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A B S T R A C T

In this paper, we examine the role of the aspect ratio on the neutral penetration and poloidal distribution
for fixed magnetic geometry and plasma profiles using SOLPS-ITER. We start from an H-mode
discharge from MAST [9], with its aspect ratio of 1.4 and shift the magnetic equilibrium and vessel in
major radius to generate a new SOLPS-ITER simulation, doubling the aspect ratio to 2.8. The neutral
density profile perpendicular to the magnetic flux surfaces is fitted by an exponential and we find
that the opaqueness defined as the ratio between the electron pedestal density width and the neutral
penetration depth is unaffected by changes in the aspect ratio. We do observe an increase in the neutral
density close to the X-point on the high field side (HSF) as the aspect ratio increases. This substantial
increase on the HFS is linked to an increase in the poloidal particle fluxes which shift down as a
function of aspect ratio, leading to an increase in particle flux to the inner divertor and decrease to
the outer divertor. The neutral density in the inner divertor is directly proportional to the increase in
particle flux.

1. Introduction
The spherical tokamak concept is an attractive concept

for a compact magnetic confinement approach to a fusion
pilot plant [3]. The pedestal width in a spherical tokamak is
wider than in a regular tokamak and recent theoretical sim-
ulations indicate that the impact of gyrokinetic instabilities
such as Micro Tearing Modes, Tearing modes, and Kinetic
Ballooning Modes expand the pedestal width for spherical
tokamaks [13]. However, the pedestal pressure structure is
a construct of both temperature and density and the impact
of ionization on the pedestal density structure is an active
topic of research in conventional tokamaks [8, 17, 2, 10]. The
impact of aspect ratio on ionization, neutral density profiles
has not yet been explored and could influence the design of
a pilot plant with respect to fueling and the fuel cycle.

In this paper, we use SOLPS-ITER [1] to investigate
whether the aspect ratio affects the neutral density pene-
tration and poloidal distribution of neutrals. Prior work in
conventional tokamaks showed that the neutral density and
ionization at high opaqueness have limited effect on the
pedestal density structure [8, 10]. Opaqueness of neutrals in
the pedestal is defined as a dimensionless number by taking
the ratio of the pedestal density width, Δ𝑛𝑒 to the penetration
depth of the neutrals 𝜆𝑛0. The penetration depth is found by
fitting an exponential to the neutral density profile calculated
in SOLPS-ITER. A heuristic approximation of opaqueness
that doesn’t depend on these measured and/or modeled quan-
tities is 𝑛𝑒 × 𝑎, where 𝑛𝑒 = (𝑛𝑃𝐸𝐷

𝑒 + 𝑛𝑆𝐸𝑃
𝑒 )∕2 and 𝑎 is the

minor radius [10]. Recent results, comparing the penetration
and ionization of hydrogen and deuterium at various levels
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of opaqueness has shown good agreement with the heuristic
model [2, 11].

As experimental measurements for neutral densities in-
side the separatrix are not readily available, we rely on the
heuristic approximation to identify lower and higher opaque-
ness regimes. In conventional tokamaks at low opaque-
ness, the ionization plays an important role in determining
the pedestal density structure. The penetration of neutrals
can shift the pedestal density outwards [6]. It also affects
the width of the pedestal density [2]. At low opaqueness,
changes in divertor closure has a substantial influence on the
poloidal distribution of the neutrals, which in turn affects
the width of the electron density pedestal [12]. SOLPS-
ITER modeling and experiments show that these poloidal
asymmetries and changes to the pedestal density structure
disappear at higher opaqueness [10, 11].

As the heuristic model depends only on the minor radius,
it doesn’t encompass the influence of aspect ratio and thus
machine size. To isolate the impact of aspect ratio, we use
SOLPS-ITER to model an MAST H-mode discharge [9]
and match the midplane electron density and temperature
profiles. Next we shift the magnetic equilibrium and the
vessel as a function of the major radius in multiple steps
and create a new grid for the SOLPS-ITER simulations, see
section 2. By fitting the SOLPS-ITER simulations we can
extract the opaqueness 𝜂 = Δ𝑛𝑒∕𝜆𝑛0 as a function of aspect
ratio, which is discussed in section 3. We find that the aspect
ratio has no impact on the neutral opaqueness, but a change
in the aspect ratio does affect the poloidal neutral density
formation. As the aspect ratio increases from 1.4 to 2.8, an
increase in the neutral density on the high field side (HFS) is
observed, see section 4. We observe that this increase is the
result of an increase in the poloidal Scrape-Off Layer particle
flux, which depends on 𝑅, the major radius.
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2. SOLPS-ITER simulations varying aspect
ratio

Figure 1: (a) Electron density and (b) temperature mid-plane
profile for discharge 27205 at 0.275 𝑠. The purple circles and
error bars are from the MAST Thomson Scattering system.
The lines are the SOLPS-ITER simulations for the various
aspect ratios starting at 1.4 (MAST, red), 2.0 (orange), 2.4
(green), and 2.8 (blue).

The baseline MAST type-I ELM H-mode plasma sce-
nario (27205) in this paper is a lower single null plasma, with
a plasma current of 600 𝑘𝐴 a toroidal field of 0.55 𝑇 and a
𝑞95 ∼ 2.8 during the H-mode phase which starts at 0.24 𝑠.
The line-averaged density of 4 × 1019 𝑚−3 and 3.6 𝑀𝑊
of neutral beam injected (NBI) power is injected. The mid-
plane profiles of the electron density and temperature are
measured with the Thomson Scattering system and taken at
0.275 𝑠.

We use the SOLPS-ITER code [1] to model this MAST
scenario. The SOLPS-ITER code consists of two codes,
𝐵2.5which solves the Braginskii plasma fluid equations, and
𝐸𝐼𝑅𝐸𝑁𝐸, a Monte-Carlo neutral code. Both are coupled
together and evolve the solution until a steady-state solution
is found. SOLPS-ITER requires user input for the cross-field
transport and the transport coefficients are determined by
comparing and adjusting the SOLPS-ITER simulations until
the simulations match the experimental measurements for
the electron density, 𝑛𝑒 and temperature, 𝑇𝑒 at the midplane,
see figure 1. The transport coefficients are identical for all
simulations. In addition, the core boundary conditions are
set to a fixed density and temperature. The boundaries at the
edge of the B2.5 SOL grid and Private Flux Region (PFR)
are determined by flux leakage conditions. The particle flux
leakage, Γ𝑙𝑜𝑠𝑠 = 𝛼𝑛𝐶(𝑠,𝑒)𝑛𝑒 approximates the radial loss as
an advection flux based on the sound speed 𝐶(𝑠,𝑒), which
is scaled by a parameter 𝛼𝑛, which is set to 10−3 in all
our simulations. The electron heat flux leakage is similar
Γ𝑙𝑜𝑠𝑠 = 𝛼𝑒𝐶(𝑠,𝑒)𝑛𝑒𝑇𝑒 and in this case, 𝛼𝑒 is set to 10−2 in
all simulations. The EIRENE simulation initializes 9 × 105
particles and the boundary conditions are set to be fully

recycled, except at the divertor plates, where the recycling
is set at 0.99.

Figure 2: Vessel cross-section and magnetic configuration for
the SOLPS-ITER simulations for MAST (red). The additional
vessel geometries correspond to the shifts in radius and thus
aspect ratio at 2.0 (orange), 2.4 (green), 2.8 (blue).

After determining the boundary conditions and transport
coefficients based on the MAST experimental data, we shift
both the magnetic geometry and the vessel in major radius
to regenerate a grid for SOLPS-ITER, see figure 2. The
magnetic geometry is shifted along with the vessel structure
and provides us with 4 different aspect ratios, 1.4, 2.0, 2.4,
and 2.8. In comparison, DIII-D has an aspect ratio of 2.5,
and C-Mod and ITER have an aspect ratio of 3.1. With the
same boundary conditions and perpendicular transport co-
efficients, all the simulations have identical electron density
and temperature profiles at the midplane, see figure 1. The
location of the inner grid boundary depends on the grid
reconstruction but is always far enough from the separatrix
to allow us to study the impact on the neutral density.

3. Neutral opaqueness
Opaqueness is defined as the ratio of the electron pedestal

density width and the neutral penetration length 𝜂 = Δ𝑛𝑒∕𝜆𝑛0.
It is a dimensionless number that allows for the comparison
between different devices, experimental scenarios, as well
as if there is a poloidal dependence due to magnetic flux
expansion and difference in neutral sources poloidally.
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Figure 3: SOLPS-ITER calculated neutral density profile at the
midplane (green). The density pedestal width and location are
indicated by the dashed black lines. The exponential fit to the
profile for the pedestal width region is shown in red.

To extract the electron density pedestal width, Δ𝑛𝑒 we
fit a tanh to the SOLPS-ITER modeled electron density
profiles [8]. The tanh fit is applied at each poloidal angle of
the SOLPS-ITER simulation and mapped for each poloidal
location from flux space to machine coordinates. The result-
ing Δ𝑛𝑒 as a function of poloidal angle is shown in figure
4 a). The pedestal width is constant in flux space, as the
electron quantities are constant on a flux surface, but due to
flux expansion, the pedestal width is not constant in machine
coordinates. The Grad-Shafranov shift means that the width
is narrower on the LFS and wider on the HFS, by about a
factor 2 [19]. The width increases substantially close to the
X-point, which due to magnetic geometry flux, leads to a
pronounced flux expansion. As all simulations had the same
electron density pedestal, no variation in the pedestal density
width between simulations, and thus aspect ratio is observed
for the pedestal width.

To extract the neutral penetration depth 𝜆𝑛0, we fit an
exponential to the neutral density calculated by SOLPS-
ITER at each poloidal location [16], see figure 3.

𝑛0 = 𝑛𝑠𝑒𝑝0 𝑒−𝑟∕𝜆𝑛0 (1)

𝑛0 is the neutral density, 𝑛𝑠𝑒𝑝0 is the neutral density at
the separatrix and 𝜆𝑛0 is the neutral penetration depth and
𝑟 is the minor radius coordinate at each poloidal location.
The neutral penetration depth 𝜆𝑛0 is wider than the pedestal
width, which has been observed in DIII-D experimentally
at low opaqueness [2], especially on the LFS, see figure 4.
The neutral penetration depth, 𝜆𝑛0, also increases on the HFS
similar to the pedestal width, but only by a factor of 1.5,
and again a large increase is observed close to the lower X-
point. There is no substantial variation observed between the
different aspect ratios, which suggests that with respect to
neutral dynamics when plasma conditions are identical, the
aspect ratio has little influence on neutral dynamics inside
the separatrix.

With both the pedestal density width and the neutral
penetration depth we can now calculate the opaqueness,

Figure 4: (a) Electron density pedestal width (Δ𝑛𝑒) (b)
neutral penetration length (𝜆𝑛0), and (c) opaqueness (𝜂) versus
poloidal angle for various aspect ratios starting at 1.4 (MAST,
red), 2.0 (orange), 2.4 (green), 2.8 (blue). The dashed black
vertical lines indicate the location of the lower X-point in the
simulation. The brown dashed line is the outer midplane and
the gray dashed line is the inner midplane.

𝜂 = Δ𝑛𝑒∕𝜆𝑛0, see figure 4. The opaqueness is close to
1 as a function of the poloidal angle for all aspect ratios.
On the LFS, the opaqueness is just below 1, and on the
HFS, the opaqueness increases above 1. The results are very
sensitive to small variations in either electron density width
as a function of flux expansion. This is best illustrated at the
X-point, where counter to intuition we observe an increase
in opaqueness, while it is often assumed that X-point fueling
dominates. The overall observation is that the opaqueness
is unaffected by changes in aspect ratio while keeping all
other parameters constant. This implies that any change in
opaqueness as a function of aspect ratio will be due to
changes in plasma transport and pedestal structure [5, 13].

4. Poloidal variation of neutral density
While the penetration depth might not vary inside the

separatrix, this does not mean that the neutral density itself
was not affected by changes in aspect ratio. Figure 5 shows
the 2D neutral density profiles calculated by SOLPS-ITER
for the original MAST case and the case with the large shift
in R and an aspect ratio of 2.8. The light colors represent
higher neutral densities and the dark colors are lower neutral
densities. The neutral densities on the HFS are higher for the
shifted case than for the original MAST case.

To identify systemic changes in the neutral density as a
function of aspect ratio, we investigate the neutral density at
the separatrix as a function of poloidal angle. The neutral
density at the separatrix, 𝑛𝑆𝐸𝑃

0 , as calculated by equation
1 instead of using the direct values from the EIRENE sim-
ulation. The use of the fit ’smooths’ the noisy variation in
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Figure 5: Neutral density contour plot calculated with SOLPS-
ITER for aspect ratio (a) 1.4 (left, MAST) and (b) 2.8 (right).

Figure 6: Fitted neutral density. The data colors and vertical
dash lines have the same label as in figure 4.

neutral density that occurs as a result of Monte-Carlo noise
and simplifies the comparison. Figure 6 shows the separatrix
neutral densities as a function of poloidal angle, with the
LFS midplane at 0 degrees and the HFS midplane at 180.
The dark dashed lines are the X-point locations. The neutral
density at the separatrix does not vary substantially on the
LFS, but there is a substantial increase as a function of
increasing aspect ratio on the HFS. For the original MAST
case, the neutral density from the HFS midplane up till the
X-point is much lower. The largest increase is from aspect

Figure 7: Poloidal plot for poloidal and radial flux at the
separatrix. The positive poloidal flux direction is toward the
outer target and the positive radial flux direction is toward the
wall. The black dashed line shows the poloidal flux stagnation
point for each simulation case.

ratio 1.4 (red) to 2.0 (yellow), but the neutral density keeps
increasing with increasing aspect ratio, see figure 6.

The increase with aspect ratio can be linked to an in-
crease in parallel particle fluxes to the divertor. The continu-
ity equation in B2.5 [4] is expressed as:

𝜕𝑛
𝜕𝑡

+ 1
√

𝑔
𝜕
𝜕𝜃

(
√

𝑔
ℎ𝜃

Γ𝜃

)

+ 1
√

𝑔
𝜕
𝜕𝑟

(
√

𝑔
ℎ𝑟

Γ𝑟

)

= 𝑆𝑛 (2)

Where 𝑟 stands for the radial and 𝜃 for the poloidal angle
direction on the curvilinear B2.5 grid. In this equation 𝑛
is the plasma density, 𝑆𝑛 is the ionization source from the
neutrals and Γ𝑟,𝜃 is the radial and poloidal particle fluxes
in the B2.5 grid. To map these particles fluxes from com-
putation domain Cartesian grid to the 2D curvilinear grid,
B2.5 uses geometry coefficients in radial, ℎ𝑟, poloidal, ℎ𝜃 ,
and toroidal ℎ𝜙 direction. The coordinate transform Jacobian
√

𝑔 = ℎ𝑟ℎ𝜃ℎ𝜙. Here ℎ𝜙 = 2𝜋𝑅, and ℎ𝑟,𝜃 = 1∕‖∇𝑟, 𝜃‖ are
identical for all our simulations at the separatrix.

The radial flux in the simulations shows no change as
a function of the shift in 𝑅, see Figure 7 b), however the
poloidal flux shifts ’downward’ as a function of the increase
in R. This means that as a function of aspect ratio, the flux
increases towards the inner target and decreases towards the
outer target. The second observation is that this means that
the ’stagnation’ point where the flow could go in either direc-
tion moves from the crown of the plasma for a MAST aspect
ratio to the outer midplane as the aspect ratio increases. The
change in poloidal flux is most pronounced in the initial
increase in aspect ratio but saturates at the largest aspect
ratios modeled in this paper.

This increase in parallel flux to the inner divertor means
that more particles will be recycled in this region, as the re-
cycling coefficient is fixed in these simulations. This means
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the number of neutrals increases in the inner divertor as the
simulations all reach a steady state with 𝜕𝑛∕𝜕𝑡 ∼ 0. The
higher neutral density content in the inner divertor region
shows up as an increase in neutral density at the separatrix
close to the X-point on the high field side.

5. Discussion and Conclusion
In this paper, we investigate the role of aspect ratio

on the opaqueness and the neutral density using SOLPS-
ITER simulations. We shift the magnetic equilibrium and
vessel in 4 simulations from 1.4 to 2.8 aspect ratio. Each
simulation has the same transport coefficients and the same
boundary conditions, which lead to similar plasma profiles.
We find that the change in aspect ratio has no impact on the
opaqueness of these plasma conditions. The opaqueness in
these simulations are similar to previous results from DIII-
D at low opaqueness on DIII-D [2]. Next steps would be to
increase the opaqueness through an increase in the electron
density and vary the temperature to alter the contributions of
charge exchange to investigate whether aspect ratio in more
fusion-relevant regimes would play a role.

The role of the aspect ratio on poloidal flows is not a
result that can be tested experimentally. The stagnation point
in normal aspect ratio tokamaks is on the LHF close to
the midplane and depending on plasma conditions, drifts,
and magnetic configuration either just above or below. As
most spherical tokamaks are operated in a double null con-
figuration, information on the stagnation point location and
parallel flows specific to an ST is not applicable to this single
lower null simulation. The next steps would include testing
the impact of magnetic geometry and drifts on these results.

The impact of the increase in parallel flows to the inner
divertor at normal aspect ratio and thus the creation of a
higher neutral density region matches observations that a
high neutral density front can form on the high field side
in H-mode, as observed in both JET and AUG [14, 15]. The
lack of a natural higher neutral density on the lower high
field side in a spherical tokamak could also be responsible
for why they might be more sensitive to localized fueling in
altering density profiles and even access to H-mode [7].

To test this further, additional SOLPS-ITER modeling
should be performed varying poloidal fueling locations and
direct comparisons with new experiments which alter the
poloidal fueling location and enhanced ionization measure-
ments.
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