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Abstract

Boundary plasma and plasma-material interactions are investigated for magnetised target fusion (MTF) applications. The General
Fusion magnetised target fusion technology uses coaxial helicity injection (CHI) start-up which forms a spherical tokamak in
a cavity with liquid lithium walls that will subsequently be compressed to fusion conditions [1]. The Plasma Injector 3 (PI3)
experiment at General Fusion is a non-compressing experiment with solid lithium walls that studies the formation and quasi-steady
state operation of a CHI spherical tokamak [2]. An explorative study is carried out for wall-limited versus diverted configurations for
PI3 using the fluid edge transport code UEDGE. Experimental edge temperature and density profiles from triple Langmuir probes
are utilized to set up realistic plasma profiles in UEDGE. In UEDGE, we model the wall-limited plasma via a thin limiter with
various insertion depths. It is found that limiter depth and location are key parameters in determining radial profiles and sputtered
lithium behaviour. Furthermore, it is found that the overall sputtering of the limiter is significantly lower than the sputtering of
the wall in some of the limiter configurations studied. Lithium impurity and neutral behaviour are compared between limited and
diverted configurations.
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1. Introduction

General Fusion creates spherical tokamak (ST) target plas-
mas using the third generation of its coaxial helicity injector,
PI3, to study the stability and confinement of ST target in the
presence of lithium walls.

Early theoretical and numerical studies on the use of solid
and liquid lithium as the first wall of standard magnetised con-
finement fusion (MCF) devices suggested that lithium walls
would provide benefits such as more stable plasmas with higher
and flatter electron and ion temperature profiles in the core
plasma [3, 4] due to the low recycling of hydrogenic neu-
trals from the lithium walls. This has been experimentally
observed in various experimental fusion devices, such as in
the NSTX spherical tokamak that used lithium-coated graphite
walls[5, 6, 7], the LTX tokamak that used solid and liquid
lithium walls [8, 9], and the EAST tokamak that used solid
lithium walls, puffed lithium powder into the plasma [10, 11]
and performed extensive studies on a liquid lithium limiter
[11, 12].

Modelling and simulation of lithium transport in fusion plas-
mas include the use of codes that solve the local neoclassical
transport of impurities given a background plasma and trans-
port coefficients [13, 14] such as NCLASS [15], NEO [16],
and MIST [17] that solve for the impurity profiles including
atomic processes of ionisation and recombination, MHD and
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edge codes such as EMC3 [18], UEDGE [19], and SOLPS [20]
that solve the background plasma (main hydrogenic ions and
electrons) and use either a fluid description for impurities that
evolves consistently with the background plasma or a kinetic
description of impurities through coupling to codes such as
EIRENE [21] or DEGAS2 [22] that solve for the guiding-
centre orbits of impurities including atomic physics and col-
lisions with the background plasma. More detailed modelling
and simulation of the transport of other impurities, such as car-
bon, in fusion experiments solve for the drift-kinetic dynamics
of the main hydrogenic ions, electrons, and impurities, allowing
the inclusion of anomalous transport coefficients. Examples of
this type of modelling are the XGC0 and XGC1 codes [23, 13].
However, it is noted that this latter approach may result in very
expensive simulations that prevent the extensive application of
this approach.

PI3 routinely operates in a magnetic configuration where par-
ticle and heat fluxes from the core will deposit to divertor and
inboard limiter surfaces. This allows for exploring the effects
of fluxes to multiple surfaces on edge and plasma performance
concerning neutral and lithium impurity behaviour. This is not
an operating mode unique to PI3, but also occurs in tokamaks,
where particle and heat fluxes will impact various surfaces such
as the centre-post and baffles near the x-point whilst simultane-
ously being diverted.

To model this, we insert a thin plate limiter in a divertor con-
figuration and examine the edge behaviour. We study the im-
pact of various plasma configurations in PI3 ranging from only
diverted to multiple thin plate limiter scenarios that are possi-
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Figure 1: UEDGE mesh utilised for this study. Mesh refinement was not ap-
plied. Locations of the limiter are highlighted for the four poloidal locations
studied.

bly expected on PI3 and indeed on other tokamaks of equiva-
lent size using the edge code UEDGE [19]. This study provides
valuable information for understanding typical edge behaviour
resulting from fluxes depositing on limiter and divertor surfaces
in the presence of lithium-coated walls. We present three sepa-
rate studies: 1) Limiter insertion depth effect, 2) The impact of
limiter location and 3) Purely diverted compared with limited
inboard operation. Finally, we present early design studies for
a plasma compression device.

2. Simulation Setup

We utilise the edge code UEDGE to solve the 2D fluid
equations for the hydrogenic and impurity species. The im-
purity momentum equations are solved with an assumption of
force balance and are flux-limited in the radial and poloidal
directions. Furthermore, parallel thermal transport is flux-
limited. Additional details of the equations solved can be found
in [19, 24]. Recently recommissioned UEDGE features are
utilised in this work:

• Thin Plate Limiters

• Evaporation from Limiter

• Sputtering from Limiter

In addition to the thin plater limiter, UEDGE has recently been
upgraded to model fully or partially limited tokamaks via a
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Figure 2: Transport coefficients used in this study, with the separatrix high-
lighted with a dashed line.

wide wedge limiter and poloidally dependent boundary condi-
tions which are not used in this work. In this work, sputtering
results in neutral lithium and sputtering is only due to deuterium
flux.

UEDGE is used to find a steady state solution for PI3 shot
#18447 at t = 5ms. This specific time is typically the most
quiescent period for plasmas in PI3, after which an approxi-
mation of steady state would fail. We set up our field-aligned
mesh based on PI3 #18447 (Fig. 1) with the mesh extending
in ψ/ψsep from 0.925 to 1.011 utilising a Grad–Shafranov (GS)
equilibrium generated with CORSICA [25] based on experi-
mental data. We utilize 45 and 30 cells poloidally (inboard and
outboard respectively) as well as 30 cells radially. For limited
configurations, we refine the mesh around the limiter to reach a
resolution of ∆xguard < 5 µm.

A density of ncore = 1.84 × 1019 m−3, which is inferred
from interferometers, is imposed at the core boundary. We
used fixed temperature boundary conditions of T inner

e = 24 eV
and T outer

e = 4 eV informed by Langmuir probe measurements
and from these set the Ti boundary values by an assumption
of Ti ∼ 1.3Te inspired by ion Doppler spectroscopy measure-
ments.

A modest recycling coefficient R = 0.75 is used for deu-
terium, which is higher than the expected recycling coefficient
of R ∼ 0.5 reported in LTX-β [26]. However, PI3 discharge
18447 was performed with worn lithium (30 shots after evap-
orative coating) and thus, we expect the lithium to be signifi-
cantly passivated and lithium coating variability to be signifi-
cant. Therefore, we take a conservative estimate of the recy-
cling coefficients in these simulations. We utilise a recycling
coefficient of R = 10−10 for lithium i.e. any ionised lithium that
strikes any material surface is effectively absorbed. Evapora-
tion off all surfaces is included. The surface temperature of
the walls is set to 293 K and the limiter to 310 K. This is ex-
pected to produce little evaporation in practice, but is included
for completeness.

We specify spatially dependent particle diffusivity D and
electron thermal diffusivity χe. The ion thermal diffusivity is
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Figure 3: Comparison of three limiter insertion depths compared to measured Langmuir probes data. The separatrix is highlighted with a dashed line, with the edge
region left of the separatrix and the SOL to the right, left: Electron temperature and right: Density.
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Figure 4: Heat fluxes to the limiter and divertor plates compared with limiter
insertion depth.

set to the electron value (χi = χe). In this study, we utilise the
profile shown in Fig. 2 in an attempt to match the Langmuir
probe data at the outer mid-plane. As seen in Fig. 3, we find a
good matching of the temperature and density profiles from the
Langmuir probe, where Langmuir probe data is collected over
multiple shots at similar settings (#18660 - #18669). Shot-to-
shot variation is expected, and thus, the discrepancy observed
between UEDGE and the Langmuir probe data is within the
uncertainty of the experimental data. It is noted that the SOL
transport coefficients in this model are the same order as Bohm
diffusion (∼ 3 m2s−1).

3. Results and Discussion

The first study compares insertion depth and its effects on
the heat fluxes on the limiter and divertor surfaces. Previous
work by Rensink and Rognlien [27] showed a clear inverse
trend with respect to the insertion depth and heat flux to the
divertor plates with an outboard limiter inserted. In this work,

Figure 5: Li + 2 density along the magnetic surface 4 cells from the core. The
black squares indicate the location of the limiter and the numbers correspond
to limiter positions in Fig. 1. lpol is the length from the inner divertor plate to
the outer.

we insert the limiter on the inboard side with insertion depth
varying from Rlim − Rsep = −0.08 to 1.79 cm, where Rlim − Rsep
is the insertion depth relative to the seperatrix. In this case
Rlim − Rsep < 0 cm indicates that the limiter is inserted into
the SOL and Rlim −Rsep > 0 cm within the seperatrix. We find a
similar trend to Rensink and Rognlien [27] as shown in Fig. 4.
Sufficient retraction of the limiter was not performed, and thus
the crossing point discussed in [27] is not seen.

However, a notable difference between this study and the
work of Rensink [27] is the occurrence of reduced limiter
pumping. It is easily seen in Fig. 3 that at the furthest in-
sertion at Rlim − Rsep = 1.79 cm there is a small difference in
the density profile. However, it is not as dominant an effect as
previously reported. In these simulations, the wall acts as the
largest recycling surface, until the limiter dominates at an in-
sertion depth of Rlim − Rsep > 1.64 cm, where the limiter deter-
mines the density profile. Some effects are observed as early as
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Figure 6: Li + 1 density with left: Diverted and right: Limited plasmas.

Rlim −Rsep = 1.29 cm but the wall remains the pumping surface
from which deuterium ions interact and recycle. This can also
be seen comparing the deuterium ion fluxes interacting with the
limiter at Rlim −Rsep = 0.2 cm, where the limiter current is 19 A
and the wall current is 196 A. As both surfaces have the same
recycling coefficient, the density profile is dominated by wall
dynamics and not limiter pumping in these instances.

Furthermore, the sputtered lithium transitions from being
predominantly sourced from the wall to the limiter as the limiter
is inserted further towards the core region. The limiter pumps
lithium in the instances of the wall being the source of lithium,
and as the limiter is more deeply inserted all material surfaces
become important sources of lithium. This can be understood
via comparison of neutral lithium current from the wall/limiter
for two separate limiter insertions. At Rlim − Rsep = 0.1 cm the
neutral currents are −0.21 A / −0.1 A, where almost double the
lithium is coming from the walls. However, at Rlim − Rsep =

1.5 cm the currents are −0.1 A / −3.2 A — a 32 times differ-
ence. This is a result from the leading edge being immersed in
high energy particles resulting in higher sputtering yield and a
larger wetted area.

The second study compares the location of the limiter as
varying from position 1 to 4 in Fig. 1 with the limiter inserted
into the same flux surfaces. We find that there is poloidal vari-
ation in impurity species density as would be expected. We see
in Fig. 5 that Li + 2 has a strong dependence on the limiter lo-
cation in the plasma. This is the case for all species of lithium.
The poloidal position (lpol) of the limiter is indicated in these
plots by the drop in density as sputtered lithium is primarily
neutral or singly ionised near the limiter.

Due to the limiter being on the same flux surface as its posi-
tion is moved poloidally in the UEDGE mesh, the physical area
of the limiter increases as it moves from position 1 to 4 shown
in Fig. 1. Further away from the private flux region (position 4)
the limiter has the largest wetted area, decreasing as it moves

towards the divertor. This results in the limiter locations hav-
ing a significant impact on the magnitude of the ionised lithium
density. Partly due to parts of the limiter acting to absorb the
ionised lithium in the simulation as the recycling coefficient is
effectively zero on all surfaces for lithium. Effects resulting
from changes in the deuterium density due to limiter pumping
will also affect lithium concentration owing to changes in sput-
tering yield. Thus, a limiter closer to the private flux region
results in larger concentration of lithium in the plasma as op-
posed to a limiter beyond the inner mid-plane.

The final study carried out compares a diverted plasma with
no limiter to one with a limiter inserted at position 1 in Fig. 1
and insertion depth of Rlim−Rsep = 0.45 cm. Of primary interest
is how the heat-fluxes to the various surfaces differ, as well as
the behaviour of the impurities and neutrals. It is expected that
the heat-flux on the divertor plate closest to the limiter will be
significantly lower as seen in the previous study. Indeed, the
limiter reduces the heat-flux to the left divertor plate by 62%
and the right divertor plate by 40%.

The spatial distribution of lithium is shown in Fig. 6. The
diverted configuration has more impurities in the plasma. This
is because the wall being a large source of impurities in both
cases, but in the limiter case the limiter surface in the SOL acts
to reduce the deuterium density and lowers the temperature. As
a result, the overall sputtered yield from the walls decrease, re-
ducing the total lithium in the SOL region. In addition, part
of the limiter acts as a net sink for the lithium which further
decreases the overall lithium in the SOL. This is evident from
the low singly ionised lithium density region in Fig. 6, where
the entire low-density region is the extent of the limiter. At the
leading edge of the limiter, there is a net source of lithium. This
is indicated by the localised increase in ionised lithium at the
location of the limiter.

Finally, we highlight ongoing work utilising an outboard
thin limiter in early design work on a future device for com-
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Figure 7: left: Mesh for a design stufy of a next-generation plasma compression device in the pre-compressed state mesh with limiter highlighted in red and right:
Li + 1 density.

pressing spherical tokamak plasmas shown in Fig. 7. In this
study, we used an outboard limiter under the assumption that
the compressing wall limits the plasma. These models ex-
ploit the ability of UEDGE to model an up-down symmetric
double-null configuration as a half-domain using a symmetric
boundary condition at the equator. The limiter is located at
Z ∼ 0.65 m near the symmetry plane with an insertion depth
of Rlim − Rsep = −0.25 cm, which in this case is 0.25 cm into
the core region. Expected lithium behaviour is observed in Fig.
7, with a maxima local to the limiter tip. This suggests that
the limiter application is physically reasonable in this novel ge-
ometry as well, and future design studies can be carried out to
minimise lithium ingress using a limiter.

4. Summary and conclusions

The first edge plasma calculations of PI3 have been con-
ducted in the regime of a diverted plasma and with a limiter
inserted, in the presence of solid lithium surfaces. We found
that limiter insertion depth was a key parameter in determining
heat fluxes to the divertor plates. As the limiter was inserted
past the separatrix, the heat fluxes to the limiter increased and
the divertor heat fluxes decreased in agreement with previous
work [27]. The primary particle fluxes were to the walls and
the wall was the primary pumping surface. This was unlike
what was reported in [27] where the limiter had a large impact
on the density profile, a behaviour that was found in this work
only after deep insertion of the limiter.

In addition, we found that the location of the limiter deter-
mined the impurity distribution. As the limiter was moved away
from the private flux region the impurity densities reduced due
to changes in the plasma wetted area seen by the plasma. At po-
sition 4, the wetted area was the largest and therefore resulted in
a reduction in lithium as the limiter due to a reduction a reduc-
tion in sputtering yield as well as parts of the limiter acting as

sink. This trend continued in an anti-clockwise direction with
increasing lithium concentration.

Furthermore, it was found that the insertion of the limiter
compared to a fully diverted plasma caused a reduction of heat
fluxes by 62% and 40% to the left and right divertor plates.
However, the diverted plasmas had significantly more impuri-
ties present due to the wall being a large source of impurities
with no sinks near the core plasma. Whereas, the limiter acted
to decrease lithium density via reducing the deuterium density
in the SOL resulting in a decreased sputtering yield. In addi-
tion, the limiter acted as a sink on parts of it surfaces to lithium
reducing the overall lithium in the plasma further.

Finally, we highlighted the use of a thin limiter on the out-
board side for a novel device currently being designed. The out-
board limiter resulted in physically reasonable behaviour sug-
gesting that UEDGE is capable and applicable for future design
studies of the plasma compression device.

Future work involves utilising more accurate boundary con-
ditions representing the power entering the plasma. In addition,
exploring the effects of the recycling coefficient is of key in-
terest at General Fusion and how that affects the edge region.
The final aim is to extend all this to a compressing spherical
tokamak design study.
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