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Abstract

A new simulation model for tokamak boundary plasma, SOLT3D,
is implemented in the BOUT++ framework [Dudson et al., CPP 180,
1467 (2009)]. The simulation model includes a set of dynamic equa-
tions describing collisional boundary plasma and neutral gas in the
tokamak scrape-off layer and divertor region. The model is verified
against standard linear plasma instabilities and available nonlinear
results. For L-mode like conditions, SOLT3D reproduces character-
istics of boundary plasma turbulent fluctuations that are similar to
published experimental data, in terms of the amplitude and spatial
dependence of the fluctuations. It also reproduces realistic plasma
fluxes on material surfaces and expected Bohm-like effective radial
transport. Plasma fluctuations inferred from the simulations imply
inevitably a significant level of intrinsic “noise” for axisymmetric toka-
mak plasma transport modeling, introducing errors on the order of
unity. In particular, the toroidally averaged atomic rates below 5-
10 eV are strongly modified by turbulent plasma fluctuations, which
should significantly affect the standard axisymmetric modeling of the
tokamak edge plasma and divertor.
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1 INTRODUCTION

1 Introduction

Tokamak-based fusion energy production may become a reality in the
coming decades but there are still enormous challenges in the physics
and engineering for a fusion reactor, and many of those challenges
are in the area of boundary plasma physics. The anomalous radial
transport in the tokamak boundary plasma, scrape-off layer (SOL)
and divertor is of primary importance for plasma-material interac-
tions that set some of engineering limits for a magnetic fusion device.
The anomalous transport is presently recognized to be dominated by
edge plasma turbulence, although kinetic physics and magnetic field
stochasticity may also play some role there. Due to the complexity of
boundary plasma physics, numerical simulation remains the main tool
for modeling of boundary plasmas. Collisional fluid plasma models are
often used since boundary plasmas are relatively cold and dense.

Fluid simulations of boundary plasma turbulence began in the
early 1980s, and they initially focused on resistive-drift wave models
in a periodic 2D slab domain [1, 2]. Plasma fluid turbulence simu-
lations relevant to the tokamak boundary, in 3D toroidal geometry
and including the interchange instability drive in the model, started
with pioneering works by Guzdar et al. [3]. Further advances in-
cluded incorporating the tokamak X-point divertor geometry and us-
ing more detailed plasma physics models [4, 5], as well as various
improvements in the computational algorithms and computer imple-
mentation [5, 6, 7, 8].

Plasma fluid physics models for edge turbulence simulations are
usually based on Braginskii-based drift-reduced collisional fluid equa-
tions, although other closures have been proposed for collisional plasma
[9]. Beyond the collisional fluid models, gyrofluid models have been de-
veloped and applied to tokamak boundary turbulence [10, 11]; and at
the present time gyrokinetic modeling of boundary plasmas is rapidly
developing [12, 13, 14].

This paper is focused on presenting the SOLT3D simulation model
and its capabilities, as well as showing some encouraging initial phys-
ical results. SOLT3D is a fluid plasma model developed to study
turbulence and transport in the tokamak boundary region, including
the SOL and divertor, and it produces plasma turbulence characteris-
tics that appear generally consistent with experimental measurements
in tokamak edge for L-mode relevant parameters, with realistic am-
plitude and spatial dependence of fluctuations, plasma fluxes on ma-
terial surfaces, and expected Bohm-scale radial transport. Inferred
cross-correlations of fluctuating quantities from SOLT3D simulations
imply a significant level of intrinsic “noise” in axisymmetric plasma
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1 INTRODUCTION

modeling, introducing significant deviations on the order of unity. In
particular, the toroidally averaged atomic rates below 5-10 eV are
strongly modified by turbulent plasma fluctuations, which should sig-
nificantly affect the standard axisymmetric modeling of the tokamak
edge plasma and divertor.

The paper is organized as follows. Section 1 is the introduction.
Section 2 contains a description of the drift-reduced Braginskii-like
model equations and the special geometry used. Results of a linear
(drift resistive ballooning mode) and nonlinear (blob) test-problem
simulations for purposes of verification are presented in Section 3.
The setup for the nonlinear simulations is given in Section 4. The
parameters used are relevant to L-mode experimental discharges. In
Section 5 we summarize edge simulation results from which we com-
pute the finite effects of the turbulence on some atomic physics rates of
interest and assess the saturation mechanism for the turbulence (ExB
mode coupling). We infer the implications of the simulation results
for transport modeling in Section 6 and conclude that the turbulence
effects are particularly important for lower temperature conditions. A
summary and conclusions are presented in Section 7.
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2 MODEL DESCRIPTION

2 Model description

SOLT3D is a physics model implemented in BOUT++ for turbulence
and transport in tokamak SOL and divertor regions. It includes six
dynamically evolved fields: plasma density Ni, neutral gas density Nn,
electron temperature Te, ion temperature Ti, ion parallel velocity V||,i,
potential vorticity ϖ.

The dynamic equations are:

∂tNi = −(VE + V||i⃗b0) · ∇Ni −Ni∇ · V||i +RizNiNn (1)

∂tϖ = −(VE + V||i⃗b0) · ∇ϖ + 2ωcib0 ×K · ∇Pei

+eNi
4πV 2

A

c2
∇ · j|| −RcxNnϖ (2)

∂tTe = −(VE + V||i⃗b0) · ∇Te +
2

3Ni
∇ · (κ||e∇Te) (3)

∂tTi = −(VE + V||i⃗b0) · ∇Ti +
2

3Ni
∇ · (κ||i∇Ti) (4)

∂tV||i = −(VE + V||i⃗b0) · ∇V||i −
1

MNi
∇||Pei (5)

∂tNn = ∇ · (Dn∇Nn)−RizNiNn (6)

Here ∇||f = B∂||(f/B), VE = cB × ∇ϕ/B2, κ||,e,i are the classical
parallel conductivity coefficients, Riz, Rcx are the rates of ionization
and charge-exchange, K is the magnetic curvature.

This system of PDE’s Eqs. (1-6) is closed by algebraic relations
for the parallel current,

j|| =
eNi

0.51νei

(
− e

me
∂||ϕ+

Te

Nime
∂||Ni +

1.71

me
∂||Te

)
, (7)

potential vorticity,

ϖ = ∇⊥ (eNi∇⊥ϕ) +∇2
⊥Pi, (8)

and plasma thermal pressure,

Pei = (Te + Ti)Ni (9)

The boundary conditions on the divertor target plates represent
the sheath physics,

V||,i = ±Cs, (10)

q||,e,i = ±δe,iNiCsTe,i, (11)
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2 MODEL DESCRIPTION

and plasma recycling,

Γn,⊥ = −RΓi,⊥ (12)

where the sound speed is Cs =
√
(Te + Ti)/Mi and R is the density

recycling coefficient, Λ1,2 are constants.
The sheath boundary condition for the parallel plasma current to

the target plates is included in the linearized form,

D∇||ϕ = ±(Λ1ϕ− Λ2Te), (13)

where D = σ||T
2
0 /Ni0, and Λ1,2 are constants.

For the atomic processes, the ionization rate for neutral hydrogen
atoms is taken from Ref. [15], the charge-exchange (CX) collision rate
is calculated using constant CX cross-section [16], and the neutral gas
diffusion coefficient is

Dn =
1

2
λcxVti, (14)

where λcx is the neutral atoms mean-free-path due to CX collisions.
There are a number of approximations used in the present study.

First, the model is electrostatic, which is justified by the fact that
SOL and divertor plasmas in most cases have very low beta (except
ELMs), and the radial gradients are not steep (except the H-mode
pedestal); those exceptions are not a part of the present study. For
the vorticity inversion, the usual Boussinesque approximation is used
[17].

A systematic derivation of a full system of drift-reduced collisional
fluid plasma equations is presented in Ref. [9], and virtually all colli-
sional plasma models used in the field can be viewed as subsets of the
equations in [9]. Similarly, our model equations can be viewed as a
reduction of the equations in [9], dropping a number of terms that are
considered secondary for the present study. That includes dropping
magnetic perturbations, some curvature drift terms, mechanical work
terms, convective terms, viscosity terms, and Ohmic heating terms;
and adding the main plasma-neutral interaction terms.

Experience with the inclusion of additional terms in the drift-
reduced Braginskii equations, including the retention of electromag-
netic terms as in Ref. [18], indicates that the characteristics of the edge
turbulence are not profoundly changed as long as the important drive
terms (resistive terms, interchange drive due to the magnetic curva-
ture, and density and temperature gradient terms and, hence, pressure
gradient terms) and the ExB velocity nonlinearity in the continuity
and vorticity equations are retained, and the basic structure of the
DRBM linear dispersion relation is recovered.

5



2 MODEL DESCRIPTION

Note that the equation set currently used in SOLT3D is similar to
that used earlier to study edge turbulence in L-mode DIII-D tokamak
discharges [18]. The main difference is that the SOLT3D equations
are electrostatic and include some plasma-neutral interaction terms.
Also, an important distinction is that SOLT3D is implemented in the
modern BOUT++ framework [7].

Next, for the present study, a rectified edge plasma geometry is
used, which amounts to a toroidal slab with branch-cuts Fig. (1).
This allows capturing the X-point divertor topology, but without the
poloidal magnetic field vanishing at the X-points, and hence this does
not include the metric singularity associated with the null of the
poloidal magnetic field at the X-points. The magnetic field shearing
is not included in the present model. The localized magnetic shear
at the X-points may be important for some aspects of edge plasma
turbulence, and our rectified edge geometry does not have it; that’s
the price that one pays for using the simplified geometry. However,
the slab approximation is probably sufficient for treatment, at least
semi-qualitatively, of most problems in SOL and divertor turbulence
and transport; it simplifies the numerical solution and connection with
the analytic theory which can be used for the code verification.
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3 CODE VERIFICATION

3 Code verification

The SOLT3D code has been verified extensively on linear fluid insta-
bilities relevant to tokamak boundary plasmas, neutral gas transport
problems, and some nonlinear solutions available in the literature.

3.1 Linear test problem

One linear test problem used for SOLT3D is the drift-resistive-ballooning
(DRBM) instability with atomic physics terms. For this test problem
we use the following subset of SOLT3D equations for plasma density,
electron parallel momentum, and potential vorticity,

∂Ni

∂t
+ V⃗E · ∇Ni = νizNi (15)

0 = − e

me
E|| −

1

Nime
(Te∂||Ni) + 0.51νei(V||i − V||e) (16)

∂ϖ

∂t
= 2ωci⃗b×K · ∇Pei +NiZie

4πV 2
A

c2
∇||j|| − νcxϖ (17)

For this test problem, uniform background temperature is assumed,
Te0=const, and for the background plasma density assume constant
radial gradient scale length ∇Ni0 = Ni0/LN , no background ion flow,
V||i = 0, and weakly varying background magnetic field B with con-
stant magnetic curvature K. Also, for the purposes of this local analy-
sis, νcx = Nn,0Rcx and νiz = Nn,0Riz are assumed global constants, as
well as the background parameters Te,0, Ti,0, Nn,0, Nei,0 are assumed
constant.

Linearized and Fourier-decomposed equations Eqs. (15,16,17) re-
sult in the dispersion relation,

ω2 + iω
(
σ|| + νcx − νiz

)
+
(
Ω2
K + νcxνiz + σ||νiz − iσ||ω∗

)
= 0, (18)

where the standard notation is used,

σ|| =

(
k||
k⊥

)2 Ωciωci

0.51νei
(19)

ω∗ = k⊥vpe = k⊥
V 2
te

ωceLN

ΩK =

√
2C2

sK

LN
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3.2 Nonlinear test problem 3 CODE VERIFICATION

Cs =
√
Te0/Mi

Eq. (18) is a quadratic equation with complex coefficients, and
one of its roots corresponds to an unstable mode.

Results of solving in SOLT3D the linearized dynamic equations
Eqs. (15,16,17) are compared with the solution of the dispersion rela-
tion Eq. (18) in Fig. (2) where one can see the growth rates and the
phase speed of the wave. The disagreement of the observed frequencies
and growth rates in the SOLT3D DRBM simulations with respect to
the analytical theory is very small, a fraction of a percent for the pa-
rameters of the specific set of simulations. The relative disagreement
depends on the spatial grid and temporal resolution.

3.2 Nonlinear test problem

One nonlinear test problem that has a solution described in the pub-
lished literature is propagation of an isolated plasma blob. For this
problem, the following physics model is used, with two dynamic equa-
tions,

∂Ni

∂t
+ V⃗E · ∇Ni = 0 (20)

∂ϖ

∂t
= 2ωci⃗b×K · ∇Pei +NiZie

4πV 2
A

c2
∇||j|| (21)

Due to the magnetic curvature, the blob propagates in the major
radial direction and eventually breaks up. As shown in Ref. [19],
there are two different scenarios for the blob breakup, depending on
its initial size. Here the figure of merit is the normalized blob size,

δ =
δb
δ∗

(22)

where

δ∗ = ρs

(
L2
||

ρsR

)1/5

(23)

According to Ref. [19], for δ ≪ 1 the blob undergoes a “mushroom”
breakup (Kelvin-Helmholtz instability), and for δ ≫ 1 it undergoes a
more symmetric breakup due to the interchange instability. This is
faithfully reproduced in the results of SOLT3D test shown in Fig. (3).
Starting with a symmetric distribution of the blob density, it falls
apart ending up in either a mushroom shape or in a broken round
shape, depending on the value of δ.
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4 SIMULATIONS SETUP

4 Simulations setup

For simulations described here, SOLT3D is used to solve for pertur-
bations Ni1, Te1, Ti1, ϖ1, V||i1, Nn1, assuming that the initial axisym-
metric state described by Ni0, Te0, Ti0, ϖ0, V||i0, Nn0, is in equilibrium.
In other words, each term in the dynamic equations Eqs. (1-6), in
the algebraic relations Eqs.(7,8,9), and in the boundary conditions
Eqs.(10,11,12) is treated as the difference between the full term and
the initial “equilibrium” term.

The initial axisymmetric equilibrium state used here is obtained by
numerical solution with the edge transport code UEDGE [20], and it is
illustrated in Fig. (4) where plasma density and electron temperature
are shown. The parameters for the axisymmetric plasma state are set
to match the typical values and scale lengths for an L-mode plasma
conditions in a generic compact tokamak, e.g., Alcator C-Mod.

The Table below illustrates edge plasma parameters for L-mode
in Alcator C-Mod [21] and parameters used in the present SOLT3D
simulations. Note that the chosen λsep in the simulations is larger
than that in Alcator C-Mod L-mode plasmas but it would be within
the range for larger machines.

Bt Rmaj Rmin Te,sep ne,sep λsep

[T] [m] [m] [eV] ×1e20 [m−3] [mm]
C-Mod 3-8 0.68 0.22 20-50 0.5-1.8 5
SOLT3D 3.0 1.0 0.15 25 0.7 15

Table 1: Main edge plasma parameters in Alcator C-Mod L-mode and in
the present SOLT3D simulations

This axisymmetric plasma state is partially detached at the target
plates, as can be seen by plasma density peaking some distance away
from the plates, and by plasma temperature at the plates dropping
below 5 ev.

In the simulations, the evolution of the toroidally averaged per-
turbations Ni1, Te1, Ti1, V||i1, Nn1 is suppressed, thus keeping the
corresponding toroidally averaged plasma profiles at the initial ax-
isymmetric state. On the other hand, the toroidally averaged ϖ1 in
the model can evolve freely, to account for the turbulence generated
sheared E ×B flow, via the nonlinear Reynolds stress, which is often
responsible for saturation of linear instabilities in plasma turbulence
[22].
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5 SIMULATIONS RESULTS

5 Simulations results

Time integration of the dynamic equations Eqs. (1-6) results in growth
of linear instabilities that eventually come to saturation leading to a
dynamic steady state.

To establish the relevance of the calculated turbulent fluctuations
to experimental conditions in a tokamak boundary, of primary in-
terest are the magnitude and spatial distributions of plasma density
and electron temperature fluctuations as those are often measured in
tokamak experiments.

Figure (5) shows the time-average RMS of the fluctuations ampli-
tude from the simulations, for plasma density (a) and electron tem-
perature (b). The time average was calculated over a time interval in
which the fluctuations were nonlinearly saturated and approximately
steady. The fluctuations are larger near the separatrix at the mid-
plane, apparently due to larger radial gradients and larger resistivity
there. The parallel plasma fluxes also fluctuate due to plasma tur-
bulence, and Fig. (6) shows the simulated parallel fluxes of plasma
density and the parallel electron heat flux (which are of interest on
the target plates). Overall, an interesting observation from these sim-
ulations is that the fluctuations are rather large; reaching more than
50% at the midplane and near the target plates the fluctuations level
is about 10%.

A snapshot of plasma density fluctuations from SOLT3D simu-
lations in the nonlinear saturated state is shown in Fig. (7). This
image corresponds to a cross-section by a plane perpendicular to the
magnetic field lines, so it is in the radial and binormal coordinates.
Consistent with the fluctuations RMS plots Figs. (5), it shows that
the fluctuations span the radial range where there exists a substantial
radial gradient ∇Ni0 but they don’t spill outside of the separatrix be-
yond 5-10 mm. One should note that there is experimental evidence
of large relative density perturbations in the far SOL “shoulder” re-
gion, and this feature is reproduced in some numerical simulations
described in the published literature [23]. However, in the simulations
results shown here the calculated fluctuations don’t extend very far
into the SOL “shoulder” region, which may be more a matter of the
chosen simulation parameters rather than details of the model.

Since the atomic rates are sensitive to plasma parameters, the
plasma fluctuations propagate into fluctuations of atomic rates, and
due to nonlinearity in the atomic rates dependence on the plasma
parameters, the average (over fluctuations) atomic rates are affected.
This is illustrated in Fig. (8) where the average ionization rate, nor-
malized to the background value, is shown. One can observe that
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5 SIMULATIONS RESULTS

near the target plates the average value is 30-40% larger than the
background value.

Note that in hydrogen plasma the number of ionizations per a Dα

photon does not vary too much and lies between 10 and 100 for plasma
densities in the range 0.1–2×1020 m−3, and electron temperatures,
20–200 eV [24]. Thus, for typical tokamak boundary plasma parame-
ters, the ionization source is a proxy for the plasma Dα radiation, and
the average (over fluctuations) radiation emissivity is affected by the
fluctuations similar to that of the ionization source.

It is also of interest to examine the cross-correlation of fluctuating
plasma quantities. For example, the cross-correlation of fluctuations of
plasma density ni and electron temperature Te, normalized to the cor-
responding initial equilibrium values is shown in Fig. (9a); as shown
in the Figure, it reaches above 50%. Similarly, the cross-correlation of
fluctuations of the electron and ion temperatures, Te and Ti, normal-
ized to the corresponding initial equilibrium values is shown in Fig.
(9b); and as shown in the Figure, it reaches above 30%. The strong
cross-correlation of fluctuating quantities has important implications
for axisymmetric plasma modeling, as discussed further in Section (6).

Further, several simulations were performed to address sensitivity
of the simulations results to the assumptions in the model.

First, simulations were performed with 50% weaker coupling to
neutrals in the ionization term in the density evolution equation and
in the charge-exchange friction term in the vorticity equation, and
otherwise the same parameters as in the standard case, resulting in
simulation results that differ from those in the reference case by less
than 10%. Thus, coupling to a fixed background of neutrals is not a
significant effect for the parameters in the standard case.

Next, simulations were performed without the zonal flows by sup-
pressing the toroidally averaged Fourier component of the electric po-
tential to investigate whether zonal modes and flows are a factor in
affecting the saturated amplitudes of the turbulence. However, that
resulted in saturated amplitudes that differ by less than 10% from
the simulation including the toroidally averaged Fourier component
of the electric potential. As a further test of the importance of the
ExB velocity nonlinearity, a simulation was performed in which the
zonal flows and all of the ExB velocity nonlinearities were suppressed.
This simulation failed to saturate and the solver stopped converging
when the fluctuation amplitudes became large. Thus, for the simula-
tion parameters of this comparison, zonal flows are not a significant
factor affecting the saturation of the turbulence, but the ExB velocity
nonlinearity is a significant factor.

Given that zonal flows are often responsible for saturation of plasma

11



5 SIMULATIONS RESULTS

turbulence, a question arises what is the saturation mechanism here if
zonal flows are suppressed. A systematic study of plasma turbulence
saturation mechanisms would usually require carrying out an eigen-
mode decomposition of the perturbations. Even for the simplified
rectified edge plasma domain, used in this study, it would be nontriv-
ial to calculate the decomposition due to the presence of branch-cuts
in the domain; that would become a significant numerical calculation
on its own. Still, one can get some insights on nonlinear interactions
in the system analyzing the power spectrum of the perturbations in
the toroidal wave number kz.

The plot in Fig. (10) demonstrates the kz power spectrum of Ni

perturbations, normalized to unity, for the case where zonal flows were
excluded. In the plot, the color labels the simulation time, with the
blue and green colors corresponding the early, linear growth stage
and the orange and red color corresponding to the later, nonlinear
saturation stage.

One can observe the presence of a dominant linear instability at
kz=4; linear modes for higher kz (5-15) are strongly subdominant. In
nonlinear saturation, the main peak is still at kz=4, a secondary peak
appears at kz=8, and other smaller peaks at kz=12 and kz=16. This
indicates the presence of a quadratic nonlinearity leading to coupling
of kz=4 modes with each other, and further coupling with kz=8 and
kz=12 modes. Note that nonlinear mode coupling is a ubiquitous
mechanism of plasma turbulence saturation, e.g., in the trapped ion
modes [25]. Furthermore, it is observed in the studied system that the
character of the saturated turbulence solution dramatically changes if
the nonlinear VE · ∇ terms are eliminated in the model; eliminating
other nonlinear terms, e.g., V|| ·∇ terms, does not have such an effect.

In sum, one can conclude that the saturation mechanism for the
studied system is the quadratic nonlinearity in the VE · ∇ terms, even
when the zonal flows are not included in the model. It should not be
too surprising that turbulent saturation can occur without zonal flows;
for a SOL-like system with end plates, the axisymmetric electric field
is usually strongly affected (and even completely dominated) by the
plate sheath potential which develops on transport, not turbulence,
time scales.
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6 Implications for transport modeling

In tokamak experiments, edge plasma fluctuations are generally mea-
sured in tens of percent, or more, depending on the location and core
plasma parameters. Large edge plasma fluctuations, in tens of percent
and sometimes more, were routinely seen on Alcator C-Mod [26, 27];
on DIII-D, [28], on NSTX [29], on JET [30], in JT-60 [31], and on
other tokamaks. Thus, there is an abundance of experimental evi-
dence from many devices that tokamak edge plasma fluctuations are
large.

As pointed out earlier, large fluctuations in the edge plasma may
distort interpretation of average plasma characteristics in the toka-
mak boundary [32]; also discussed in Refs. [33] and [34]. Our simu-
lation results allow us to quantify that further, from a more complete
model. Significant cross-correlation of plasma parameters fluctuations
observed in the simulations shown here violates the assumption of
toroidal symmetry that is hardwired in all 2D edge transport models
that are routinely used to interpret experimental data and design fu-
ture divertors. Large fluctuations of plasma fluxes on the target plates
indicate that the rates of plasma-material interaction processes (which
are strongly nonlinear in the plasma parameters) are significantly dif-
ferent from those based on a toroidally symmetric model.

The rates of atomic processes become very sensitive to plasma fluc-
tuations for low temperatures, below 5 eV. This can be seen from a
simple analytic model of fluctuations. Indeed, let’s assume fluctua-
tions of plasma density and temperature in the form n(1 + A sin(ζ))
and T (1+B sin(ζ+δ)), where n, T are the average (over fluctuations)
plasma parameters; A, B are the fluctuations amplitude, ζ is the fluc-
tuations phase (e.g., proportional to the time), δ is the phase shift
between density and temperature fluctuations. Next, for several key
processes relevant to tokamak boundary plasmas, calculate the atomic
rates averaged over fluctuations,

< R(n, T ) >=
1

2π

∫ 2π

0
R(n(ζ), T (ζ)), (24)

for the hydrogen ionization rate Siz, hydrogen atoms radiation Srad,h,
and carbon impurity radiation Srad,imp.

The atomic rates are taken from the tables built into UEDGE,
and the assumption for fluctuations amplitude is A=B=0.5, which
amounts to the RMS fluctuations level ∼0.35. The phase shift used
was δ = 0. Using δ = 0 is consistent with experimental evidence that
plasma density and temperature fluctuations are strongly correlated
and in approximately in phase [27]; however the using δ ∼ 1 does not
change the results too much.
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6 IMPLICATIONS FOR TRANSPORT MODELING

The results are shown in Fig. (11), and according to the Figure,
at temperatures below some 3-5 eV the average (over fluctuations)
atomic rates are larger by 50% (and even more) than the rates with-
out fluctuations. This explains the results in Fig. (8); the strongly
enhanced (due to the turbulent fluctuations) ionization peaks are near
the plates where the average temperature is on the order of 1 eV.

The implication of fluctuations for standard 2D edge plasma mod-
eling is that the accuracy of edge plasma models is intrinsically lim-
ited since fluctuations introduce deviations in axisymmetric plasma
equations, which may explain some long-standing puzzles such as the
“radiation shortfall” [35]. Therefore, one needs to be careful making
predictions and designs based on 2D edge models. Although those 2D
models are certainly very useful, and they do capture many trends in
the boundary plasmas, for making quantitative predictions based on
them one should account for large error-bars associated with plasma
turbulent fluctuations.
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7 Summary and conclusions

SOLT3D is a fluid model for SOL and divertor plasma turbulence,
implemented in BOUT++ framework. The model uses Braginskii-
based fluid equations for six dynamic variables Ni, ϖ, Te, Ti, V||i, Nn,
in the electrostatic approximation, in a rectified edge-plasma domain.
SOLT3D reproduces a range of linear plasma instabilities relevant to
tokamak edge, and comparison with some existing linear and non-
linear results demonstrates consistency. SOLT3D produces plasma
turbulence characteristics that appear generally consistent with ex-
perimental measurements in the tokamak edge for L-mode relevant
parameters: realistic amplitude and spatial dependence of fluctua-
tions, realistic plasma fluxes on material surfaces, expected Bohm-like
radial transport levels. Inferred cross-correlations of fluctuating quan-
tities from SOLT3D simulations imply a significant level of intrinsic
deviations in axisymmetric plasma modeling, introducing errors on
the order of unity. In particular, the toroidally averaged atomic rates
below 5-10 eV are strongly modified by turbulent plasma fluctuations,
which is likely to limit the accuracy of the standard axisymmetric
modeling for interpreting boundary plasma experiments and making
projections for future designs.
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Figure 1: Slab with branch-cuts geometry
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Figure 2: Verification of DRBM dispersion relation: the growth rate (top)
and the phase speed (bottom) of the unstable mode
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Figure 3: Verification of a single blob propagation: depending on the
normalized initial blob size δ (defined in the main text) the blob evolves
into either a mushroom shape or a broken round shape in the late stage.
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Figure 4: Toroidally-symmetric plasma background from UEDGE: (a) Ni0,
(b) Te0.
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Figure 5: Steady-state distribution of plasma density and electron
temperature fluctuations: (a) Ni fluctuations, (b) Te fluctuations.
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Figure 6: Steady-state distribution of plasma parallel fluxes fluctuations:
(a) Γi,|| fluctuations, (b) q||,e fluctuations.
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Figure 7: Snapshot of plasma relative density perturbations Ni/Ni0 in
nonlinear saturated regime. Contour lines corresponding to levels ±50% are
labeled, and the separatrix is shown with the dashed line.
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Figure 8: Steady-state distribution of deviation of the toroidally-average
ionization source from the background value
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Figure 9: Steady-state distribution of cross-correlation of plasma
fluctuations: (a) cross-correlation ⟨NiTe⟩, (b) cross-correlation ⟨TeTi⟩.
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Figure 10: Evolution of the power spectrum of plasma density
perturbations. The power spectrum (normalized to unity at the peak) is
shown for a large number of time slices, with blue and green colors
corresponding to the early (linear growth) time, and with orange and red
colors corresponding to the late (nonlinear saturation) time. The alignment
of the primary and secondary peaks in the nonlinear saturated state
(encircled) is a signature of nonlinear mode coupling leading to harmonic
generation; in this case mode 4 generates harmonic modes 8, 12, and 16.
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Figure 11: Error level in fluctuation-averaged atomic rates, based on the
analytic model, for hydrogen ionization, hydrogen radiation, and carbon
impurity radiation
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