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Accurately predicting temperature and density profiles in the near-edge region—roughly

the outer 10% of closed flux surfaces—is critical for modeling tokamak performance because fu-

sion power scales with the square of pedestal-top pressure. Building upon an existing framework

for accelerated core transport solutions, this dissertation presents a workflow for self-consistently

solving transport-limited pedestals using 1D, steady-state flux matching. Inverse scale lengths are

represented using an asymmetric hyperbolic tangent parameterization, anchored at the separatrix.

Modular near-edge physics including neutral and impurity penetration are added to account

for their effects on source terms in the flux matching solution. Diamagnetic and neoclassical

terms in the rotation profile are self-consistently updated, while the toroidal velocity is held
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constant at this stage. Neoclassical and turbulent transport models developed for core plasmas

were chosen to determine their range of validity. Five discharges spanning L-mode, H-mode

at contrasting collisionalities, negative triangularity, and I-mode are used to test the workflow.

Only the NT result falls within the desired sub-10% error in pedestal-top pressure for reactor

predictions, while the remaining cases miss the experimental pedestal-top pressure by 17–84%.

That error is attributed to three factors: uncertainties in the separatrix boundary conditions,

degeneracy between solver objective and pedestal values, and transport model limitations most

severe in the region that most strongly determines pedestal shape. Together, these errors do not

exclude flux matching as a solution to the transport-limited pedestal prediction problem, but do

suggest limitations of the approach, particularly until an accurate near-edge turbulence model

can be made tractable within an iterative framework. This work is thus a step toward a unified,

self-consistent treatment of core-edge coupling suitable for integrated tokamak modeling.
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Chapter 1

Introduction

1.1 Motivation: from energy demand to transport-limited
fusion

Rising global energy demand strains the sustainability of current power systems [1].

Nuclear fusion is an attractive response, offering abundant energy without carbon emissions or

the long-lived waste of fission, yet it demands conditions that are extraordinarily hard to create

and sustain. Nuclei must collide frequently and with enough energy to overcome their Coulomb

repulsion, a tall order because the scattering cross section exceeds the fusion cross section by

orders of magnitude [2]. Electrons dissociate from their nuclei at these temperatures, leaving

the charged-particle gas called plasma. The central challenge is therefore confinement, holding

this “sun in a bottle” at high temperature and pressure while meeting the material constraints of

exhaust and energy extraction.

Magnetic confinement is the leading approach to maintaining these conditions. The

Lorentz force ties charged particles to magnetic field lines, forcing them to gyrate about the

field and suppressing motion across it, while leaving rapid transport along the field unimpeded.

Among magnetic configurations the tokamak has proven the most successful architecture for

approaching net-energy conditions [3]. It is a toroidal device combining external toroidal field

coils with the poloidal field of an induced plasma current, shown in Figure 1.1. The superposed

fields trace out nested, closed toroidal flux surfaces on which plasma parameters are nearly
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helical field line

toroidal field coil

nested flux surfaces
plasma current Ip

Figure 1.1. Tokamak magnetic geometry. External toroidal field coils and the poloidal field of
an induced plasma current combine into a helical field tracing out nested, closed toroidal flux
surfaces, with a wedge cut away to expose them. The field line is wound at one poloidal turn
over the arc shown for legibility.

constant. This geometry must eventually be opened to exhaust fusion ash and impurities thereby

introducing a different set of dominant physics.

Reactor-relevant tokamaks are designed for high-confinement regimes whose perfor-

mance is set by local transport, the turbulent and collisional leakage of heat and particles across

flux surfaces, rather than by global magnetohydrodynamic (MHD) stability limits. Predicting

the plasma profiles that emerge in these transport-limited regimes is the problem this work aims

to address, particularly across the steep near-edge region that couples the hot core to the cool

exhaust.

1.2 The core–edge gap

The near-edge is the hinge of integrated tokamak modeling. It sets the boundary condition

for core transport solvers, supplies the upstream condition for scrape-off-layer (SOL) and divertor
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models, and largely fixes the global confinement on which fusion performance depends, because

stiff core transport carries the pedestal top up through the profile beneath it. Figure 1.2 locates

the region, a thin band spanning the outer ∼10–15% of the closed flux surfaces. It is bounded on

the inside by the stiff core and on the outside by the last closed flux surface (LCFS), or separatrix,

beyond which field lines are diverted to the target plates.

Prediction, however, effectively stops at an assumed boundary. Core flux matching

solvers terminate at a fixed core–edge interface at which density and temperatures are supplied

rather than solved, and the pedestal tools that take over beyond it return a pressure rather than the

three kinetic channels separately (Section 1.3). The ion temperature is as critical as the electron

temperature, both for its contribution to the pedestal pressure and for setting ion-scale turbulent

transport. The gap is therefore sharp, because no method self-consistently predicts the near-edge

density and both temperatures together across the full region. Compounding this, the pedestal

takes qualitatively different forms depending on what limits it (Figure 1.3). An MHD-limited

pedestal is clamped at the peeling–ballooning boundary in ELMy H-mode, whereas the softer,

transport-limited pedestals (TLPs) of regimes like quiescent H-mode (QH), the wide-pedestal

state (WPED), and I-mode are the target of this thesis.

Reactor performance is steeply sensitive to the pedestal top. Stiff ion-temperature-

gradient turbulence holds the core gradient near its critical value, so the core profile rises

and falls with the pedestal top and the fusion power follows it. In the ARC physics basis a

20% increase in the assumed pedestal pressure raises predicted fusion power from 878 MW to

∼1.24 GW (+41%), while varying the pedestal Ti/Te over 0.9–1.1 spans 698–1134 MW [4].

Reactor scoping thus rests on pedestal values that are, today, assumed [5].

This thesis narrows that chasm by extending self-consistent, flux matched prediction of all

three kinetic channels from ρ ≈ 0.9 out to the LCFS. Note that throughout this text ρ may be used

loosely to mean either the normalized effective radius
√

ψN , where ψN is the normalized toroidal

magnetic flux, or the normalized minor radius, r/a, because of near equivalence approaching the

separatrix. The approach remains, by construction, naive to the SOL, requiring semi-informed,
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Figure 1.2. Poloidal cross-section of a diverted tokamak, identifying the core, the near-edge
region modeled in this work (shaded, 0.85 ≤ r/a ≤ 1), the separatrix, and the scrape-off layer.
The equilibrium is the analytic single-null solution of [6] at DIII-D-like shaping, and is not fitted
to any discharge.

user-supplied (ne,Te,Ti)LCFS and (a/Lne ,a/LTe,a/LTi)LCFS. In the future, these could be evolved

with the profiles through scrape-off layer modeling, but that is beyond the scope of this work.

Why the near-edge resists the direct application of core methods, through the loss of scale

separation and the breakdown of quasilinear transport theory, is taken up in Sections 1.3 and 2.3.

1.3 State of the art and the gap this thesis addresses

Predicting kinetic profiles by flux matching is well established in the core. TGYRO [7]

solves the flux surface averaged, steady-state transport balance by adjusting the inverse gradient

scale lengths a/Ly at a handful of radii until the modeled turbulent-plus-neoclassical fluxes match
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Figure 1.3. Illustrative (synthetic, normalized) edge pressure profiles contrasting an MHD-
limited pedestal, clamped at the peeling–ballooning limit as in EPED-predicted ELMy H-mode,
with a softer transport-limited pedestal characteristic of QH-, WPED-, and I-mode regimes.
The shaded band marks the near-edge region modeled in this work. Profiles are synthetic and
normalized to the MHD pedestal top pressure, and are not fitted to any discharge.

the volume-integrated sources, with the profiles recovered by integrating a/Ly inward from a

fixed boundary. PORTALS accelerates this by replacing the expensive turbulence model with

Gaussian process surrogates refined during Bayesian optimization, and by training on physically

motivated dimensionless parameters rather than raw profile values, which sharply reduces the

number of high-fidelity evaluations [5, 8]. These tools predict core temperature and density

reliably, but treat everything beyond ρ ≈ 0.9 as fixed.

Extending them to the separatrix is not simply a matter of moving that boundary, because

the near-edge is qualitatively harder and not merely quantitatively so. The quantitative part is

real enough, turbulent flux amplitudes there being roughly an order of magnitude larger than

in the core while several instability branches compete across a narrow region, so the resulting

optimization landscape carries many more local minima than the gentle, near-convex core

problem. What changes in kind is the standing of the models themselves, because the separation

between fluctuation and equilibrium scales that underpins local, quasilinear transport weakens, so
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the reduced models are being asked to work outside the ordering they were derived under rather

than merely at harder values of their arguments. Attempts to apply core machinery regardless

have had qualified success. The TGLF SAT3 saturation rule [9, 10] lowered transport errors in

TGYRO calculations of DIII-D L-mode edges, and full-radius TGLF gave acceptable confinement

predictions for ASDEX Upgrade L-modes [11], even as the underlying quasilinear approximation

has since been shown to break down in the edge outright [12]. Direct core gyrokinetic codes are

seldom converged beyond ρ ≈ 0.9 owing to cost and convergence difficulty.

For the pedestal proper, the state of the art is EPED [13]. It predicts the height and width

of the pressure pedestal by locating the state marginally stable to both ideal peeling–ballooning

and kinetic-ballooning modes. The profiles are represented by a tanh anchored at a prescribed

pedestal top density and separatrix temperature. EPED is well validated for ELMy H-modes

at or near the Type-I ELM threshold, and its neural-network surrogate EPED1NN [14] delivers

the same prediction at negligible cost. Its scope is narrower than is sometimes appreciated,

because it returns a pressure rather than independent density and temperature, and its marginal

peeling–ballooning premise pertains to MHD-limited pedestals, not to the transport-limited

regimes that increasingly define reactor-relevant scenarios. Recent work has begun to relax these

limits. For example, the Parisi model [15] extends EPED with an analytic electron-temperature-

gradient transport model and gyrokinetic kinetic-ballooning constraints. The two additions

decouple the density pedestal from the temperature pedestal, and they also identify E ×B flow

shear as a necessary ingredient of a TLP. The WPED model [16] instead targets the weak

pedestals of negative triangularity. These are genuine advances, but they remain within the

stability-and-analytic paradigm rather than solving the coupled transport problem across all

channels.

True flux matching across the near-edge has only recently become tractable, and so far

only at the high-fidelity extreme. TCV profiles have been evolved to a flux matched steady

state with the edge gyrokinetic code GKEYLL and a self-consistent particle-accounting scheme,

reproducing measured profiles [17]. That is a landmark result, but its per-case cost precludes
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routine or multi-regime use. The gap this thesis addresses lies between these poles, because there

is no fast, self-consistent, transport-based solver that predicts the near-edge density, electron

temperature, and ion temperature together across the full L-mode-to-H-mode range, connects

naturally to existing core and SOL models, and is free of per-device calibration.

1.4 Aim, scope, and approach

The framework built to fill that gap is neither a comprehensive theory of near-edge

transport nor a finished production tool. It is a starting framework, intended for everyday

scenario and device design rather than for a bespoke research campaign mounted per discharge,

and several constraints bound it deliberately from the outset. Profiles are obtained by matching

transport fluxes to sources rather than by imposing an MHD stability ceiling as in EPED, so

that density and both temperatures are predicted self-consistently rather than a pressure alone.

Turbulent and neoclassical fluxes are evaluated with the quasilinear TGLF and drift-kinetic NEO

models. Nonlinear, full- f gyrokinetic and particle-in-cell codes are more faithful but far too

costly to iterate to a flux matched steady state in routine use, an approach only now being

attempted [17, 18]. The intent is to carry the established core transport models as far toward the

separatrix as they will credibly go, not to develop a new edge-specific transport theory.

The remaining restrictions are simplifications adopted to keep the method tractable and

honest about what it does not attempt. Only stationary, transport-limited profiles are sought,

so ELM cycles, L–H transition dynamics, and the zonal- and mean-flow interplay that governs

them are out of scope. The magnetic equilibrium is held fixed during the solve, which defers

self-consistent equilibrium update and full core–edge coupling to future work. Edge-specific

sources and sinks that cannot be omitted, namely neutral penetration and ionization, impurity

radiation, and a self-consistent diamagnetic flow, are included through reduced models like a

prescribed impurity profile shape rather than first-principles treatments. The framework is built to

plug into the existing SMARTS solver ecosystem, reusing its core machinery rather than standing
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alone.

One could object that a surrogate trained on high-fidelity gyrokinetics by active learning

over a dimensionless parameter space would sidestep much of this. That path is real and, for raw

accuracy, likely superior, but it is complementary rather than precluding. The training campaign

is enormous and must be re-extended per device, where extrapolation is least trusted. A flux

surrogate also predicts fluxes, not profiles, so it still requires the profile representation, edge

source and sink modules, and boundary treatment developed here. The modular workflow is built

so that such a surrogate is exactly the drop-in the transport component anticipates (Section 4.1),

while the reduced, physics-based route yields understanding a black box does not, namely which

instability carries which channel and where the quasilinear picture fails.

A recurring theme is that the near-edge rewards exploiting the known structure of its

profiles. Core flux matching solvers construct profiles from piecewise-linear a/Ly segments,

which suffice where a/Ly varies by O(1) across the domain, but a/Ly varies by O(10) over

the narrow near-edge. The framework therefore pairs a compact profile parameterization with

modular edge-physics modules and an edge-tailored transport model, coupled by flux matching

and developed in Chapter 4.

The contributions that follow are as much a characterization of the problem as a tool. The

framework does not predict near-edge profiles to the reactor-handoff tolerance, and the account

of why is the more durable result. The central deliverable is an integrated, modular near-edge

workflow that carries the core flux matching loop out to the last closed flux surface and predicts

ne, Te, and Ti together. Its edge sources, boundary treatment, stability ceiling, and transport model

are individually validatable, replaceable components, and every prediction carries a propagated

input-covariance error bar (Chapter 4). Within it, a profile parameterization built for the edge, a

modified hyperbolic tangent with a superposed corrector spline defined on a/Ly, reproduces the

profiles and gradients of real discharges with a handful of design variables (Section 4.2). The

neutral, impurity, rotation, and stability modules are each checked against expected physical

behavior rather than calibrated to the cases (Chapter 4).
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The results that reframe the rest concern the problem statement itself. States that the

objective scores alike carry materially different pedestals, so the near-edge flux match as posed

here does not determine the pedestal, and the share of the profile lying outside the constrained

region accounts for that quantitatively (Sections 6.3.1 and 6.3.2). The transport model is

separately and identifiably wrong, because reverse-engineering the saturation layer against

plasma state and power-balance targets identifies a collisionality dependence that no existing

saturation rule contains, and two distinct quasilinear failures are documented at the radii that set

the pedestal height (Section 6.4). Propagating the declared input covariance gives a 1σ band on

pedestal top pressure that already exceeds the tolerance a device study would need, before any

transport-model error is counted. Together these order the remaining work rather than merely

listing it (Chapters 5 and 7).

The remainder of the thesis proceeds as follows. Chapter 2 reviews the physics of the

core, scrape-off layer, and near-edge. Chapter 3 reprints an experimental filament study that

motivated the turn to computation. Chapter 4 develops the framework, Chapter 5 tests it across a

span of operating regimes, and Chapter 6 investigates the shortcomings the validation exposes.

Chapter 7 concludes.
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Chapter 2

Background

This chapter sketches the physics of the three regions this thesis straddles, the core, the

scrape-off layer, and the near-edge between them, with Table 2.1 setting the three side by side.

The emphasis throughout is on physics, and its algorithmic treatment is deferred to Chapter 4.

2.1 Core transport

The viability of a magnetically confined plasma as a net energy source is commonly

gauged by the fusion triple product nT τE , where n and T are characteristic density and tempera-

ture. The energy confinement time τE =W/Ploss is the ratio of the stored plasma kinetic energy

to the rate of power loss [2, 19]. Operational ceilings exist on the ingredients, the Troyon limit

on the normalized pressure β [20] and the empirical Greenwald limit on density [3, 21]. Within

those bounds it is transport, the cross-field leakage of heat and particles, that sets τE and hence

the achievable n and T , which makes core transport the central task of performance modeling.

Transport is conventionally decomposed into neoclassical and turbulent contributions.

Neoclassical transport is collisional diffusion corrected for toroidal magnetic geometry. Trapping

of particles in banana orbits raises the effective diffusivity roughly two orders of magnitude above

the classical estimate, and it is computed accurately by drift-kinetic codes like NEO [22]. In most

regimes, though, turbulent (“anomalous”) transport driven by micro-instabilities dominates, and

its resistance to prediction is a large part of why fusion energy has proven so difficult [19].
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Table 2.1. Physics and modeling maturity differ sharply across the core, the near-edge, and the
scrape-off layer. The middle column is the region this thesis addresses.

Core Near-edge Scrape-off layer

Characteristics Weak gradients, closed
surfaces, small fluctuation
amplitude

Steep gradients over cen-
timeters, sheared flow,
neutral penetration

Open field lines, parallel
losses dominant, fluctua-
tions O(1)

Orderings Gyrokinetic ordering
holds, gyroBohm diffu-
sivity scaling

Gyrokinetic orderings
break down, transition
toward Bohm scaling

Scale separation absent,
decay lengths from re-
duced models

Solved today Profiles from flux match-
ing, routinely and with
validated accuracy

ELMy pedestal height
from stability, not a trans-
port solution

Decay lengths from re-
duced models, turbulence
codes costly

Role here Supplies source fluxes
entering the near-edge

Self-consistent ne, Te, Ti

with no imposed stability
closure

Supplies the outer bound-
ary condition, coupling
left to future work

The instabilities responsible, the ion- and electron-temperature-gradient (ITG, ETG)

modes and the kinetic ballooning mode (KBM) among others, share a critical gradient character.

Each is destabilized only once its driving gradient exceeds a threshold, above which the associated

flux rises [23]. How steeply it rises is the stiffness, and it varies by mode and by regime. Core

ion transport is stiff enough that gradients are pinned near their thresholds, so the temperature

and density at the top of the edge pedestal largely dictate the profiles beneath, and thus the fusion

power, which scales approximately as Pfus ∼ p2
ped [4, 5]. Stiffness is therefore the reason core

prediction is both tractable and acutely sensitive to the boundary supplied at the pedestal top.

Where the fluctuation scale, the ion gyroradius ρi, is far smaller than the profile scale

length, the ordering ρ⋆ = ρi/a ≪ 1 permits the local, scale-separated gyrokinetic reduction

on which most transport models rest [24]. Fluxes can then be evaluated across a hierarchy of

fidelity and cost: (semi-)analytic formulae, the quasilinear TGLF model, trained on gyrokinetic

data and equipped with saturation rules like SAT3 [9, 10], and nonlinear gyrokinetic codes like

CGYRO [25], which are the most faithful but far the most expensive.

Transport modeling begins from the fluid conservation laws obtained by taking velocity

moments of the gyrokinetic equation [3, 24]. For each species s the particle density, thermal
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energy, and toroidal momentum obey balances of the generic conservation form ∂t(·)+∇·(flux)=

(source),

∂ns

∂ t
+∇·ΓΓΓs = Sn,s, (2.1)

∂

∂ t

(3
2nsTs

)
+∇·QQQs = SE,s, (2.2)

∂

∂ t

(
miniR2

Ω
)
+∇·ΠΠΠ = SL, (2.3)

with ΓΓΓs the particle flux, QQQs the energy flux (conductive plus convective), and ΠΠΠ the flux of

toroidal angular momentum miniR2Ω. Of the sources and sinks on the right-hand sides, fueling

and ionization enter Sn,s and the injected torque enters SL. The energy source SE,s carries auxiliary

and ohmic heating, line and bremsstrahlung radiation, and the collisional electron–ion energy

exchange Pei ∝ ne(Te − Ti). The equations are coupled through the exchange term, through

quasineutrality, and through the electromagnetic fields on which the fluxes depend, so they form

a system rather than three independent balances. The present framework evolves the electron

density and the electron and ion temperatures, with the radial electric field regenerated from

the predicted pressure each iteration while the toroidal rotation is held at its measured value

(Section 4.4), and the impurities entering through quasineutrality and radiation at a prescribed

profile shape.

To make prediction tractable, the flux surface averaged (FSA) transport equations are

solved in one radial dimension. Plasma parameters vary negligibly over a flux surface in the

core, so the total volume is discretized into nested control volumes. In steady state the balance

for a conserved scalar y reduces to

1
V ′

∂

∂ r

(
V ′

Γy
)
= Sy, =⇒ Γy(r) =

1
V ′

∫ r

0
SyV ′ dr′, (2.4)

where V ′ = ∂V/∂ r, Γy is the transport flux, and Sy is the volumetric source. Transport solvers

like TGYRO [7] pose this as a root-finding problem. The inverse gradient scale lengths zy =
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a/Ly = −(a/y)∂y/∂ r at a handful of radii are adjusted until the modeled fluxes match the

integrated sources, with the profiles recovered by integrating zy inward from a fixed boundary.

Fluxes are gyroBohm-normalized, for example QgB = neTecs(ρs/a)2 with sound speed cs and

sound-radius ρs, to fold in the known physical scaling and aid convergence.

The problem is hard even so. A representative case evolves Te, Ti, ne, and rotation

at several radii, giving tens of coupled unknowns. The critical gradient stiffness renders the

flux response nearly singular near threshold, so the landscape carries many local minima and

demands many iterations of an expensive flux model [7]. PORTALS addresses this by replacing

the flux model with Gaussian process surrogates refined under Bayesian optimization. Those

surrogates are trained on a compact set of physically motivated dimensionless parameters rather

than raw profile values, which sharply reduces the number of high-fidelity evaluations needed to

converge [5, 8]. The Gaussian process surrogate machinery is summarized in Appendix A, and

the present work utilizes it where applicable.

2.2 Scrape-off layer

Outside the separatrix, field lines are open and terminate on the divertor targets. Fast

parallel streaming along them drains heat and particles before they can spread radially, producing

a narrow boundary layer whose width is characterized by the heat-flux decay length λq, effectively

the fraction of the divertor area doing the exhausting. A small λq concentrates the power, and

peak divertor heat fluxes of 10–20MWm−2 are anticipated for ITER [26], near the tolerance of

plasma-facing components. Setting the upstream conditions that fix λq and the target loads is

thus a first-order design concern, and it is these upstream, separatrix conditions that a near-edge

profile solver must ultimately be handed.

Turbulence broadens the layer. Alongside the usual eddies, the edge is populated by

coherent field-aligned structures, blobs or filaments, that carry a disproportionate share of the

cross-field transport [27]. Born near the LCFS, a blob is polarized by the curvature and ∇B drifts,
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and the resulting internal electric field drives a rapid, radially outward E ×B motion that ejects it

into the SOL [28]. Filament scaling and spin dynamics are the subject of Chapter 3 [29].

Edge and SOL transport are considerably harder to model than the core because the scale

separation underpinning local, quasilinear models breaks down in both space and time. The steep

gradients that link the hot core to the cool boundary drive fluctuations of order unity relative to the

background, with pronounced intermittency and nonlocality. Open field lines with a directional

bias in the parallel flows produce in–out (high- versus low-field-side) asymmetries, and the larger

poloidal variation of magnetic curvature erodes the validity of flux surface averaging.

The interchange and ballooning drive, set by the product of the field-line curvature with

the pressure gradient, is destabilizing (“bad”) on the low-field side, where curvature and ∇p

align to drive Rayleigh–Taylor-like motion, and stabilizing (“good”) on the high-field side. The

unstable modes consequently balloon at the outboard midplane and are evanescent on the inboard.

A flux surface stability measure like the normalized pressure gradient αMHD averages over this

poloidal localization [30]. That approximation itself weakens toward the separatrix, because the

flux surfaces there are increasingly shaped and the local magnetic shear diverges as the field line

approaches the X-point. Both the drive and the mode structure therefore vary strongly from the

outboard midplane to the divertor legs. The framework inherits this limitation, since it evaluates

transport on flux surface averaged profiles. Any flux surface averaged stability measure of this

kind should thus be read with the poloidal localization of the true drive in mind.

These difficulties, together with the computational cost of resolving SOL turbulence over

useful volumes and times, have so far precluded a TGYRO-like transport solver for the open-field-

line region, so practical prediction instead relies on reduced models. The Goldston heuristic-drift

model [31] estimates λq in the neoclassical limit, scaling it with the ion poloidal gyroradius, while

the empirical Eich regression [32] reproduces measured λq across many devices. High-fidelity

SOL codes, the fluid BOUT++ [33] and the full- f gyrokinetic XGC1 [34], predict departures from

these scalings for ITER that are attributed to turbulence. For the upstream state specifically, the

Stangeby two-point model [35] relates separatrix and target density and temperature through
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particle, momentum, and power balance along the field, and has been extended to two-fluid

forms [36]. Models of this class may supply the semi-informed separatrix values on which the

framework of Chapter 4 depends.

2.3 Near-edge and pedestal physics

The near-edge is where the competing demands of confinement and exhaust are recon-

ciled, and the operating regimes form a spectrum set by that tension [37]. Low-confinement

L-mode has a broad λq, a weak pressure pedestal, and no edge-localized modes (ELMs). High-

confinement H-mode has a narrow λq, a tall pedestal, and, in its standard form, Type-I ELMs,

repetitive magnetohydrodynamic (MHD) relaxations that expel heat in short, filamentary bursts

and threaten plasma-facing components [13]. Between and around these lie a zoo of alterna-

tives, I-mode, quiescent H-mode (QH), the wide-pedestal state, and negative triangularity, that

sustain a pedestal while remaining below the Type-I ELM threshold [16, 38]. The distinction

that organizes this thesis is between the ELMy H-mode, whose pedestal is capped by MHD

peeling–ballooning stability [13, 30] (MHD-limited), and every other regime, whose pedestal

gradient is instead capped by turbulent transport (transport-limited).

Physically the near-edge overlaps core and SOL. The flux surfaces are closed, yet the

steep gradients required to bridge the hot core and cool boundary compress the profile scale

length L to only a few ρi. The ion temperature falls across the same region, so ρi shrinks along

with L and the ratio does not run away. What erodes is the margin rather than the inequality,

because ρi/L passes from the ≪ 1 of the core to a value merely below unity, and the local

reduction of Section 2.1 rests on an expansion in precisely that parameter. Fluctuation amplitudes

rise to a comparable fraction of the background and their correlation times approach those

of parallel transit and profile evolution [2, 19], so the separation fails in time as well as in

space. Blobs are born just inside the separatrix as blob–hole pairs, the inward-propagating holes

contributing to turbulence spreading and hence nonlocality. Recycled and impurity neutrals
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penetrate the pedestal, cooling and diluting it and radiating a substantial fraction of the exhaust

power to the main-chamber wall. Their reach may be curtailed by opacity in future devices, but

the pedestal is affected regardless [39, 40].

The defining feature of the near-edge is the pedestal itself, which forms when an edge

transport barrier (ETB) develops at the L–H transition [41]. The barrier is a narrow layer of

strongly sheared E ×B flow that suppresses long wavelength (e.g. ITG) turbulence by shearing

eddies apart faster than they grow [42]. It is seeded by driving power through the ion channel.

The growing ion pressure gradient sets, through radial force balance, a radial electric field Er and

an associated poloidal rotation, whose shearing rate γE opposes the instability growth rates. The

transition occurs above a critical input power PL-H that scales with density, field and machine

size [43], and E ×B shear is now recognized as a necessary ingredient of a TLP [15]. A second,

temporal and spatially smaller scale shear source, zonal flows, mediates the transition dynamics

by storing turbulent energy long enough for the mean flow to build [44]. The present scope is

restricted to stationary profiles, so zonal flows are not treated further.

Across machines a broadly consistent picture of pedestal transport has emerged. Ion

heat and particle transport can drop to near-neoclassical levels in high-confinement regimes, so

neoclassical processes are not always a small correction there [37]. How close they come depends

strongly on collisionality and on the local gradients, so the comparison is regime-specific rather

than a fixed ratio. Electron heat transport, by contrast, exceeds its neoclassical level by one to two

orders of magnitude across the pedestal and must be turbulent. Ratios of measured diffusivities to

each other and to their neoclassical values are the “fingerprints” by which candidate instabilities

are identified [23]. Each mode carries a characteristic signature across the channels, so comparing

measured and simulated ratios discriminates between mechanisms that a single flux cannot. The

leading candidates for the electron channel are microtearing and electron temperature gradient

(ETG) modes, while ion-scale electrostatic modes are usually held down by E×B shear, although

evidence is accumulating that they matter at low collisionality. ETG turbulence survives that

shear, so a faithful treatment of the electron channel is unavoidably multiscale [45]. This

16



decomposition into neoclassical, ion-scale, and electron-scale contributions is the one the case

studies of Chapter 5 resolve.

That stiffness weakens near the edge, where E ×B shear quenching and other stabilizing

effects soften the flux response. Near-edge gradients are therefore not pinned to their critical

values as in the core and can steepen well beyond them. A gradient is held at a threshold only

where the mode limiting it is very stiff, as the KBM is in the peeling–ballooning picture of the

ELMy H-mode pedestal. Figure 2.1 shows the consequence for any solver that works in gradient

space. Across 0.85 ≤ r/a ≤ 1 of a representative H-mode the profiles fall smoothly, by factors

of 6 in ne and 19 in Te, while the inverse scale lengths swing from order unity at the pedestal top

to peaks of 39 and 71 within a few centimeters. Piecewise-linear gradient profiles that suffice in

the core therefore become inaccurate across the pedestal without an impractically fine grid. The

common alternative is a modified hyperbolic tangent (“mtanh”) anchored at the pedestal top and

separatrix [13]. It captures pedestal height and width well, but its relationship to the scale lengths

that transport solvers evolve is nonlinear and non-trivial rather than direct, and it offers little

freedom at the knees of the profile. Reconciling a flexible, edge-aware profile representation

with a gradient-based flux matching solver is one of the problems taken up in Chapter 4.
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Chapter 3

Filamentary Velocity Scaling and Spin
Dynamics in DIII-D

Before turning to profile prediction, this chapter reprints an experimental study from

earlier in the doctoral program that motivated the shift in focus toward predictive modeling.

Invasive diagnostics, like the reciprocating probe heavily used in the work, will be decreasingly

relevant in next-generation devices with hotter, denser plasma. Arcing across the probe head was

already common near the LCFS in the DIII-D L-modes of this study and was the reason H-modes

were not included in the database. Another crossover between this study and the primary topic

of this thesis is uncertainty quantification and parameter sensitivity, which help contextualize the

results in both cases.
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ABSTRACT

Measured filament velocities in the DIII-D tokamak are compared against theoretical scalings, finding that the latter often represents an
upper limit on experimental velocity distributions with most filaments possessing lower velocity. Filament spin from internal E�B drift is
experimentally demonstrated to alter filament radial velocity. A critical spin velocity, where filament radial velocity peaks, is observed and
corresponds to approximately 5 km/s. This transition is corroborated using a less direct measure of filament spin in the form of a temperature
ratio. These techniques are combined to find that the critical spin velocity closely aligns with transport times along and across filaments
becoming comparable. The normalized filament size distribution is consistent with the most stable size as dictated by Kelvin–Helmholtz and
curvature-driven instabilities. Overall, the findings suggest filament stability and spin alter filamentary transport that may threaten the integ-
rity of first walls in fusion devices.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195025

I. INTRODUCTION

Convective transport in the tokamak scrape-off layer (SOL),1

mediated by coherent, intermittent structures interchangeably called
filaments or blobs, can dominate heat and particle fluxes in the far-
SOL2,3 that can damage the first wall4,5 in future fusion devices like
SPARC,6 ITER,7,8 and DEMO.9 These filaments originate at or inside
the last closed flux surface (LCFS),10,11 inherit the nearby plasma char-
acteristics, and advect hot, dense plasma across the SOL.12 In the SOL,
they can be detected as high intermittent peaks in density and temper-
ature.2,13 Understanding the physics of filamentary transport is there-
fore needed to predict plasma temperatures and fluxes at the wall of
future fusion devices and possibly controlling or countering them.
Although particle and heat transport in H-mode14 can be drift-
dominated, turbulent transport is still involved, especially if mixed
regimes with a wider SOL are sought.

Early observations of blob characteristics came from optical diag-
nostics15,16 and probes.17 Later on, disagreement between fluxes and
diffusive particle balances found in simulations18 and Alcator C-
Mod19 initiated deeper exploration into the phenomenon. Blobs were
proposed as a convective mechanism composed of a density peak with
an internal, poloidal electric field, Ep, caused by curvature and rBt

drifts (BT is the toroidal magnetic field), and the resulting Ep � BT

drift carries the filament radially outward.12 The poloidal axis is ori-
ented perpendicular to BT and approximately vertical at the midplane,
hence the radial force. Measurements soon thereafter verified the theo-
retical expectations.2 Filaments were observed in some capacity over
the following years at Alcator C-Mod,20,21 NSTX,22 Tore-Supra,23 and
many other toroidal devices.24–28 This period also included expansions
of blob theory29–34 and many computational studies of fila-
ments.10,28,35–45

Given the need for predicting SOL particle and heat fluxes, a fila-
mentary velocity scaling theory was developed,46–49 which we summa-
rize in Sec. I and proceed to compare to a large DIII-D database that is
described in Sec. II. Analysis of measured filament size, velocity, and
collisionality is performed in Sec. III in addition to sought-after valida-
tion of the velocity scaling theory. Finally, a summary and conclusions
are presented in Sec. IV.

A. Velocity scaling theory

Analytical velocity scaling is derived by considering plasma fila-
ments as a computational circuit model that closes at the divertor floor
and defines a filament split into two regions, midplane, and X-point.32

Filaments gain charge through ion polarization drift as described
above, and currents flow along and across the magnetic field lines.12
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Each balance of current closures, dependent on the effective resistivi-
ties within a filament, corresponds to a different velocity scaling
regime.46 In all scenarios, resisting parallel current flow allows a larger
internal electric field magnitude and resulting radial Ep � BT drift
velocity, vr .

The proxy for total parallel resistivity is an effective collisionality,
K, that relates parallel connection length to the ion–electron collision
mean free path. For a calculation from the divertor target to the outer
midplane,K is defined as46

K ¼
ðOMP

target

�ei
Xeqs

dsk; (1)

where �ei is the electron–ion collision frequency, Xe is electron gyro-
frequency, qs is the ion gyroradius at ion sound speed cs, and sk is the
parallel distance to a point along the field line as measured from the
target. Filament cross sections near the X-point in diverted plasmas are
elongated elliptically because in that region the magnetic poloidal flux
expansion, fx , increases. This shortens the perpendicular current return
path for ions and alters the filament velocity.

Filament size also affects cross-field dynamics. Normalizing the
filament radius by the scale size that balances inertial, curvature, and
sheath terms in the charge conservation equation29 leads to a charac-
teristic filament radius expressed as

â ¼ ab
R1=5

Lkq2s
� �2=5 ; (2)

where R is the major radius, Lk is the parallel connection length from
the target to outer midplane, and ab is the filament radius, where â is

often parameterized38,46 toH ¼ â5=2. The local density gradient drives
filament instabilities according to the intrinsic condition @ln nð Þ=
@r0 < 0, where r0 is the local filament radial coordinate, and instability
growth rates depend on â. Blobs of â � 1 are more susceptible to the
Kelvin–Helmholtz instabilities developing in a timescale sKH

� 4a3bR
� �

= â5=2csq2s Lk
� �

, where cs represents the ion sound speed.

Curvature-driven instabilities are most prevalent when â � 1 and
evolve in the timescale sCD � 4a3bR

� �
= csq2s Lk
� �

.31,38,50 These time

scales therefore only vary by the dimensionless term â5=2 ¼ H and are
equivalent when â ¼ 1, which is a transition where blobs are suspected
to be most stable.38

Each factor discussed thus far locates a filament within the
regions defined by collisionality and size, shown in Fig. 1. The last
parameter is normalized velocity

v̂ ¼ vr
v�

¼ vr
R3=5

2Lkq2s
� �1=5cs ; (3)

where v� is the ideal filament velocity when â ¼ 1.46 Theory predicts v̂
to scale differently depending on a filament’s normalized radius, H,
and effective collisionality, K. The four regions with their associated v̂
scaling expressions29 are as follows:

• Resistive Ballooning (RB)—K exceeding H terminates filaments
above the X-point leaving ion polarization drift as the primary return
current. This regime may be referred to as “inertial-limited.”

v̂ � â1=2: (4)

• Resistive Interchange (RX)—The magnetic field near the X-point
squeezes filament cross sections, effectively shortening filaments
thereby amplifying cross-field resistivity. Unlike in other regimes,
parallel current modulated by K regulates filament velocity on a
similar order as the perpendicular current with its â dependence,

v̂ � K=â2: (5)

• Connected Ideal-Interchange (Ci)—Low-collisional, small fila-
ments extend to the limiter sheath with the primary current clo-
sure from ion polarization drift. This regime depends on
maximum divertor region magnetic flux expansion, f x;max,
expressed inversely in terms of the magnetic fanning parameter,
ex � 1=f x;max,

v̂ � exâ
1=2: (6)

• Sheath-Connected (Cs)—Low-collisional, large filaments extend-
ing to the outer target with current primarily flowing through the
sheath,

v̂ � 1=â2: (7)

Mathematical simplifications limit the accuracy of normalized
velocity scaling theory, yet there have been many attempts to repro-
duce fundamental aspects. Experimental comparisons to velocity scal-
ing are available for devices such as NSTX,51,52 TCV,53,54 ASDEX
Upgrade,55,56 and the Wendelstein 7-X stellarator.57 An intermachine
comparison revealed normalized velocities generally fall between the
RB and Cs scalings, albeit with significant uncertainties.58 2D59–62 and
3D37,63 simulations have also reproduced theoretical trends to varying
degrees and with the caveat that some inputs are not experimentally
determined.

A large spread in experimental velocities at constant blob size and
collisionality has been noted.54 The spread of velocities found in

FIG. 1. Normalized velocity v̂ scaling approximation against normalized collisionality
K and size H ¼ â5=2 for expected RB, RX, Ci, and Cs regimes. Reprinted from
Tsui et al., Phys. Plasmas 25, 072506 (2018) with the permission of AIP Publishing.
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experiment may stem from physics excluded by theory. Simulations
have shown filament velocity dependencies include warm ions,60 shape
irregularity,57,64 charge smearing,34,37 blob–blob interactions,62,65,66

Prandtl number,61 neutral interactions,67–70 parallel resistivity,71 and
triangularity,72 among other things.73 Furthermore, testing velocity
scaling theory is thus justified because it may inform future analytical
and computational work.

B. Spinning blobs

Filament spin about the parallel axis was proposed38 as a mecha-
nism to reduce radial velocities by smearing out the rB polarization.
The original theory applied to sheath-connected blobs34 and showed
that, neglecting vorticity injection,29 spin occurs when blob tempera-
ture differs from the background plasma.34 It has since been demon-
strated that all blobs may spin due to parallel variation in blob
characteristics.74–76 Blob spin has been observed by probe,2,77,78 GPI,79

and in simulations.75,76,80

Rotational velocity, vrot , for nonthermalized blobs may be deter-
mined using plasma potential, Up, to calculate a local, radial electric
field, Er0 ¼ �rUp � DUp=ab according to vrot ¼ Er0=BT , where r0

represents the filament radial coordinate as depicted in Fig. 2.2

The electron temperature, Te, can be used as a proxy for plasma
potential, Up ¼ Uf þ 2:5kbTe, where the floating potential, Vf , is
assumed constant and kb is the Boltzmann constant.34 Assuming a
Gaussian profile for filament Te, the relative difference [Eq. (8a)]
between peak filament electron temperature, Te;fil , and background
electron temperature, Te;bg , is predicted to reach a threshold [Eq. (8b)]
where polarization dissipation from spin and through parallel trans-
port at the sheath become comparable.32,34 Quantitatively, this is when
blob angular velocity X ¼ vrot=ab reaches the sheath current rate81

�sheath ¼ csa2b= Lkq2s
� �

, and beyond this level “smearing” gradually

decreases the charge dipole, which consequently reduces the radial
velocity,

Tratio ¼
Te;fil � Te;bg

Te;bg
; (8a)

Tratio;crit ¼ a4b
q3s Ljj

: (8b)

In cases of too little and too much filament spin, the coherent
structure may be altogether lost to instabilities.34,38,82 The Kelvin–
Helmholtz and curvature-driven instabilities can develop without spin
whereas rotational instabilities occur proportional to angular velocity
in the timescale sR � X�1.82 These instabilities inhibit filamentary
transport when their respective timescales are much smaller than the
convective timescale,34 sC � 2ab=vr , that describes the time to move
one blob diameter.31,82 Between these unstable extremes of the fila-
ment spin spectrum are a range where spin stabilizes against
curvature-driven instabilities by moving perturbations from “bad” to
“good” curvature.34,82 Blob coherence becomes more resilient to back-
ground shear flows34,83 in this range too. Based on this knowledge, fila-
ment detection and velocity should peak at some Tratio between zero
and Tratio;crit .

II. EXPERIMENTAL METHODS

A database was built from existing DIII-D tokamak84 deuterium
discharges to capture a larger filament scaling parameter space than
previous works. The DIII-D tokamak features a 1.7 m major radius,
moderate plasma shaping, electron cyclotron heating (ECH), neutral
beam injection (NBI), and a substantial diagnostic array.85 74 low-
confinement (L-mode), lower single-null diverted discharges spanning
the years 2015–2019 are included in this study and summarized in
Table I. BT polarity varies throughout the discharges with a typical
BTj j of 1.5 T. Divertor region gas puffing provided varying divertor
plasma conditions, which supports a wide range of collisionality that
included measurements by the divertor region Thomson scattering
(DTS) system.86 An example magnetic geometry generated by the
tokamak equilibrium code EFIT87 within OMFIT88 is shown in Fig. 3
(right) with relevant diagnostic information.

The principal diagnostic for this study was a high-bandwidth,
nine-pin reciprocating probe (RCP) located slightly below the mid-
plane on the low-field side (LFS) (Fig. 3).89 This Langmuir probe
array includes a cylindrical, boron nitride probe head; poloidal and
toroidal angling to align with typical DIII-D magnetic geometries;

FIG. 2. Toroidal blob spin initiates from a lack of thermalization with the background
plasma and can weaken the filament charge dipole.

TABLE I. Database statistics of current Ip, line-averaged density ne;avg, instanta-
neous total power input Ptotal , elongation j, mean triangularity dmean, and max diver-
tor region magnetic flux expansion fx;max . BTj j � 1:5 T for all discharges.

Parameter Median Minimum Maximum

Ip (MA) 0.98 0.86 1.27
ne,avg (10

19/m3) 2.07 0.79 7.28
Ptotal (MW) 1.59 0.66 7.10
j 1.69 1.56 1.82
dmean 0.39 0.32 0.54
fx,max 5.35 3.10 9.18
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and 1.25-mm-diameter graphite pins exposed only 2mm. An actuator
plunges the RCP through the SOL, often reaching the LCFS, during a
typical 250ms cycle.

RCP measurements of temperature and density profiles have been
benchmarked against other diagnostics at DIII-D including Thomson
scattering,89–92 reflectometry,91 and charge–exchange recombination
spectroscopy90 (CER). Likewise, RCP systems were utilized for SOL
characterization at NSTX,51,93 C-MOD,94 ASDEX,95 and JET,96 among
many others.23,77,97–101 Only GPI—a method unavailable at DIII-D in
the database time range—can currently measure blob-scale fluctua-
tions in the tokamak SOL comparably to RCP.56,102–104 For these
reasons, RCP was deemed an appropriate and reliable diagnostic for
this work.

Ion saturation Isat and floating potential Uf signals are collected
at 4MHz over multiple, spatially separated pins (Fig. 3, center).
Floating potential signals are digitally bandpass filtered between 20
and 380 kHz to isolate oscillating filament signals from harmonic
electron temperature hardware92,105 and bulk plasma oscillations.
Electron temperature Te was collected via the harmonic method92,105

cycled at 400 kHz and thermal equilibrium, Ti ¼ Te, is assumed.
Previous results106–110 demonstrate Ti 6¼ Te in the edge, and this is
addressed within Appendix B. Electron density was calculated using
ne ¼ 2Isat kb Ti þ Teð Þ=mi½ 	�1=2=Apre where Apr is the projected probe
tip area, e is one unit charge, ne is electron density, Ti is the ion tem-
perature, and mi is the deuteron mass. Ion density ni relates to ne by
ni ¼ ne=Zeff , where Zeff is the effective ion charge and taken as a con-
stant Zeff ¼ 2.

The fluctuating poloidal electric field, a characteristic of filaments,
is determined by Ep ¼ Uf 2 � Uf 1

� �
=dp. This calculation assumes

equivalent sheath drops and Te at each probe pin, and that passing
structures are wider than the poloidal inter-pin distance, dp, of
5.4mm. Verification of the results using Up in place of Uf is docu-
mented in Appendix B out of concern for temperature influences.111

Potential errors112 in Ep due to variations in ab relative to dp are also
considered in Appendix B. The background radial electric field, ER,
was calculated using the plasma potential gradient, ER ¼ �dUp=dR, at
the probe with 2ms average values ofUp.

Each sample was defined by a time window in which signals were
conditionally averaged to calculate typical filament properties.113,114

The conditional averaging procedure applied uses Isat as the primary

signal from which events are detected, accumulated, and averaged.
Local maxima beyond þ2r in Isat were used for identifying 100 ls
event slices centered about each respective maximum. This threshold
is below other studies but provides additional data for analysis with
negligible consequences.54 A 25 ls minimum between subsequent
þ2r peaks was determined by inspection to prevent averaging on the
same filament repeatedly.

Every sample aligns the Isat peaks of 10 consecutive events and
results in a coherent signal nearly isolated from stochastic turbulence.
This quantity of events per sample equated to 1.5–2.5ms, 0.5 cm of
stroke, or about two exposed probe tip lengths. More events per sam-
ple may reduce conditionally averaged signal noise but also reduces
spatial resolution because the time span of each sample increases, and
the probe moves throughout that time. Result sensitivity to 50 events
per sample is considered in Appendix B. Slices of the remaining fluctu-
ating signals, defined by the 100 ls surrounding each Isat peak in a
sample, were overlayed and averaged, while non-fluctuating parame-
ters like Lk were averaged over the sample time window.

The critical filament-specific measurements required for normali-
zation are the radial velocity, poloidal velocity, and duration. Event
duration was found by fitting a Gaussian curve to the conditionally
averaged Isat signal with rise in signals weighted higher than the return
to mean levels to prevent biasing from density wake.54 Furthermore,
emphasis was placed on filament core sizing, rather than the core plus
tail, by extracting the full width half maximum (FWHM) time, sFWHM .
Filament radial velocity was calculated using vr ¼ Ep � Btð Þ=B2,
where Ep here is the conditionally averaged peak poloidal electric field.
Radial probe velocities were at most 3 m/s and therefore unnecessary
to account for compared to mean vr as shown in Sec. III.

Although velocity scaling depends explicitly on radial velocity,
poloidal velocities are also necessary for estimating filament cross-
sectional widths. This was accomplished using time-delay cross correla-
tion of Uf signals in both radial and poloidal directions. The peak cross
correlation between floating potential tips over the sample’s time win-
dow provided time delays, sp and sr , which result in a poloidal velocity
vp;cc ¼ dp=sp and radial velocity vr;cc ¼ dr=sr where the radial probe
tip distance dr is 3mm. These velocities were corrected on the premise
of filaments forming 2D wavefronts at angle h ¼ tan�1 vr;cc=

�
vp;ccÞ.115

Measured velocities are therefore vp;2D ¼ vp;ccðsin hÞ2 and
vr;2D ¼ vp;2D= tan hð Þ. Without this correction, a very steep or flat fila-
ment trajectory causes the apparent velocity to be nearly infinite.
Filament radii were then found using54

ab ¼ sFWHM

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2r þ v2p;2D

q
: (9)

Measurement uncertainties were derived to provide context for
observations throughout Sec. III. Previously proven89,116 quantities,
such as BT , Lk, and R� Rsep; have relatively negligible errors and were
therefore omitted. Systemic error in vr was found to be 5% relative to
vr;2D meaning a slight overestimation in Ep � BT velocity. Random
errors on direct measurements were determined case-by-case, whereas
indirect quantities without multiple nonlinear terms, e.g.,H, were eval-
uated using standard deviations of truncated Taylor expansions
according to GUM.117 Covariances were included in these estimates
when the correlation coefficient between parameters was larger in
magnitude than 0.1. Finally, Monte Carlo simulations were used on
highly nonlinear terms like Tratio;crit . A table of uncertainties and

FIG. 3. Left: Side view of the reciprocating probe (RCP) head. Center: RCP pin lay-
out with relative scale. Right: Example magnetic equilibrium from EFIT for lower
single-null discharge with midplane reciprocating probe and DTS locations approxi-
mated by the blue arrows and red box.
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derivation details is provided in Appendix A. Error bars corresponding
to these uncertainties on the median value of the applicable parameter
are shown throughout the remaining text. The size of error bars
decreases or increases proportionally with a decrease or increase in
said parameter.

Aside from uncertainties, a primary concern about RCP measure-
ment validity stems from the perturbative nature of probes. An over-
sized probe or one with potential biasing can alter the background
plasma locally118 and filter fluctuations.119 Consideration must there-
fore be taken to minimize and account for probe-related plasma dis-
turbances.111,120 The RCP design mitigates perturbations through pin
tip sizes of a few qs, which is small relative to blobs. By terminating
proud of the probe body, the pin tips also allow data collection before
a blob intersects the much larger probe body.

In terms of timescales, the parallel particle transit time,
sk � Lk=cs � 25 ls, may act as the key metric for probe perturbations.
A blob typical of the description in Sec. III A crosses the probe in
� 10 ls, so perturbative effects on filament measurements should be
minimal. For background plasma replenishment, we may use the
probe diameter relative to mean plasma poloidal flow speed, or
sp;bg � 20ls. This demonstrates that the background plasma near the
probe is refreshed slightly faster than the time a particle may spend in
the SOL.

III. RESULTS

Nearly 1000 samples from plunges during L-mode operation are
included in the ensuing plots. Filament velocity, size, and collisionality
are the required inputs for scaling, so these are established first. The
scaling regime distribution and adherence to formulas (4)–(7) are then
analyzed to determine velocity scaling theory validity in DIII-D. A
comparison between filament temperature and velocity is also pro-
vided for understanding the influence of filament spin.

Well-documented indicators of filament presence are skewness and
excess kurtosis in Te, Ep, and Isat fluctuation distributions.44,99,121–126

The intermittent bursts in signal that accompany filaments are unidirec-
tionally at least two standard deviations away from the mean fluctuation
level. Positive values of skewness and excess kurtosis are therefore antici-
pated in Isat for regions of frequent filament detection. This was the case
for 97% of samples in the database.

Density “holes”127–129 are another source of positive excess kurto-
sis, but with negative skewness in Isat .

129 These are low pressure
regions left behind by filament transport that tend to drift radially
inward due to reversed charge polarization relative to blobs.127,128

Density holes have been omitted from this study by only detecting fila-
ments with vr 
 0.

A. Filament characteristics

Poloidal and radial velocities determined by cross correlation and
E � B are plotted against R� Rsep for an example plunge in Fig. 4. In
this example, little discrepancy between the Ep � BT and cross correla-
tion methods when R� Rsep > 1 cm validates the 2D cross correlation
technique used. Uncertainties in vr;2D and vp;2D can account for the
differences against E � B at nearly all datapoints. Furthermore, fila-
ment poloidal velocity may deviate from background E�B flows near
the LCFS,56,80,130,131 so disagreements in poloidal velocity between
measurement methods are less concerning here.

Radial velocities were mostly distributed between 0.6 and 1.6 km/
s, and the distribution peaked near 1.2 km/s as Fig. 5 indicates. These
results agree with previous measurements at DIII-D.2,91 Also, worth
noting is that an equivalent distribution from TCV nearly matches
Fig. 5 despite machine and operating parameter differences.54

Velocities and durations were used to calculate filament diame-
ters 2ab, the distribution of which is shown in Fig. 6 (left) and spans
0.1–10.2 cm. A simple validation, which can be done at this time, is to
check that the filament diameters are reasonable, i.e., larger than the

FIG. 4. Poloidal (top) and radial (bottom) velocities vs R � Rsep for plunge 1 of shot
174 208 using E � B (blue) and plane wave-corrected 2D cross correlation (green).
Agreement between the methods improves with increasing R � Rsep . Error bars are
representative of medians and scale proportionally with vp or vr .

FIG. 5. Radial velocity distribution from vr ¼ Ep � BT=B2. All samples were in the
range of 0.1–3.3 km/s. The error bar represents median velocities and scales pro-
portionally with vr .
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electrode spacing (0.5 cm) and smaller than the SOL width (�5 cm or
�30qs). Indeed, 94% of the filament diameters fall within this bracket.
Blobs wider than the SOL, of which 11 were measured, need not be erro-
neous. These can be explained by filaments with elliptical cross sections,
as are commonly observed by gas-puff imaging.53,56,127,130,132,133

Evidence of ellipticity is also apparent in the probe results, e.g., filaments
with diameters greater than 5 cm had an average vp;2D=vr ratio of 3.5.

The 45 samples satisfying 2ab < dp are included throughout the
remaining figures with unique markings because of potentially larger
uncertainties in measured quantities. It was decided to include these
after thoroughly reviewing the conditionally averaged time traces of
Isat , Ep, Te, and Uf cross correlation for many samples in this subset.
Distinct peaks in each signal were observed at or near the center of the
time windows, as with other samples in the database. The only com-
mon difference between each of these samples and the remaining data-
base was a smaller sFWHM . Once again, elliptical cross sections may
offer an explanation. If the major axis of the ellipse does not align with
the blob velocity vector, then the Isat probe can pass through the blob
along a shortened path. The angle formed between cross-sectional
major axis and the blob velocity vector was included in the sFWHM

uncertainty, and these 45 samples may be extreme cases.
Normalized filament sizes, â, were also compared against the the-

orized most stable size of unity38,50 (Fig. 6, right). Measurements sup-
port this with a median â of 1.15. Observing blobs smaller or larger
than the ideal size is reasonable because instabilities grow on finite
time scales. This was confirmed by comparing instability time scales sc
against convection time scales sC;

38 shown in Fig. 7. Here, sc may refer
to sKH for â < 1 or sCD for â > 1. For nearly all samples, sc > sC ,
assuming a constant vr , which suggests the blobs propagate radially
more than their respective spatial scales, 2ab. Contrary to predictions
by stability analysis,31 Fig. 7 indicates blobs with â > 1 generally trav-
eled further relative to their size than blobs with â < 1. This deviation
for larger blobs relates to the a3b dependency in sCD, whereas

sKH � a1=2b for smaller blobs. Using sc ¼ sKH for all blobs brings mea-
surements into agreement with the trends from stability analysis and
indicates the Kelvin–Helmholtz instability is dominant for blobs
throughout this database.

A key parameter in the scaling space is collisionality, K, defined
by (1). K has traditionally been locally approximated53–55,134 by

FIG. 6. Filament diameter 2ab (left) and normalized radius â (right) distributions are centered near one with long tails toward larger sizes. Red indicates diameters smaller than
the maximum probe tip distance, while 14 samples distributed evenly between 5< 2ab < 10 cm have been omitted for readability. Error bars are representative of medians
and scale proportionally with ab or â.

FIG. 7. Instability time scales sc for small filaments (â < 1; sc ¼ sKH ) and large fil-
aments (â > 1Þ. Large filaments are shown for sc ¼ sCD (green �) and sc ¼ sKH
(orange þ) and are compared against convective time scales sC . Samples further
above the dashed line remain coherent longer. Error bars are representative of the
median and scale proportionally with sc or sC.
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K � 1:7� 10�14 ne=T2
e

� �
Ljj with constant plasma conditions assumed

along the magnetic field line, ne in cm�3, Te in eV, and Ljj in cm.
Applying this technique with RCP data, which is collected at the mid-
plane, will be herein referred to as Kprobe. Updating Te and ne along
the parallel connection length using divertor Thomson scattering
(DTS) measurements on the average flux surface of an individual sam-
ple allows approximation of (1) by trapezoidal rule, yielding Khybrid .
The DTS time and spatial resolution prevent measurements of the
same filaments being identified by RCP, so filament collisionality is
assumed equal to the background plasma in the divertor region.

Khybrid was compared against Kprobe using three existing discharges
with varying amounts of lower, outer divertor region gas puffing
120�deg toroidally from the DTS collection locations. A hot, attached
divertor leg should yield K � 1 and negligible differences in K
between estimation techniques. Adding cold neutrals to the divertor leg
locally reduces Te and increases ne temporarily, which results in a domi-
nant divertor region in the Khybrid estimate. As shown in Fig. 8, each
step-up in gas puffing was accompanied by a larger increase in Khybrid

relative toKprobe for the near-SOL region. Khybrid estimations during low
and high amounts of gas puffing also appear below or above K ¼ 1,
respectively, which is where adequately sized filaments transition
between connected and resistive regimes (see Fig. 1). Notably, Kprobe

rarely exceeds unity independent of divertor gas puffing.

B. Velocity scaling

The range of attainable plasma temperatures and densities in
DIII-D enabled analysis of filaments covering a larger parameter space
than previous studies. Accordingly, samples were found in all four scal-
ing regions over four orders of magnitude in K and H as shown in
Fig. 9. Measured normalized velocities v̂m were also in the range
expected by velocity scaling theory. A majority of conditionally aver-
aged samples classified as resistive (RB or RX), which may be in part
due to the relative sizes of the resistive and connected (Cs or Ci) scaling
regimes for the measured ranges ofK andH.

Most v̂m fall below the theoretical normalized velocity v̂ t (notice
the subscript “t” for theoretical) per velocity scalings (4)–(7), as seen in
Fig. 10 (left). This supports the interpretation that measured filament
velocities are often slower than their theoretical counterparts due to
mechanisms not treated in the scaling model.54 Figure 10 (right)
focuses on samples where v̂m > v̂ t and shows this most often occurred
in the RX region where v̂ t is most sensitive to K and H. The largest
values of v̂m=v̂ t appeared in or near the Cs region where v̂ t is less than
anywhere else in the measured parameter space.

Scanning H revealed further evidence that scaling theory is pre-
dictive of the highest v̂m. First, the scatter in v̂m vs H (Fig. 11, left)
nearly matches the area capped by v̂ t . Most samples with v̂m > v̂ t
remain within uncertainties of v̂ t . The largest deviations occur for
H > 1 where v̂ t rapidly decreases and depends strongly on K.
Samples in the RB regime (Fig. 11, right). with the largest v̂m at a given
H likewise follow the predicted trend toward higher v̂ t , while RB sam-
ples were predominately slower than v̂ t overall. In both parameter
scans, the minimum v̂m at eachH was nearly constant at v̂m � 0:25.

Velocity scaling dependence on K was similarly studied using a
subset of H. In Fig. 12, v̂m rises rapidly in the RX region like v̂ t .
VaryingH alters theK range where the RX region applies, so measure-
ment uncertainties may be the cause of so many points breaching the
v̂ t line. The RX region is also where the highest concentration of sam-
ples appeared in Fig. 12. Finally, there are indications that the maxi-
mum v̂m is lower at K � 1 than at K � 1 despite v̂m exceeding v̂ t
for the few samples in the Ci region, where K < 10�1. This runs coun-
ter to the previously discussed measurements in the RB and RX
regions. More data are needed in the Ci and Cs regions to better evalu-
ate these details of velocity scaling theory.

C. Spinning blobs

One mechanism known to reduce vr is spin about the filament
longitudinal axis.34 Filaments hotter than the background plasma

FIG. 8. Normalized collisionality estimates by Kprobe �ð Þ and Khybrid ð�Þ vs R-Rsep
increasingly vary from low (blue), to intermediate (green), to high (red) amounts of
divertor region gas puffing. K ¼ 1 (black, dashed line) is at the transition between
scaling regions Cs and RX. The error bar represents the median and scales propor-
tionally with K.

FIG. 9. Normalized collisionality K vs normalized size H ¼ â5=2 with color denot-
ing measured normalized velocity v̂ m, scaling regions divided by solid lines,
and dashed lines relevant to Figs. 11 and 12. The median fanning parameter of
ex ¼ 0:19 dictates the division of Cs from Ci. Samples with diameters smaller than
the probe tip distance are denoted by �. Error bars are representative of medians
and scale proportionally with K or H.
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develop internal electric fields that cause them to spin, as shown in
Fig. 2. High-frequency Te measurements by the DIII-D RCP provide
filament electron temperature Te;fil against time in addition to that of
the background plasma temperature Te;bg . For the ensuing analysis, we
assume rTe is the primary cause of blob spin without regard for
sheath connection. This definition provides no discernment for the
direction of spin.

To test the hypothesis outlined in Sec. I B, the normalization
T̂ ratio ¼ Tratio=Tratio;crit using Eqs. (8a) and (8b) is first introduced.
Examples of conditionally averaged Te signals in Fig. 13 show Te;fil

(central peaks) relative to Te;bg (mean values) for various T̂ ratio. Wider
primary peaks near 0ls strongly correlate (R¼ 0.67) with a larger
R� Rsep. Time shifts of the primary peaks compared with 0ls stem
from the magnitude of vp, whereas the direction of a time shift is
caused by the direction of vp, which results in a blob intersecting the

Te pin before or after the Isat pin. By the T̂ ratio metric, vr should
decrease when T̂ ratio either exceeds unity or approaches 0 due to
charge smearing and decoherence, respectively (see Sec. I B).

In Fig. 14, vr peaks in the range 0:1 < T̂ ratio < 1 and decreases
when T̂ ratio > 1 for the bulk distribution. Like in Sec. III B, the spread
in vr near a given T̂ ratio may be attributable to influences from mecha-
nisms like those mentioned in Sec. I A. More samples were measured
with T̂ ratio < 1, which supports the stabilizing effect of moderate spin.
The fit curve in Fig. 14 was robust to changes in the fitting parameters,
e.g., polynomial degree, such that vr repeatedly peaked at
0:50 < T̂ ratio < 1. Finally, T̂ ratio typically declines with increasing
R� Rsep, indicating filament rotation is highest near the LCFS before
Te;fil rapidly decays.

29,129,135

A second measurement of blob spinning effects was made using
the plasma potential gradient to estimate vrot ¼ Er0=BT (see Fig. 2)

FIG. 11. Left: Normalized velocity v̂ m vs normalized sizeH for samples with normalized collisionality K 
 1 where color indicates K magnitude and lines demonstrate theoreti-
cal v̂ t at K ¼ 1 or K ¼ 2. Right: v̂ m vs H for RB-regime samples where v̂ t scales independent of K. Samples with diameters smaller than the probe tip distance are denoted
by �. Error bars are representative of medians and scale proportionally with H or v̂ m.

FIG. 10. Left: Distribution of measured-to-theoretical normalized velocity ratios, v̂ m=v̂ t , with a bias toward v̂ t overprediction. Right: Ratio of v̂ m=v̂ t for samples with v̂ m > v̂ t .
Most samples in this subset occur in the highly nonlinear RX region of v̂ t . Samples with diameters smaller than the probe tip distance are denoted by �. Error bars are repre-
sentative of the medians and scale proportionally with measured v̂ m, K, or H.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 31, 042515 (2024); doi: 10.1063/5.0195025 31, 042515-8

VC Author(s) 2024

 23 April 2024 13:22:49

27



where Er0 ¼ Up;fil � Up;bg
� �

max
=ab. It is evident from this expression

for vrot that blobs can spin in opposite directions when BT polarity is
reversed although the following results utilize jBT j. Directly comparing
the spin estimation techniques, Fig. 15 (left), exposes a power-law cor-
respondence between vrot and T̂ ratio. A similar peak in vr to that of

Fig. 14 occurs near vrot � 5 km/s in Fig. 15 (right). Previously reported
values2,77,79 of vrot also fall in the measured range reported here. At
both ends of the vrot range of Fig. 15 (right) were decreases in vr , and
R� Rsep was inversely correlated with more spin.

The vr dependence on blob spin described so far can be framed as
a competition between the time scales sc, ssheath, and srot . To test this, an
ideal filament was constructed from typical database measurements of
Te;fil , Uf , ab, cs, Lk, and BT . Like the results from Sec. IIIA and Fig. 7,
the Kelvin–Helmholtz is the dominate instability (sKH < sCD) for these
conditions, so sc ¼ sKH . The rotation timescale srot ¼ p=X ¼ pab=vrot
represents the time for a particle to be spun to the opposite side of a
blob cross section. This “test” blob has a radial velocity estimated as

vr;test ¼ Ep;test
BT

¼ 3590 m/s where Ep;test � 2Uf ;test=2ab. Next, two scalars

that act on vr;test are defined as

ac ¼
s�1
c

s�1
c þ s�1

rot
; (10a)

arB ¼ s�1
sheath

s�1
sheath þ s�1

rot
: (10b)

ssheath is used as a proxy for the rB charge polarization timescale
although this is oversimplified. A linear combination of (10a) and
(10b) applied to vr;test forms a vr that matches the trends observed in
Fig. 15 (right)

vr ¼ aeff vr;test ¼ arB � acð Þvr;test : (11)

Recalling Sec. I B, charge smearing from spin begins to dominate
rB polarization near T̂ ratio ¼ 1 because the sheath current rate �sheath
becomes slower than the blob spin angular frequency. Relating time
scales for these processes can contextualize the observations from Figs.
14 and 15 (right). The time scales for rotation srot and sheath dissipa-
tion ssheath ¼ 1=�sheath, plotted in Fig. 16, show that T̂ ratio is slightly
larger than unity when srot ¼ ssheath. At T̂ ratio ¼ 1, srot � 4 ls and
corresponds to vrot � 2–8 km/s, depending on ab of a given sample.
This range of vrot includes where vr peaks in Fig. 15 (right).

FIG. 12. Scan of normalized velocity v̂ m vs normalized collisionality K for samples
with normalized size 0:25 < H < 1:75. The RX region is the positive slope in v̂ t ,
the RB region is where v̂ t � 1, and the Ci region is where v̂ t � 0:2. Error bars are
representative of medians and scale proportionally with K or v̂ m.

FIG. 13. Filament Te time traces with varying normalized temperature ratio T̂ ratio

indicated by color. The error bar is representative of the median Te and scales pro-
portionally with Te:

FIG. 14. Filament radial velocity vr vs normalized temperature ratio T̂ ratio with
R � Rsep given by symbol color. The dashed line is a fourth-degree polynomial fit to
the medians of 62 bins along T̂ ratio. The fit curve peaks in vr at T̂ ratio ¼ 0:85.
Error bars represent median values and scale proportionally with T̂ ratio or vr :
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IV. CONCLUSIONS

Evidence comparing blob radial velocity scaling theory46 against
experiment was sought and achieved by this work through a combina-
tion of techniques applied to DIII-D tokamak probe data. This analysis
included a large plasma parameter space achieved by extracting data
from L-mode, lower single-null discharges with operating conditions.
Samples were identified in all four scaling areas, but most were in the
resistive RB and RX regions.

Internal, poloidal electric fields and two-dimensional cross corre-
lation were calculated on conditionally averaged filaments using outer

midplane reciprocating probe data and later became inputs for velocity
scaling validation. Filaments traveled radially outward from 0.1 to
3.3 km/s with diameters spanning 0.2–10.2 cm. Only 6% of samples
were larger in diameter than the SOL or smaller in diameter than the
probe tip gaps, and these samples carry additional uncertainty.
Conditionally averaged signals of these outlier filaments appeared
comparable to more typical ones, and the sizes may be attributable to
noncircular cross sections.

Normalized filament radial velocities were mostly distributed
between 40% and 120% of the theoretical values, i.e., the maximum
measured velocities tended to follow the simplistic velocity scaling
laws. This trend supports the interpretation that the theory predicts
the maximum velocity for an ideal filament, while the measured fila-
ments have their velocities reduced by other mechanisms, which are
not treated in the model. Overall, 56% of samples measured slower
than the velocity scaling predicts, and the remaining 44% of samples
were most often in the RX region that has the most nonlinear velocity
scaling.

One mechanism anticipated to reduce filament radial velocities is
spin about the filament longitudinal axis. This was tested on nonther-
malized blobs relative to the background plasma using internal Te and
Up peaks. Spin was first represented in the form of a temperature ratio.
Radial velocity was shown to increase up to a predicted critical temper-
ature ratio where charge smearing inside a blob outpaces sheath dissi-
pation. Filament velocities decreased monotonically past the critical
temperature ratio and suggest a slowing effect in agreement with the-
ory.34 The vr dependence on spin was also observed with a more direct
measurement using plasma potential gradients. Time scale estimates
were utilized to explain the observed velocity trends.74,83

Blobs were mostly observed within measurement uncertainties of
the theorized most stable size.38 Estimated instability time scales were
longer than convection time scales for nearly all samples, which supports
non-local transport intrinsic to convection. Contrary to theory,38 the
Kelvin–Helmholtz instability appeared dominate for filaments of all
sizes.38 The cause of this was not investigated beyond a scaling argument.

Demonstrating blob velocity scaling validity, stability conditions,
and spin dynamics improves our understanding of intermittent

FIG. 15. Left: Spin tangential velocity vrot is plotted against T̂ ratio and a power-law relation (black line) is evident between filament spin estimation techniques. Right: Filament
radial velocity vr vs vrot with R � Rsep given by symbol color and Eq. (11) shown by the dashed black line that caps most samples. Error bars represent median values and
scale proportionally with T̂ ratio, vrot , or vr :

FIG. 16. Filaments with normalized temperature ratio T̂ ratio � 1 have a larger
sheath current timescale ssheath than spin timescale srot and appear below the
dashed line that represents ssheath ¼ srot . The color scale indicates log10 T̂ ratio

� �
while blue has been used to denote 0:5 < T̂ ratio < 1:5. Error bars represent
median values and scale proportionally with srot or ssheath:
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filaments that dominate particle and heat fluxes across the tokamak
SOL. Making further progress requires continuing the effort to quan-
tify experimental and theoretical uncertainties, while reducing them
where feasible. Likewise, assumptions such as Ti ¼ Te must be limited
for an accurate assessment of blobs. Velocity scaling should also be
tested in confinement regimes relevant to future power plants, e.g., H-
mode. Preliminary analysis of DIII-D H-mode discharges suggests
similar results overall, but a larger sample size is needed. Finally, cap-
turing the reported blob velocity spread analytically by adding physics,
like blob spin, appears necessary to bring predictive capabilities within
reach. Doing so may present a path to an “enhanced convective”
SOL110 that distributes divertor heat fluxes over a larger area than wit-
nessed in existing devices, while preventing interactions between fila-
ments and the main chamber first wall.
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APPENDIX A: UNCERTAINTY QUANTIFICATION

Table II outlines all parameters, in no specific order, with
assigned uncertainties from this study. Each uncertainty is pre-
sented as a standard deviation rf normalized to the expected value
of parameter f .

For generic parameters “x” and “y,” the parameter-specific
standard deviations are rx and ry , their correlation is qxy , and their

covariance is rxy ¼ qxyrxry . Correlations are omitted when
jqxyj < 0:1. Finally, the “bar over,” like x , denotes an average across
the database.

• Zeff : Randomly selected manual checks of Zeff near the LCFS
using charge–exchange recombination spectroscopy revealed typ-
ical values of 1–3.

• mi: Assumed equal in uncertainty to Zeff .
• Te;probe and ne;probe: Standard deviations of Te and ne across
each sample’s time span were normalized by the sample mean
Te and ne, respectively, and the mean from this dataset was
used. Te;probe and ne;probe were found to nearly overlay with
upstream, SOL Thomson scattering measurements for
R� Rsep > 1 cm. For R� Rsep 
 1 cm, Te;probe and ne;probe were
still within the determined uncertainty of Thomson scattering
values.

TABLE II. Summary of measurement uncertainties. All two-digit percentages are
rounded to the nearest 5%.

Parameter Description rf (6%)

Zeff Effective atomic number
inside filament

50

mi Ion mass 50
Te;probe Probe Te (e.g., Te;fil , Te;bg) 30
ne;probe Probe ne 30
sFWHM Filament signal duration 5
vr Filament Ep � BT radial velocity 30
vp;2D Filament cross-correlated poloidal velocity 30
ab Filament radius 25
Uf Probe floating potential 20
Up Probe plasma potential 25
Ep Poloidal electric field at probe 30
Er Radial electric field at probe 35
cs Ion sound speed 30
qs Ion Larmor radius at cs 30
Te;TS DTS Te 25
ne;TS DTS ne 15
â Normalized filament radius 30
H â5=2 75
v̂ Normalized filament velocity 35
Kprobe Filament collisionality estimate by probe 55
Khybrid Filament collisionality approximation

by trapezoidal rule
25

sKH Kelvin–Helmholtz instability time scale 20
sCD Curvature-driven instability time scale 15
sC Filament convection time scale 35
ssheath Sheath dissipation time scale 50
srot Filament spin time scale 60
Tratio Filament Te ratio, (8a) 25
Tratio;crit Critical filament Te ratio, (8b) 30
T̂ ratio Normalized filament Te ratio, (8a)/(8b) 40
vrot Filament rotational velocity 45
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• sFWHM : Drawing from synthetic probe error estimate techni-
ques,112 a Monte Carlo simulation of Isat pin path through an
elliptic blob cross section was completed. A constant effective
ellipse radius reff was set to 0.5 cm and the ellipse area equaled
pr2eff . Angle h was assigned a normal distribution centered at 0�

and with a 15� standard deviation, whereas the velocity ratio
vr=vp distribution was representative of the database. One stan-
dard deviation of chord length error (relative to the ellipse major
radius) was taken as the time duration uncertainty, rsFWHM .
Although less than the 10% error previously reported for circular
cross sections,112 this may be expected in elongated structures.

• vr : Median 2D cross-correlated radial velocity vr;2D error relative
to radial Ep � BT velocity vr for filaments. The value found is
comparable to previous experimental reports.54,130,135

• vp;2D: Uncertainty assumed equal to that of vr due to interdepen-
dence of vp;2D and vr;2D. Comparing this against vp from Er � BT

is informative but incomplete, especially near the LCFS, due to
effects by diamagnetic drifts131 and blob path irregularities
shortly after birth.130

• ab: r2ab ¼ r2sFWHM
þ r2vj j where r2vj j ¼ r2vr þ r2vp;2D þ 2rvr vp;2D and

qvr vp;2D ¼ 0:13.
• Uf : The 20% value was assumed and later found to nearly repro-
duce rvr according to r

2
vr ¼ 2r2Uf

.
• Up: r2Up

¼ r2Uf
þ r2Te

þ 2rUf Te where qUf Te
¼ �0:5.

• Ep: r2Ep ¼ 2r2Uf
.

• Er : r2Er ¼ 2r2Up
.

• cs: r2cs ¼ 0:25 r2Te
þ r2Zeff

� �
.

• qs: r
2
qs
¼ 0:25 r2Te

þ r2Zeff

� �
.

• Te;TS and ne;TS: Errors were extracted from the DTS system for
the shots and channels used in the construction of Fig. 8, which
covers low- to high-collisionality conditions. A description of
how DIII-D DTS errors are approximated is beyond the scope of
this paper. It was observed that rTe;TS and rne;TS respond inversely
to changes in K, so a fit was made for each of these uncertainties.
The mean values are shown in Table II.

• â: r2â ¼ r2ab þ r2q�0:8
s

� 2rabq�0:8
s

where qabq�0:8
s

¼ 0:2.
• h: rh ¼ 2:5râ .

• v̂ : r2v̂ ¼ r2vr þ r21=ðq0:4s csÞ � 2rvr=ðqscsÞ; where qvr=ðq0:4s csÞ ¼ 0:56,

r21=ðq0:4s csÞ¼ r2cs þ r2q0:4s � 2, and qq0:4s cs ¼ 0:95.
• Kprobe: r2Kprobe

¼ r2ne;probe þ r2T2
e;probe

� 2rne;probeT2
e;probe

; where qne;probeT2
e;probe¼ 0:7.

• Khybrid : The refined collisionality Khybrid relies on the trapezoi-
dal rule for estimating the integral in (1). The uncertainty in
Khybrid is therefore a summation with each component
weighted by its fraction of the parallel connection length. Four
Thomson scattering lines dispersed in the 30% of connection
leg nearest the divertor in addition to the single probe location
yields n ¼ 5. Each datapoint had an uncertainty determined by
ne=T2

e for the applicable diagnostic (assuming rLk ¼ 0). The
distance between datapoints is DLk; iþ1 ¼ Lk;iþ1 � Lk;i and the
total uncertainty is then

r2Khybrid
¼ 0:25

Xn�1

i¼1

ne
T2
e

Lk
� �

i

2

þ ne
T2
e

Lk
� �

iþ1

2
 "

þ 2Lk;iLk;iþ1rprobe�TS

!
D2
Lk; i

#
;

where rprobe�TS ¼ 0:13.
• sKH : rsKH determined by Monte Carlo method with â, ab, cs, qs,
R, and Lk given unique distributions representative of the
database.

• sCD: rsCD determined by Monte Carlo method with ab, cs, qs, R,
and Lk given unique distributions representative of the database.

• sC : r2sc ¼ r2ab þ r2vr .
• ssheath: rssheath determined by Monte Carlo method with ab, cs, qs,
and Lk given unique distributions representative of the database.

• srot : r2srot ¼ r2vrot þ r2ab � 2 rvrotab where qvrotab ¼ �0:37.
• Tratio: r2Tratio

¼ 2r2Te;probe
� 2 rTe;filTe;bg where qTe;filTe;bg

¼ 0:67 and
rTe;probe ¼ rTe;fil ¼ rTe;bg but Te;fil 6¼ Te;bg .

• Tratio;crit : rTratio;crit determined by Monte Carlo method with ab, qs,
and Lk given unique distributions representative of the database.

• T̂ ratio: r2T̂ ratio
¼ r2Tratio

þ r2Tcrit
.

• vrot : r2srot ¼ r2ab þ r2Te;probe
� 2 rabTe;probe where qabTe;probe

¼ �0:12.

FIG. 17. Left: Grid of flux surface w against normalized collisionality K with color indicating Ti=Te. Right: Filament radial velocity vr vs normalized temperature ratio T̂ ratio with
R � Rsep given by symbol color and all values adjusted for Ti > Te. Error bars represent median values and scale proportionally with T̂ ratio or vr :
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APPENDIX B: SENSITIVITY ANALYSIS

Velocity scaling and blob spin analysis was repeated five additional
times with one deviation in assumptions or conditions (see Sec. II) per
iteration. Described below are the methods by which this was achieved
and a discussion of the affected results. Anything not discussed may be
assumed to agree with the observations of Sec. III.

The first assumption checked was Ti ¼ Te. Previous studies of
the SOL have reported Ti=Te to vary directly with w and inversely
to K.106–110 The grid shown in Fig. 17 (left) was constructed with
these results projected onto w and K ranges representative of this
work. Being a sensitivity check, the exact values of Ti=Te are not
critical. Ti was calculated for each sample by interpolating Ti=Te

with the sample-specific w and K, then multiplying the value by
that sample’s Te. As visible in Fig. 17 (right), T̂ ratio is shifted to
higher values from Fig. 14 and vr peaks at T̂ ratio � 5.

Next, the number of events per sample was set to 50. Doing so
greatly reduces spatial resolution by increasing the time span per
sample but also reduces signal noise after conditional averaging. A
major concern with a reduction of spatial resolution is the drastic
change in blob characteristics with respect to SOL location.91

Another detriment to this change is an 80% reduction in sample
count. Despite this, trends and observations were still evident albeit
with less confidence due to data sparsity.

Other methods to determine vr were also checked. Substituting
the 2D cross-correlated vr;2D in place of vr from Ep � BT resulted in
hardly any differences from the primary analysis. Alternatively,
replacing floating potential Uf with plasma potential Up in Ep may
change vr . If Ti ¼ Te and blobs pass centered over the probe, then
this should have minimal effect because the temperature compo-
nents of Up are canceled. We find that blob velocities and, subse-
quently sizes, have larger tails of high values using this technique.
This is expected because the Te pin spacing, dTe , is larger than dp, so
blobs with 2ab < dTe will retain a Te term in Ep ¼ �r/p. Figure 18

can be contrasted against Fig. 11 to find a shift in vr and a weaker
adherence to scaling.

The final sensitivity considered relates to the fixed probe pin
gap, dp. Approximations of the error caused by blob diameter rela-
tive to the pin gap can be made by extrapolating synthetic probe
simulation results.112 The relation evr ¼ �0:34logð2ab=dpÞ, where
evr is the assumed radial velocity error, determines the degree of
overestimation (evr < 0) or underestimation (evr > 0) in vr by

FIG. 18. Difference between measured and theoretical normalized velocity v̂ at each sample’s measured normalized collisionality K and normalized size H when
vr ¼ Ep � BT=B2 with Ep ¼ �r/p. More samples exceed the velocity scalings than in Fig. 12. Samples with diameters smaller than the probe tip distance are
denoted by �. Error bars are representative of median values and scale proportionally with v̂ or H.

FIG. 19. Distribution of measured-to-theoretical normalized velocity ratios, v̂ m=v̂ t ,
for all trials in the sensitivity analysis. A bias toward v̂ t overprediction remains evi-
dent despite varying assumptions and conditions. The error bar is representative of
the median and scales proportionally with measured v̂ m:
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measured Ep � BT . Setting the radial velocity to vr 1þ evrð Þ shifted
the vr distribution median by �30%, moved nearly all samples
below the theoretical v̂ cap, and improved the visibility of scaling
trends in parameter scans like Fig. 11. Combining these results with
the previously mentioned sensitivity checks leads to the distribution
of v̂m/v̂ t ratios in Fig. 19. As with Fig. 10, there remains a skew
toward v̂m < v̂ t .
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Chapter 4

The Near-Edge Profile Prediction Frame-
work

4.1 Framework overview

The framework is an assembled, modular workflow that carries the proven core flux

matching loop out to the last closed flux surface and equips it with the additional physics the

edge requires, and its structure is shown in Figure 4.1. A profile parameterization turns a handful

of design variables into the kinetic profile inverse scale lengths a/Ly and the kinetic profiles

themselves follow through integration. Edge source and sink modules supply the neutral and

impurity physics, while a transport model returns the turbulent and neoclassical fluxes. Rotation

and MHD stability components serve as modifiers in the transport calculations. The mismatch

between those modeled fluxes and the volume-integrated sources forms the residual the flux

match aims to drive to zero over the domain r/a ∈ [0.88, 1], with the kinetic values imposed at

the separatrix and the integrated core power entering across the inner boundary.

The edge-specific pieces are plug-and-play. The neutral, impurity, rotation, target, and

transport modules each present a fixed interface to the solver, so the reduced models used here

can be swapped for higher-fidelity alternatives without touching the surrounding loop. Following

the project scope, the framework builds on the PORTALS machinery, so higher fidelity physics

may be incorporated in the future.
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GP surrogate  optional

Ftr

Ftgt

flux-match update  (design variables = {a/Ly knots, zLCFS})

dashed = interchangeable:  reduced edge modules (upgradeable)   ·   transport/target fluxes (a GP surrogate can replace)

Parameterized

profiles   y, a/Ly

(ne, Te, Ti, a/Lne, a/LTe, a/LTi)LCFS

Edge physics
neutrals, impurities,

rotation, ...

Transport
turbulent + neoclassical

Targets
sources & sinks

ELM penalty
P B ceiling

Residual

R = Ftr Ftgt

Figure 4.1. The near-edge profile-prediction workflow. Design variables parameterize the
profiles, the edge modules feed a transport-flux and a target-flux branch, and the two reconverge
at the residual R = F tr−F tgt the flux match drives to zero. Dashed outlines mark interchangeable
pieces.

4.2 Profile parameterizations

Core solvers typically represent each channel by a piecewise linear a/Ly spline integrated

from a fixed separatrix value, which suffices where a/Ly varies by O(1) across the domain. The

choice is a convention rather than a requirement, so what follows contrasts against the common

practice of TGYRO and PORTALS rather than all core transport solvers generically. The near-edge

instead demands a parameterization that spans the full L-to-H-mode range of edge shapes, yet

must still be defined by a relatively small number of parameters for efficient computation. The

form adopted here blends a spline’s expressiveness with EPED’s hyperbolic tangent structure,

adding an asymmetry term. Each evolved channel is described by a modified hyperbolic tangent

(mtanh),

y(x) = A
[
1− tanhu(x)

]
−m(x−1)+b, u(x) =

x− c
∆0
[
1+δ (x− c)

] , (4.1)

in the normalized coordinate x = r/a.
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Beyond the standard pedestal amplitude A, midpoint c, and width ∆0, Equation (4.1)

carries two shape parameters. A linear offset slope m sustains the finite background gradient

beneath the pedestal, and a width skewness δ lets the inboard and outboard sides of the transition

take different curvature. With the constant offset b, these six parameters {A,∆0,δ ,m,c,b}

reproduce both a near-featureless L-mode edge and a sharp, asymmetric H-mode pedestal.

Neither addition is an invention of this work. The standard pedestal fit has long carried an

offset term to accommodate the transition from the pedestal to the core [37, 46], and it is that term

the parameterization leans on. What differs is the use it is put to, because the term is retained as

a free design parameter rather than fitted and set aside. A form without it returns a/Ly→0 over

the inner knots, so a gradient-based solver has nothing to control there (Section 4.2.1).

A solver operating inside the LCFS has no knowledge of the SOL, so the separatrix

conditions anchor the construction rather than being solved. The LCFS values (ne,Te,Ti)LCFS

are user-provided inputs, taken from measurement or an external boundary prescription. The

design variables presented to the optimizer are the inverse gradient scale lengths zk = a/Ly(xk)

at a small set of control radii just inside the separatrix, augmented by the separatrix gradient

zLCFS = a/Ly(1) for each channel. The mtanh is anchored at the last closed flux surface by both

boundary conditions. The fixed value yLCFS and the gradient zLCFS close the offset b and the

background slope m analytically. The remaining four parameters {A,∆0,δ ,c} are then obtained

by a bounded least squares fit to the interior knot gradients, the bounds being a feasibility box

that keeps the profile monotonic and positive.

The anchored and offset mtanh reconstructs not only the pedestal but the a/Ly peak that

often sits just inside the separatrix where, in this work, no flux matching knot samples. That peak

occurs naturally from the analytic form together with the supplied boundary gradient, not out of

any special treatment of zLCFS. Inferring a steep, narrow peak in a/Ly is yet another deviation

from core transport solvers and provides a major source of uncertainty when flux matching knots

are not nearly collocated with the peak.

A corrector spline is added on top of the mtanh backbone, passing through the residuals
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between fitted and target gradients at the interior knots so that a/Ly is pinned exactly to the

design values there, as a flux match solve requires. Because the analytic backbone generally

reproduces the knots to a few percent, this correction is small unless the solver proposes design

variables far from physical.

The profile follows by integrating the gradient inward from the separatrix,

y(x) = yLCFS exp
(∫ 1

x
a/Ly dx′

)
, (4.2)

exactly as in the core. Imposing yLCFS as a fixed input removes a fitting parameter and makes

the parameter-to-profile map well-posed, while retaining zLCFS as a separate handle lets the edge

steepness be set independently of the interior knots. It may be held fixed or released to the solver.

Both the validation runs of Chapter 5 and the studies of Chapter 6 hold it fixed at the measured

value, leaving four interior knots in each of three channels as the twelve design variables. Where

no measured edge profile exists, it is supplied instead by the sheared spectral filament model of

Section 4.7.

For this work, those four knots sit at r/a = 0.88, 0.91, 0.94 and 0.97, evenly spaced,

and the layout is a compromise rather than an optimum. Three considerations fix it. The inner

knot is placed at r/a = 0.88 so that the solver domain overlaps the region a core solver would

already have converged, which is what lets the two be handed to one another. The outer knot

is arbitrarily held at r/a = 0.97 on the basis that core transport model validity is increasingly

broken as one approaches the separatrix, so moving it outward buys constraint at the price of

trusting the transport model exactly where it is weakest. Even spacing between them is the

neutral choice, since concentrating knots on the gradient peak presumes a pedestal width the

solver is supposed to predict, but it is not required. The layout is a choice of answer and not a

convergence detail, though, so Section 6.3.2 measures what it costs by solving four alternative

layouts end to end on both H-modes, two of four knots and two of five, each at a narrow and a

wider span.
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4.2.1 Expressiveness against the alternatives

Figures 4.2 to 4.4 test the construction across the three evolved channels on measured

profiles from three DIII-D discharges of Chapter 5: two H-modes at contrasting collisionality

(179444, low-ν∗, and 179449, high-ν∗) and an L-mode (128913). The scheme labeled as this

work is the production implementation, with four interior a/Ly design variables at ρ = 0.88–0.97

and the separatrix value and gradient supplied as boundary conditions rather than as a fifth knot.

Every comparison scheme is given the same knot gradients and the same separatrix gradient, so

the test is like for like.

The near-separatrix gradient carries the most leverage over the profile, and it has a

structure the parameterization must capture. In the H-mode a/Ly peaks within the pedestal and

falls to a foot at the separatrix. In the L-mode the gradients are weak across the pedestal and

steepen only in a thin near-separatrix layer, with a/LTe rising toward the cool (50eV) separatrix

as 1/Te, so the profile information concentrates in the sliver the flux match knots barely reach.

The naive a/Ly interpolants, piecewise-linear and cubic spline, cannot represent that

structure from a few knots, so the integrated profile inherits the error. They over-shoot the

weak L-mode density pedestal and under-infer the H-mode gradient peak, and the cubic spline

additionally oscillates. The canonical EPED tanh, fit to the same knots, is more expressive within

the pedestal but rigid at its edges. Its symmetry point is tied to the width (xmid = 1−wped/2)

and it carries no offset slope, so its top is flat and a/Ly→0 over the inner knots. It can honor the

separatrix gradient with a narrow width or the interior gradients with a wide one, but not both.

The offset-mtanh backbone forms the correct near-separatrix gradient shape. Its offset

term gives a/Ly the H-mode foot and the steep near-separatrix rise that neither the interpolants

nor the symmetric tanh produce. Fit to the same handful of knots, with no information from the

profile between them, it is the most consistently accurate of the four. Over the nine case-channels

its root-mean-square profile error at the pedestal top is 7.3%, against 14, 19, and 31% for the

cubic spline, the piecewise-linear interpolant, and the canonical EPED tanh. It is the most accurate
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scheme in four channels and the least accurate in one, where all four agree to within a few percent,

while each of the other three is the least accurate somewhere.

The dual requirement behind this test is intrinsic to the approach. A flux matching solver

controls a/Ly at the flux match locations, exactly as in TGYRO and PORTALS, while the various

submodels it drives consume the integrated profiles y. The parameterization must therefore both

honor the prescribed a/Ly at the knots and return an accurate y, in pedestal and non-pedestal

regimes alike. It is not claimed that the offset-mtanh is uniquely optimal for reconstructing y

exactly or with the fewest parameters.

4.2.2 Tail inference is the binding lever

A consequence of this construction deserves emphasis, because it sets where the predictive

difficulty lies. The flux matching is evaluated only inside r/a ≲ 0.97, but the inverse scale length

peak often sits outside that window, between the outermost interior knot and the separatrix, so it

is not flux matched but inferred by the analytic form from the gradients just inside it. Where

the peak falls is regime-dependent, and it lies outside the window in the density channel of both

validation H-modes, at r/a ≈ 0.99 in the high-collisionality case (Figure 4.3).

Figure 4.5 makes the leverage concrete on the high-collisionality H-mode a/Lne . Holding

the boundary condition fixed and scaling the two knots at ρ = 0.94 and 0.97 by ±50% shifts the

gradient carried through the inferred tail. Because the density integrates inward from the fixed

separatrix value through that tail, the pedestal top density at ρ = 0.90 inherits a +102%/−39%

spread, a factor of 3.3, from a change confined to the last two flux match knots. The transfer

is close to proportional in logarithm, the gain between the imposed knot ratio and the resulting

pedestal top ratio being 1.08, so the tail inference neither damps nor greatly amplifies an interior-

knot error.

Meeting the reactor-handoff tolerance of <10% on the pedestal top density therefore

demands predicting the outermost flux matched gradients to roughly the same ±10%. That is

stringent, because the ∼0.03-wide inferred tail carries more of the pedestal top profile than the
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it and under-shoot the pedestal top density while the offset-mtanh infers it.
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Figure 4.5. (a) Reconstructed a/Lne and (b) the integrated density for the DIII-D 179449 high-
collisionality H-mode, with ±50% perturbations applied only to the two knots at r/a = 0.94 and
0.97 (markers, double arrow). The shaded band (0.97 < r/a < 1) is where the transport model is
not evaluated. The pedestal top inherits a +102%/−39% spread.

flux matched region interior to it (Section 6.3.2). Tail inference, not interior knot count, is the

binding lever on predictive accuracy.

The near-proportional transfer means that an accurate flux match yields an accurate

inferred tail, so the tail inference adds no error of its own. It does not mean the flux match is

sufficient, because the knots are only one of the two things that set the tail, the other being the

imposed separatrix gradient. Scaling a/Lne(1) by the same ±50% (Figure 4.6), with the interior

knots held at their fitted values, moves the pedestal top density by +41%/−11%, a factor of 1.6.

In logarithm that is about two-fifths of the interior-knot response, so the outermost flux

matched knot is the stronger of the two anchors and the accuracy demand falls first on the

transport model at ρ = 0.97. The boundary gradient is not a small lever in absolute terms. It

is imposed rather than solved for, it is estimator-dependent at the separatrix, and it acts on a

region carrying more of the pedestal e-fold than the flux matched region does. Section 6.3.3

measures the same lever end to end on one discharge, and finds that halving the imposed density

gradient alone moves the converged pedestal top pressure from 84% below the measurement to
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45% above.

4.3 Sources and losses

Neutrals.

The main-ion (D0) neutral population supplies the dominant edge particle source and an

electron energy sink, computed by an analytic solver run inside every iteration. The default is a

two-population opacity model. Wall-recycled neutrals enter cold at the Franck–Condon energy

(∼3eV) and are lost to both ionization and charge exchange, while each charge-exchange event

converts a cold neutral into a hot one at the local ion temperature. The cold charge-exchange loss

is therefore the distributed birth source of a hot population that penetrates deeper and is lost only

to ionization. The cold–hot split is not prescribed but emerges from the local νcx/νiz balance.

Particle accounting is strict. The amplitude is fixed by setting the cold inward flux across
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the LCFS equal to the recycling source rate, and the balance closes as

Ṅsource =
∫

νiz n0 dV +Φinner +Φouter, (4.3)

where Φinner is hot-neutral escape across the inner boundary, which re-emerges in steady state

as an outward electron flux, and Φouter is escape to the SOL. A legacy single-population solver

selects, by the edge Knudsen number Kn = λmfp/Lne , between a diffusive treatment and a

free-streaming kinetic one with Beer–Lambert attenuation [47],

n0(r) ∝ exp[−τ(r)], τ(r) =
∫ rLCFS

r

νiz(r′)
vth(r′)

dr′. (4.4)

Ionization rate coefficients are taken from ADAS [48], with a Voronov analytic fall-

back [49]. The volumetric ionization source Sion = n0 νiz enters the electron and main-ion

particle targets, while each ionization removes energy from the electron channel. That cost is the

bare 13.6 eV potential where the accompanying excitation radiation is represented explicitly, or

a lumped ∼40eV otherwise. Charge exchange additionally drains ion energy, ∼3
2(Ti −T0) per

event, with the boundary neutrals thermalized to the ion temperature at the LCFS.

Two approximations bound the module’s validity inside the LCFS. First, molecular

deuterium physics is neglected, because within the separatrix the plasma dissociates molecules

within a short distance of the boundary, so atomic ionization and charge exchange dominate

the budget. Molecular channels are properly a divertor and SOL concern, treated by kinetic

neutral codes like EIRENE [50]. Second, the source is applied as a flux surface averaged quantity,

whereas the true neutral influx is strongly localized near the X-point and the main recycling

regions. As with the flux surface averaged αMHD of Section 2.2, the average smears a poloidal

structure most pronounced where the flux surfaces themselves depart furthest from their mean.

Figure 4.7 shows the module’s behavior. The two-population model attenuates the cold

Franck–Condon population near the separatrix while the charge-exchange hot population supplies
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a deeper tail, and the ionization depth scales correctly with density. Absent a first-principles

kinetic neutral code, this behavioral consistency together with the strict particle accounting of

Equation (4.3) is the appropriate check for a reduced module, and by the plug-and-play design

such a code could replace it.

Impurities.

The impurity charge-state distribution and its radiation are obtained from a steady state

collisional–radiative model using the AURORA package [51]. For each charge state z the radial

density nz obeys a continuity balance between cross-field transport and ionization/recombination

coupling to neighboring stages,

1
V ′

∂

∂ r

(
V ′

Γz
)
= ne

(
Sz−1nz−1 − (Sz +αz)nz +αz+1nz+1

)
, (4.5)

where Γz is the cross-field flux of stage z, V ′ = dV/dr, and Sz,αz are the ADAS ionization and

recombination coefficients [48], with charge-exchange recombination on the main-ion neutrals
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retained.

The total impurity density is prescribed, carried as a fixed fraction fZ of the predicted

electron density taken from the experimental reconstruction, so that a/LnZ = a/Lne holds exactly

and the impurity peaking is tied to the density channel rather than solved for. This is the

convention core PORTALS solves use when not evolving nZ explicitly. Solving the impurity

transport instead would import an unconstrained sensitivity: the diffusivity DZ and pinch velocity

VZ profiles are not known independently for these discharges, yet through a/LnZ =−aVZ/DZ

they set the impurity peaking and, with the source, its magnitude. Modeling the impurity channel

with naive transport coefficients or within the neoclassical and turbulence evaluations described

later alters total predicted fluxes at order unity in some cases. The choice to prescribe fZ does

not remove that sensitivity but rather constrains it for better evaluation of the other components

in the workflow.

Equation (4.5) fixes only the distribution across charge states at each radius. The charge-

weighted total is rescaled at every radius so as to match the prescribed density, which makes the

impurity source rate inert. While the prescribed VZ is inconsequential on its own, the impurity

diffusivity DZ sets the residence time against the atomic rates and so shifts the ionization balance,

altering Zeff slightly.

Three target flux quantities are provided by AURORA solutions. First, the impurity and

main ion line plus continuum radiation Qrad are added to the electron energy target. For trace

wall impurities, this is typically a small correction on the energy entering from the core. Second,

the net impurity ionization

∑
z

z Ṅz = ∑
z

neSznz −∑
z

neαznz (4.6)

is a freed electron source entering the electron particle target. It is exact by charge conservation

and so requires no trace impurity assumption. This quantity can be large relative to the electrons

contributed from the main species and its radial variation depends strongly on DZ . Because the

accuracy of Γe,tar is not the bottleneck on profile accuracy, as will be shown in Chapter 5, the
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DZ profile is again left for future work. Lastly, the charge content ∑z≥1 znz closes the main ion

density by quasineutrality nmain = ne −∑z≥1 znz and fixes Zeff, so the impurity reaches both heat

channels through main-ion dilution and through the collisional exchange Pei that dilution sets.

4.4 Rotation and the radial electric field

The radial electric field, and hence the E ×B shear that regulates turbulence, follows

from the main-ion radial force balance,

Er =
1

Zieni

dpi

dr
+ vφ ,iBθ − vθ ,iBφ , (4.7)

whose three terms are the ion diamagnetic, toroidal rotation, and poloidal rotation fields. The

poloidal velocity is set to its neoclassical value vθ ,i = Kneo Bφ (dTi/dr)/(ZieB2) with B2 =

B2
φ
+B2

θ
and the poloidal flow coefficient Kneo from Sauter, Angioni and Lin-Liu [52]. The

toroidal mass rotation is carried by the initial input.gacode, the plain text plasma state file

of the GACODE suite, which holds the experimental equilibrium geometry, the species list,

the kinetic profiles and the power and particle source terms on a single radial grid and is the

format TGLF, NEO and TGYRO all read. That rotation is extracted once and held fixed through

the solve, so the measured rotation is retained while the diamagnetic and neoclassical-poloidal

contributions evolve with the predicted pressure.

The E ×B rotation and its shearing rate follow as

ω0 =
Er

RBθ

, γE =
r
|q|

dω0

dr
a
cs
. (4.8)

The diamagnetic and neoclassical poloidal contributions to Er are regenerated from the updated

pressure each iteration, so γE tracks the predicted profiles over those terms rather than being

frozen at an initial estimate [15, 42]. The toroidal term is not evolved, so the share of the shear it

carries is set by the measurement throughout. On the default analytic path every rotation quantity
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Table 4.1. E ×B shearing rate γE (in cs/a) at ρ = 0.94 for the two validation discharges: the
rotation module with the measured toroidal rotation retained, versus the independent experimental
analysis of Haskey et al. [53]. The vφ ,i = 0 closure (last column) is shown for contrast. It departs
by ∼50%, confirming that the toroidal contribution to the shear is not negligible.

Discharge Haskey et al. [53] Table I module (measured vφ ) module (vφ = 0)

Low-collisionality 1.24 1.32 0.48
High-collisionality 0.70 0.73 1.10

is a differentiable function of the profiles. A higher fidelity backend instead obtains ω0 from

a NEO drift-kinetic solve, which is not differentiable but is consumed by the already existing

PORTALS Gaussian Process surrogate transport models.

Figure 4.8 shows the three terms at the initial state of two validation cases. The diamag-

netic term sets the magnitude, the toroidal term is comparable and largely opposes it, and the

neoclassical poloidal term is small throughout.

The reconstructed shear is verified against the independent experimental analysis of

Haskey et al. [53], whose Table I reports γE at ρtor = 0.94 for the two H-mode discharges used

in Chapter 5. With the measured toroidal rotation retained, the module reproduces these values

within ∼6% (Table 4.1). Discarding it, under the vφ ,i = 0 closure, misses by ∼50% in either

direction. The toroidal rotation is subsonic (Mφ ∼ 0.1, so its sonic neoclassical corrections

are negligible and the drift-kinetic solve runs in its low-rotation ordering), yet it can carry a

non-negligible portion of the E ×B shear through its steep edge gradient.

4.5 Transport

The transport flux in each channel is the sum of a turbulent and a neoclassical contribution,

F tr = F turb +Fneo. Turbulent fluxes are computed with TGLF-SAT3 throughout this work.

4.5.1 Neoclassical fluxes

Neoclassical fluxes are computed with NEO [22], which solves the linearized drift-kinetic

equation for the first-order correction to a Maxwellian background. Poloidal variation of B
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vφ ,i = 0 closure, against the Haskey et al. [53] Table I value.

traps particles on banana orbits, and it is that orbit width, rather than the gyroradius, that sets

the collisional step, raising the diffusivity roughly two orders of magnitude above the classical

estimate. The distribution is never split into mean and fluctuating parts, so no turbulence enters

and the two flux contributions are independent by construction.

The solve is local, and so orders out finite orbit width corrections. Those corrections

are formally largest exactly where the banana width becomes comparable to the pedestal width,

which is the region this work models. The neoclassical flux is comparable to turbulent flux in

Qi for specific cases at experimental profiles, but subdominant to the turbulent flux in every

converged case of Chapter 5, so the approximation does not limit the predictions.
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4.5.2 Quasilinear theory and the gyrofluid closure

TGLF is a quasilinear model, and the near-edge extrapolation this work tests is best

understood against what quasilinear theory assumes. The turbulent flux of a transported quantity

is the flux surface average of the fluctuating E ×B advection, ⟨ṽE×B g̃⟩, with g̃ the fluctuating

density or pressure. The quasilinear approximation factorizes each spectral contribution of that

average into the shape of the linear eigenmode and the amplitude at which it saturates,

F turb = ∑
ky

W (ky)
∣∣φ̂(ky)

∣∣2, W (ky) =

〈
ṽE×B,ky g̃∗ky

〉∣∣φ̂(ky)
∣∣2

∣∣∣∣
linear

, (4.9)

where the quasilinear weight W (ky), the transport per unit fluctuation intensity, is fixed entirely

by the linear response through the cross-phase between the field and the transported moment.

The saturated intensity |φ̂(ky)|2 comes separately from a saturation rule (Section 4.5.3). The

assumption is that the cross-phases of the linear eigenmodes survive into the saturated phase.

That is a statement about fluctuation intensity rather than about scale separation, because it is

the weak turbulence limit, in which the nonlinear term redistributes energy across the spectrum

without reworking the phase relation inside a mode. It is expected to weaken once the fluctuation

amplitude approaches the background, which is the edge condition of Section 2.3, and the

factorization has been shown to break down there [12].

Both factors require the linear spectrum {γ,ω}(ky) and eigenfunctions, which gyrokinet-

ics cannot supply at every radius and flux match iteration. TGLF instead takes velocity moments

of the linearized, gyro-averaged δ f gyrokinetic equation to obtain a gyrofluid model [9], evolving

density, parallel momentum, parallel and perpendicular pressure, and parallel heat flux, with

separate moments for the trapped and total velocity space. The hierarchy is closed by gyro-

Landau-fluid approximations that reproduce parallel Landau damping and finite-Larmor-radius

resonances without resolving velocity space [54, 55]. Solved as a linear eigenvalue problem in a

Gauss–Hermite ballooning basis, this returns {γ,ω,W}(ky) three to four orders of magnitude
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more cheaply than a gyrokinetic calculation, which is what makes an iterated flux match more

tractable. The price is the closure approximation, whose adequacy in a pedestal Chapter 6 takes

up against gyrokinetic CGYRO.

4.5.3 Saturation rules

The quasilinear weights of Equation (4.9) are set by linear physics, but the saturated

intensity is the residue of the nonlinear cascade and cannot be recovered from a linear calculation,

so a saturation rule must supply it. The simplest estimate is a mixing-length argument, in which

an eddy of growth rate γk saturates when its shearing competes with its growth,

∣∣φ̂(ky)
∣∣2 ∼

(
γk

⟨k2
⊥⟩

)2

S(ky), ℓmix ≡
γk

⟨k2
⊥⟩

, (4.10)

with ℓmix the mixing length and S(ky) a spectral shape the bare estimate does not itself fix.

A TGLF saturation rule supplies S(ky), and it is obtained by fitting a closed-form expres-

sion to the saturated potential spectrum of a nonlinear CGYRO database run across a range of

drives and geometries. It is thus the one part of the quasilinear flux that is empirical rather than

derived. This work uses SAT3 throughout [10], fit to a database that includes electromagnetic

modes.

The caveat that frames every edge TGLF evaluation here follows directly, because that

database is drawn from the core rather than the pedestal [9, 10]. Applying the rule across the

near-edge extrapolates its training domain into a region of steep gradients, high collisionality,

and strong flow shear that the fit never saw. The framework accordingly runs TGLF in a dedicated

edge configuration, uniformly across all cases, whose adequacy Chapter 5 tests and whose

sensitivity to the saturation rule itself Chapter 6 examines.
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4.5.4 Near-edge configuration

One setting is worth singling out, because it addresses a mixing-length pathology the

steep pedestal exposes. Each mode’s saturated intensity scales as a mixing length ℓmix ∼ γk/⟨k2
⊥⟩

that diverges as ky → 0. In the core the long-wavelength growth rates are small and this limit

is harmless, but in the sharp pedestal the ion-temperature-gradient branch stays unstable down

to kyρs ∼ 0.07, where the diverging mixing length inflates the lowest-ky contribution into an

unphysical flux runaway.

The physics absent from the bare closure is the zonal flow shear that caps the largest eddy

scale and so imposes a spectral floor ky,min. SAT3 carries that bound as an optional low-ky cutoff,

activated through the sign of the zonal flow coefficient, ALPHA ZF=−1. Only the sign selects

the cutoff, because the saturation amplitude enters as |ALPHA ZF|, and with it active the spectral

sum begins at ky,min rather than at the grid’s lowest mode. The cutoff is retained for every case.

4.5.5 MHD ceiling

For inter-ELM H-mode prediction a peeling–ballooning ceiling prevents the transport-

limited gradient from exceeding the Type-I ELM threshold. Rather than evaluating ideal MHD

stability inline, the framework takes the maximum stable pedestal top pressure pcrit
ped from

EPED [13], in practice its neural-network surrogate EPED1NN [14], and couples it to the flux

match as a stiff transport penalty. Where the pedestal top pressure overshoots the EPED value,

the total modeled fluxes over the pedestal are inflated by

fELM(r) = 1+

(
max

[
0,

pped

pcrit
ped

−1

])pELM

, (4.11)

where the exponent pELM dictates how hard the ELM overshoot penalty is applied. For the

results presented in later chapters, pELM = 10 so as to ensure ELMs are strongly penalized if

found. This artificially enhanced transport erodes the excess gradient and pushes the solution

to marginal stability. At negative triangularity the penalty is inactive because the EPED1NN
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surrogate is not trained for δ < 0 (Section 5.6), but NT edges are known to be sub-ELM [56].

4.5.6 A minimal analytic alternative

The transport slot is interchangeable by design, so it was deemed worthwhile to test an

inexpensive analytic model. A minimal turbulence model was built alongside the framework,

assembling critical gradient expressions from the literature into the same three channels. It carries

an ion-scale branch quenched by flow shear, an electron-scale branch, and a kinetic-ballooning

branch supplied as a transport term rather than through an external stability call. The KBM

branch is not a substitute for Section 4.5.5, since EPED fixes the pedestal by intersecting an ideal

peeling–ballooning constraint with a KBM one and only the second has a counterpart here. The

geometry is circular, the plasma pure deuterium, and nothing in it is fitted to the discharges of

Chapter 5. A solution costs seconds. Appendix B collects the ingredients.

What such a model is good for is behavior rather than numbers, and two behaviors it

returns bear on how the rest of this work should be read. With the shear term disabled, doubling

the input power changes the profiles hardly at all, which is critical gradient stiffness acting

as it should and a reminder that power alone is a weak lever on profiles in the presence of

stiff transport. Enabling the shear at fixed power instead produces a pedestal, the ion-scale

branch collapsing over the outer part of the domain, the KBM branch taking over as the limiting

transport, and the pedestal stored energy rising several fold. The change appears on switching

one term rather than on raising the drive, so an L–H-like transition is available to a model of this

crudeness.

What that does and does not establish is worth separating. It says nothing about accuracy,

because the model is not compared against a measurement anywhere and could not be trusted if

it were. What it does show is that the relationships are reproducible from very little, since a flow

shear quench of an ion-scale branch with a stiff ceiling waiting behind it is enough to generate a

pedestal at fixed power and a handover between limiting modes. Producing that phenomenology

is therefore not a capability that waits on transport-model fidelity, whereas getting a pedestal
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height right plainly is. It also sets a modest expectation against which Chapter 5 can be read,

since the TGLF-based configuration of this chapter carries both ingredients. Where the two

disagree, the analytic model is the more likely of the two to be wrong, its quench acting at one

representative wavenumber and omitting the toroidal rotation that Section 4.4 found carries much

of the real shear. The results are accordingly stated at the level of which features appear rather

than how large they are, and the shear implementation carries a defect recorded in Appendix B.4.

4.6 Flux matching

For each evolved channel c and radius r j the transport flux is balanced against the

volume-integrated net source, defining a residual

R j,c =
F tr

j,c −F target
j,c

F target
j,c

, F target
j,c =

1
V ′

j

∫ r j

0
f target
c V ′ dr, (4.12)

over the channels c ∈ {Qe,Qi,Γe}. Normalizing each residual by its own target keeps channels

whose targets approach zero, notably the particle flux, meaningfully represented, and is the edge

analog of the convective flux and gyroBohm transformations used in core PORTALS [8]. The

scalarized objective is the channel- and radius-averaged residual norm,

ξ =
1

Nc Nρ

∥R∥2. (4.13)

The design variables are the interior gradient knots zk, with the per-channel separatrix

gradients zLCFS held fixed at the boundary values of Section 4.2. Following PORTALS, the

surrogates are fit not to raw profile values but to transformed, physically motivated dimensionless

parameters, which carry the dominant turbulence dependence and aid the regression [5, 8].

The expensive transport model is replaced by Gaussian process surrogates that map the design

variables to the fluxes and are refined as the optimization proceeds, so flux matching is achieved

with few real transport evaluations.
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The objective is partitioned deliberately. The flux misfit of Equation (4.13) is the data

term on which the solver converges, while the separatrix-gradient priors enter only as a regularizer

on the step and are tracked separately. The boundary treatment therefore acts as a regularized

inversion rather than a reweighting of the flux match. The formulation is not tied to a particular

optimizer, and can be solved by surrogate-accelerated Bayesian optimization as in PORTALS [5],

or by a relaxed, damped Newton iteration as in TGYRO [7], for example.

4.7 Uncertainty quantification

A key distinction in the edge module is between two uncertainty sources that are easily

conflated. The first is the surrogate posterior variance, which falls to near zero at trained points

for a deterministic transport model. Injecting input uncertainty there would corrupt the training

targets and blunt the surrogate, so the propagated band reaches only the objective. The second

source, and the one the module propagates, is the covariance of the physical inputs at predict

time.

The declared inputs in this work are the separatrix values (ne,Te,Ti)LCFS of Section 4.2

and the neutral source rate, at 10% and 20% relative uncertainty, respectively, and Figure 4.9

traces the route by which they and the two induced covariances below reach the objective. The

impurity fraction and source fluxes are prescribed, so no uncertainty is injected on them. The

separatrix gradients are determined from physically self-consistent relationships posed in the

sheared spectral filament (SSF) model of Peret et al. [57]. SSF is used as a reduced model of

how a/Ly depends on y, but not as a nominally correct value. Experimental separatrix gradients

are used for the validation of Chapter 5, and their sensitivities are transferred as a logarithmic

derivative,

δ (a/Ly) =
∂ ln(a/Ly)SSF

∂ lnT
σT (a/Ly)nom , (4.14)

where (a/Ly)nom is the nominal separatrix gradient in use and σT the relative temperature

uncertainty. The SSF gradients are a near-exact power law in temperature, so the exponent
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carries over to a different nominal while the prefactor would not.

The second induced covariance is the fit uncertainty of the mtanh backbone of Section 4.2.

It is the parameter covariance Σθ over θ = {A,∆0,δ ,m,c,b}, formed from the fit Jacobian,

regularized by the separatrix priors and capped at 10% per marginal. Propagating it through

the corrector-projected profile Jacobian R = ∂ (a/Ly)/∂θ orders the directions by observable

impact and only the leading mode per channel is retained. The corrector sets a/Ly at the interior

knots, so R has near-zero rows there and the fit error band widens between knots. This source

sets the widest bands in the cases examined, although the declared separatrix values and the

induced gradients dominate the typical width. Knot placement is thus the binding lever on the

extremes.

Let φ = f (θ) be the map from inputs to the propagated quantity, either a profile field or

a flux. To first order the delta method linearizes it,

Σφ = J Σin J⊤, J =
∂ f
∂θ

∣∣∣∣
θ0

, (4.15)

where J is evaluated at the nominal inputs θ0. The joint input covariance is carried as a low-rank

factor Σin = LL⊤ with L ∈ Rn×k, and pushing each of its columns through the model gives

B = JL and hence

Σφ = (JL)(JL)⊤ = BB⊤, (4.16)

so the covariance is assembled matrix-free from k tangents and the dense Jacobian is never

formed.

Each column b j = J(Le j) is obtained by a forward difference through the full model,

b j =
f (θ0 +hLe j)− f (θ0)

h
, (4.17)

where h is the step in units of the input sigma. The baseline f (θ0) is shared by every column, so

a pass costs k+1 real evaluations rather than the 2k a central difference would need. Jacobian
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vector products are implemented for the differentiable nodes, but the real-model scan produced

every result reported here. The pass is run once at the end of an optimization, because propagating

through the full model at every optimizer step would be prohibitive.

A complication arises with the mtanh fit error columns, because the parameterizer

conditions any perturbed θ before rebuilding. Samples are clipped back inside the parameter

bounds and their amplitude is bisected until the reconstruction is feasible. The step is therefore

shrunk until the conditioner is inactive, and the difference quotient is divided by the perturbation

actually applied. Directions surviving at less than a tenth of their requested amplitude are dropped

and reported, which underestimates that factor.

The transport and target fluxes are read from the same perturbed evaluations, so their

correlation is preserved rather than quadrature-summed. Differencing the two factors gives the

residual covariance Σr, which enters the objective as a Mahalanobis weighting,

χ
2 = r⊤Σ

−1
r r, (4.18)

where r is the residual vector at the flux-matching control points, tested against zero. A risk-

aware, upper tail scalar is minimized alongside it. It is µJ +kσJ with k = 2, or the 95th percentile

of a sampled objective distribution once σJ exceeds a quarter of µJ . The per-node standard

deviations are written back into the profile fields, so every predicted quantity carries a band

rather than a point value.

Bands on positive definite quantities are clipped at zero, because the parameterization

itself clips y and a/Ly there. Fluxes are left unclipped, since a particle or heat flux is a physical

outcome and not an artifact of the propagation. A band that reaches the floor marks where the

linearization has run out of validity. For the widest cases that is much of the domain rather than

a narrow tail. Quantifying the error of the linearization itself is not the intent of this exercise.

62



(ne, Te, Ti)LCFS
10% each, in ln

separatrix a/Ly

induced through SSF

mtanh fit covariance
induced from the fit

neutral source rate
20%, in ln

profiles
y, a/Ly by

inward integration

rotation
Er, E × B

neutrals
ionization source

impurities
Zeff, radiation

transport Ftr

TGLF, NEO

targets Ftgt

sources and sinks

r

residual covariance
2, risk-aware J

uncertain inputs edge physics fluxes objective

both flux nodes read off the
SAME perturbed evaluations,
so their correlation survives

one forward difference per column, k + 1 real evaluations sharing one baseline

declared covariance induced, not declared separately

Figure 4.9. Route by which the declared separatrix values and the neutral source rate covariances
reach the objective. The separatrix gradients and the mtanh fit covariance are induced. Every
column is perturbed through the full chain in a single forward difference pass, and fluxes are
read from the same perturbed evaluations.
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Chapter 5

Validation

5.1 Validation approach

Each case study applies the framework of Chapter 4 to a measured discharge under a

single, deliberately constrained protocol, so that the near-edge prediction is a test of the model

rather than a fit to it. The set spans the transport-limited regimes of interest, containing an

L-mode (DIII-D 128913, the “shortfall” discharge of Section 5.3), two H-modes at contrasting

collisionality (Sections 5.4 and 5.5), a negative triangularity plasma (Section 5.6), and an

Alcator C-Mod I-mode (Section 5.7). Each is evolved on the near-edge domain of Section 4.1,

with ne, Te and Ti predicted at flux match knots spanning r/a = 0.88–0.97, reconstructed by the

offset-mtanh parameterization of Section 4.2, with Table 5.1 collecting the global parameters.

Radii are quoted in the normalized minor radius r/a throughout, and values taken from other

work in a flux coordinate are marked as such. The L-mode, negative triangularity and I-mode

cases are drawn from the SMARTS reference-case collection [58], and the two H-modes are the

paired-collisionality DIII-D discharges of the dedicated pedestal studies of [53].

Five discharges from two devices cover a modest span of the dimensionless space,

therefore limiting what any cross-case conclusion can reach. Evaluated on the reconstructions

at the pedestal top (r/a = 0.90), the set covers a factor of 2.5 in ρ⋆ = ρs/a, from 9.1× 10−4

in the L-mode to 2.2×10−3 in the I-mode, a factor of 12 in βe, from 8×10−5 to 1.0×10−3,

and temperature ratios Ti/Te between 0.76 and 1.6. Safety factor and magnetic shear cover
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q = 2.4–4.7 and ŝ = 2.1–3.6. Collisionality is the one direction deliberately levered, the two

H-modes being the end points of a dedicated scan spanning about an order of magnitude in

pedestal top ν∗
i (Section 5.4). That asymmetry matters twice over. It is what lets Section 6.4

fit a collisionality dependence at all, and it is why that fit cannot be separated from a Ti/Te

dependence covering barely a factor of two. A reactor pedestal likely sits roughly an order of

magnitude below this set in ρ⋆ and at an even lower collisionality.

The transport model in every case is TGLF-SAT3 in its edge configuration for the tur-

bulent flux, together with NEO for the neoclassical flux (Section 4.5). This baseline is the

reference against which the alternatives developed in this work are subsequently weighed. Input

uncertainties are propagated through the converged flux match by the input-covariance method

of Section 4.7, so each predicted profile carries an error band. The declared covariance is 10%

on each separatrix value and 20% on the neutral source rates. These are seemingly modest values

yet they turn out to generate substantial uncertainties, which are discussed further in Chapter 6.

Boundary conditions and particle sources are taken from the experimental reconstruction

and held fixed. The separatrix values and gradients of all three channels are frozen to the input

profile (Section 4.2), and the toroidal rotation is extracted from the measured ω0. The main

ion neutral source rate is set to the volume integral of the reconstructed edge particle source,

which is the recycling term where the reconstruction provides it and otherwise the beam term

(Section 4.3). This rate is not calibrated to the measured density, so the pedestal top density

remains a predicted quantity and its agreement with experiment is a genuine test of the transport

model. The impurity content is the reconstruction’s own fraction fZ carried with the predicted

density (Section 4.3), so the separatrix Zeff is an implied value and fZ may already inherit errors.

Table 5.2 lists the fixed boundary values and source rates. Alternative approaches to defining or

solving for nZ were considered, but were omitted from this work due to severe transport model

sensitivity to nZ and a/LnZ .

65



Table 5.1. Global parameters of the five validation discharges: major radius R0, minor radius a,
and the boundary elongation κ and triangularity δ . The DIII-D cases share an on-axis toroidal
field BT ≃ 2 T and plasma current Ip ≃ 1 MA; the Alcator C-Mod case runs at BT = 5.7 T and
Ip = 1.1 MA.

Case Device R0 [m] a [m] κ δ

L-mode (shortfall) DIII-D 1.71 0.60 1.63 +0.44
H-mode, high-ν∗ DIII-D 1.77 0.59 1.76 +0.41
H-mode, low-ν∗ DIII-D 1.78 0.59 1.74 +0.41
Negative triangularity DIII-D 1.84 0.55 1.44 −0.36
I-mode C-Mod 0.68 0.22 1.55 +0.34

Table 5.2. Fixed inputs for each validation case (Section 5.1). The LCFS y, a/Ly, and Zeff are
frozen at the quantities defined by or derived from the case reconstructions. The main ion neutral
source rate Sn0 is determined according to Section 4.3. The impurity is carbon on DIII-D and
molybdenum on Alcator C-Mod. Te at the separatrix is smoothed to a physical 50 eV for the
L-mode and NT cases.

LCFS value LCFS a/Ly Sn0

Case ne [1019] Te [eV] Ti [eV] ne Te Ti [s−1] Zeff

L-mode 0.82 50 153 46 30 34 8.4 × 1020 1.24
H, high-ν∗ 0.83 72 278 29 30 3 4.2 × 1020 1.14
H, low-ν∗ 0.44 91 267 15 45 6 2.7 × 1020 1.44
NT 2.17 50 125 24 90 21 3.0 × 1021 1.42
I-mode 6.49 224 219 15 105 108 1.7 × 1021 2.48

5.2 Results across the set

Three results emerge before the per-case detail, and all three are cross-case. The first is

what the solve converges to, the second is what the resulting pedestal costs in pressure, and the

third is which instabilities carry the flux, and together they frame everything that follows.

5.2.1 The flux match improves every case and closes none

The relative-L2 flux residual falls in all five cases and reaches zero in none of them, which

is the precondition for everything that follows. Figure 5.1 shows where the modeled fluxes land

relative to target, in two columns per case, the flux at the initial measured profiles and the flux at

the solver’s best evaluation. The reduction spans a factor of 1.3 in the negative triangularity case
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to 49 in the I-mode, so the amount of “work” the solve does is itself strongly case dependent.

Where the match fails it fails in identifiable places rather than uniformly, at the outermost

knot and in the particle channel. The L-mode is the one case whose particle channel is repaired

in direction. It initially contains a modeled Γe pinch against an outward target at three of four

knots, then runs outward at all four afterwards, though still over target by 10 to 59%. The heat

channels exhibit varying degrees of matching across the cases and locations although no case

showed < 30% of error relative to the heat flux targets at all knots.

The initial column is the more revealing half. Modeled transport at the measured profiles

misses the power balance targets by up to a factor of 54 in the heat channels and 95 in the particle

channel, so those profiles are nowhere near a flux matched state of the model. The direction

of the miss is not a property of the regime alone as indicated by the low-ν∗ H-mode and the

I-mode over-predictions, the L-mode under-prediction at every knot in both heat channels, and

the high-ν∗ H-mode over-prediction through the interior while under-predicting at its outermost

knot. The two cases that over-predict most severely are also the two carrying the largest ρ⋆ in the

set (Section 5.7), an association five points cannot raise above a coincidence.

5.2.2 Pedestal top pressure

The single quantity that carries these edge predictions back to the reactor-scoping stakes

of Section 1.2 is the pedestal top pressure pped. The stiff core inherits pped as its boundary

condition, so a case matters chiefly insofar as it reproduces it. Table 5.3 reduces the five cases

to that figure of merit, the total thermal pressure pped = ne(Te +Ti) at r/a = 0.90, and it carries

the central quantitative result of this work. Only the negative triangularity case lands inside the

10% tolerance that reactor scoping would require, at +4.9%. The error is otherwise large and

two-sided, the L-mode running 17% high while the two H-modes fall 84 and 50% low and the

I-mode 43% low. Across the set the RMS error in pedestal top pressure is 48%. Against the

Pfus ∼ p2
ped sensitivity of Section 1.2, an error of that size equates to a factor of two to four in

inferred fusion power in either direction.
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Figure 5.1. Modeled transport flux divided by its target, per channel (Qe, Qi, Γe) and per
knot (r1 inner to r4 separatrix). Two columns per case give the initial (measured) profiles and
the converged evaluation. Gray is a match, warm/red an over-prediction, cool/blue an under-
prediction, × a raw particle flux running inward against an outward target, and Σ the column’s
relative-L2 residual.

Notably, the error is not carried by the same channel in each case, and Figure 5.2 reveals

the details that a single pedestal number conceals. The high-ν∗ H-mode is missed chiefly in the

density at −77% while its ion temperature is nearly recovered at −11%, and the low-ν∗ H-mode

is missed chiefly in the ion temperature at −70% against a density and electron temperature held

to −15 and −19%. The I-mode is missed in the ion temperature at −53% against an electron

temperature reproduced to −4%. Only the negative triangularity case is accurate in all three

channels at once.

Flux matching moved the pedestal away from the measurement in every case. The error

induced by the parameterizer reconstruction at the initial profiles, between +16 and −31% in

pped, cannot be overstated, yet the converged solve worsens the pped error in all five cases. The

I-mode is the sharpest instance, its reconstruction sitting within 1% of the measurement before
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the solve and 43% below it after. Driving the residual down and predicting the pedestal are

therefore not the same operation, which is the result this chapter hands to Chapter 6. The final

residuals and pedestal errors carry a rank correlation of 0.8 over five cases, but with only five

points that relationship is not distinguishable from chance.

Table 5.3. Predicted versus measured pedestal top pressure pped = ne(Te + Ti) for the five
validation cases, evaluated at r/a = 0.90. The relative error is the flux error normalized to the
measured value, and the last column is the propagated input-covariance band of Section 4.7 on
the prediction.

Case pmeas
ped [kPa] ppred

ped [kPa] error [%] 1σ [%]

L-mode 1.38 1.61 +16.9 13.3
H-mode, high-ν∗ 8.92 1.45 −83.8 29.2
H-mode, low-ν∗ 11.63 5.85 −49.7 13.7
Negative triangularity 6.67 6.99 +4.9 13.3
I-mode 42.17 24.16 −42.7 18.3

RMS relative error 48

5.2.3 Turbulent fingerprints across the set

The third cross-case result is which instabilities carry the flux, read through the fingerprint

paradigm of Section 2.3. Each per-case figure decomposes the transport into ion temperature

gradient (ITG), trapped electron (TEM) and electron temperature gradient (ETG) branches

together with the neoclassical contribution, and the pattern is largely common to the set.

TGLF returns a spectrum rather than a label, so a description of the attribution is warranted.

Each wavenumber on the dominant eigenmode is weighted by its flux, so the major transporters

set the branch names rather than the fastest growing roots. The sign of the mode frequency

gives the propagation direction, ion-diamagnetic roots being assigned to ITG at any ky. An

electron-diamagnetic root is called ETG only where it satisfies the full electron-scale fingerprint,

namely kyρs ≥ 2, near-adiabatic ions in the sense |Qi|/|Qe| ≤ 0.15 at that ky, and a particle flux

consistent with zero. Every remaining electron-direction root is called TEM, including at high

ky, because a wavenumber carrying particle flux is not ETG whatever its scale. The per-branch
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Figure 5.2. Predicted pedestal top value relative to the measurement, (pred−meas)/meas in
percent, at r/a = 0.90. Rows are the three predicted channels and the pressure pped = ne(Te+Ti)
they combine into, evaluated at the converged solve. Gray is a match, warm/red an over-prediction
and cool/blue an under-prediction.

sums are signed and reported as computed, with no reallocation between branches, so a TGLF

thermodiffusive Γe pinch on the electron branch appears under TEM.

Two limits belong with that reading. The labels name a spectral region rather than

identify a mode in the gyrokinetic sense, since a single ky may carry more than one root and

only the dominant one is classified. The direction test also lumps the ubiquitous mode in with

ITG by construction because it propagates in the ion diamagnetic direction [59] despite being a

density-gradient-driven trapped-electron instability. The literature does not sharply distinguish

the ubiquitous mode from the toroidal ITG mode in any case [60].

The common pattern is a handover with radius rather than a single dominant branch.

In the high-ν∗ H-mode and the negative triangularity case the ion heat flux is carried almost

entirely by ITG through the interior, at 0.82 to 0.96 of Qi at the inner knots, and passes to the

trapped electron branch at the outermost knot, where ITG falls to zero and TEM carries 0.65 and

0.77. Electron-scale transport is negligible everywhere, ETG never exceeding 20% of Qe in any
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case and peaking in the interior rather than growing toward the separatrix. That decomposition

qualitatively matches the published gyrokinetic picture for these pedestals [37, 53], in which

ion-scale electrostatic modes dominate, neoclassical is significant but smaller, and ETG is small.

Two cases depart from the pattern in opposite directions. The L-mode and the I-mode

show no ITG–TEM handover at all, the trapped electron branch instead carrying most of Qi

at most of the knots. The low-ν∗ H-mode converged state on the other hand loses most of its

turbulent ion heat transport at the outermost knot, where neoclassical flux accounts for 94% of

Qi while the electron channel stays turbulent. This is a result of a growth in the density pedestal

collocated with E ×B suppression on the ion scale modes and clearly indicates residuals can be

reduced by either turbulent or neoclassical transport, as expected.

In most cases, E ×B shear cannot explain the handover from ITG to TEM. The shearing

rate does rise across the transition in the H-modes, but the negative triangularity case shows the

same handover at a shearing rate that never approaches the suppression threshold anywhere in

the domain. What sets the branch, and whether the transition is physical or a property of the

saturation model at steep gradient, cannot be decided from these runs.

5.2.4 Pedestal error does not track any dimensionless parameter

A natural question of a five-case set is whether the pedestal error organizes along any

of the dimensionless parameters of Section 5.1. Testing that here entails correlating the signed

pedestal top pressure error against each parameter in logarithm, with significance assessed by an

exact permutation test over all 120 orderings of five cases.

The correlation coefficients are −0.38 for ρ⋆, −0.49 for βe, 0.75 for Ti/Te, −0.53 for q,

−0.26 for ŝ and 0.27 for ν∗
i , none of which is distinguishable from chance at any conventional

level. The largest of them carries a permutation p of 0.13. Whatever sets the sign and size of the

pedestal error in a given case is therefore not a smooth function of the local dimensionless state

within this set.

This observation should be limited as a statement of absence of evidence rather than as
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evidence of absence. Five cases sample roughly 2.7 independent directions in the six-parameter

space, because the parameters are mutually correlated at up to |r|= 0.84, so a correlation with

any one of them could not have been attributed to that parameter alone in any case. And with

five points the smallest attainable two-sided permutation p is 0.017, which is above the threshold

a six-parameter search would need, so this test could not have certified a positive result had one

appeared. The useful reading is that no parameter stands out strongly enough to organize the set.

5.3 L-mode

The L-mode is the framework’s most exposed test. Local gyrokinetic simulations of

DIII-D 128913 under-predicted the power-balance energy flows by roughly a factor of seven

at mid-radius [61]. That discrepancy was mostly closed with a revised saturation model [62].

The present case takes the same discharge further out in radius, with no pedestal ceiling active,

so the near-edge gradients are set entirely by the transport model. Two inputs depart from the

reconstruction, the separatrix electron temperature smoothed to a physical 50 eV from ≈ 35 eV

and the neutral fueling fixed from a reconstructed wall-recycling source, the only case in the set

for which the wall source is explicitly available.

The shortfall appears in its expected form at the measured profiles, and it has not gone

away. The edge TGLF flux falls short of the power balance the same reconstruction demands

by up to a factor of thirty, in both heat channels and at every knot, the ion channel running at

0.03 to 0.61 of target and the electron channel at 0.42 to 0.58. That the deficit survives under

a saturation rule descended from the one that closed the original problem is a statement about

where the two assessments are made rather than a contradiction of that work. That work scores

predicted temperature profiles inward of r/a = 0.98, where pedestal top values are set by the

integral of the gradient over most of the minor radius. The ratios here are local flux comparisons

across the near edge. The particle channel fails differently, the modeled Γe running inward

against an outward target at three of the four knots.
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The solve does what such a residual invites, and Figure 5.3 shows what it costs. Steepen-

ing the gradients until the modeled flux rises to target drives the electron temperature 25% above

the measurement at the pedestal top, leaving the pedestal top pressure +16.9% high while the

residual falls from 0.621 to 0.194, the lowest surviving residual in the set. The particle channel

is the one place the solve repairs something structural, Γe becoming outward at all four knots,

though it lands 10 to 59% above target. The density and ion temperature move comparatively

little, at +7% and under 1%, so the pressure error is carried almost entirely by Te. The input

covariance band of 13.3% on pped is comparable to that error, so the miss is not cleanly separable

from input uncertainty in this case. Neoclassical transport is minor at every radius (Figure 5.4),

and the ion heat flux is generally carried by TEM rather than ITG.

5.4 High-collisionality H-mode

The two H-modes probe the framework where a peeling–ballooning ceiling and a steep

pedestal coexist, and isolate the collisionality dependence. They are the end points of a dedicated

DIII-D scan in which the pedestal top ion collisionality was varied by about an order of magnitude,

from ν∗
i ≃ 0.40 here to ≃ 0.040 in Section 5.5. The two pedestal top pressures sit within 20% of

each other [53]. That scan also reports a transport decomposition of the pedestal ion heat flux.

Evaluated at the measured profiles at ρtor = 0.94, the local neoclassical flux carries 27% of the

power-balance ion heat flux here and 18% in the low-ν∗ case, so turbulence carries the majority

in both as in the previous work.

The steep pedestal here is where the edge low-ky cutoff (ALPHA ZF=−1, Section 4.5.4)

does its work. With it active there is no near-separatrix runaway of Qi, and the mode decomposi-

tion of Figure 5.6 shows ITG absent from the outermost knot altogether. The setting is therefore

load-bearing exactly where the pedestal is steep. However, suppressing the runaway is not the

same as matching the flux. The model over-predicts the heat channels through the interior, by

factors of 1.6 to 3.0, and under-predicts at the outermost knot at 0.33 and 0.44, so a residual
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built from terms of opposite sign can give the solver little coherent direction to move in.

The heat channels end largely matched, five of the eight knot-channels landing within

30%, and the density pedestal pays for it. Figure 5.5 shows the cost in the profiles. Convergence

collapses the pedestal top density by −77% and the electron temperature by −46%, while the

ion temperature is largely recovered (−11%). The parameterizer’s reconstruction already sat

31% below the experimental pedestal top pressure, so there is a conflation of error in this case.

The propagated uncertainty band on Te reaches 69% here, by far the widest in the set, so the

electron channel of this case is also poorly determined by its own inputs.

5.5 Low-collisionality H-mode

The low-ν∗ counterpart to the previous section provides an interesting contrast. DIII-

D 179444 carries a published CGYRO+NEO transport decomposition [53], against which the

framework’s breakdown can be compared channel by channel. It is also potentially the most

reactor-relevant case in the set as its collisionality approaches an ITER-relevant pedestal [63].

The modeled fluxes at the three inner knots are in some cases an order of magnitude

beyond the targets. All three channels then collapse to between 0.05 and 0.14 of target at the

outermost knot. A swing of nearly three orders of magnitude in the model-to-target ratio across

the domain of a single discharge indicates an error dependence on radial variations of the plasma

state.

The residual falls from 16.5 to 0.57, the largest surviving residual in the set, and Figure 5.7

shows what that costs. The solve brings the three inner knots to within a factor of a few, the

ion channel closest at 0.74, 0.77 and 1.44 of target and the electron channel still short at 0.43 to

0.60, but it cannot move the outermost knot at all: there all three channels remain at 0.03 to 0.14

of target, essentially where they started. The pedestal that this buys is a density of 2.14 against

a measured 2.51×1019 m−3 at the pedestal top, with the temperatures falling short by 19 and

70%, for a pedestal top pressure 49.7% below the measurement.
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The mode decomposition locates the split cleanly (Figure 5.8). At the three inner knots

the transport is turbulent and almost purely ion-directed, the ion-scale branch carrying 75 to

103% of every channel, the trapped-electron contribution reaching 23% only in the particle

channel at the innermost knot. At the outermost knot the ion channel inverts, neoclassical

transport supplying 94% of the ion heat flux, while the electron heat and particle fluxes stay

largely turbulent at 19 and 26% neoclassical. The outermost interval is therefore not merely the

worst matched, it is the one radius at which the turbulence model has stopped carrying the ion

channel, and it is the interval Section 6.3.2 identifies as setting most of the pedestal height.

5.6 Negative triangularity

Negative triangularity accesses near-H-mode confinement, without ELMs, and with true

TLPs in a regime truly above L-mode. It should therefore stress the geometric sensitivity of the

transport model at δ < 0. The ELM ceiling is inactive here because the EPED neural network is

not trained for δ < 0, and the separatrix electron temperature is smoothed to 50 eV from ≈ 5 eV

as in the L-mode case.

This is the one case in the set that lands inside the reactor-scoping tolerance. Figure 5.9

shows the predicted Te, Ti and ne overlaying the measurement across the near edge, the pedestal

top pressure reproduced to +4.9% with no channel missed by more than 18% (Table 5.3). The

match itself is incomplete: the electron channel under-predicts at the two inner knots and over-

predicts at the two outer, the ion channel falls to 0.53 at the outermost knot, and the residual

moves only from 0.406 to 0.311, the smallest reduction in the set. So, the case that reproduces

the pedestal best is also the case the solver moved least, its pedestal top pressure shifting by

1.2% between the initial reconstruction and the converged solve.

The mode decomposition of Figure 5.10 shows the composition changing across the

domain rather than one branch carrying the edge. Both heat channels are ITG-dominated at

the two inner knots and hand over to TEM outboard, until at r/a = 0.97 they are carried by
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TEM almost entirely, the handover falling where the E ×B shear passes through its minimum.

Neoclassical transport is not negligible in the ion channel as it is in the L-mode, growing outward

to roughly a quarter of Qi at the outermost knot.

5.7 Alcator C-Mod I-mode

The I-mode is the most distinctive test in the set and the only one on a second device. Its

defining feature is a temperature pedestal without a matching density pedestal. That decoupling

probes whether the framework can predict a steep Te and Ti edge atop an L-mode-like density,

a configuration none of the DIII-D cases presents. It also tests cross-machine robustness at

Alcator C-Mod’s high field and metal wall, the impurity being molybdenum, carried as a fully

ionized species in the transport model.

Figure 5.11 shows the decoupled pedestal reproduced in one of its two halves. The

electron temperature is captured almost exactly, to −4% at the pedestal top, the density to

−20%, the ion temperature to −53%, and the pedestal top pressure at −43%. The case therefore

reproduces the electron half better than the ion half, which is the opposite of the high-ν∗ H-mode.

The solve drives the column residual down from 16.0 to 0.325, a reduction of a factor of 49 and

the largest in the set. The reconstruction reproduced pped to within 1% before the solve began,

so every point of the final error was introduced by the flux match itself.

Unlike the other cases, TEM carries the majority of all three channels at every knot, as

evident in Figure 5.12. The particle flux is the largest in the set, TEM-carried throughout. The

E ×B shear is the sharper distinction, staying under one cs/a across all four knots and rising

steeply only inside the last few percent of the domain, unlike the more inward variation seen

in either H-mode. A temperature pedestal is therefore being predicted without the shear that

regulates the other cases, which is consistent with the ion channel being the half the solve fails to

reproduce. None of this is attributable to the change of device, because Alcator C-Mod’s field

is nearly triple that of DIII-D and its minor radius about a third, the two canceling in ρ⋆ and
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leaving ρi as the differentiating factor as in the other cases.
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Figure 5.3. Converged near edge for the L-mode shortfall case (DIII-D 128913). Top: predicted
(blue) against measured (gray) Te, Ti, ne with the input-covariance 90% band, open circles
marking the flux match knots. Middle: the transport flux against the fixed target in each channel.
Bottom: variance share by input source.
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DIII-D 128913  (L-mode / shortfall) --- turbulent-flux mode breakdown

Figure 5.4. Decomposition of the transport flux for the L-mode case into its turbulent components
and the neoclassical contribution from the TGLF spectra at the best evaluation. The top row is
the E ×B shear for reference against the turbulence activity. The TEM branch carries most of
the ion heat flux at three of the four knots.
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Figure 5.5. Converged near edge for the high-collisionality H-mode (DIII-D 179449), panels as
in Figure 5.3. The modeled heat flux over-predicts through the interior and under-predicts at the
outermost knot (Section 5.2.1), and the predicted ne and Te pedestals fall 77 and 46% below the
measurement at the pedestal top.
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DIII-D 179449  (H-mode, high * ) --- turbulent-flux mode breakdown

Figure 5.6. Turbulent and neoclassical flux decomposition for the high-ν∗ H-mode, as in
Figure 5.4. The top row is the E ×B shear for reference against the turbulence activity. ITG is
no longer observed at the outermost knot.
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DIII-D 179444  (H-mode, low * )

Figure 5.7. Converged near edge for the low-collisionality H-mode (DIII-D 179444), panels
as in Figure 5.3. The solve brings the three inner knots to within a factor of a few and leaves
the outermost at 0.03 to 0.14 of target, under-predicting ne at the pedestal top by 15% while the
temperatures fall short by 19 and 70%.

82



0

2

4

|
E| 

[c
s/a

]

E×B shear

0.90 0.95 1.00
= r/a

0.000

0.005

0.010

0.015

0.020

0.025

Q
e

[M
W

m
2 ]

total
ITG
TEM

ETG
neoclassical

0.90 0.95 1.00
= r/a

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Q
i[

M
W

m
2 ]

0.90 0.95 1.00
= r/a

0.2

0.1

0.0

0.1

0.2

e
[1

020
m

2 s
1 ]

DIII-D 179444  (H-mode, low * ) --- turbulent-flux mode breakdown

Figure 5.8. Turbulent and neoclassical flux decomposition for the best evaluation of the low-ν∗

H-mode. The top row is the E ×B shear for reference against the turbulence activity. The three
inner knots are carried almost entirely by ion-directed turbulence; at the outermost knot the ion
heat flux collapses and neoclassical transport supplies 94% of what remains, while the electron
channels stay turbulent.
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Figure 5.9. Converged near edge for the negative triangularity case (DIII-D 193870), panels as
in Figure 5.3. All three channels overlay the measurement. The input-covariance band for this
case is computed with the SSF geometric factor g = G0ρs/R0 floored to keep the LCFS a/Ly
prior in its valid regime.
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DIII-D  (negative triangularity) --- turbulent-flux mode breakdown

Figure 5.10. Turbulent and neoclassical flux decomposition for the negative triangularity case,
as in Figure 5.4. Both heat channels hand over from ITG to TEM between the inner and outer
knots, and neoclassical transport retains a growing share of Qi.
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Alcator C-Mod  (I-mode)

Figure 5.11. Converged near edge for the Alcator C-Mod I-mode, panels as in Figure 5.3.
Te is captured to −4% and ne to −20%, but the decoupling fails in the ion channel, Ti being
under-predicted by 53% and leaving the pedestal top pressure 43% low.
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Alcator C-Mod  (I-mode) --- turbulent-flux mode breakdown

Figure 5.12. Turbulent and neoclassical flux decomposition for the I-mode, as in Figure 5.4.
TEM carries the majority of all three channels at every knot, and the E ×B shear stays below
one cs/a across the constrained radii.
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Chapter 6

Error Analysis

6.1 Approach

Chapter 5 established some leading candidates for attributing the limits of this near-edge

modeling effort, and they are not one fault in three guises. The declared input covariance, the

objective together with its knot discretization, and the transport model each set their own floor

on the pedestal, and only the last is a statement about the physics. The sections below bound

them in that order, cheapest and most model-independent first, so that what survives at the end is

attributable to the transport model rather than to the machinery around it. That the residual and

the pedestal error are not necessarily coupled is what makes the decomposition necessary.

6.2 Limitations from the inputs alone

The first layer is the cheapest to bound and the most consequential for whether the

workflow is usable. Each converged solve carries the input covariance of Section 5.1 propagated

through it, over the quantities a user of the workflow would have to supply. The band that results

is the precision the workflow could deliver if its transport model were exact.

That precision is not sufficient for the purpose, as Figure 6.1 shows in the 1σ band on

the pedestal top for each case. The band on pped runs from 13.3 to 29.2%, and no channel in

any case falls below 10.5%. Against the 10% per-channel tolerance that reactor scoping would

require, the workflow is already outside specification before any transport model is evaluated.
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Propagated through the Pfus ∼ p2
ped sensitivity of Section 1.2, even the narrowest of these bands

is a 27% band on inferred fusion power. A device study that took this workflow as its pedestal

model would be choosing between designs it cannot distinguish.

The same band says something quite different about where the present error comes from.

In four of the five cases the band is between 0.28 and 0.77 of the central pedestal error, so the

misses of Table 5.3 are larger than input uncertainty alone can account for. The margin is thin at

the upper end: in the L-mode the band reaches 0.77 of an already small error, so that case alone

does not separate the two. The exception is instructive in the opposite direction, because the

negative triangularity case, the only one inside tolerance, carries a band of 13.3%, or 2.7 times

its nominal error.

Which inputs carry the bands is equally clear. The right panel of Figure 6.1 decomposes

the variance by source. The three separatrix values and the separatrix gradient prior together

carry 63 to 100% of it, and the parameterization fit supplies the remainder, reaching 37% in the

high-ν∗ H-mode and 23% in the I-mode against 1% in the negative triangularity case. Where the

fit does contribute, it contributes through the radii it resolves least well between knots, which

Section 6.3.2 shows to be most of the pedestal. Across the cases the dominant lever is the

separatrix state, and a 10% separatrix uncertainty is already optimistic for any quantity at the last

closed flux surface.

These are first-order propagations of a declared covariance through the converged solution

with no transport model in them, so the claim is that the workflow’s precision is inadequate

on the most favorable accounting available. The mechanism appears to be the global mtanh

structure and the inferred a/Ly peak in profiles with a clear pedestal, which is why the effect is

not uniform across the set.
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Figure 6.1. Left: 1σ band on ne, Te, Ti and pped at r/a = 0.90, with the 10% tolerance marked
and the central |error| in pped as an open marker. Right: variance share by input.

6.3 The objective

The workflow assumes that reasonable kinetic profiles, inserted into the transport and

target models, admit a flux matched solution. Chapter 5 showed that nominal flux matching was

generally not observed: the solver minimizes competently and stops at a finite residual. The

objective aggregates twelve residual components into one scalar, so once none of them is driven

to zero, different combinations of non-zero components can score alike. The subsections below

show that they do, that the knot discretization then selects among them, and that the separatrix

gradient sets what the knots leave open.

6.3.1 Equal residuals, different pedestals

Every state the solver evaluated carries both a residual and a pedestal, so each solve

leaves behind a sample of the objective’s own level sets, as shown in Figure 6.2 by the vertically

aligned samples. In the L-mode, which Section 5.2.1 showed achieving the best flux match in the

set, two evaluations whose residuals differ by 0.9% return pedestal top pressure errors of +51.2

and +24.3%. The high-ν∗ H-mode carries a pair agreeing to 1.3% in residual and differing by
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25 points of pedestal, the I-mode a pair agreeing to four decimal places and differing by 14, and

the low-ν∗ H-mode a pair matched to 0.4% sitting 17 points apart. The negative triangularity

case lacked spread for relevance in this analysis.

These are evaluated states rather than converged solves, and the pairs sit above each

case’s best residual rather than at it. The claim is therefore the weaker one the argument needs:

over the region the solver searches, the objective is uninformative about the pedestal, and no

better optimizer repairs that. A global minimum that is at a truly flux matched state steps around

this issue, but this requires components in the workflow to support such a solution.

Pinning the four density design variables to the reconstruction tests the same point by

changing the objective instead of the starting point. It removes four of the twelve residual

components and leaves the temperature channels to match against a density held at the mea-

surement; compared on the heat channels alone, which is all the reduced problem carries, the

match improves in four of the five cases by factors of 1.1 to 16, and degrades by a factor of

1.4 in the L-mode. The pedestal does not follow. The high-ν∗ H-mode moves from −83.8 to

+14.7% and the low-ν∗ H-mode from −49.7 to −35.2%; the L-mode and the I-mode barely

move, from +16.9 to +21.0% and from −42.7 to −44.7%; and the negative triangularity case,

the one that had been inside tolerance, degrades from +4.9 to +27.3%. The same quasilinear

model is independently documented to under-predict the near-separatrix density gradient [11].

6.3.2 Most of the pedestal is never constrained

The design variables are inverse gradient scale lengths at four knots, and the profile is

recovered by integrating inward from a pinned separatrix,

y(r) = y(1) exp
∫ 1

r

a
Ly

dr′

a
, (6.1)

so the map from design variables to the profile is strictly triangular and no design variable is local.

The outermost knot then dominates because it carries the steepest gradients: measured on the

91



0.18 0.87
flux residual

0

10

20

30

40

50

p p
ed

 e
rro

r  
 [%

]

L-mode

×1.009
27 pts

evaluation (fill: solve order) selected solution equal residual (within 2%)

0.41 1.9
flux residual

85

80

75

70

65

60

H-mode high *

×1.013
25 pts

0.55 17
flux residual

80

70

60

50

40

30
H-mode low *

×1.004
17 pts

0.33 16
flux residual

60

55

50

45

40

35

30

25

I-mode

×1.000
14 pts
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reconstructions alone, the last interval accounts for 31 to 81% of the e-fold from the separatrix

to the pedestal top, so one design variable per channel sets most of the pedestal height.

That interval lies outside the flux matched region entirely. The left panel of Figure 6.3

gives the share of the pedestal e-fold integral lying outside r/a = 0.97, measured inward from

the innermost flux match knot at r/a = 0.88; on the pressure it runs from 50 to 68%. Half to two

thirds of what the workflow predicts is never subject to the model being validated, which is the

mechanism behind Section 6.3.1: solutions can agree on every constrained flux and still differ in

the unconstrained portion of the profile.

Knot placement is therefore a choice of answer rather than a convergence detail. Four

layouts, altering only the number of knots and the span they cover, were solved on both H-modes

with everything else held equivalent to the base cases. The residuals reached span a factor of

1.07 on the high-ν∗ case and 1.35 on the low-ν∗ case, while the converged pedestal top pressure
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spans 42 and 38 percentage points respectively (right panel). No layout rescues the prediction:

every one leaves both H-modes under-predicted and outside tolerance.

6.3.3 Interior gradients depend on the separatrix conditions

What the flux match leaves open, the boundary condition sets. The separatrix values

and inverse gradient scale lengths are frozen to the reconstruction (Section 4.2), and because

Equation (6.1) builds the profile inward from that boundary, the imposed a/Ly(1) propagates

into the pedestal through the parameterization alone.

The imposed electron density and temperature gradients were each set to 0.5 and 1.5

times the reconstructed value on the high-ν∗ H-mode, one channel at a time, and Figure 6.4

shows the converged profiles against the measurement. The response is large and it is not

confined to the channel that was moved. Halving the density gradient raises the converged

pedestal top density by a factor of 5.8 and the electron temperature with it, taking the pedestal

top pressure from 84% below the measurement to 45% above; increasing the same gradient by
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half gives 51% below. Moving the temperature gradient instead moves the density by factors of

2.0 and 1.5 and the pressure to 67 and 70% below.

Two features matter more than the size. The nominal solve does not sit between the

two perturbations of either channel but outside both brackets and worse than every endpoint, so

the response is not monotonic in the imposed gradient. And all four perturbed solves reach a

lower flux residual than the nominal, 0.26 to 0.46 against 0.47: perturbing the boundary in either

direction on either channel improves the flux match and the pedestal together, which makes the

nominal boundary an arbitrary point of the objective rather than a privileged one.

This is a sensitivity bracket on one discharge, not a design of experiments. Two of

the three gradients were varied at two levels either side of nominal without replication, so no

interaction is estimated and none could be. Each arm does change one number and only one, the

separatrix values and a/LTi(1) being frozen throughout.

6.4 The transport model

The bar the transport model has to clear is not agreement with the measurement. Published

nonlinear CGYRO calculations on the two H-mode discharges reach roughly 60% of the power

balance ion heat flux at ρtor = 0.94 [53], so first-principles gyrokinetics is itself short by a factor

of 1.7 at the radius where Section 6.3.2 located most of the pedestal’s leverage. A reduced model

calibrated to nonlinear gyrokinetics inherits that gap before any error of its own is counted, and

no work on it recovers what its reference does not have.

The layer under test is the saturation rule, the one semi-empirical element of the quasilin-

ear flux [9, 10] (Section 4.5.3): the linear physics fixes the quasilinear weights, but the saturated

amplitude is read from a fit to nonlinear CGYRO, and that fit is a core one. The two layers

separate cleanly: the weights, growth rates and every geometry scalar are bit-identical between

SAT2 and SAT3 on the same input, so only the saturated intensity differs.

A dedicated study of that layer was run over the five validation discharges at eleven
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near-edge radii each, of which 54 carry a power-balance target, taken as that balance minus

the local neoclassical flux. Model fluxes are TGLF’s own, including the per-mode quasilinear

adjustment SAT3 applies differently to the particle and energy blocks, and every flux is rebuilt

from the quasilinear weights and verified against that output to one part in 1014. Define the

per-channel flux ratio and a normalized collisionality ν̂ ,

ry =
ymod

ytar , y ∈ {Qe, Qi, Γe}, ν̂ =
νe

ky,max vzf
, (6.2)

where ν̂ is the electron collision rate over the zonal-flow mixing rate, both from TGLF’s output.

Model and target agree in sign at all 54 points for Qe and Qi, and at 39 of them for Γe;

the fifteen disagreements are a model-inward flux against an outward target, and at fourteen of

them the bare quasilinear weight still changes sign across ky, so the particle channel is a shape

failure at those radii rather than an unusable target. Over the sampled range the model error is

monotonic in ν̂ in all three channels,

d log10 ry

dlog10 ν̂
=−0.87 (Qe), −1.30 (Qi), −0.85 (Γe), (6.3)

at R2 of 0.63, 0.66 and 0.65. Panel (a) of Figure 6.5 shows the three ratios and their fitted power

laws over a factor of 250 in ν̂; the heat-pair composite R = (rQe rQi)
1/2 used by the remaining

panels gives −1.08. Every trend crosses unity, so the discharges separate along it rather than

clustering on one side.

A missing intensity factor I ∼ ν̂ a produces a model-error slope of exactly −a, so Equa-

tion (6.3) is a direct measurement of the missing exponent, and two further routes agree. A

saturation rule reconstructed from scratch against the bare quasilinear weights fits a= 0.77±0.03,

and a plain mixing-length intensity with zero fitted parameters beats the existing rule by a fac-

tor of 3.5 out of sample. The particle channel supplies the third route: Γe carries a different

quasilinear operator and a different power-balance target from Qe but returns the same slope
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to within 0.02. Three constructions recovering the same quantity with the same sign is what

raises this from a correlation to a candidate root cause, and the physical reading is direct: higher

collisionality damps zonal flows, weakening the shear that regulates the turbulence and raising

the saturated intensity [9].

Correcting three channels with one scalar is licensed by the error covariance, whose

leading principal component aligns with the common mode (1,1,1) to a direction cosine of

0.992. Each channel prefers its own exponent, at 0.87, 1.30 and 0.85, but a single value costs

under 4% of RMSE out of sample and at case level the three slopes lie within about one standard

error. Because ν̂ multiplies the intensity point by point, it comes out of the ky and mode sums

exactly and can be compiled into the rule and tested live. Panel (b) of Figure 6.5 scores that rule,

SAT3 multiplied by ν̂1.025 and nothing else, against the same targets. Every case moves toward

unity, the over-predicted low-collisionality end and the under-predicted high-collisionality end at

once, which no amplitude-only change can do. Across the database the log-scatter falls from

0.81 to 0.46 dex and the fraction of points within a factor of two rises from 24 to 59%.

Three limits make this a leading hypothesis rather than a settled correction. The database

holds five discharges, and 78% of the variation in ν̂ is between them rather than within, so

the regression is closer to a five-point fit than the point count suggests. The ion-to-electron

temperature ratio is a named alternative these data cannot separate from collisionality. The

two discharges with more than a decade of internal ν̂ track it at r = −0.98, while two of the

remaining three carry the opposite within-case sign over much shorter levers. And no nonlinear

gyrokinetic validation has been performed, since only a nonlinear run constrains the saturated

intensity.

The correction addresses the cross-case level and leaves the radial shape, the error

Chapter 5 identified as binding, as panel (c) of Figure 6.5 shows. Within either H-mode the

model-to-target ratio spans some six hundred across eleven radii before the correction and roughly

twenty after, concentrated beyond r/a ≃ 0.92 where the two outermost flux match knots sit. Part

of that is unreachable in principle, on an arithmetic rather than a fitted bound. A saturation rule
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supplies one positive intensity spectrum shared by all channels, so any intensity-only correction,

this one and any refit of it included, multiplies every channel alike and cannot move the contrasts

between them. The common mode carries 93% of the three-channel log-error variance for

the heat pair and 77% across all three, leaving floors of 0.23 and 0.39 dex against the 0.42 to

0.60 dex achieved per channel, so roughly half of what remains in the heat channels is structural.

Reaching it needs a term acting on the shape of I(ky) rather than its amplitude; a factor-of-three

redistribution in ky would suffice at 51 of 54 points, but finding the covariate that prescribes it is

what five discharges cannot do.

Those same radii are where the model is hardest to evaluate reliably, and that coincidence

is the most damaging single fact in this chapter. A convergence study over the L-mode and both

H-modes at r/a = 0.85 and 0.95 found four of six points converged to within 10%, and the other

two are model faults rather than discretization error: one straddles the threshold at which the

SAT3 branch zeroes the intensity of every wavenumber below the ion gyroradius scale, and the

other carries a single eigenvalue at the top of the wavenumber grid that runs away with basis size,

rising from 3.5 to 2.4×103 while its neighbors sit near 3.4. Sweeping the resolution controls

one at a time over all five discharges at r/a = 0.90 and 0.95 shows why neither is repairable.

The poloidal basis size never settles, drifting steadily below NBASIS MAX = 20 and admitting

a spurious high-k instability at and above it, and the radial grid cannot be refined at all: its

dimension is fixed at NXGRID= 32 by a compile-time parameter, with any larger request silently

reset to the default of 16 rather than clamped. Behind the residual scatter is the selection of

the mode width rather than the eigenvalue solve: growth rates vary by under 0.3% across the

entire sweep while the width chosen for the flux-carrying low-k modes varies by a factor of

three, and the flux follows it. The collisionality trend survives, spanning a factor of 250 in ν̂

and dwarfing these shifts, but the residual radial structure of panel (c) cannot be read as wholly

physical, a fourth error source absent from the input covariance of Section 6.2. An accurate

near-edge quasilinear flux is limited by the stability of its own mode selection before it is limited

by the physics of its saturation rule.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis set out to predict self-consistent, transport-limited kinetic profiles across

the near edge by flux matching. That target was not reached, and the account of why is the

substance of what follows. Chapter 4 assembled the workflow: an mtanh parameterization,

neutral transport, impurity charge states, rotation shear, target fluxes, neoclassical transport, and

turbulent transport, with the residual between modeled and integrated fluxes minimized over

the pedestal region. Chapter 5 exercised it on five discharges from two devices. It predicts a

transport-limited pedestal for the negative triangularity discharge at +4.9% error in pedestal top

pressure, while the remaining four are missed by 17 to 84%, two-sided, for a root-mean-square

of 48%. The capability is real but case-dependent, and no property of the five cases yet predicts

which side of that divide a new case falls on. Propagating the declared input covariance through

the converged solves gives a 1σ band of 13 to 29% on pedestal top pressure, carried between 63

and 100% by the separatrix conditions and already exceeding the desired tolerance for reactor

scoping.

Chapter 6 attributes that spread, and the first finding reframes the rest. Flux matching

by optimization, posed as it is for core transport solutions, does not reliably determine the

near-edge pedestal. Nominal flux matching was generally not observed, so twelve non-zero

residual components combine into one scalar in more than one way: two states of the L-mode
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whose residuals agree to 0.9% return pedestal top pressure errors 27 percentage points apart,

and the low-ν∗ H-mode carries a pair matched to 0.4% whose pedestals sit 17 points apart

(Section 6.3.1). The mechanism is measurable on the reconstructions alone, since 50 to 68% of

the pedestal pressure e-fold lies outside the outermost flux match knot and is never constrained

(Section 6.3.2). What fills that majority is discretization and boundary condition rather than data:

knot placement and the imposed separatrix gradient each move the pedestal top pressure by more

than the difference between the two H-mode discharges, and neither is a transport model error

(Sections 6.3.2 and 6.3.3).

Transport model evaluations on the initial, experimental states appear to lack a colli-

sionality dependence. Measured three independent ways, then verified by compiling into the

quasilinear turbulence saturation rule, the empirical correction moves the ends of the dataset

toward agreement at once (Section 6.4). Its sign and existence appear firm, but the magnitude is a

first calibration on five discharges, so it cannot be separated from an ion-to-electron temperature

ratio dependence. Without more data, this is only a well-corroborated hypothesis and still fails to

address the radial structure of the flux errors.

Taken together, these findings cast doubt on the idea of carrying a local, core flux

matching formulation into the pedestal. A handful of coarse knots per channel with the profile

integrated inward from a pinned boundary relies on accuracy where the transport model is

least trustworthy both physically and numerically and the profiles vary most nonlinearly. The

workflow is therefore best read as a diagnostic of where near-edge reduced modeling breaks

rather than as a pedestal predictor.

7.2 Future directions

Several pieces of near-edge physics are absent and the conclusions above are conditional

on their absence: momentum is supplied rather than evolved, the closure is local at every radius,

and every case is a single stationary operating point, so nothing here tests a transition, an
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ELM cycle or any transient. More importantly, the findings order the work that follows them.

Parameterization, knot layout and solver design are all choices made against the response the

modules underneath present, so if those modules do not resemble the physics at the radii carrying

the pedestal, the choices are being optimized against the wrong surface. The transport model is

upstream of everything else here, and little is gained by tuning the layers above it first.

What appears necessary is a monolithic or hybrid transport model that remains valid

across the pedestal region at least to the separatrix. It must be nonlocal, because the expansion

the local reduction rests on erodes across the near edge as the turbulent eddy size and the ion

banana width approach the gradient scale length (Section 2.3). It must remain predictive across

the a/Ly peak, since that peak sits outside the outermost radius the present model is trusted at

and is consequently inferred by the parameterization rather than evaluated, which is precisely the

unconstrained majority of Section 6.3.2. And it must carry impurities across charge states rather

than as a trace correction, because the ionization source that closes the electron particle channel

depends on the charge state distribution and its radial variation. The same requirement applies to

the neutrals, whose penetration is not measured on any of these discharges but inferred from a

reduced model feeding the density target directly. Extending such a model through the scrape-off

layer to the divertor target would go further and remove the fixed separatrix boundary altogether.

It remains unclear whether a function that encodes physical profile shapes in the solution,

e.g., mtanh, is the best approach to the parameterization. Restating the solution in terms of the

function’s variables instead of fitting the mtanh backbone and correcting with a spline may be a

worthwhile step, but remains useless without a transport model that “requests” realistic profiles.

Alternatively, one may ask if any shape prior is needed at all. A flux-driven solve evolves the

profile forward under the transport operator until it is stationary, so the shape is an output of the

solve and nothing about it need be encoded in advance. The parameterization question is in that

sense downstream of the solver question.
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Appendix A

Gaussian-Process Flux Surrogates

The flux matching solver of Section 4.6 evaluates the transport response many times,

and TGLF and NEO are far too expensive to call at every step. Each is therefore replaced by a

Gaussian-process (GP) surrogate that maps the design variables to the fluxes, is refined as the

solve proceeds, and returns a calibrated predictive uncertainty. This appendix summarizes the

GP machinery as it is used here, following Rasmussen and Williams [64].

A.1 The surrogate problem

Let x collect the design variables that determine the local transport state at a flux match-

ing radius, the inverse gradient scale lengths and the transformed dimensionless parameters

{ν̂ei, Ti/Te, βe, ω0/cs} on which the surrogates are trained [8]. Let y = F(x) be a scalar gy-

roBohm flux, with one GP per channel. The map F is expensive, deterministic up to solver

tolerance, and near-singular in the stiff region close to the turbulence threshold. A GP surrogate

is cheap to evaluate, it smooths the flux response near threshold, and it supplies the predictive

variance that the uncertainty quantification of Section 4.7 propagates.

A.2 Gaussian-process regression

A GP places a prior over functions, F(x)∼ G P
(
m(x), k(x,x′)

)
, specified by a mean m

and a covariance kernel k. Given training inputs X = {xi}N
i=1 and observations y, the posterior at
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a test point x⋆ is Gaussian with mean and variance

µ(x⋆) = m(x⋆)+k⊤⋆
(
K +σ

2
n I
)−1(y−m

)
, (A.1)

s2(x⋆) = k(x⋆,x⋆)−k⊤⋆
(
K +σ

2
n I
)−1k⋆, (A.2)

where Ki j = k(xi,x j), [k⋆]i = k(xi,x⋆), and σ2
n is the observation-noise variance. The posterior

mean Equation (A.1) is the surrogate flux, and the posterior variance Equation (A.2) grows away

from the training data, which is the signal the active-learning solver uses when siting the next

transport call.

Figure A.1 shows what that buys. With four transport calls the ±2s band is wide enough

that the flux match target is admitted over a broad interval of the driving gradient, so the residual

does not yet locate a solution. Four further calls sited where s was largest collapse that interval

by more than an order of magnitude, which is why the stiff threshold is resolved in far fewer

evaluations than a fixed design would need.
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Kernel.

A stationary automatic-relevance-determination (ARD) kernel is the default,

k(x,x′) = σ
2
f exp

[
−1

2 ∑
d

(xd − x′d)
2

ℓ2
d

]
, (A.3)

whose per-dimension length scales ℓd let the surrogate learn which parameters the flux actually

depends on, which is a useful diagnostic of the transport sensitivities in its own right. The near

edge is not statistically stationary, because the flux is flat below threshold and stiff above it, so a

single length scale is a compromise. Nonstationary kernels, either an input-dependent length

scale or a monotonic warping of the gradient inputs, are an option where the stiffness is strong,

at the cost of extra hyperparameters and training data.

Mean function.

A constant or low-order mean suffices when the training data are dense. A physics-

informed mean, for example a critical gradient form that already encodes the threshold and stiff

rise, reduces the burden on the kernel and improves extrapolation into sparsely sampled regions

of the edge.

A.3 Training

The hyperparameters θθθ = {σ f , ℓd,σn} are set by maximizing the log marginal likelihood,

log p(y | X ,θθθ) =−1
2 ỹ⊤

(
K +σ

2
n I
)−1ỹ− 1

2 log
∣∣K +σ

2
n I
∣∣− N

2 log2π, (A.4)

with ỹ = y−m, which balances data fit against model complexity automatically.

A subtlety specific to this application is the meaning of σn. The transport model is

deterministic, so its training noise is essentially zero, and the small jitter retained is only for

numerical conditioning of the Cholesky factorization, so σn here is not a physical uncertainty.

The physical uncertainty enters separately, at predict time, and the two must be kept distinct,
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because conflating a near-zero training noise with the input uncertainty would misstate the band.

A.4 Uncertainty: two separate sources

The predicted flux carries two independent uncertainties that the framework keeps apart.

The first is the GP’s own predictive variance Equation (A.2), an epistemic term reflecting finite

training data. It is largest where the solve has not yet sampled and it drives the active learning.

The second is the propagation of input uncertainty, in the boundary conditions, source rates, and

prescribed impurity content, through the surrogate at predict time. For an input with mean x̄ and

covariance Σx, a first-order propagation gives

E[F ]≈ µ(x̄), Var[F ]≈ s2(x̄)+∇µ(x̄)⊤Σx ∇µ(x̄), (A.5)

the first term being the surrogate’s epistemic variance and the second the propagated input

variance. For the squared-exponential kernel the moments can also be computed in closed

form by exact moment matching, when the linearization is inadequate. Separating the three, a

near-zero training noise, an epistemic s2 from data coverage, and predict-time input propagation,

is what lets the framework report a distribution over the converged profiles rather than a single

point estimate (Section 4.7).

A.5 Validation of the predictive variance

A surrogate is only useful if its reported uncertainty is trustworthy. Holding out a fraction

of the training data and checking how often the held-out fluxes fall within the predicted bands

tests whether s2 is over- or under-confident before the surrogate is relied upon in the flux match.
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Appendix B

A Minimal Near-Edge Transport Model

The framework of Chapter 4 is built to carry a high-fidelity transport model, and it

inherits that model’s cost and its opacity together. A second, deliberately crude model was

developed alongside it to establish what near-edge phenomenology follows from a handful of

analytic critical-gradient formulae, and it is that model the qualitative results of Section 4.5.6

come from. This appendix records its ingredients at the level needed to read those results. It is a

collaborative proof of concept developed with C. Holland, whose unpublished model notes are

the fuller record, and the summary here is deliberately partial.

The design intent is worth stating first, because it explains the omissions. Every flux

is a closed-form expression in the local plasma state, so a solution costs seconds rather than

hours, and every term is inspectable. Nothing in it is fitted to the discharges of Chapter 5. What

the model is asked to reproduce is therefore behavior and not numbers, and it should be read

as a statement about which physics is sufficient for a given qualitative feature rather than as a

prediction.
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B.1 Equations and geometry

The same steady state, flux surface averaged balance of Section 2.1 is solved on 0.85 ≤

x ≤ 1 with x = r/a, for the electron density and the electron and ion pressures,

⟨ΓΓΓe ·∇r⟩= 1
V ′

∫ r

0
⟨Swall⟩V ′ dr, (B.1)

⟨qqqe ·∇r⟩= 1
V ′

∫ r

0

[
fe⟨Pin⟩−⟨Pei⟩−⟨Prad⟩

]
V ′ dr, (B.2)

⟨qqqi ·∇r⟩= 1
V ′

∫ r

0

[
(1− fe)⟨Pin⟩+ ⟨Pei⟩

]
V ′ dr, (B.3)

with Pin the power crossing the inner boundary from the core, split by fe between the channels,

Pei the collisional exchange, and Swall a wall particle source of prescribed exponential form

Swall ∝ exp[(x − 1)/λwall]. The geometry is concentric circular at fixed aspect ratio with a

parabolic q profile, so no equilibrium reconstruction is required and a device is specified by R0,

a, BT , Ip and κ alone. Fluxes are gyroBohm-normalized throughout, lengths to a and times to

a/vref.

B.2 Fluxes

Each channel is the sum of a neoclassical and three turbulent contributions,

F = Fnc +F ITG +FETG +FKBM, F ∈ {Γ, Qe, Qi}, (B.4)

with each turbulent term written in critical-gradient form through Z(u) = max(u,0). The three

branches are chosen to span the fingerprint signatures of Section 2.3, an ion-scale electrostatic

branch carrying ion heat, an electron-scale branch carrying electron heat and no particles, and an

electromagnetic branch carrying all three [23].
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Neoclassical.

The Hinton–Hazeltine fluxes are evaluated in the fitted form collected by Belli and

Candy [22], retaining the full collisionality dependence through ν∗e and ν∗i rather than the

banana-regime limit.

Ion temperature gradient.

The ITG branch carries the model’s only flow-shear physics and is the term the results of

Section 4.5.6 turn on. A linear growth rate is written against a critical gradient,

γlin = |ωr|Z
(√

R/LTi −R/Lcrit
Ti

)
, ωr =−kyρscs/R, (B.5)

with R/Lcrit
Ti

from the Guo–Romanelli threshold, evaluated at a single representative kyρs = 0.3.

Flow shear enters by quenching that rate,

γeff = Z(γlin − γE) , γE =

∣∣∣∣dV∗i

dr

∣∣∣∣ , V∗i =
1

ZieneB
dpi

dr
, (B.6)

so the shearing rate is the gradient of the ion diamagnetic velocity and the toroidal rotation is

absent by construction. That is the model’s sharpest departure from the framework of Section 4.4,

where the measured toroidal term was found to carry a large share of the shear and could not

be dropped, and it should be kept in view when reading anything the shear drives. Writing V∗i

in normalized form gives V∗i/vref = ρ⋆ p−1
i dpi/dx, the inverse pressure rather than the inverse

density setting the scale, and ρ⋆ ∝
√

Ti sits inside the radial derivative. Both matter in a pedestal,

because Ti falls by an order of magnitude across the domain. The saturated diffusivity follows a

standard quasilinear estimate,

χ
ITG
i =

k2
y

k4
⊥

γ3
eff

ω2
r + γ2

eff
, (B.7)

whose four factors are a gyroBohm scaling, a radial correlation length, a weak-to-strong transport

transition, and the increase of transport with drive. The electron thermal response is χ ITG
e =
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ft χ ITG
i with ft the trapped fraction. The particle flux is written in the quasilinear decomposition

of Angioni et al. [60], a diagonal diffusion set by a/Lne , a thermodiffusive term set by a/LTe , and

a pure convection independent of any gradient, with the latter two estimated from that work’s

parametric dependences on Ti/Te and collisionality. An inward particle flux is therefore available

without an inward heat flux, and its sign can reverse with the turbulent regime rather than being

fixed by construction.

Electron temperature gradient.

A slab ETG electron heat flux is taken from the analytic Hatch formula [45], driven by

ηe above a threshold near unity. It is assigned no particle and no ion energy flux, which is the

ETG fingerprint used in Section 5.2.3.

Kinetic ballooning.

The KBM branch is a stiff diffusivity switching on above a critical normalized pressure

gradient,

DKBM =CKBM ρ2
i vth,i

a
Z(α −αc), α = q2

βR0/Lp, (B.8)

following Guttenfelder [65], with χKBM = 3
2DKBM so that all three channels are driven together.

It is what limits the pedestal once the ion-scale branch is quenched.

The correspondence with Section 4.5.5 is partial, and the part that is missing matters.

EPED locates a state marginally stable to both ideal peeling–ballooning and kinetic ballooning,

and it is the intersection of those two constraints that fixes pedestal height and width together [13].

The branch above reproduces only the second. Nothing here carries the current-driven peeling

physics, the equilibrium current profile is not evolved, and no ELM cycle is represented, so a

pedestal this model returns is limited by a gradient-driven transport threshold alone and may sit

above where an ideal stability calculation would put it.
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B.3 Boundary conditions and solution

Separatrix values and gradients are supplied rather than solved, as in Section 4.2. The

values come from a two-point model [35] and the gradients from the Eich–Manz separatrix

operational space [66], which sets λpe , λne and λTe as functions of the turbulence parameter αt

and the poloidal sound radius. This is the same class of closure as the sheared spectral filament

model of Section 4.7. Main-ion neutrals follow a steady state diffusive balance in the manner of

Burrell [47], closed by a specified particle confinement time.

Each channel’s inverse gradient scale length is represented by an Akima spline through a

handful of knots spanning the domain, chosen over a cubic spline because it does not overshoot

and over a piecewise-linear representation because the flow-shear terms of Equation (B.6) require

a continuous d(a/Ly)/dx. That requirement is what later motivated the analytic backbone of

Section 4.2, which serves the same purpose with fewer degrees of freedom. The knot values are

advanced by a simple relaxation on the flux mismatch,

(a/Ly)
i+1
j = (a/Ly)

i
j

[
1+α

(
1−

Pi
model, j

Pi
source, j

)]
, (B.9)

with i the iteration, j the knot and α a relaxation rate. No Jacobian is formed, so the iteration is

cheap and finds a local minimum whose identity depends on the initialization, which is the same

sensitivity Section 6.3.1 measures for the full framework.

B.4 Standing limitations

Four limitations bound what the model can be asked to do. The geometry is circular, so

nothing in it responds to shaping and the negative triangularity behavior of Section 5.6 is out of

reach. The plasma is pure deuterium at Zeff = 1, so there is no dilution, no impurity radiation and

no counterpart to Section 4.3. The flow shear of Equation (B.6) carries the ion diamagnetic term

alone, so a case whose shear is substantially toroidal is misrepresented. And the current-driven
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half of the pedestal stability problem is absent altogether (Appendix B.2), so a pedestal the model

returns is limited by a gradient threshold with no ideal ceiling above it.

Nothing here is compared against a measurement, which bounds the use more sharply

than any of those. The model can show that a relationship between ingredients holds, and it

cannot show that a number is right.

A last limitation is specific to the present implementation rather than to the formulation.

The shearing rate as coded divides the ion pressure gradient by the density rather than by the

pressure, and omits the radial derivative of ρ⋆ from dV∗i/dr. Both departures scale with Ti, which

falls by an order of magnitude across this domain, so they distort the radial shape of γE and

suppress it toward the separatrix. The qualitative results reported in Section 4.5.6 are stated at a

level that survives this, since they concern whether a feature appears at all rather than where or

how large it is, but no quantitative use should be made of the shear until it is re-derived.
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