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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 (Kirk et al., 2012), with its aspect ratio of 1.4. We 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. 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 observe an increase in the neutral density close to the X-point on the high field
side (HFS) as the aspect ratio increases. This poloidal angle averaged 44 % increase for the aspect ratio 2.8 case
compared to the MAST geometry on the lower HFS is linked to an increase in the poloidal surface-integrated
particle fluxes (1/s) towards the inner divertor.

1. Introduction

The spherical tokamak (ST) is an attractive concept for a compact
magnetic confinement approach to a fusion pilot plant [1]. The pedestal
at the plasma edge plays an important role in reaching fusion-relevant
plasma conditions. In an ST, it has been observed that the pedestal
pressure width is wider than in a regular tokamak [2]. New recent the-
oretical simulations 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 [3]. 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 [4-7]. The impact
of aspect ratio on ionization and neutral density profiles has not yet
been explored, but it could influence the design of a pilot plant with
respect to fueling and the fuel cycle.

In current-day devices, ionization plays a dominant role in deter-
mining the pedestal density structure [8]. The aspect ratio will not
affect the mean free path of the neutrals if all plasma parameters remain
similar; however, the machine size to mean free path ratio is altered.
In a simplified view, as machine size increases, the ability of neutrals
to penetrate inside the separatrix reduces. We find that machine size
scaling, as only a function of major radius, R, has little impact on the
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neutral’s ability to penetrate inside the separatrix. Additionally, the
parallel flux in the Scrape-Off Layer will be affected by machine size.
We find that this has especially a pronounced effect on the local neutral
density close to the X-point on the High Field Side (HFS), where the
relative changes in machine coordinates are more pronounced than on
the Low Field Side (LFS), and the neutrals are confined to a smaller
volume.

The opaqueness of neutrals allows us to compare the ability of
neutrals to penetrate inside the separatrix. It is analogous to light
attenuation through an opaque medium and is a dimensionless number
characterized by taking the ratio of the pedestal density width, 4n,
(in mm), to the penetration depth of the neutrals, 4,, (in mm). The
pedestal width is determined by a tanh fit to the electron density,
and the neutral penetration depth is found by fitting an exponential
to the neutral density profile. As the calculation of the opaqueness
requires detailed information on the pedestal and the neutral density
profiles either obtained through experimental measurements and/or
plasma-edge modeling, a heuristic approximation of opaqueness was
developed, which does not depend on these measured and/or modeled
quantities. This heuristic opaqueness is not dimensionless (1/m?) and
is expressed by n, x a, where n, = (nPEP + n5EP) /2 and a is the minor
radius [7]. Recent results comparing the penetration and ionization of
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hydrogen and deuterium at various levels of opaqueness have shown
good agreement with the heuristic model by matching the pedestal
dimensionless parameters without mass dependence [6,8].

In conventional tokamaks at low opaqueness, the ionization plays
an important role in determining the pedestal density structure. The
penetration of neutrals can shift the pedestal density outwards [9]. It
also affects the width of the pedestal density [6]. At low opaqueness,
divertor closure changes substantially influence the poloidal distribu-
tion of the neutrals, which in turn affects the width of the electron
density pedestal [10]. However, at high opaqueness in conventional
tokamaks, the neutral density and ionization have a limited effect on
the pedestal density structure [4]. Recent SOLPS-ITER modeling and
experiments show that these poloidal asymmetries and changes to the
pedestal density structure disappear at higher opaqueness [6-8].

As experimental measurements for neutral densities inside the sepa-
ratrix are not readily available, we rely on the heuristic approximation
to identify lower and higher opaqueness regimes. Because the heuristic
model depends only on the minor radius, it does not encompass the
influence of aspect ratio and, thus, machine size. To isolate the impact
of aspect ratio, we use SOLPS-ITER [11] to model a MAST H-mode dis-
charge [12] 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 n = 4n,/4,, 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 distribution. 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 results from an increase in the poloidal Scrape-Off Layer
particle flux, which depends on R, the major radius.

2. SOLPS-ITER simulations varying aspect ratio

The baseline MAST type-I ELM H-mode plasma scenario (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 g¢5 ~ 2.8 during the H-mode
phase which starts at 0.24 s. The line-averaged density is 4 x 10'° 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 [11] to model this MAST exper-
iment with the drifts turned off. The SOLPS-ITER code consists of
two codes, B2.5, which solves the Braginskii plasma fluid equations,
and ETRENE, a Monte-Carlo neutral code. Both are coupled and
evolve 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, n,, and temperature, 7, at the midplane, see Fig. 1.
The transport coefficients are identical for all simulations; see Fig. 2.
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, I, = ,C(; . %, approximates the radial loss
as an advective flux based on the sound speed C; ), which is scaled by
a parameter a,,, which is set to 1072 in all our simulations. The electron
heat flux leakage is similar I}, = «,C(, T, and in this case, «, is set
to 1072 in all simulations. The EIRENE simulation initializes 9 x 10°
particles and the boundary conditions are set to be fully recycling,
except at the divertor plates, where the recycling is set at 0.99.

After determining the boundary conditions and transport coeffi-
cients based on the MAST experimental data, we shift the magnetic
geometry and the vessel in major radius to regenerate a grid for SOLPS-
ITER, see Fig. 3. The magnetic geometry is shifted along with the vessel
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Fig. 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).
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Fig. 2. Particle transport coefficient (solid line) and electron heat transport coefficient
(dashed line) for SOLPS-ITER simulation. The lines’ color labels are the same as Fig. 1.

structure, providing four 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 coefficients, all the simulations have identical
electron density and temperature profiles at the midplane; see Fig. 1.
The location of the inner grid boundary depends on the grid recon-
struction. Still, it 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, # = 4n,/4,. It is a dimension-
less number that allows for the comparison between different devices
and experimental scenarios. It is a poloidally and toroidally localized
value, which can vary due to magnetic flux expansion.
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Fig. 3. 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), and 2.8 (blue).

To extract the electron density pedestal width, 4n,, we fit a tanh
to the SOLPS-ITER modeled electron density profiles [4]. The tanh
fit is applied at each poloidal angle of the SOLPS-ITER simulation
and mapped from flux space to machine coordinates for each poloidal
location. The resulting 4n, as a function of poloidal angle is shown in
Fig. 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 [13], see Fig. 4. The width increases
substantially close to the X-point, which leads to a pronounced flux
expansion due to magnetic geometry flux. As all simulations have
similar pedestal density profiles, there is thus no change in pedestal
width as a function of aspect ratio.

To extract the neutral penetration depth, 4,,, we fit an exponen-
tial to the neutral density calculated by SOLPS-ITER at each poloidal
location [14], see Fig. 5.
ng = ngbe(wllsz_lp"’)/’l”u (€D)]

ny is the atomic neutral density, ngb and ‘I’Jf,b are the atomic neutral
density and ¥, value at the foot of pedestal density, and 4,,(¥y) is the
neutral penetration depth as function of ¥, . The fit is limited to the
neutral density profile that spans the electron density pedestal width.
In the second step, 4,,(¥y) is transformed to machine coordinates, with
the units of mm, at each poloidal location to incorporate information
on flux expansion. The neutral penetration depth 1,, is wider than
the pedestal width, which has been observed in DIII-D experimentally
at low opaqueness [6], especially on the LFS, see Fig. 4. The neutral
penetration depth, 4, also increases on the HFS similar to the pedestal
width, but only by a factor of 1.5, and again, a large increase is ob-
served close to the lower X-point. No substantial variation is observed
between the different aspect ratios, which suggests that with respect
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Fig. 4. (a) Electron density pedestal width, 4n,, (b) neutral penetration length, 4,,, and
(c) opaqueness, 7, 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.
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Fig. 5. SOLPS-ITER calculated neutral density profile at the midplane (green). The
dashed black lines indicate the density pedestal width and its location. The exponential
fit to the profile for the pedestal width region is shown in red.

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, n = 4n,/4,, see Fig. 4(c).
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 susceptible to
small variations in either electron density width as a function of flux
expansion, which is best illustrated at the X-point. Counter to intuition,
we observe an increase in opaqueness, while it is often assumed that
X-point fueling dominates [15]. As observed in earlier simulations,
the neutral density close to the X-point is higher in low opaqueness
plasmas [8,14].

The overall observation is that the opaqueness is unaffected by
changes in aspect ratio while keeping all other parameters constant.
In reality, the pedestal density width will not be a constant function
of the aspect ratio, directly affecting the opaqueness calculation. One
assumption is that as the aspect ratio decreases, the density pedestal
width increases due to changes in transport and stability [3]. If we as-
sume similar scaling as observed and modeled for the pedestal pressure
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Fig. 6. Atomic neutral density contour plot calculated with SOLPS-ITER for aspect ratio
(a) 1.4 (left, MAST) and (b) 2.8 (right).

width [2,3], this will result in an increase in opaqueness for a reduced
aspect ratio. A secondary effect is that as the electron density pedestal
profile increases in width, this will affect the neutral penetration as
well. A simple example of the influence of the pedestal width (in
machine coordinates) can be seen in Fig. 4, which looks at the influence
of flux expansion. While the pedestal width increases by a factor of 2
between LFS and HFS, the neutral penetration only increases by 1.5.
This would suggest that while spherical tokamaks are more compact,
their opaqueness could be higher than that of conventional tokamaks
for similar electron densities due to the widening of the pedestal.

4. Poloidal variation of neutral density

While the penetration depth might not vary inside the separatrix,
this does not mean that the neutral density was not affected by changes
in aspect ratio. Fig. 6 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. Light colors represent higher
neutral densities, while dark colors represent 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 pedestal bottom
as a function of the poloidal angle. The neutral density at the pedestal
bottom, ngb, is calculated by Eq. (1) instead of using the direct values
from the EIRENE simulation. The use of the fit ‘smooths’ the noisy
variation in neutral density values that occurs due to Monte-Carlo noise
and improves the ability for comparison. Fig. 7 shows the separatrix
neutral densities as a function of the 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 most significant increase is from aspect
ratio 1.4 (red) to 2.0 (yellow), but the neutral density keeps increasing
with increasing aspect ratio, see Fig. 7.

The atomic neutral density increase with aspect ratio can be linked
to increased parallel surface-integrated particle fluxes (1/s) to the
divertor. The continuity equation in B2.5 [16] is expressed as:

o, 1o (VBN Lo (VEL @
a g0\ hy Ve or\ h
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Fig. 7. Fitted atomic neutral density at the separatrix versus poloidal angle. 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 dashed black vertical lines indicate
the location of the lower X-point in the simulation. The brown and gray dashed lines
are the outer and inner midplane.
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Fig. 8. Poloidal plot for (a) poloidal and (b) radial flux at the separatrix. The positive
poloidal flux direction is towards the outer target, and the positive radial flux direction
is towards the wall. The black dashed line shows the poloidal flux stagnation point for
each simulation case. The data lines’ color labels are the same as Fig. 7.

Where r stands for the radial and ¢ for the poloidal angle direction
on the curvilinear B2.5 grid. In this equation, » is the plasma density,
S, is the source from the neutrals, and I, , is the radial and poloidal
particle fluxes in the B2.5 grid. To map these particle fluxes from the
computation domain Cartesian grid (¥, space) to the 2D curvilinear
grid (real space), B2.5 uses geometry coefficients in radial, 4,, poloidal,
hy, and toroidal, h,, direction. The coordinate transform Jacobian \/— =
h.hghy. Here hy =2zR, and h,, = 1/||Vr,0]|.

The radial flux in the simulations shows no change as a function
of the shift in R, see Fig. 8(b); however, the poloidal flux shifts
‘downward’ as a function of the increase in R. This means that the
‘stagnation’ point where the flow could go in either direction moves
from the crown of the plasma for a MAST aspect ratio to the outer
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midplane as the aspect ratio increases, see Fig. 8(a). The change in
poloidal flux is most pronounced in the initial increase in aspect ratio
but saturates at the most significant aspect ratios modeled in this paper.

The poloidal fluxes, I, (1/(m?s)), at the targets are the same for
all cases because the sheath boundary condition and the upstream
electron density and temperature are the same for all aspect ratios;
see Fig. 9(a). The cusp in each simulation case is the saturation point.
Because of the fixed density boundary condition, the input surface-
integrated poloidal flux, (\/g/hg)l“g (1/s), at the core increases with
major radius R. Therefore, the surface-integrated poloidal flux at the
separatrix increases with the aspect ratio; see Fig. 9(b). This increase
in surface-integrated poloidal flux to the divertors means that more
particles will be recycled in this region, as the recycling coefficient
is fixed in these simulations. The number of neutrals increases in the
divertors as the simulations all reach a steady state with on/ot ~ 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 HFS. However, the increase in neutrals is not significant enough in
these simulations to drastically change the inner divertor conditions,
such as going from attached to detached conditions. Although the
surface-integrated poloidal flux at the outer target increases with the
aspect ratio, neutral density on the LFS decreases with the aspect ratio
due to the saturation point shift.

The atomic neutral density changes on the LFS are less pronounced.
This is linked to multiple factors, such as the previously mentioned
saturation point shift, ionization source term change, chamber volume,
and neutral baffle. The primary source term at the separatrix is ion-
ization. The atomic neutral density is proportional to the ionization
term, S;,,, in our identical electron density and temperature setting
with the formula: S;,, = n,ny(0;,,v,), where (c;,,v,) is ionization rate.
We define 4 as the operator for the quantity difference between two
aspect ratio cases, A; and A,. The source term difference, AS,equals to
the particle flux divergence difference, A(V - I'), because of the steady
state continuity equation, i.e.,

AS = AV-T)

=A<1[ ! z(ﬁ@
R | 22h,h, 96\ hy
1 ofVe
* 2, E(Trr’ﬂ ) @

If the term inside the square bracket in Eq. (3), RV-TI', and its difference,
A(RV - I'), are compatible on both sides, the major radius reciprocal
difference, A(1/R), dominates. Based on the following equation,
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the change in the ionization source term is smaller on the LFS, where
Ryrs,» Rurs,» Rirs,> Rurs, are the local major radius on the HFS
and LFS for two aspect ratio cases, A, and A,. Moreover, the neutrals
have a larger volume in which they can interact with the LFS, thus
limiting the impact on the neutral density close to the separatrix. The
baffle structure on the LFS close to the X-point, as shown in Figs. 3
and 6, also blocks the atomic neutrals from diffusing to the upper LFS,
as shown in atomic neutrals density plummet at around poloidal angle
—75° in Fig. 7.

5. Discussion and conclusion

In this paper, we investigate the role of aspect ratio on the opaque-
ness 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 boundary
conditions, leading 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 is similar to previous
results from DIII-D at low opaqueness on DIII-D [6]. The following 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. In addition, a scan of the pedestal electron
density width can be performed to investigate the influence of these
parameters on the opaqueness, as it also affects the neutral penetration
depth.

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 close to the LFS midplane. The exact location depends on
plasma conditions, drifts, and magnetic configuration. As most spher-
ical tokamaks operate in a double null configuration, information on
the stagnation point location and parallel flows specific to a spherical
tokamak 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 a 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 [17,18]. 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 [19]. To test this further, additional
SOLPS-ITER modeling should be performed on varying poloidal fueling
locations and direct comparisons with new experiments that alter the
poloidal fueling location and enhanced ionization measurements.
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