shown here that ®; reduces with
increasing py, as discussed in [18]. However, it is shown
now that ®,, o p, which reflects the expectation
that increasing the neutral background pressure will
increase the rate of plasma-neutral interaction.

The same approach used for and can be
applied to the ion momentum balance equation,
resulting in:

> TumiViuAu + > TemiVig A+ Y TomiVi,
u t T (15)
= Z (SmiV;,c + SVp,c) ‘/c
C
to yield the simple form of momentum flux balance:

Fu:*Fp+Ft+Fr+Fvol (16)

where F,o is the total momentum sink so that
Fvol *chmivi’cvc, Fp = ZCSVP,CVC is the
momentum source due to pressure gradient along the
flow direction, the parallel viscosity term in is
combined in the flux term on the left hand side, and
the V x B term vanishes because of their parallel
direction. The steady-state momentum balance is
shown in figure and the slight differences that
are visible correspond to numerical tolerance. Two

High density case Low density case

©
g€ |t
= L
“ 30
(0]
e
>
520
€
210
C
[}
§
S—o—0o o
s 0
1 2 3 4 1 2 3 4
Pressure, p, (Pa) Pressure, p, (Pa)
—— Fy+Fp —— F¢ w0 Fr -=%-- Fyol —&— Frot,loss
Figure 3: The plasma momentum balance in the

plasma beam, normalized to the target cross-section
area to yield the pressure unit Pa. The momentum
balance is F, + F, = Fiotloss, Where F, is the
momentum flux entering the target chamber and F,
is the pressure gradient term. Fiot 10ss = Ft + Fiol + Fr,
where F} is the momentum flux to the target, F,o is
the volumetric momentum loss and F, is the radial
momentum flux.

distinct characteristics are observed for the momentum
balance for both cases. First, significant volumetric
momentum loss can already be seen when no gas
puffing has yet been applied. Second, the dependence
of the volumetric momentum losses on the neutral
gas pressure is rather weak. A clearer picture of this
characteristics will be shown later in section .21

For the heat balance, and @ are combined to
gain the total heat balance. Using the form in ,
the heat balance is written as:

DodiAa+ Y GAA+ Y aA
u t T

(17)
= Z (SE;,(: + SEe,c + SJ,C) Vc
c
where ¢’ is the flux terms in the square brackets in
and @ combined, and Sy is the heat source term due
to Joule heating. The simple heat balance is written
in the form:

Qu=-Qs+Qi+Qr +Qual (18)
where Q! is the total heat sink so that Q. , =
- Zc (SEi,C + SEe,C) ch and QJ = Zc SJ7C‘/C' The

heat flux reaching the target consist of conduction,
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convection, and the energy deposited from the
ionization potential of ions. The ionization potential
flux is simply the particle flux times the potential,
®yFE,, where £, = —13.6 ¢V. This flux can be included
in , such that @ reflects the energy deposited to
the target, and can be modified into:

(Q{l + (buEa) + QJ = (Q‘/g + q)tEa)
+ (Q,r + (I)rEa) + (Qirol + (I)VOIEa)

where ®,,, &y, ¢, and &, are the terms defined in the
overall particle balance ([14)), and @ is moved to the
left hand side. In figure 4] the energy balance of is

demonstrated with slight differences due to numerical
tolerance in the B2.5 plasma solution. Ohmic heating

(19)

High density case Low density case

g =
o w

Heat source, Q (kW
o
w

e
o

Pressure, p, (Pa)

Pressure, p, (Pa)

—— 0 wow O - Qu

—— Quot,u —&— Qtot, loss

—— Qu

o Q

Figure 4: The total plasma energy balance in the
plasma beam, summed for both electron and ions.
The incoming energy flux, (o, must equal the total
energy loss, Qot,loss i steady-state which is shown
here. Qtot,y = Qu + @, where @ is the heat flux
entering the target chamber, and @ ; is the total Ohmic
heating. Qtot,loss = @y + Qvol + Qr, where @ is the
heat flux reaching the target, Qo1 is the total heat sink,
and @, is the heat flux perpendicular to the magnetic
field. The u, t, r, and vol terms include the ionization
potential flux, such that Q = Q' + ®E,, as described
in (19). @ is reduced due to increasing Qo1 with
increasing neutral background pressure, p,,.

is seen to be a significant heat source term in the
low density case, but rather negligible in the high
density case. For both cases, this contribution remains
constant with increasing p,. Here it is shown that
Qvol X pn, similar to the volumetric recombination
loss @), which is not surprising considering the loss
of ionization potential energy through recombination,
D01 Fy, is rather significant.

It is important to note that heavy impurities are
not simulated in this study. In a tokamak, impurities
can play a significant role in the plasma energy
balance during plasma detachment. Impurity radiation
reduces the available power in the SOL for plasma
recycling [26]. Impurity species such as nitrogen or
argon are seeded intentionally to enhance radiation

and accommodate partial plasma detachment [27].
As Magnum-PSI already produces plasmas similar to
(partially) detached divertor regime, no impurities
are necessary to achieve the aforementioned effects.
Furthermore, sputtered impurities originating from the
target (made from tungsten) and source is negligible
in the plasma temperature ranges considered here.
Hence, impurity radiation is absent in the energy
balance.

4. Collisional processes responsible for
detachment in Magnum-PSI

The volumetric loss term of particles, momentum and
energy, Pyo1, Frors and Qv can be decomposed to show
the contributions of individual collisional processes,
using the data gathered with the sampling method
described in section

High density case

Low density case

L o

1 2 3 4
Pressure, p, (Pa)

Pressure, p, (Pa)

—o- Dis. Attach.
—e— Total

—=— lonization, H MAR
o Recombination, H*

Figure 5: Individual contributions of different plasma
collision processes to the volumetric particle loss, @,
normalized to ®,. For the high density case, electron-
proton recombination is the major particle sink term in
all values of, p,. For the low density case, MAR is the
dominant sink term for low p,, and a transition occurs
at high p, in which electron-proton recombination is
the dominant process.

4.1. Volume particle loss

Plasma particles are generated via the ionization of
atomic hydrogen (collision 1 in table [1) and removed
via the recombination processes: MAR (collision 10
and 11 in table|l]), dissociative attachment (collision 14
and 15 in table [1]), and electron-proton recombination
(collision 9 in table [I). The volumetric particle
losses for each contributing collision are integrated
over the entire plasma beam and shown in figure [f
There is a significant difference between the two
cases, particularly in the role of electron-proton
recombination. In the high density case, recombination
completely dominates @) for all neutral gas pressures
Pn, and so the relationship ®yo x p, is mainly caused
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by an increase of electron-proton recombination rate.
In the low density case, it is only relevant at high p,,
where p, > 2 Pa. Moreover, there is a reversal in terms
of the dominant particle loss mechanism at p, < 2 Pa,
where the molecular processes, MAR and dissociative
attachment, are dominant. To give a clearer picture
of the reversal, the location where these collisions
are relevant within the plasma beam are shown in
figure [f] The collisions are normalized to the sum of
the contributions listed in figure[5] Each row represents
a different p,, value: 0.27 Pa (top row), 2.0 Pa (middle
row) and 4.4 Pa (bottom row). Red represents where
the collision is the most dominant compared to others.
During the attached condition (at 0.27 Pa), MAR is
prevalent in most of the volume. The exception lies
at the center of the beam and near the target, where
instead of particle loss, ionization of atomic hydrogen
contributes as a particle source. As p, increases,
electron-proton recombination starts to take over from
the plasma periphery, until it is completely dominating
the region closer to the target boundary, and MAR
dominance is retracted towards the target chamber
entrance. Dissociative attachment seems to never
be dominant in all pressures, with some significant
rate occurring at intermediary regions between MAR
and electron-proton recombination. Ionization is not
relevant in both the high and low density case, as
shown in figure[5} and in figure [flmost ionization occurs
at the center of the plasma beam where T, is highest,
and near the target where a large atomic hydrogen
density region is located due to plasma recombination
at the target.

4.2. Volume momentum loss

The plasma parallel momentum can be removed via
collisions with neutrals through these processes: elastic
collisions (collision 7 and 8 in table , charge exchange
(collision 3 and 10 in table [If), and recombination
(collision 9 and 15 in table The total parallel
momentum loss via collisions with neutrals is shown
in figure[7l The most prominent collisions responsible
for momentum loss are H" —H charge exchange (CX)
and HT-Hy elastic collision (respectively, collision 3
and 8 in table . CX is dominant in the high and low
density case at lower neutral pressures (p, < 2.0 Pa)
whereas Ho—HT™ elastic collisions prevails over CX at
higher neutral pressures (p, > 2.0 Pa). The increase
of momentum loss through Hy—H™ elastic collisions
with p, is expected since the density of Hs is increased
by gas puffing. However, the contribution of CX
decreases with increasing p,. This can be explained
by looking at where CX is relevant for the low density
case in figure The bulk of CX losses occurs in
front of the target, where the density of H is high
due to plasma recombination at the target surface.

As the neutral gas pressure increases, more of the
plasma momentum is reduced due to elastic Ho—HT
collisions before the plasma reaches the region where
CX is dominant, hence the reduction by CX is less
intense. Additionally, as p, increases, the particle flux
that reaches the target, ®;, which acts as the source of
plasma surface recombination, decreases. This reduces
the local H density near the target and subsequently
the rate of CX collisions (see [Appendix B). The weak
correlation between F,, and p, shown in figure |3 is
explained here by the role reversal between CX and
elastic collisions of Hy—HT. The effects of increasing
pn effectively replaces the cushioning of recombined
atoms with the molecular type. Figure [7] also reveals
that elastic collisions of H—H™ are a much smaller
momentum loss process compared to CX. In B2.5-
Eunomia, it is assumed that the scattering angle of ion-
neutral collisions are anisotropic [28]. Elastic collisions
of H—H™ mainly result in small angle collisions, and
so the momentum transfer of the ion flow is smaller
compared to CX.

4.8. Volume energy loss

The energy from the plasma can be removed from
collisions with ions or electrons. In this paper, ionic
energy losses include atomic charge exchange (CX,
collision 3 in table , elastic H—H*™ and H,—HT
collision (nr. 7 and 8 in table |1).  Electronic
processes include the particle loss processes mentioned
in section [4.1] and in addition: excitation of atomic
hydrogen (nr. 2 in table , dissociation of hydrogen
molecules (nr. 16 in table [I}), and the vibrational
excitation of hydrogen molecules (nr. 12 in table .
Radiation losses occur when excited atoms decay
spontaneously to a lower electronic state. The excited
atoms can be produced from direct electron impact
excitation (nr. 2 in table 7 the recombination of
MAR dissociation product (see nr 11 in table , the
mutual recombination of H™ (see nr 15 in table ,
and electron-ion recombination (nr. 9 in table . The
contribution of radiation losses for these processes are
incorporated in the total energy loss of each process.
The total contribution of collision processes to the
plasma energy loss is shown in figure 0] Combined
electronic processes such as MAR or electron-proton
recombination appear to be the most dominant fraction
in Q.o1, with elastic collision of H"— Hy being the
second most dominant process. The contributions of
each electronic process are illustrated in figure[I0} This
highlights the importance of recombination processes
in removing a significant fraction of heat flux by
removing plasma particles that carry and transfer their
ionization potential to the target surface. However,
as shown from figure the contribution of plasma
recombination losses are mediated by electron-proton
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Dis. Attachment

_Radiative Recombination lonization

-03 -02 -0.1
Z (m)
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0.6 0.8 1.0

Figure 6: The spatial distribution of plasma particle losses within the plasma beam in the low density case,
locally normalized to ®y, in each grid cell. The particle losses are molecular activated recombination (MAR)
(collision 10 and 11 in table , dissociative attachment (collision 14 and 15 in table , and electron-proton
recombination (collision 9 in table[T])). The distribution is shown for p,, = 0.27 Pa (top row), 2.0 Pa (middle row)

and 4.4 Pa (bottom row).

High density case Low density case

0.8

0.6

0.4

0.2

0.0

2 4
Pressure, p, (Pa)

Pressure, p, (Pa)

—=— CX,H
@ MAR

—o-- elastic, H,
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Figure 7: Individual contributions of different plasma
collision processes to the volumetric momentum loss,
Fo1, normalized to Fy, 4+ F,. Both CX and elastic HT
+ Hs collision dominates the momentum loss process.
There is a transition of relevance from CX to elastic
H*—H, collision at high p, values.

recombination with increasing p,, and this process
is effective at low T, (as shown in [Appendix A).
Thus, processes that remove the plasma heat and
lower the plasma temperature are equally crucial in
the fraction of Qyo1. To demonstrate this more clearly,
the contributions of different plasma collision processes
are plotted in figure without accounting for the
corresponding FE, gains or losses (i.e. using (18]
instead of ) Elastic collision of HT— Hj is the
dominant mechanism at high neutral pressures for
both the high and low density case. This process is
shown to have increasing relevance with increasing p,,
which is expected considering that p, is increased by
injection of Hay gas into the chamber, and so increases
Hy density (see . It appears that this
process occurs primarily within the bulk of the plasma,
as shown in figure [12] for the low density case. At low
Pn, this process occurs predominantly on the plasma

periphery, and as the gas pressure is increased it
becomes more dominant inside the beam. At high
electron temperature, which is indicated by the lowest
pn value in the low density case, CX and electronic
processes are mainly responsible for heat loss in the
center of the plasma beam. It should be highlighted
that the dominant role of CX in the center of the beam
is also due to the existence of atomic H sources, mainly
through the dissociation of Hy as shown in figure

Without taking into account the energy loss
fraction by ionization potential loss, the electronic
processes are only relevant at high T;, in removing the
plasma heat. It even resulted in plasma heat gain for
the high density case, particularly at very high p,. This
is caused by electron-proton recombination as shown in
figure The electron-proton recombination process
heats the electrons by three-body recombination, in
which the secondary electron takes away the ionization
potential energy . In the high density case, where
ne is sufficiently high, the heating effect of three-
body recombination is larger than radiative cooling,
thereby constitutes a net electron heating. For MAR,
the electron energy loss term corresponds to the loss
of electron energy during the recombination of the
hydrogenic ion H2+, where the energy is transferred
to the dissociation products. As shown in figure
the contribution of MAR in reducing T, does not scale
with p,. Therefore, in Magnum-PSI, plasma cooling is
enhanced by the increased of neutral pressure primarily
through ion-molecule elastic collisions.

One can see from figure 13| that there exists a net
electron energy loss through the vibrational excitation
of Hy molecules to a higher state. In the simulations
presented in this paper, this is accommodated with the
transport of vibrationally excited Hs molecules from
the plasma into the gas bulk and eventually to the
cold chamber walls, where the molecules are de-excited
into the ground state. Other de-excitation pathways
are radiative decay and relaxation of the vibrationally
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row), 2.0 Pa (middle row) and 4.4 Pa (bottom row).
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Figure 9: Individual contributions of different plasma
collision processes to the volumetric energy loss, Qvol,
normalized to Q. The electron loss is the aggregate
of all inelastic collision involving electrons, such as
MAR or dissociation of Hy. The energy loss due to
electronic processes are the dominant mechanism in
reducing heat flux to the target, with elastic collisions
of Hy—H™ being the second most dominant process.

excited molecules with the gas.  The former is
not expected to be significant in the plasma regime
discussed in this paper, and the latter is not expected
to be significant as the gas density (Hs and H) is low
within the plasma beam. When the excited molecules
undergo electronic de-excitation within the plasma, the
excitation energy is returned to the electrons. Thus,
the net electron energy loss is the difference between
the integrated electron energy loss from excitation and
energy gain from de-excitation. The transport seems to
be concentrated at the periphery of the plasma beam in
the low density case as shown in figure When p,, is
increased, this process becomes the dominant electron
energy loss channel, albeit relatively small compared
to the total plasma heat loss at ~ 10%. As previously
mentioned, the source of atomic H that contributes to
CX is produced by the dissociation of Hs, which is

The distribution is shown for p, = 0.27 Pa (top
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Figure 10: Individual contributions of different
electronic processes corresponding to the electron loss
term shown in figure[9] The different contributions are
normalized to @,. In the high density case, electron-
proton recombination is the dominant electron cooling
term at high p,, while in the low density case it is only
significant at the highest p, value. At lower p, MAR
is the dominant process.

clearly demonstrated to be concentrated at the beam
center. Another process that results in electron energy
loss is the excitation of H atoms and the spontaneous
emission of photons to the ground state. This process is
shown to be localized near the target where the density
of H is high and at the beam center. Both dissociation
of Hy and excitation of H are relatively important only
at the low density case with p, = 0.27 Pa, where T, ~ 3
eV.

5. Effect of vibrationally excited molecules on
collision rates

B2.5-Eunomia treats vibrationally excited Hy molecules
as test particles. The density, temperature, and flow
velocity are resolved for states v = 0 — 14. It is known
that vibrationally excited molecules increase the effec-
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Figure 11: Individual contributions of different plasma
collision processes to the volumetric heat loss, Qyol,
normalized to @, where the contribution of ionization
potential ®,,FE, and ®,F, are omitted. Elastic
collisions of Ho—H™T are the most dominant plasma
heat loss channel at high neutral pressure, py,.

tive rate of MAR and dissociative attachment (colli-
sion number 10 and 14 in table [I)) [30]. When these
molecules are not treated as test-particles, the popula-
tion distribution is assumed to be in equilibrium for a
given electron temperature using a quasi-steady state
(QSS) model. This particular approach neglects the
separate effects of vibrational molecule transport and
is likely to give an overestimate of the recombination
rates [31]. In a B2-EIRENE study of detachment in
ASDEX-U the detached plasma solution is found to re-
attached when the vibrationally excited Hy molecules
are treated as test particles [32]. Here the rates of MAR
and dissociative attachment will be compared between
the QSS model and vibrationally excited densities re-
solved by B2.5-Eunomia. The QSS model employed
in this paper resolves the density fractions of vibra-
tionally excited Hs using the collision rates listed in
table|ll In steady state, the density of Hy(v), nf2, can
be expressed in linear form:

(C(vm-i-l) + O(v,v—l) =+ DU) nI:2 =

(20)
1421 Clo—1,0) + 121 Clot,)

where v is the vibrational level ranging from v =
0—14, Cpp41) and Cy, ,_1) are the rate coefficients
of, respectively, excitation and de-excitation of the
vibrational state level v via electron impact and
D, is the rate coefficient of dissociation of the
vibrational molecule. The dissociation of Hy(v) occurs
in three different processes, namely MAR, dissociative
attachment, and electron impact dissociation (collision
number 10, 14 and 16 from table[]). Therefore, the rate
coefficient D,, is the sum of the three processes and can
be expressed as:

(21)

Dv = DU,MAR + Dv,Dis.Attach. + Dv,Dissociation

The rate coefficients C and D are T, dependent rates
from the H2VIBR database [24]. Using the n. and
T, values gained from B2.5-Eunomia, the equilibrium
distributions of Hs(v) in radial and axial positions can
be obtained by solving the coupled linear equations of
(20). The equilibrium distributions are then used to
obtain the total collision rate for processes involving
Hy(v) that result in plasma recombination i.e. MAR
and dissociative attachment (collision number 10 and
14 from table . The equilibrium distribution is
also resolved in B2.5-Eunomia with the addition of
particle transport. The total collision rate of MAR and
dissociative attachment using the density distribution
resolved by B2.5-Eunomia is compared with the QSS
model and shown in figure It can be observed
that both MAR and dissociative attachment rates
are overestimated by more than a factor of 2 on
average when the transport of vibrational species is
neglected. This overestimation is larger near the
plasma beam center and results in a very peaked
collision rate with QSS compared to the flat profile
obtained using the B2.5-Eunomia distribution. The
collision rates of MAR and dissociative attachment
are greatly enhanced by the presence of highly
vibrationally excited states Hao(v = p,p > 4) [24].
Thus, the distribution of these highly excited states
has a great influence in determining the collision
rates and consequently, plasma recombination. To
elucidate this further, the population density fraction
of Ho(v = p,p > 4) is summed and compared between
the QSS model and B2.5-Eunomia. The ratio of
the population between the QSS model and B2.5-
Eunomia is shown in figure At Z = 0 the
population fraction of highly excited vibrational Hy
molecules are clearly overpopulated when the transport
of these molecules is neglected. In addition, the profile
indicates a peaked ratio at the center of the beam,
which is in line with the QSS approximation of MAR
rates in figure [I5] A recent Magnum-PSI experiment
with similar plasma parameters, but higher molecular
density, used optical emission spectroscopy (OES) to
measure the population density of excited atomic H
and found a hollow density profile [33]. The hollow
profile was attributed to the deficiency of MAR in
the beam center which is caused by the rarefaction of
molecular Hy. While the rarefaction is also observed
in the B2.5-Eunomia simulation of this paper (see
, using the QSS model with the same
rarefied molecular density profile does not yield a
hollow rate profile as seen in figure [I5] It is rather
caused by the transport of Ho(v). However, further
investigation is required as the transport of Hs in this
simulation does not produce a very pronounced hollow
profile as was observed in the OES experiment. It is
observed that the role of Hy(v) transport in reducing
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Figure 13: Individual contributions of different

electronic processes corresponding to the electron loss
term shown in figure Electron-ion recombination
yields plasma heating for the high density case and at
high p, for the low density case. MAR has significant
contributions in the electron loss term, but it does not
scale with p,. There is an additional electron loss term
due to the vibrational excitation of molecules and its
subsequent transport exiting the plasma beam.

the effective MAR rate in the center of the beam is
less pronounced near the target chamber entrance, as
indicated by the population ratio at Z =-0.32 m, shown
in figure At this location the population of the
higher vibrational states is better captured by the QSS
model, with the effects of transport more prominent off
axis. Moreover, the MAR rate is more relevant in this
location compared to Z = 0 as shown in figure[6] Thus,
the overestimation of the MAR rate due to the neglect
of high states Hy(v) transport is somewhat lessened as
the largest impact is not where the MAR rate has the
most significant contribution. In addition, a change
in the MAR rate may not significantly change the
relevant quantities in detachment, namely the particle
and heat flux, due to the interchange with 3-body
recombination, as was shown in a SOLPS study [34].

The mechanism behind this interchange can be non-
existent or achieved differently in a linear device. This
can be investigated with a comparison of the simulation
using QSS rates and the result of this paper in
future studies. Regardless of the effect to detachment
characteristics, transport remains important when a
local analysis of the MAR rate is done to compare, for
example, with experimental measurements.

6. Collision processes in different plasma
regimes

The B2.5-Eunomia simulations presented in this paper
provide information regarding the plasma parameters
T, and n. ranging from, respectively, 0.1 — 4.0 eV
and 10" — 10%2° m~3, distributed in radial and axial
positions. The particle and energy losses for the atomic
and molecular processes listed in table [l|and described
extensively in section [ are also distributed in radial
and axial positions. A general insight can be obtained
by mapping the unique collisions to their local T,
and ne values. The mapping of collisions responsible
for plasma particle sources and sinks are shown in
figure The placement of these processes in 7, and
ne space are determined using weighted averaging and
the weighting value is the collision rate normalized to
ne (which becomes (ov)n). The ionization of atomic
H is the only process responsible for plasma particle
source and occur at the highest T, in the parameter
space. MAR is the most effective at T, = 1.5 eV,
with dissociative attachment being effective at slightly
lower T, = 0.8 eV. As expected, atomic recombination
(radiative and three-body) is effective primarily at
the lowest T, in the parameter space, in this case
T, = 0.3 eV. The error bars in figure [I7] indicate the
standard deviation of the weighted average. There is a
clear separation between ionization and recombination
processes at around T, = 2 eV. There is also a clear
separation between MAR and atomic recombination,
with dissociative attachment acting as a bridging gap
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Figure 15: The collision rate profile for MAR and
dissociative attachment processes at the target TS
position (Z=0), using the plasma and Hy densities of
the low density case where p, = 2 Pa. The collision
rates are evaluated using the equilibrium distribution
of vibrationally excited Hy from the QSS model and
simulation results. The error bars on B2.5-Eunomia
results are the standard error of the Hy density caused
by statistical noise. The QSS rate overestimates MAR
and dissociative attachment by more than a factor of
2 on average.

between the two processes. This separation was also
illustrated in figure [ff Recent experiments in TCV
investigated the role of plasma-molecule interaction
using measurements of Balmer emission and observed
the increase of MAR rate during detachment, with the
MAR rate being larger than electron-ion recombination
at electron temperatures around 1.5—3 eV [35]. It was
also suggested that near the divertor target where the
temperature is about 1 —3 eV, MAR is accommodated
by vibrationally excited molecules, which are simulated
in this paper. This observation is in line with the
separation of relevancy between MAR and atomic
recombination shown in figure [6]

It was made clear in section that plasma
recombination removes a significant part of heat flux
going into the target by removing plasma particles
that would deposit their ionization potential. Atomic
recombination, which is the most important process to

1.5
1.0

Ratio Zn Ho(v
P

0.0 5 10 15 20
Radius, r (mm)

Figure 16: The ratio of population density fraction
between the QSS model and B2.5-Eunomia. The
population density is the sum of all vibrationally
excited Ho(v) where v = 4 — 14. Values greater than 1
indicate an overpopulation of these states by the QSS
model. The population ratio at Z=0 shows a peaked
overpopulation profile by the QSS model suggesting
transport of the highly vibrational states in the beam
center. By contrast, near the target chamber entrance
at Z=-0.32 m, the overpopulation profile is off-center.

achieve total detachment, is only effective in very low
T., and other processes are responsible for lowering
this temperature. These processes can be mapped
similarly to figure [17] with the weighting value changed
from collision rate to heat loss rate normalized to ne
(or Qvor/ne). The mapping is shown in figure
The excitation of atomic H and dissociation of Hsy
are relevant primarily in high T, at around 7, = 2.5
eV similarly to ionization of atomic H. The electron
energy loss due to transport of vibrationally excited
Hj molecules (H2 exc. de-exc. in figure[L8)) is centered
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to plasma particle sources and sinks in plasma
parameter space, T, and n.. The location is based on
the average location of each process weighted on their
respective collision rates normalized to n.. The error
bars indicate the standard deviation of the average.
The colored patch represents the span of T, and ne
values from simulations of the high and low density
case including all neutral pressures.

around T, = 1 eV. For CX and elastic collisions, which
are elastic Ht-H and elastic HY-H,, the variance of
the mappings is rather large. Elastic HT-H, collisions
are the most dominant heat loss channel and play a
significant role in the low T, regime, where T, < 1
eV. This is reflected in figure [12] where these collisions
are relatively more relevant in the plasma beam edges
compared to the beam center. The reasoning would
be that at higher T,, Hs dissociation or molecular
recombination processes remove the molecules from
participating in the heat exchange. The resulting
atomic product however, can undergo elastic collision
or CX, and so these collisions are centered in a higher
T. than elastic HT-H, collision as seen in figure
Elastic H-Hy collisions as a power loss channel at
low electron temperatures are also found in several
tokamak studies [5}10}36].

7. Conclusion and outlook

This paper is the second part of a detailed study
of the detachment experiments in Magnum-PSI. The
plasma volumetric losses i.e., particle, momentum and
energy losses have been analyzed in detail. The
volumetric particle and energy losses appear to scale
almost linearly with the neutral background pressure
which is increased by gas puffing. The volumetric
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Figure 18: The distribution of processes contributing
to plasma heat loss in plasma parameter space, T, and
ne. The location is based on the average location of
each process weighted on their respective amount of
heat loss normalized to n.. The error bars indicate
the standard deviation of the average. The colored
patch represents the span of T, and n. values from
simulations of the high and low density case including
all neutral pressures.

momentum loss does not appear to linearly scale
with the increase of neutral background pressure, due
to the interchange between CX and elastic HT-H,
collision (respectively, collision 3 and 8 in table
contributions to the momentum loss. The particle
losses are primarly caused by MAR (nr. 10 and 11
in table [I) in the temperature range of T, ~ 1.5
eV, with atomic recombination (nr. 9 in table
being dominant in the very low temperatures T, <
1 eV. Dissociative attachment (nr. 14 and 15 in
table [1) never emerges as the dominant process in all
plasma parameters discussed in this paper. Plasma
momentum loss are primarily caused by CX and elastic
H*-Hy collisions. Momentum loss by CX occurs near
the target where the density of H is high due to
surface recombination and the beam center where H is
produced via dissociation of Hs, and momentum loss
by elastic H*-Hy collisions occur in the plasma bulk.
The main contributor to target heat flux reduction is
plasma recombination (MAR, dissociative attachment
and atomic recombination) by reducing the particle
flux to the target and thereby reducing the deposited
ionization potential energy. Before the most relevant
atomic recombination can occur effectively, the plasma
is cooled primarily by elastic HT-Hy collision. There
are electron cooling channels due to dissociation of Ho
at higher T, and transport of vibrational Hy. However,
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their contributions to the overall power balance are
relatively small and does not scale with increasing
neutral background pressure.

The transport of highly vibrational states of
H, is important to include when determining the
recombination rate due to MAR or dissociative
attachment. Without transport, the MAR rate can
be overestimated by a factor of 2-3. The highest
impact of transport on MAR occurs at temperatures
where MAR is not the most significant contributor to
plasma particle losses, and so the impact of transport
on the global MAR rate is reduced. However, the
impact of transport on the MAR rate should be
considered when calculating the local MAR rate. Each
collisional process is mapped in the plasma parameter
space, T, and ne, in order to define their relevance
in different plasma regimes. Ionization of H (collision
1 in table as a process of plasma particle source
are relevant in high T, regimes of around 7, = 2.5
eV and separate from plasma recombination processes.
MAR and atomic recombination occupy separate T
regimes, with MAR being relevant around 7, = 1.5 eV
and atomic recombination at the low temperature of
T. = 0.3 eV. Dissociative attachment contributes most
to plasma recombination in the temperature regime
between MAR and atomic recombination. Elastic H*-
Hs collisions are the primary plasma cooling channel
and occur effectively in the low temperature regions
where T, < 1 eV, with CX being effective around
T, = 1.5 eV. The plasma cooling due to transport
of vibrationally excited H, is effective at around
T, = 1 eV. At high temperatures where T, > 2 eV,
electronic cooling due to excitation of atomic H and
H, dissociation are relevant.

In this paper we have shown the importance of
different collisional processes in a plasma undergoing
detachment in Magnum-PSI and associating them with
different plasma regimes. Several processes that are
highlighted in this paper, namely MAR and elastic H*-
Hs collisions, have been found to occur in tokamak
divertors undergoing detachment [5,10,[35}[36]. It
is important to note that in the simulations of this
paper and experiments, these processes are exclusively
influenced by the increase of neutral background
pressure via gas puffing of Hy. Other aspects of
tokamak divertor detachment are neglected, such as
the effect of impurity seeding, geometrical drifts,
isotope effects, and divertor closure. Divertor closure
is especially an important aspect since in Magnum-
PSI the neutral pressure in the target chamber is
well maintained by the skimmers and the additional
effect of plasma-neutral drag, which can be difficult
to attain in a divertor. Future comparisons between
the simulation results discussed here and simulations
of tokamak divertor closure can further elucidate

the role of plasma-neutral interaction in reaching
plasma detachment and consequently, the particle
and heat flux to the divertor targets. The results
can also be used to compare with future simulations
which incorporate radiation trapping. Photon re-
absorption is expected to lessen the electronic energy
loss channel in the simulation [37]. However, if elastic
Ht-H, collision is indeed the primary energy loss
channel during Magnum-PSI detachment, the effect of
radiation trapping to the overall energy balance should
be minimal, since the photons are not an important loss
channel in the simulation.
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Appendix A. Rate coefficients of relevant
collisions

The rate coefficients of relevant collisions discussed in
this paper are shown in figure

Appendix B. Neutral densities in front of the
target

The radial density profile of neutral hydrogen and
hydrogen molecules (the aggregate of all vibrational
states) in front of the target is shown in figure
The densities are obtained from the low density case
simulations for neutral background pressures, p, =
0.27 Pa, 2.0 Pa, and 4.4 Pa.
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in local thermal equilibrium. The rate coefficient of
H* recombination (nr. 9 in table is temperature and
density dependent. In this figure the electron density

is assumed to be 10 ¢cm—3
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Figure B1: The radial profiles of neutral densities for
(a) atomic hydrogen and (b) molecular hydrogen. The
profiles are taken in front of the target at Z= 0.087 m.
The error bars indicate the standard deviation of the
average based on several simulation cycles.
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