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Abstract

Embedding diagnostics in future pilot plants will be a challenging task, because of space-
and irradiation-related concerns. Relying on high-fidelity synthetic diagnostics would then
be valuable.

The 3D Monte-Carlo ray-tracing code CHERAB allows the development of numerous
synthetic spectroscopic diagnostics. Focus of the present work is the introduction of
new CHERAB models. The forward modelling of a synthetic D, camera in ST40, the
privately funded, high-field spherical tokamak, owned and operated by Tokamak Energy
Ltd, and the comparison against experimental data is chosen as a testbed for quality
assessment. Main output of the study then consists of estimates of the neutral particle
densities throughout the chamber, of crucial relevance within edge plasma studies.
Starting from simple analytical models, a 2D D, source in the poloidal plane is gener-
ated. However, the centre column limited plasmas in ST40 display an intrinsically-3D D,
emission, mostly localised around the discrete poloidal limiters on the centre column, not
captured by any axisymmetric source model. Hence, a novel methodology is introduced
in CHERAB to approximate the 3D non-toroidally-symmetric pattern via a piece-wise
emission distribution.

Irrespective of the geometry of the emission and size of the tokamak, the pronounced non-
homogeneity in the edge plasma emission requires sub-millimetric (~ power fall-off length)
spatial resolution to guarantee an accurate estimate of the peak emission. Minimising the
associated burden via implementation of a non-uniform source sampling algorithm, which
is a modification of the standard CHERAB uniform sampling, results in a >10-fold reduc-
tion of the computational cost.

The significantly-shortened simulation time also makes the inclusion of more sophisticated
models affordable. Of potential appeal in view of highly-detached divertors, the approxim-
ation of optically thin plasma is dropped, and photon-plasma interactions are accounted
for. Brand-new CHERAB models able to take into account phenomena of photon absorp-
tion and scattering are so introduced.
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1. Introduction

In the next generation of nuclear fusion devices, a significantly increased plasma per-
formance with respect to existing tokamaks is aimed at being achieved and sustained for
pilot-plant-relevant timescales. Such a mission requires plasma properties and power and
particle exhaust to be reliably quantified during the design phase, and ultimately dia-
gnosed during operations to build the basis for relevant code validation and extrapolation
to pilot plants.

Pilot plants, with the aim of proving the feasibility of electricity production from nuclear
fusion, will soon populate the landscape also. In such devices, the neutron irradiation
would reach levels never experienced before and become of primary concern from the
viewpoints of operation and servicing. The diagnostic apparatus would thus struggle to
properly operate in, and even to survive in primis, this harsh environment [1].

It is in this framework that synthetic diagnostics become a tool of appeal to the fusion
community. On the one hand, synthetic diagnostics offer support within the experimental
data interpretation, of well-known peculiarly-challenging nature. On the other hand, syn-
thetic diagnostics allow for a careful diagnostic design and integrated analyses devoted to
fast capturing the essential plasma features [2]. The D, camera is one such example: by
allowing to infer properties of the neutral deuterium distribution throughout the chamber,
this tool becomes of interest, e.g., in diagnosing the edge plasma, especially in regimes of
detached divertor.

In this work we employ the 3D Monte-Carlo inverse ray-tracing code CHERAB [3][4] to
model the 2D view of a synthetic D, camera in the ST40 tokamak [5], the privately funded,
high-field spherical tokamak, owned and operated by Tokamak Energy Ltd. With the ul-
timate goal of inferring valuable neutral parameters, focus is also put on the improvement
of the existing numerical tools and methods in view of later systematic applications.

To this extent, the D, emission source is built via simplified analytical models for the core
and edge plasma as consistently as possible with the experimental data, as discussed in
Sec. 2. Instead, Sec. 3 highlights the new CHERAB models developed. A new CHERAB
model qualitatively capturing the substantial lack of toroidal symmetry of the ST40 centre
column is introduced in Sec. 3.1. Then, a novel implementation of a non-uniform sampling
algorithm in CHERAB aimed at reducing the computational burden of spatially resolving
the dishomogeneous edge plasma radiation emission is discussed in Sec. 3.2. Last, Sec. 3.3
details the process of replacing the approximation of optically thin plasma with the imple-
mentation of photon absorption and scattering, of potential interest in pilot-plant-relevant
detached plasmas. The results of the work, with comparison of the different models and
assessment of the overall sensitivity to the input parameters, are discussed in Sec. 4, while
Sec. 5 summarises the conclusions and outlook of the paper.

2. Experimental data and analytical source

2.1. Fxperimental data

Time instant 65 ms within plasma shot #9229 in the ST40 database is selected for the
present analysis because of: (i) the satisfactory plasma current of 490 kA, the central ion
and electron temperature of ~ 5.3 keV and ~ 2.5 keV, respectively, and the central elec-
tron density approaching ~2.6 x 10 m™3; (ii) the thorough investigations conducted by

2



7

78

79

80

81

82

83

84

86

87

88

89

90

91

92

93

94

95

96

97

100

101

the ST40 Team. These make such discharge an appropriate testbed for the new CHERAB
models presented in this paper. The corresponding EFIT-reconstructed magnetic equilib-
rium [6] and experimental D, camera view are shown in Fig. 1 and Fig. 2.a, respectively,
while a schematic of the view in the toroidal plane (R, ¢) is given in Fig. 3. The plasma is
limited to the centre column and the D, emission (lux) is hence localised on the Ny = 8
discrete poloidal limiters (4 visible in Fig. 2.a), each of A¢rny = 0.23 rad (= 13 degrees)
in width along the toroidal direction ¢.

Further noteworthy features of the experimental view are:

e The up-down asymmetry in the radiation emission, which is preferentially localised
in the lower half of the centre column. Reason of this is ascribed to the asymmetry
in the magnetic coil setup, reverberating in an asymmetry in the equilibrium (see,
e.g., magenta separatrix in Fig. 1).

e The sigmoid pattern along the vertical direction Z, visible upon the two central
limiters. As suggested by field-line tracing computations (Fig. 2.b), the surface
struck by the plasma (where most of the D, emission is localised) must indeed be
the left (right) half of the limiters for Z < 0 (Z > 0). This is due to the interplay
between magnetic shadowing and the direction of the magnetic field lines - impinging
on the limiters from right to left (left to right) for Z < 0 (Z > 0).

e The non-zero emission from the vicinity of the passive plates (top and bottom ex-
tremities of the centre column) caused by a fraction of power and particles actually
striking the passive plates rather than the limiters.

The plasma wetting affecting only the half-width of the limiters is taken into account in
Sec. 3.1. On the contrary, believed to give minor corrections to the overall result, the
remaining features are not included in the present analysis.
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Figure 1: EFIT-reconstructed magnetic equilibrium [6] (cyan) of the plasma shot #9229 at 65
ms and separatrix (magenta). Dashed field lines belong to the plasma core region, while solid
ones to the edge.

(a) Experimental D, camera view (b) Field-line tracing computation
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Figure 2: (a) D, camera experimental view of the plasma shot #9229 at 65 ms. (b) Pattern of
advective and conductive plasma heat flux (proxy for magnetic shadowing) on the ST40 limiters
(right) computed via field-line tracing with the HEAT code [7]. Detail of one only limiter on the
left. Black regions are magnetically shadowed in the optical approximation. Courtesy of [8].
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Figure 3: Cartoon of the top-view (toroidal plane) of the emission distribution (Sec. 3.1)
enclosed by the ST40 wall (black and grey), with the reference frame adopted, Ny = 8 and
A ~ 13 degrees (as per ST40 specs). While no emission is assumed to occur within the white
volumes, D,, photons isotropically originate from the complementary emitting regions (yellow =
high emission, blue = low emission) and propagate throughout the chamber. At the bottom, the
position of the actual camera and its field of view (magenta).

2.2. Analytical source

Plasma profiles of density and temperature (Sec. 2.2.1), and neutral density (Sec.
2.2.2) are required to compute the corresponding D, radiation emission (Sec. 2.2.3).
Relying upon profiles obtained via core and edge plasma simulations as in [9] would hinder
the possibility of several subsequent adjustments of the distribution itself, because of the
substantial computational cost of the underlying plasma simulations. On the other hand,
core plasma profiles computed via hierarchical data analysis (HDA) are available [2]. Non-
etheless, both the associated uncertainty in the near-separatrix region and the sensitivity of
the outcome to very near-separatrix figures (Sec. 4.2) make using HDA profiles unsuitable
in the present context. For these reasons, analytical models are employed instead.

2.2.1. Plasma profiles

For plasma density n and temperature T merely entering the computation of the
Amjuel-based fractional abundances of excited atoms (Sec. 2.2.3), which are a function of
the electron species only [10], n = n. and T' = T, hold throughout the work.
The normalised poloidal flux coordinate x = (¢ — 1)/ (Vsep — o) is employed, with
being the magnetic flux, 1y and 1, its value on the magnetic axis (sitting at (Ry; Zp) =
(+0.49; —0.01) m) and separatrix, respectively.
A Gaussian shape' centred on the magnetic axis (¢x = 0) is assumed for the core plasma
profiles [2], with a peak of n¥¥=0 = 2.6 x 10' m™ and T¥¥=° = 2.5 keV for density and

Due to the insensitivity of the result to the core plasma parameters (Sec. 4.2), the actual shape of
the core profiles is of minor relevance.
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temperature, respectively, as informed by the available experimental measurements. The
resulting mathematical formulation hence reads:

ne(n) = ™= exp {—0} /207 }

1
T () = TN - exp {3203 ) W
with 0, = [2In (nﬁ’N:O/anzl)]71/2 and o7 = [2In (T;/’NZO/TgNzl)rl/Q to force the pro-
files to attain the separatrix values of nY=t = 1.0 x 10! m~3 and T¥¥=! = 100 eV (at
tx = 1), reasonable figures obtained from [11].

Consistently with [11], density and temperature in the edge plasma are assumed to expo-

nentially decay along the radial direction?, as measured from the plasma magnetic axis.
Then:

ngte (i, ) = max N7 nNexp {— (Y — 1) /AN } - F(0)]

e

T2 () = max [T TN exp { = (i = 1)/A7 ] )
where the decay lengths in the 1y-space A¥~ and )#N are such that A\, = 7.8 cm and A\ =
1.5 e¢m in the physical space, coherently with [11]-based estimates. The resulting power
decay length for this scenario would thus be A, ~ (1/X\, +3/2\p)~" = 0.9 cm [11], of the
expected order of magnitude for a limited plasma [12]. The values of n¥N7>° = 10 m~—3
and T¥¥7?* = 0.1 eV (~ room temperature) instead serve the purpose of preventing
ndse and T4 from dropping substantially below the minimum density and temperature
allowed by Amjuel fits [10], hence possibly leading to unreasonable extrapolations [13].
The form factor F(6) = 1 + |0]/m confers to n®%° the dependence on the poloidal angle
0 € [—m; +7] expected from the 2-point model for an attached plasma [11], such that ncdee
linearly doubles when moving from outer mid-plane (OMP, # = 0) to the strike point on
the wall (SP, = ). The edge plasma is instead assumed isothermal along the poloidal
direction [11].

Core and edge profiles are ultimately merged to give:

[ nere(gn) i 0 < un < 1
ne(Yn, 0) = {ngdge(qpme) if Yy >1 (3)
B Tore(yhy) if 0 <hy < 1
Te(¢N) = {Tedge(le) if Yy >1

e

and are depicted in Fig. 4.

2In the present scenario, ¢y is chosen as a suitable proxy for the radial direction.
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Figure 4: (a) Plasma density n. (blue, left vertical axis) and temperature T, (magenta, right
vertical axis) as a function of the normalised flux coordinate ¢¥n. Resulting 2D maps in the
poloidal plane for density (b) and temperature (c) in logarithmic scale.

2.2.2. Neutral profiles

An effective neutral density n, = np+2np, is considered [13], hence not discriminating
between atoms D and molecules Dy. Separately accounting for the two species would imply
additional degrees of freedom and complexity, and is therefore avoided in the present work.
Moreover, ST40 plasmas have been of attached (not detached) nature thus far. In such a
regime, discriminating between atomic and molecular mechanisms would presumably give
a marginal correction.
The overall neutral density profile is given by the superposition of two contributions:

nB6 (x) = N0 4 (5% — N0 (1t exp {— (tw — 1)/ g}

2 4
n?P(R, Z) = ngg . Zexp {—(R — Ri)2/2037R} - exp {—(Z — Zz‘)2/203,z} 4)
= ng(r) = ng(R, Z) = n,%(Yn(R, Z)) + 15" (R, Z)

e Depicted in Fig. 5.a, a background (BG) density ngBG monotonously increasing

with 1y, and such that limy, . nJ%(¢x) = nfN7>° away from the separatrix (wall

7
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vicinity), where neutral density gradients vanish. The parameter i, quantifies the
smoothness of the transition from core to edge plasma around the separatrix.

e Two identical anisotropic Gaussian distributions localised at the two strike points
(Sec. 2.1) (Ry; Z1) = (+0.177; 4+0.2) m and (Ry; Z2) = (+0.177; —0.2) m, to mimic
the recycling-driven enhanced neutral density, and featuring a peak value of nS}B. The
anisotropic nature is conferred by the standard deviations o, r = 0.5 cm < 0,7 =
5.0 cm, a reminder of the neutral ionisation mean free path being substantially longer
along the Z direction (towards the low-density cold edge plasma) than along the R
direction (towards the high-density hot core plasma).

The actual values of the afore-mentioned free parameters are iteratively worked out by
subsequent adjustments, and embody the main result of the work (Sec. 4.1). Fig. 5
pictures the resulting profiles.

1el5 Neutral density - Neutral density (m~3)
5 0.75 48.0
_ 0.50 17.5
T a
g 0.25 17.0
s = =]
N 3 £ 000 16.5 &
+ N L
Q
h -0.25 16.0
s
>
<
-0.50 15.5
L -0.75 15.0
-1.00
0 2 3 4 5 -0.5 0.0 0.5 1.0 15
v (=) R(m)
(a) (b)

Figure 5: (a) Background neutral density ngBG as a function of the normalised flux coordinate

YN. (b) Resulting 2D map in the poloidal plane for ny(R, Z) = ngBG(¢N(R, Z)) + n?P(R, Z) in
logarithmic scale, with the peaking on the limiter conferred by nSP(R, Z).

2.2.8. D, emission source

The D, photons (v32, Balmer line) are emitted by neutral deuterium atoms D when
radiatively de-exciting from the 3rd to the 2nd quantum level® (3-2 transition, with 1
being the ground state), according to:

With the plasma profiles commented in Sec. 2.2.1, the Amjuel database® [10] allows
the computation of the fractional abundance fp+3y (—) (Fig. 6.a) such that np«s)(r) =
ng(r)- fo+3)(r) is the density of neutrals excited in the 3rd quantum level, with the implicit

3Splitting of the degenerate quantum levels due to the presence of a strong magnetic field (Paschen-
Back effect) can be shown to be a negligible correction in this context.
4Specifically, the ratios between the fractional abundances H.12-2.1.5a and H.12-2.1.5tot.

8
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assumptions of n, comprising all the possible excited states, and of the excitation being
driven by neutral-electron interactions®.
Then, by relying on the transition probability As, = 4.41 x 107 s~! for the 3-2 transition

[14], the 2D D,, isotropic source Sp, (ph-m™2-s!) follows (Fig. 6.b):

S2P(r) = Asy - npr(s)(r) (6)

D" (3) fractional abundance (%) D, emission (ph/m?3/s)
1.00 1.00

0.75 22.0

21.5
0.50

21.0
0.25

= = 205
£ 000 004 E 400 8
N N 20.0 2
-0.25 0.03 -0.25
19.5
-0.50 0.02 -0.50 16:0
—0.75 0.01 -0.75 18.5
-1.00 0.00 -1.00 18.0
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
R (m) R (m)
(a) (b)

Figure 6: 2D maps in the poloidal plane of (a) fractional abundance fp«(3)(R, Z) (%) and (b)
isotropic emission source S2P(R, Z), in logarithmic scale.

in a similar manner to the approach adopted by [15] (Eq. 5 therein). The radiation
source in (ph-m™ -s7!) is then sampled in CHERAB providing a result expressed in
(ph-m~2-s71-sr7 1), and converted to (lux) for experimental comparison according to [16].

3. Novel CHERAB models and algorithms

3.1. 3D periodic piece-wise emission distribution

By default, CHERAB allows the selection among two methods to build 3D emission
sources: revolving a 2D source defined in the poloidal plane around the tokamak Z-axis,
or considering a source intrinsically 3D.

Via the introduction of a dichotomic function D(¢) periodic along the toroidal direction
¢, a novel 3D emission source model of piece-wise nature is implemented in CHERAB.
Because of the experimental emission pattern (Fig. 2.a), such new model is of vital
relevance in the present context, but would similarly be of appeal in circumstances as
those found in [17] (Fig. 3 therein).

With Ny = 8 and A¢pny = 0.23 rad (= 13 degrees) as per Sec. 2.1, and by defining
¢ = 2km /Ny with k& € [0; Npm — 1], the mathematical expression of the dichotomic

®Because of the small neutral density of the present limited scenario (Sec. 4.1), excitation driven by
neutral-neutral collisions is neglected.
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function and of the corresponding 3D (isotropic) source (schematically represented in Fig.
3) read:

D(g) = {1 if ¢, < ¢ < dx + Ay /2 -

0if ¢ + Adrii/2 < ¢ < drpa
= SP(r,¢) = D(¢) - S2P(x)

Particularly, considering the isotropic emission being non-zero only within a region of
width A¢rm/2 (yellow-blue in Fig. 3) comes from the magnetic shadowing, as discussed
in Sec. 2.1. Instead, assuming exactly zero emission in the complementary areas (white
in Fig. 3) could be relaxed and some non-zero emission included, but is outside the scope
of the present work.

The dichotomic function is then also applied to all the plasma and neutral variables (Sec.
2.2.1 and Sec. 2.2.2, respectively).

3.2. Non-uniform source sampling

Whenever dishomogeneous emission sources are taken into account, sampling (and
sample integration afterwards) is carried out along the directions identified by the rays
(lines of observation) fired by the camera within the computational scene (reverse ray-
tracing) [9][18]. By default and for the sake of simplicity, CHERAB relies upon a uniform
sampling (exemplified by the white arrow and dots in Fig. 7.a), i.e. adjacent samples are
spaced of a constant quantity As (m) - sampling step. Given the strong dishomogeneities
featured by the edge plasma and developing over a length in the order of )\;, the most
appropriate sampling step would be such that As < )\, ideally of a factor > 2. Neverthe-
less, A\, attaining values in the millimetres range [19][20] implies a prohibitively small As.
A new non-uniform sampling algorithm is therefore developed, and schematically shown in
magenta in Fig. 7.a. Driving idea is acknowledging the need of fine-sampling exclusively
in those regions of space characterised either (1) by elevated emission or (2) by elevated
emission gradients, leaving coarse-sampling elsewhere. Mathematically, emphasising such
specific areas can be translated in the following criterion:

wy 520 (r)

ASL@“)) maxyy 530 ()]

As*(r) = ASmax - ( s

with Asy(r) = max [Aspn ; min [Aspay ; Lise(r) /we 5 Lopg(r) /ws]]
and Ly (r) = S2°(r)/|VS2P ()] (9)
and Lona(r) = [VSZP ()| /|[H [S2P(r)] |2

In other words, the non-uniform sampling step As*(r) depends on the actual location in
space T via the power law of Eq. 8, graphically represented in Fig. 7.b. If S?P(r) = 0 then
As*(r) = Aspyax (under user-selection, likewise Asy,i,) and the sampling is the most coarse
allowed. Conversely, if S?P(r) > 0 then As*(r) would depend on Asy(r) € [Asmin; ASmax],
with Lig and Lopg (involving the 2-norm || - ||o of the Hessian matrix H [21]) being the
characteristic length scales (m) over which the emission S2P(r) and its gradient V.S2P(r)
vary, respectively, and, hence, must be spatially resolved. The weights w; and wy (—)

10
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are under user-control and put more emphasis (proportionally smaller As*) on the regions
where the emission is closest to the maximum and where it varies the most, respectively.
The values employed in this work are w; = 45 and wy = 30.

Once a satisfactory 2D function As*(r) is built in the pre-processing phase by choosing
ASpin and Aspy., and adjusting w; and wy (Fig. 7.b), the corresponding 3D version is ob-
tained by a mere revolution around the Z axis (no dependence on ¢). Whether employing
a method likewise Sec. 3.1’s would give an advantage despite the enhanced complexity
(especially around the periodic discontinuities) is currently dubious and left for future
investigation.

D, emission (ph/m?3/s) Non-uniform step (m)

1.00 -2.00
0.75 22.0 0.75 -2.25
0.50 a5 0.50 -2.50
21.0
0.25 0.251 -2.75
- 2005, 5 e 5
E o000 5 £ o000 -3.00 &
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-0.25 -0.25 -3.25
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-0.75 18.5 —-0.751 -3.75
-1.00 18.0 -4.00
-0.5 0.0 05 10 15 -0.5 00 05 10 15
R (m) R (m)
(a) (b)

Figure 7: (a) Cartoon of the uniform (white, default in CHERAB) and non-uniform (magenta,
newly-implemented) source sampling along the direction of two representative rays fired by the
camera (reverse ray-tracing), overlaid to the emission distribution. The arrows identify the
ray direction (observation line), the dots are the samples collected. (b) Map of the newly-
implemented non-uniform sampling step As*(R, Z) with Asyin, = 1074 m, ASmax = 1072 m,
w1 = 45, and wy = 30, as used in the present work.

3.3. Opaque plasma: photon absorption and scattering

Customarily relied upon is the approximation of optically thin plasma [22], which as-
sumes the photons emitted by the plasma to leave the plasma itself unperturbed. In
CHERAB this translates into rectilinear ray trajectories the source samples are collected
along (Fig. 7.a). However, with neutral deuterium densities foreseen to exceed 10! m=3 in
partially- and fully-detached regimes [13][23], plasma opaqueness to photon propagation
might be non-negligible. Although such densities are far above those achieved in the ST40
shot under consideration, a ~ 12% variation is already implied when considering plasma
opaqueness (Sec. 4.1), which is therefore meritorious of implementation in view of future
applications. This is here carried out according to two strategies, differing in terms of
complexity and computational cost.

First, the propagation of rays in an opaque environment is directly simulated via a Monte
Carlo procedure, and the emission samples collected along the resulting non-rectilinear
trajectory (absorption & scattering). At a fundamental level lies the microscopic cross-
section oib® ~ 1.2 x 107! m?, which regulates the process of absorption of a v3; photon
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by the hand of a D*(2) excited atom. Such parameter can be computed from [24], where
(i) spontaneous emission (A-factors of Sec. 2.2.3), (ii) elastic, and (iii) inelastic contribu-
tions to the transition are accounted for, with (i) being the dominant and henceforth the
only one actually considered here®. Downstream the photon absorption, if the resulting
D*(3) atom subsequently meets a radiative 3-2 de-excitation via emission of a v35 photon
(44% probability”), the original 3, is considered as (isotropically) scattered. Instead, if a
radiative 3-1 de-excitation is met by D*(3) (56% probability), the original v55 is assumed
as effectively absorbed®.

Such processes are summarised below:

v +D*(2) = D*(3) — ...
Scattering: D*(3) — v32 + D*(2) (10)
Absorption: D*(3) — v3; + D(1)

and implemented in CHERAB via the Delta-tracking method [27] regulated by the ab-
sorption macroscopic cross section L35°(r, ¢) = 055° - np+2)(r, ¢) (m™') of Fig. 8 (with
np*(2) computed from the D*(2) fractional abundance - Sec. 2.2.3).

Second, in addition to the above-mentioned strategy, a simpler purely-absorbing dynamics
in the fashion of [28] is implemented by properly weighting the emission samples collected
along rectilinear ray trajectories (linear absorption). By relying on the linear attenuation
law along the rectilinear direction of each ray, the intensity I, (ph-m™2-s™!) integrated
between two consecutive emission samples (S2P(r;, ¢;) and S3P(r; 1, ¢;41)) at a distance
As*(r;) (Sec. 3.2) reads®:

Iéﬁﬁl :1/2 . [SiD(I‘i, ¢Z) + S(?;D(riJrl, ¢i+1)} . As*(ri)
cexp { =555 (rs, ¢7) - As™(r;) }

where the exponential factor embodies the attenuation. The default CHERAB integration
algorithm is recovered by setting ¥:55%(r, ¢) = 0.

(11)

SParticularly, (iii) can be evaluated via experimentally measured values of [25] (2-1 transition) and
conservatively according to Drawin formula of [26] (Eq. 1 and 2 therein for 3-2 and 3-1 transitions).

"As dictated by the ratio Asza/(As2 + As1) as a function of the transition probabilities for the 3-2 and
3-1 radiative de-excitation (Az; = 5.58 x 107 s~ 1) [14].

8The circumstance of v3; being further absorbed by a D(1) atom eventually leading to a re-emission
of v35 is outside the scope of the present work, and therefore neglected. Codes capable of self-consistently
evolving the photon transport in a plasma background nonetheless exist.

9 Assuming a proper selection of As*(r), the plasma can be considered as homogeneous over the spatial
scale defined by the sampling step.
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Figure 8: Poloidal distribution of the absorption macroscopic cross section Eggs (R, Z).

4. Results

The location, field of view, observation direction, and pixel arrangement (1520 x 1000

uniformly spaced along the horizontal and vertical directions, respectively) of the camera
are extracted via the CalCam software [29]. Matching the actual camera pixel distribution
is imperative for the synthetic view, to ensure a spatial resolution consistent with the
experimental view.
Common to all the simulations, highlights of the settings adopted to build the non-uniform
step map are those of Fig. 7.b, with a number of rays (Monte Carlo samples [18][30])
which guarantees a statistical error below 1%. While achieving the same overall accuracy,
employing the non-uniform sampling in the present scenario guarantees a >10-fold decrease
in the computational cost if compared to equivalent simulations with uniform sampling
(with As = Aspn). This advantageously leads to the possibility of relying on PC-class
devices, rather than on HPCs. By employing Asp. = 1 X 1072 m and Asy, = 1 x 1074
m as in the present study, the computational time with non-uniform sampling approaches
~0.8 hours, whilst ~15 hours are required with uniform sampling of step As = 1 x 1074
m (8 CPUs in both instances).

4.1. Effect of the different models

A two-fold strategy is employed.
First, a best match with experimental data in the case of optically thin plasma model
(baseline) is achieved, both in terms of maximum illuminance (lux) and of integral lu-
minous flux (Im) - computed by integrating the illuminance over the pixel areas. Then,
further simulations with the different models are run, with the same plasma and neutral
input parameters of the baseline. This allows to gain insight into how different models
impact, if at all, the resulting synthetic emission. The results are pictured in Fig. 9.
The optically thin plasma baseline case (Fig. 9.b) well matches the experimental view
(Fig. 9.a), both from a qualitative and quantitative standpoint. The strong qualitative
similarity crucially follows from the exploitation of the novel 3D periodic piece-wise model
of Sec. 3.1: the inappropriateness of an axisymmetric source model is clarified by Fig.
9.c. The quantitative agreement is instead justified by the synthetic maximum illuminance
(maximum) and integral luminous flux (integral) satisfactorily falling within 2% and 21%
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of the experimental data’s, respectively. Neutral densities of nf¥=" ~ 4.0 x 10" m~? in

the core plasma, nfN7> ~ 5.6 x 10'® m~? in the far-edge plasma (outer wall vicinity), and
nglo ~ 3.8 10" m™? around the strike points are estimated. The other results (from Fig.
9.c to .f) departing from the baseline is therefore to be entirely ascribed to the different
models considered. In the respect of Sec. 3.3, the maximum emission obtained in Fig.
9.d by considering rectilinear ray trajectories and attenuating the weight of the emission
samples (linear absorption) leads to a ~ 12% and ~ 3% reduction in the maximum and
integral, respectively. Instead, a mere ~ 3% and ~ 1% drop of the maximum and integral
can be appreciated in Fig. 9.e when both absorption and scattering are activated and
non-rectilinear ray trajectories simulated (absorption & scattering). The mild effects are
presumably due to the reduced neutral density (< 10 m™2) characteristic of this limited
plasma, in contrast to predictions estimating neutral densities 2 orders of magnitude larger
in detached regimes [13][23]. With absorption and scattering heavily depending on such
parameter, a marginal importance in this low-neutral-density case is reasonable. For the
sake of illustration, Fig. 9.f shows a synthetic view obtained with a 100-fold increase in
the microscopic cross-section!® (absorption & scattering x100): the corresponding 10-fold
reduction in the maximum stresses how plasma opaqueness could substantially impact the
predictions.

OTncreasing the neutral density instead of the cross section would nullify the validity of the assumptions
of Sec. 2.2.1 and 2.2.2, as the plasma would enter a detached state and more sophisticated models would
be required. The escamotage of artificially increasing the cross section is indeed for illustration purposes
only.
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Figure 9: (a) D, camera experimental view (lux) (as per Fig. 1.b, repeated here for the
sake of ease of comparison). (b) Baseline scenario, approximation of optically thin plasma with
novel 3D periodic piece-wise emission pattern. (c¢) Approximation of optically thin plasma with
CHERAB default axisymmetric source. (d) Newly-implemented linear absorption. (e) Newly-
implemented Delta-tracking-based absorption and scattering, in (f) with x100 magnification.
Free parameters of (b) are employed in each instance. The top end of each logarithmic colorbar
matches the maximum illuminance of instance (a).

Second, simulations with the different models are run, with case-specific neutral para-
meters so that each instance is independently best-matched against experimental data, to
understand the sensitivity of the neutral densities (main output) to the particular model
adopted. The case-specific parameters are listed in Tab. 1 and the results in Fig. 10,
with a satisfactory agreement with the data achieved in each instance: within 2% for the
maximum value of the illuminance, and within 21% for the integral luminous flux. No par-
ticular neutral parameter stands out as a most influential: by excluding the axisymmetric
instance (in qualitative spark contrast with the experiment), n;f’NZO, n;/’N_m, and ngﬁ; are
seen to vary up to 15% at most, hence suggesting the robustness of the obtained results
with respect to the neutral figures, at least within an uncertainty of 15% (not accounting
for other sources of uncertainty, e.g. model uncertainty).
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Case Maximum (lux) n¥=0 (m™%) n¢N7 (m=?) nSl (m~?)
Ezxperimental 4517 — — —
Optically thin plasma 4550 4.0E+14 5.6E+15 3.8E+18
Axisymmetric thin plasma 4470 1.0E+12 1.0E+13 1.3E+418
Linear absorption 4568 4.6E+14 6.5E+15 4.4E+18
Absorption & scattering 4560 4.1E+14 5.8E+15 3.9E+4+18

Table 1: Summary of the maximum emission and neutral parameters adopted in the different
cases, separately tuned to achieve the best match possible in terms of maximum illuminance and

integral luminous flux.

(a) Experimental view
maximum = 4517 lux

integral = 3.73 x 1072 Im

HOl

10°

[u

(d) Linear absorption
maximum = 4568 lux

integral = 3.30 x 102 1lm
103
102

10!

10°

Illuminance (lux)

llluminance (lux)

(b) Baseline: optically thin plasma
maximum = 4550 lux

integral = 2.96 x 102 lm

; =
10 :3<
[}
102 2
©
£
1
10 5
10°
(e) Absorption & scattering
maximum = 4560 lux
integral = 3.02 x 10~2 Im
3 =
10 E
[}
102 2
©
£
1
10 E
10°

(c) Axisymmetric optically thin plasma
maximum = 4470 lux

integral = 3.39 x 10~2 Im

103
102
10!
10°

llluminance (lux)

Figure 10: (a) D, camera experimental view (lux) (as per Fig. 1.b, repeated here for the sake of
ease of comparison). (b) Baseline scenario, approximation of optically thin plasma with novel 3D
periodic piece-wise emission pattern. (c) Approximation of optically thin plasma with CHERAB
default axisymmetric source. (d) Newly-implemented linear absorption. (e) Newly-implemented
Delta-tracking-based absorption and scattering. The free parameters are separately tuned in
each instance. The top end of each logarithmic colorbar matches the maximum illuminance of

instance (a).

s 4.2. Assessment of robustness to free and uncertain parameters

335 The present section aims at quantifying the overall sensitivity of the outcome with
16 respect to the parameters involved. By adopting the same settings as per the baseline
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simulation of Sec. 4.1 (also in Fig. 11.a), and by changing one parameter at a time of an
order of magnitude, the impact on the synthetic view is highlighted. Primary judgement
metrics selected are the qualitative agreement to the baseline view, the maximum illumin-
ance (lux), and the integral luminous flux (Im) over the picture.

Fig. 11 shows the results of the study. Minor sensitivity as a function of the core plasma
parameters (¢y = 0, e.g. uncertainty in experimental measurements of Sec. 2.1) is ap-
parent from Fig. 11.b and 11.c, in fact implied by the mild dependence of Amjuel fits on
plasma density and temperature [10], at least for the narrow ranges spanned by a limited
plasma.

Conversely, edge plasma features at the separatrix (¢ = 1) do play a substantial role,
presumably because of the direct impact on the D, emission distribution which peaks in
the very attached edge plasma, hence characterised by strong dependence of the down-
stream (at the limiter) quantities on their upstream (at the separatrix) counterparts [11].
Although the values of T¥¥=!/10 = 10 eV and n¥~='/10 = 10'® m™3 seemingly lie well
outside a reasonable error-bar [2], in-depth specific analyses of the ST40 edge plasma
would shed light in this respect, but are outside the scope of the present paper. Then,
the farther away from the separatrix, the milder the impact of any changes, as justified
by the absence of any appreciable effects by varying the background plasma quantities
(n — o0), a welcomed result given their primary purely-numerical purpose of preventing
accidental divergence of the Amjuel fits (Sec. 2.2.1). Similarly, the actual value of the
decay lengths A\Y~ and )\#N (Fig. 11.k and .1, respectively) does not heavily impact the
result either.

Because of the direct link to the maximum D, emission, the peak neutral density on the
limiters n?% has a strong impact on the maximum illuminance and on the integral lumin-
ous flux, both scaling almost linearly with such parameter. Sensitivity of the simulations
results to n?%, on the one hand, warns the user on the uncertainty of the output but, on
the other hand, implies this to be a reliable method to estimate the peak neutral density,
which would be instead nullified by a marginal effect of ngg.

Conversely, ny~=% and n{N~>°, while not appreciably affecting the maximum illuminance,
do show an effect on the integral luminous flux and on the qualitative aspect of the image.
In particular, a 10-fold increase in nfqu:O implies an enhanced background emission and,
as a consequence, an increase of the same order on the integral luminous flux with respect
to the baseline scenario. In regards to nZ’N_m being increased of a factor 10, a negligible
change in the integral luminous flux is found, but accompanied by a substantially different
image from a qualitative standpoint, hence no more in agreement with the experimental
view.

Recovering a good agreement with experimental data in each of the aforementioned in-
stances has been attempted by re-tuning the remaining parameters, but satisfactory ac-
curacy could not be achieved, hence suggesting the baseline scenario results to be the one
most reliable. The overall sensitivity to the neutral densities implies the welcomed feature
of this approach to firmly constraining such values, at least within the uncertainties of the
present method.
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Figure 11: (a) Baseline scenario of Sec. 4.1, then modified by changing: (b) core plasma tem-
perature; (c) core plasma density; (d) core neutral density; (e) separatrix plasma temperature; (f)
separatrix plasma density; (g) background neutral density; (h) background plasma temperature;
(i) background plasma density; (j) neutral density at strike points; (k) edge plasma temperature
decay length; (1) edge plasma density decay length. The top end of each logarithmic colorbar
matches the maximum illuminance of instance (a).
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5. Conclusions

In the present work, the synthetic 2D view of the D, camera in Tokamak Energy ST40
device [5] is reconstructed using the CHERAB code [3]|[4]. The D, emission model is
based on simple analytical models informed by experimental data. A centre-column lim-
ited plasma scenario is considered, and the synthetic data compared with the camera’s.
The emission model accounts for the 3D nature of the source in limited configuration as
well as light scattering and absorption.

Satisfactory qualitative and quantitative agreement is achieved with the baseline simula-
tion, which assumes the plasma to be optically thin (transparent) to the radiation emitted
therein, by reliance on the novel piece-wise 3D emission model and by tuning the free
model parameters. Corresponding values of ~ 4.0 x 10 m™=3, ~ 5.6 x 10> m~3, and ~
3.8 x 10'® m~2 are estimated for the neutral deuterium density in the core and far-edge
plasma, and in the vicinity of the strike points on the centre column, respectively.
Inclusion of the newly-implemented models accounting for D, absorption and scattering
show, on the one hand, minor modifications for the present limited plasma. On the other
hand, the illustrative scenario featuring detached-plasma-like neutral characteristics pre-
dicts a substantial reduction of the maximum emission, thus cautioning future analyses in
such regime of divertor operation.

Inclusion of more sophisticated emission models and possibility of fast scoping out the
parameter space in each instance are made possible by reliance on the novel algorithm for
non-uniform sampling. Preferentially placing samples in regions of interest implies a corres-
ponding >10-fold reduction in computational cost. Alongside clear benefits computational-
time-wise, enhanced ease in the resolution of the maximum emission and the alleviated
burden of proving independence of the results on the sampling settings falling on the user
[9] are also implied.

In perspective, the flexibility and applicability of the present method will help on improving
the analytical models and overall accuracy in view of future applications. Specifically, dis-
criminating between atomic and molecular deuterium, informing the choice of geometrical
free parameters via estimates of the neutral mean free path, and relaxing the assumption
of zero-emission in between adjacent limiters would be worth including. Moreover, the
generality of the novel CHERAB models and algorithms of Sec. 3 allows their application
in circumstances where a numerically-computed radiation source is relied upon, e.g. as
computed via core and edge plasma transport codes [9].
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