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Abstract. Multi-species kinetic neoclassical transport through the QH-mode pedestal and scrape-
off layer on DIII-D is calculated using XGCO0, a 5D full-f particle-in-cell drift-kinetic solver with
self-consistent neutral recycling and sheath potentials. Quantitative agreement between the flux-
driven simulation and the experimental electron density, impurity density and orthogonal
measurements of impurity temperature and flow profiles is achieved by adding random-walk
particle diffusion to the guiding-center drift motion. The radial electric field (E;) that maintains
ambipolar transport across flux surfaces and to the wall is computed self-consistently on closed
and open magnetic field lines, and is in excellent agreement with experiment. The E; inside the
separatrix is the unique solution that balances the outward flux of thermal tail deuterium ions
against the outward neoclassical electron flux and inward pinch of impurity and colder deuterium
ions. Particle transport in the pedestal is primarily due to anomalous transport, while the ion heat
and momentum transport is primarily due to the neoclassical transport. The full-f treatment
quantifies the non-Maxwellian energy distributions that describe a number of experimental
observations in low-collisionallity pedestals on DIII-D, including intrinsic co-I, parallel flows in
the pedestal, ion temperature anisotropy and large impurity temperatures in the scrape-off layer.
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1. INTRODUCTION

Magnetically confined high-temperature plasmas are observed to self-organize into a high-
confinement or H-mode state with an edge pressure pedestal: a steep pressure gradient localized
to a narrow region inside the plasma boundary. H-mode is an attractive operating regime for
future fusion reactors since the pressure pedestal reduces the plasma volume required to achieve
the core fusion performance, consequently reducing the size and cost of the reactor. The multi-
scale self-organization of the H-mode pedestal is qualitatively understood'; however the first-
principles models necessary for its quantitative prediction and optimization is an active area of
research®. Rapid improvement in diagnostic resolution and computational power is quickly
advancing the science necessary for understanding the non-linear multi-scale physics that
establish and sustain the H-mode regime on tokamaks. This article describes the first effort to
leverage petascale computational resources and high-fidelity diagnostic measurements to self-
consistently quantify the role of kinetic neoclassical, anomalous and neutral transport processes
in the self-organization of the H-mode pedestal. The ability of the simulation to simultaneously
capture the experimentally observed density, temperature, electric field and parallel flow in the
H-mode edge represents a major step toward the development of a quantitative predictive tool for
optimizing the boundary plasma in nuclear fusion devices.

The reduced transport leading to the H-mode pedestal is attributed to the suppression of
instabilities near the plasma boundary that normally drive large turbulent fluxes of particles,

energy and momentum out of the confined plasma™*

. The maximum pressure difference across
the pedestal is typically limited by peeling-ballooning instabilities that become non-linearly

unstable resulting in an edge-localized mode (ELM) that explosively releases a burst of particles

and energy across the pedestal region’. ELMs can deliver an impulsive heat load to the first wall



material, and are predicted to challenge the material limits in future burning-plasma devices,
such as ITER. Therefore, considerable effort in fusion research is devoted to understanding the
requirements for mitigating or eliminating ELMs while achieving H-mode confinement.

One attractive solution for ELM control is the quiescent H-mode (QH-mode) regime where
sufficient edge toroidal flow shear is maintained to stabilize the kink-peeling instabilities at finite

678 The saturated mode is often

amplitude such that the explosive ELM event never occurs
termed an edge harmonic oscillation (EHO) since it is observed to be multi-harmonic, although
the EHO can sometimes be broadband in frequency. The EHO provides enough additional
particle transport that the discharge can achieve steady-state transport where the pedestal is
maintained at the kink-peeling stability limit while avoiding any detectable ELMs and preventing
the accumulation of impurities.

The steady-state conditions achieved with QH-mode are well suited for studying the particle,
energy and momentum transport through the pedestal in high-performance tokamak plasmas.
Diagnostics can employ large time integrations to improve the statistics of measurements since
the saturated transport lasts many seconds. Furthermore, the spatial resolution of measurements
with fixed diagnostic chord views can be improved using gradual motions in the radial position
of the plasma boundary (i.e., an edge sweep). The numerical simulations presented in this letter
are compared to previously published results from Burrell et al. that employed an edge sweep to
collect high-resolution measurements of the QH-mode pedestal on the DIII-D tokamak’.

The reduction in the turbulent transport observed in the H-mode pedestal suggests that
neoclassical transport becomes important, similar to what is observed with internal transport

barriers in the plasma core'’. However, this hypothesis is difficult to test using analytical

neoclassical theory due to the breakdown of the assumptions that are typically valid in the core



plasma. Namely, kinetic, non-local and ion-neutral effects that are insignificant in the plasma
core become significant in the H-mode pedestal.

Analytic neoclassical transport theory assumes that drift-orbit radial excursions of all
particles are much smaller than the gradient scale lengths of the plasma. However, in the
H-mode pedestal, the orbit excursions are on the same order as the gradient scale lengths,
especially for trapped ions in the high-energy tail of the distribution with the largest banana
widths. Therefore, a particle can experience very different plasma conditions over a full drift
orbit (i.e., non-local effects). Furthermore, ion collisions with neutral particles originating from
wall recycling are significant in the plasma edge and can provide sources and sinks for plasma
density, energy and momentum. Finally, a valid assumption for neoclassical transport in an
axisymmetric plasma core is that all drift orbits are closed and thus transport is automatically
ambipolar. In other words, the ion and electron radial neoclassical currents across flux surfaces
are always balanced in steady-state, regardless of the radial electric field (E,). This assumption is
not valid in the plasma edge due to thermal ion orbit loss.

The drift motions of ions in the H-mode pedestal can cross the boundary (i.e., separatrix)
between the closed flux surfaces and the open field lines of the scrape-off layer (SOL). Once the
ion enters the SOL, collisional and collision-less processes can result in the particle being lost on
the open field lines to the material wall. Radial drift excursions of ions are considerably larger
than electrons, so this loss mechanism is non-ambipolar, meaning the ion and electron loss rates
are not automatically balanced. Consequently, E, is constrained to a specific value (i.e., root
solution) that reduces ion orbit loss enough to maintain ambipolar transport of charged particles

across the separatrix. Similarly, the electron parallel loss rate in the SOL along the open field



lines to the wall is much larger than the ion loss rate and a sheath develops with a positive
electric potential on the open field line to maintain ambipolar particle loss.
The role of ion orbit loss in driving transport, flows and E, at the plasma edge has been

. 11,12,13,14,15
considered for decades'''%!3!*

. A number of studies have demonstrated that it is fairly
straightforward to compute the collisionless ion orbits for a realistic magnetic and electric field
topology and generate the corresponding loss hole in velocity space due to ions striking a

material limiter'®!"!%,

These calculations provide a qualitative tool for examining the
relationship between the plasma magnetic and electric field topology and the parallel flow
associated with an empty loss hole'. Quantifying the impact of ion orbit loss on transport and E,
requires more comprehensive calculations that include collisions and all sources and sinks of
particles, energy and momentum in order to determine the scattering rate of ions into and out of
the loss hole.

The magnitude and gradient in the E, root solution around the separatrix due to ion orbit loss
and wall sheaths results in steady-state particle distributions that are non-Maxwellian and
transport that is non-local. This has motivated the development of full-f particle-in-cell (PIC)*

21,22

and continuum numerical transport simulations that do not impose any constraints on the

distribution function of the particles and explicitly calculate the non-local effects. The
simulations presented in this article use XGCO, a full-f drift-kinetic multi-species (e, D', C6+, DO,
C’) PIC solver for a realistic magnetic geometry”. XGCO is a highly-parallized code that
follows the drift motion of order 10 million particles undergoing mass-energy-momentum
conserving collisions with a background plasma. The plasma potential is self-consistently

evolved to maintain ambipolar transport across flux surfaces and to the wall. Charged particles

lost to the wall are reborn as neutrals that undergo collisions with the charged plasma species.



Core transport modeling is employed to prescribe realistic energy, momentum and particle flux
across the core-edge boundary of the simulation.

XGCO aims to self-consistently simulate the physics of H-mode pedestal transport on the ion-
and electron- drift orbit scale (order millimeters and milliseconds). Longer scale processes, such
as the current diffusion impacting the magnetic geometry or the wall material properties
impacting neutral fueling are nearly constant on this scale. Therefore, the magnetic geometry
and neutral recycling rates are fixed through the entire XGCO simulation. The short scale
processes, namely turbulent transport from instabilities, are important and impact the
intermediate scale addressed with XGCO. Self-consistent solutions at this scale are computed
with the code XGC1*** at much larger computational expense; evolving these simulations over
many heat or particle diffusion times (multi-milliseconds) is typically intractable. A planned
simulation framework will employ a multi-scale coupling of XGCO and XGCI in order to
address the relevant first-principles transport physics in an efficient calculation®. As a
standalone code, XGCO contains free parameters for guiding-center random-walk motion that
can be added to the particle drift-orbit motion to approximate the impact of small-scale turbulent
perturbations. The free parameters of the ad-hoc random-walk model, such as the random-walk
step size, are motivated by theory, but are typically tuned to improve the match between the
simulation and measurements. The result from this interpretative modeling approach provides
insight into the contribution of kinetic neoclassical transport, anomalous transport and self-
consistent neutral fueling physics to the overall measured transport level.

This article presents the first application of interpretative multi-species XGCO to the transport
in the H-mode pedestal for a low-collisionallity deuterium plasma with a carbon impurity.

Section 2 provides a detailed description of the model used in this work. The interpretive



transport analysis is applied to measurements of the edge transport barrier made on the DIII-D
tokamak with high spatial resolution’, as summarized in Section 3. It is found that the deuterium
energy and momentum transport is predominately neoclassical in the steep-gradient region of the
pedestal. The calculated neoclassical E, required for ambipolar transport is in quantitative
agreement with the E, profile inferred from experiment. The simulation indicates that the
ambipolar neoclassical E, is primarily established by the balancing of deuterium ion orbit loss
against an outward neoclassical flux of electrons and an inward pinch of the carbon impurity and
cold deuterium ions. Kinetic effects play a significant role in the neoclassical transport and result
in steady-state energy distributions that are non-Maxwellian throughout the pedestal and SOL.
This explains a number of experimental observations not captured in fluid or analytical
neoclassical models including ion temperature anisotropy, intrinsic parallel flows, and large ion
temperatures in the SOL. Section 4 discusses the implications of these results and Section 5

provides a conclusion and outlines future work.



2. CALCULATION OF H-MODE TRANSPORT USING THE XGC0 CODE

XGCO is a particle-in-cell code where the solution domain is reduced from 6D to 5D by
excluding the gyro-motion and following the guiding center drift motion of the particles. The
simulation results presented in this paper assume axisymmetry to reduce the computational space
to 4D (2D in physical space: R, Z, and 2D in velocity space: v, v,). The code is initialized by
randomly distributing 3.84 million particles for each species (D",e",C®") over the solution domain
assuming Maxwellian energy distributions that are described by an initial guess of the plasma
properties (n,T,v) on each flux surface. The ion particle positions are advanced in time steps of
0.1 -0.2 us with the equations of motion given in>. The electrons are given a mass equal to 2%

of a proton (mass enhancement of 36.7) such that the electron guiding centers are advanced on
AM,/m, = 10 sub-steps for each ion step. XGCO is a highly parallelized code, and the

simulations presented in this paper used 768 processors that each tracked about 15,000 particles.
The drift motion of the guiding centers is computed using a static magnetic topology and a
dynamic flux surface electrostatic potential (®). The poloidal cross-section of the axisymmetric
magnetic topology used for the simulations presented in this paper is shown in Fig. 1. Each
contour represents a surface of constant poloidal flux (y) and the thick contour at yn = (y-
yo)/(wx-yo) = 0.8 designates the inner boundary of the simulation and the limiter (thick black
line) is the outer boundary. If a particle leaves the simulation domain across the inner boundary,
it is moved to the approximate poloidal location where it would have reentered the simulation
domain if it completed a collisionless orbit. Ion particles that cross a limiter surface are removed
from the simulation while electrons are reflected to simulate the action of a sheath. The
accumulated ion charge lost from a each open flux surface in the SOL through parallel flow to

the wall and perpendicular cross-field motion is evaluated after 10-50 ion steps and then a



corresponding number of recently reflected electrons are removed from the domain to maintain
charge balance. The highest energy reflected electrons are chosen for removal and the
electrostatic potential for the flux surface is defined as the lowest energy electron lost from the
flux surface (i.e. the sheath potential). This method for computing the sheath assumes currents
flow resistance-free in the limiter structure since the electron and ion loss currents are not
necessarily balanced at every individual wall segment. The potential is constant on each flux
surface (E| = 0) and therefore the calculations do not capture the potential variation along the
flux surfaces due to a sheath. The potential is fixed at zero for yy > 1.05 for code stability. The
potential at the inner boundary is defined such that the second derivative of the potential is zero.

The flux-surface averaged neoclassical radial ion and electron flux are evaluated after each
ion time step and, if the fluxes are unbalanced, the potential on the closed flux surface is adjusted
(see eq. 4 in [23]). The polarization current that offsets the net neoclassical current in a time-
varying electric field is not captured in a guiding-center code and a density imbalance can
develop in the calculated ion and electron guiding-center densities. The simulation is initialized
with a neoclassical E, that is close to the final answer so that the final difference between the
electron and ion guiding-center charge density inside the separatrix (i.e. the polarization density)
is minimal.

The guiding-center solution tends to produce a discontinuous E, (~d®/dy) across the
separatrix: E, is driven negative inside the separatrix to prevent ion orbit loss, while outside the
separatrix the potential is positive due to the sheath potential established by parallel losses in the
divertor. This produces a gradient scale-length in @ that is comparable to the gyro-radius of
high-energy ions. For example, the diameter of a deuterium ion with a perpendicular temperature

around 4 keV has a gyro-orbit diameter approaching 1 cm or Ayx = 0.03 at the outboard



midplane. In other words, an ion experiences a non-uniform electric field during its gyromotion,
resulting in a finite Larmor radius (FLR) correction to the E x B drift velocity. Gyro-kinetic
calculations (such as XGC1) account for the FLR effects by averaging the 2-D potential [D(y,0)]
over the orbit trajectory. In the drift-kinetic equations solved by XGCO0, the FLR effect is
incorporated by averaging 1-D potential [@(y)] over the estimated diameter of the gyro orbit.
This approximate correction has the largest impact for the ion drift orbits around the separatrix
(0.98 <wyn < 1.02). The implications of this correction will be discussed in more detail in a future
section.

On the first time step of the simulation, the energy distributions are nearly Maxwellian
everywhere in the simulation domain. Initially, a large number of ions are lost on collisionless
orbits and the potential inside the separatrix becomes very negative, leading to an E, well depth
several times larger than what is expected from experiment. During the initial 2 ms of the
simulation, the ion orbit loss rate decreases as the loss holes empty much faster than they are
refilled, driving E; more positive toward the experimentally observed value. The E, profile is
relatively constant after the first few milliseconds and evolves primarily in response to the
convergence of the density profile to a steady-state solution.

Monte Carlo collisions are included in XGCO by calculating the probability that a particle
collides with any of the plasma species or a neutral atom. Probabilities are updated every time
step based on the properties of the particle and the local properties of the background plasma and
neutral fluids. The energy distributions of the background plasma species are assumed to be
Maxwellian in order to use efficient linear delta-f collision calculations.

Background plasma and neutral properties used in the collision calculations are saved on a

2D spatial grid and updated every 100-200 time steps such that these properties evolve
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throughout the simulation. The background plasma is updated by querying the processors to
accumulate the energy distributions of each species within an element of the grid. Moments of
the distributions are taken to define the properties of a Maxwellian plasma background for each
species.

The code then uses the processors to launch millions of 3eV neutral deuterium particles from
the wall locations where ions were lost. The number of ions lost to the limiter and the recycling
rate sets the weight associated with each neutral particle. Neutral particles are followed until
they ionize, charge-exchange or leave the simulation based on Monte Carlo collisions with the
background plasma to establish the neutral deuterium properties (density, energy, flow) on the
2D grid. Deuterium ions will charge-exchange with the background deuterium neutrals, while
charge exchange processes involving carbon ions are not included. Electron collisions with the
background deuterium neutrals can result in an ionization event that adds a deuterium ion and
electron to the simulation and subtracts the ionization energy away from the electron. Each
deuterium ionization event also adds a carbon ion and six electrons, where the weight is scaled to
reflect the estimated carbon neutral density. Thus, the code treats the carbon ions as a trace
impurity where the sources and sinks due to ionization and charge-exchange are negligible.

XGCO produces a flux-driven solution where the plasma profiles evolve to a solution
consistent with the fluxes at the simulation boundaries. Particles, energy and parallel momentum
are added to the simulation at the inner boundary by creating randomized thermal particles and
modifying the perpendicular and parallel energy of particles in the region 0.8 < yx < 0.85. The
goal of this work is to use XGCO to quantify the steady-state neoclassical and anomalous
particle, energy and momentum transport rates that account for the core fluxes and the neutral

sources and sinks in the H-mode pedestal. To that end, techniques were developed to
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quantitatively compare the XGCO output to the measurements from the DIII-D charge-exchange
spectroscopy (CER) and Thomson scattering diagnostics. The free-parameters in a simple 1D
anomalous transport model in XGCO0 are optimized to find good agreement between the synthetic
diagnostic output generated by XGCO and the experimental measurements.

A number of past studies with XGC0>*’ have demonstrated that additional (i.e. anomalous)
transport is required in addition to the kinetic neoclassical transport to adequately describe the
experimentally observed pedestals. The anomalous transport model chosen for this study is an

energy-dependent random-walk model that perturbs the R, Z position of each guiding center:

D dD 2D
AR = 74_6170'71#11/7 At+(X—D)Vd—wAt
R dydR \ At dR
dD d 2D d
_[Pdv 2D (=D Y (1)
dy dz =\ At dZ
where V=—2(K—3)dT/dw
s\t 2) T

where v is the normalized poloidal flux coordinate, At is the time step, and R and Z give the
spatial position of the particle. The £ sign is defined randomly for each particle at a given ion
time step. The average step size is the same for all species to reflect that the average anomalous
particle transport from small-scale fluctuations is ambipolar. The energy coefficient () is
independently defined for ions and electrons. When y is greater than D, then high-energy
particles (K > T) have a larger step size than low energy particles (K < T) where K is the ion
energy and T is the average energy for a neighborhood of particles.

D and y are input to the simulation as a 1D function versus yy where the units are m*/s at the

outboard midplane. Figure 2(a) shows the 1D random-walk step-size profiles that are used for
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the calculations presented in this paper. These profiles represent the transport that was added to
the neoclassical transport solution in order to best reproduce the experimental results. There are
three regions with different anomalous transport properties. At the top of the pedestal (yx <
0.93), the effective anomalous diffusion (Daom) is 0.5 m?s, while the anomalous thermal
diffusion (e anom = Yianom) is 2 m*/s. In the steep-gradient region (0.95 < yx < 0.99), Danom = Yanom
=0.025 m*/s while ¥.anom increases to 0.5 m*/s in the SOL (yy > 1). Note that the random-walk
model reduces to a fairly simple expression for the ions for yx > 0.95 where x=D and dD/dy ~ 0.
The D and y. profiles are in good agreement with previous studies with interpretive and
predictive H-mode transport models for the density and electron thermal transport™*®,

The relationship between the three regions of anomalous transport and the pedestal shape is
illustrated by the electron temperature (T.) profile in Fig. 2(b), where the anomalous transport is
reduced in the steep-gradient region of the pedestal (0.94 < yn < 1). Random-walk motion
determines the simulated electron thermal transport and the resulting T, profile since neoclassical
electron thermal transport is very small. Agreement between the simulated and measured
electron temperature profile requires an energy sink for electrons at the bottom of the pedestal
and SOL (yn > 0.97). The energy sink is tailored in the simulation using the free-parameters of a
carbon line radiation model. Since the electron heat flux from the core, the anomalous transport
model and line-radiation model have user-defined free-parameters, the electron temperature
profile can always be brought into agreement with the data and the electron thermal transport
rate is under-constrained in these simulations.

The version of XGCO used in this study solves for the flux-surface-averaged potential and
does not consider the potential variations, and the associated parallel flows, along a field line.

Therefore, the poloidal variations in the ion and electron charge densities are not equalized,
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especially in the SOL where the potential variation along a field line can be significant. In order
to approximate the poloidally localized electron density at the position of the Thomson scattering
measurements, the relative poloidal variation of the electron density is assumed to be the same as

the ion charge density while the flux-surface-averaged value is unchanged:

n:

e

n, +6n.
<nD +6nc><ne>

The difference between the assumed local electron density (n.) and the flux-surfaced
averaged electron density (<n.>) is only significant in the SOL. In the XGCO simulations with
no Ej, the electron density in the SOL is largest in the divertor where electrons are being sourced
from neutral ionization. However, the ion density is peaked near the outboard midplane due to a
large population of confined trapped ion orbits. In reality, a parallel electric field would develop
with a positive potential near the outboard midplane to draw the electrons out of the divertor and
equalize the local charge density throughout the SOL.

The density, temperature and velocity of fully-stripped carbon (C°") is measured using
charge-exchange recombination (CER) spectroscopy on DIII-D*’. This diagnostic has viewing
chords that intersect the neutral beam deposition region both vertically and tangentially at the
outboard midplane. The poloidal flows and temperatures are computed using the tangential
chord measurements to correct the vertical measurements for a small pickup of toroidal
components due to the diagnostic viewing geometry. The toroidal and poloidal flows are
corrected for the energy dependence of charge-exchange collision cross section™ (these
corrections were not included in the initial analysis of E; presented in [9]). The XGCO
simulation is compared to the CER diagnostic measurement by taking moments of the computed
C°" distributions at the outboard midplane. The diamagnetic flow of each ion species is

calculated in XGCO using the gradient in the perpendicular pressure and added to E x B flow to

14



include both the drift and fluid components of the measured flows. Future development of
synthetic diagnostics for XGCO will consider the line-integration of the viewing chords, which
introduces some spatial smoothing of the measured profiles, especially for the vertical CER
chords.

3. COMPUTATION OF NEOCLASSICAL AND ANOMALOUS TRANSPORT IN QH-

MODE

The QH-mode discharge examined in this analysis had a plasma current (I,) of 1.3 MA, an
on-axis toroidal magnetic field of 2.0 T and 9.1 MW of counter-I, neutral beam heating. The ion
temperature at the top of the pedestal (~ 4 keV) is comparable to what is anticipated for burning
plasma devices such as ITER, however the normalized pedestal Greenwald density and
collisionality is considerably lower. The high-temperature, low-density conditions enhance the
kinetic effects on the pedestal structure and provide an opportunity to test kinetic simulations
against experimental observations.

Figure 3 summarizes the agreement between the synthetic diagnostic profiles (red lines) with
the measured density, temperature and flow profiles (black crosses). This agreement is achieved
using a rigorous solution for the flux-driven kinetic neoclassical transport and a simple 1D
anomalous transport model (Fig. 2). Figure 4 summarizes the calculated moments of the ion
distributions on closed flux surfaces. Each individual plot will be described in more detail
during the discussion of the particle, energy and momentum transport that follows.

Particle transport and E,

One significant result is that the XGCO simulations capture the differences in the density
pedestals for the three plasma species. Figure 3(a) shows the simulated electron density profile

compared to the electron density measured with Thomson scattering. The electron density has
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little poloidal asymmetry inside the separatrix, but strong asymmetry in the SOL with a peak at
the outboard midplane due to a significant population of trapped ions. This leads to a flattened
(or even an increasing) density profile across the separatrix at the outboard edge of the plasma.
The simulated ion densities (where np = n. — 6n¢) at the outboard midplane are shown in Fig.
3(b). The deuterium density pedestal (dashed blue) is wider than the carbon density pedestal
(solid red). This can also be appreciated when considering the flux surface averaged ion
densities [Fig. 4(a)] and their gradients [Fig. 4(b)]. The peak density gradient for carbon is
inside the separatrix, while the maximum deuterium density gradient is near the separatrix. This
leads to a non-monotonic effective ion charge (Z.s) across the pedestal (decreasing from three at
the top of the pedestal to about 2 at the separatrix). The radial variation in <Z¢s> must be
considered when computing the equilibrium and stability of H-mode pedestals.

The difference between the density profiles is understood when considering the anomalous
and neoclassical particle transport mechanisms. Neoclassical electron particle transport is small,
and thus the electron particle transport in the pedestal is typically equal to the anomalous
transport rate. However, the ion species have neoclassical particle fluxes that are significant, but
typically offset. In this particular case, the neoclassical deuterium flux is outward, while the
neoclassical carbon flux is inward. These offsetting fluxes result in ion density pedestals that
become steeper at the outboard midplane with increasing Z due to the orbit squeezing in the
region of strong negative E,. In the QH-mode discharges with a deep E, well, the simulated in-
out asymmetry of the carbon density within the pedestal is large and peaked on the high-field
side (similar to the observed impurity density asymmetry in’'). Furthermore, the neoclassical
pinch of the carbon ions provides a mechanism for the C®* density profile to exist with only

neutral recycling as a source.
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Figure 5 shows the particle ionization source rates and the different components of the radial
particle flux. The core particle flux from the neutral beams is 10" deuterium and electron
particles per second (160 Amps). The recycling rate at the limiter for deuterium and carbon is set
to 0.9 and 1.0, respectively, in order to maintain a constant particle inventory in the simulation.
The resulting particle source from ionization is shown in Fig. 5(a). The total electron particle
flow [Fig. 5(b)] is solely due to anomalous processes at the top of pedestal (yn < 0.94), whereas
the neoclassical transport can contribute around half of the net particle transport in the steep-
gradient region (0.94 <yn < 1).

The finite neoclassical electron flux in the steep-gradient region is a consequence of the large
negative E, that widens the electron radial orbit excursions across the steep density gradient. It is
important to consider that the electron mass was enhanced by about 36 in the simulations,
resulting in orbit excursions that are a factor of six too large. A new calculation is being
performed with a mass enhancement of 4 (at larger computational expense) to investigate the
dependence of the computed neoclassical electron particle flux on its mass. As expected, the
preliminary results indicate the factor of nine reduction in the electron mass reduces the
neoclassical particle flux by a factor of three. As a consequence the anomalous transport rate in
the steep-gradient region is doubled (Danom = 0.05 m?/s) to maintain a good match to the
experimental data. Therefore, while the results from the presented simulation suggest
neoclassical particle transport can be as large as the anomalous transport rate in the steep-
gradient region, it is more likely the case that the electron transport is completely due to the
anomalous processes.

The random-walk model is designed to be ambipolar and thus the anomalous electron current

is equal to the sum of the anomalous ion currents (blue solid lines in [Fig. 5(b-c)]). XGCO solves

17



for the E, that balances the electron and ion neoclassical currents (black solid lines). The self-
consistent E, that maintains ambipolar neoclassical transport in XGCO is shown in Fig. 6 (red
line). The electron motions respond to this field, while the ion guiding centers experience a gyro-

averaged E; with reduced radial gradients. The dashed red in line if Fig. 6 is the average v, ,” B

for the carbon ions at the outboard midplane, representing the E, inferred from carbon force
balance. This is in good agreement with the E; inferred from fits to the CER profiles and
assuming C®" force balance (black line). The FLR correction becomes important for achieving a
good match between the simulation and experiment at the bottom of the pedestal (0.98 <yx < 1),
where E; becomes more positive towards the separatrix. A consequence of the FLR effect is that
the gyro-averaged E,, which is reflected in the measured ion force balance, will approach the true

radial electric field with a large gradient across the separatrix as the larmor radius
(~I. M, | ZB) becomes smaller.

The FLR effect is important in computing the kinetic transport of ions, especially deuterium
ions with large magnetic moments (1), around the separatrix. These high-energy ions can have a
guiding center inside the separatrix, yet partially sample the positive E, outside the separatrix.
The gyro-radius is large (~ cm) at the outboard midplane separatrix in these simulations due to

ion perpendicular temperatures ([Fig. 3(¢)], where T, ~7) that is much larger than the electron

and ion parallel temperatures. Consequently, ions with a large gyro-orbit will have a more
positive gyro-averaged E, inside the separatrix and a larger outward neoclassical flux than ions
with smaller gyro-orbits. In the frame of the net radial flow of deuterium ions, this appears as a

pinch of cold ions that can balance the enhanced outward flow of high-energy ions.

18



Energy transport

The C°" temperature profiles measured by the orthogonal CER views at the outboard
midplane are different in the steep-gradient region and SOL of high-temperature, low-
collisionallity QH-mode pedestals on DIII-D and the XGCO simulation reproduces both Ty [Fig.
3(c)] and Ty [Fig. 3(d)] in the steep-gradient region. The simulation is also in qualitative
agreement with the observed increase in the C°° temperature in the SOL at the outboard
midplane due to the population of high-energy trapped particles that originate from the top of the
pedestal becoming the dominate density source in the far SOL*>. The temperature anisotropy

(7, 1 7.) at the outboard midplane for the two ion species is compared in Fig. 7, where the

anisotropy is larger for the D" ions compared to the C** impurity.

The QH-mode discharge was heated with 9.1 MW of counter-I, neutral beam injection and
about 1 MW of ohmic heating. The corresponding core heat fluxes used for the XGCO
simulations are 6.5 MW of deuterium heating, 0.5SMW of carbon heating and 1 MW of electron
heating. The majority of the deuterium heat flux is conductive, with small convective (0.6 MW)
and rotational heating (0.5 MW) contributions. The carbon heating is primarily from rotational
heating. The large difference in heating between deuterium and carbon is due to the difference in

the particle densities as illustrated in Fig. 4(c) where the average energy for each ion species
((K)=((K,+K.) ! (n Vol))) is fairly well matched.

Figure 8(a) shows the computed sources and sinks of energy for ions, such as collisional
exchange, charge exchange with neutrals and ionization. Charge exchange loss to neutrals is
computed only for deuterium (yellow line) and is the largest sink of ion energy in the
calculations. The energy source from ionization (purple) and the collisional exchange losses to

the electrons (green) is the total for both ion species. Figures 8(b-c) show the contributions of the

19



anomalous and neoclassical transport to the flux-surface averaged ion heat flow through the
pedestal. The ion heat flow is predominately anomalous at the top of the pedestal (yn < 0.94),
and predominately neoclassical in the steep-gradient region, especially for deuterium. About
6 MW of heat flows through the pedestal via the ions, with about 3MW lost to collisions with
electrons and neutrals and the remaining 3MW transported to the SOL by deuterium ions.

Momentum transport

The toroidal and poloidal flows at the outboard midplane are shown in [Fig. 3(e-f)]. These
flows are the sum of the E x B flow directly computed in XGCO and the diamagnetic flow
estimated using the gradient in the perpendicular pressure. Both components of the simulated
C%" flow (red lines) are in good agreement with the measurements for yy < 1. The corresponding
D" flows (dashed blue lines) are calculated to be significantly different at the outboard midplane,
especially in the toroidal direction where the flow is about 100km/s offset from the carbon in the
co-I,, direction. The toroidal flow at the top of the pedestal is in the counter-I, direction due to
the applied torque at the inner boundary and reverses direction near the separatrix.

Collisions keep the average ion energy [Fig. 4(c)] fairly well matched between carbon and
deuterium; however the parallel flows [Fig. 4(e)] can be quite different. The difference in the
parallel flows is appreciated when examining the energy distributions of the ions. Figure 9
shows the computed energy distributions for deuterium and carbon at the outboard midplane at
yn = 0.84. The orbit excursion of deuterium ions [Fig. 9(a)] is six times larger than carbon [Fig.
9(b)], amplifying the kinetic effects and leading to a velocity distribution that is highly non-
Maxwellian. The important feature is the large hole in the counter-I, velocity space for

deuterium due to ion orbit loss.
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The loss hole extends to its lowest energy for trapped ions near the trapped-passing boundary
that have reflection points close to the inboard midplane. One consequence of this loss hole is
that the tail of the distribution is skewed toward co-I, and the moment of the parallel velocity
distribution (red lines) is more co-I, than the bulk ions (blue). On the other hand, the carbon ions
have less distortion of the high-energy tail and the Gaussian fit to the parallel velocity
distribution is centered on the bulk flow. The net result is an intrinsic torque in the co-I,
direction at the outboard midplane that is species dependent. This drives a separation in parallel
flows where the deuterium flow is more co-I,, than carbon. The direction of the intrinsic torque
is reversed at the inboard midplane (counter-I,); however it is smaller in magnitude due to
toroidal effects. Thus, the net torque on each flux surface from kinetic effects near the separatrix
is in the co-I, direction. In this particular case, the core plasma is rotating in the counter-I,
direction due to the external torque from the neutral beam injection, while the intrinsic torque in
the pedestal reverses the flow.

4. IMPLICATION OF KINETIC NEOCLASSICAL TRANSPORT IN H-MODE

PEDESTAL TRANSPORT

This kinetic neoclassical calculation indicates that a small number of high-energy ions in the
tail of the thermal energy distribution transport most of the energy across the H-mode pedestal,
while anomalous processes transport the colder bulk ions and account for at least half of the
particle flux with relatively less impact on the energy flux. Separation of particle and energy
transport processes across the pedestal is often seen in ELM-free tokamak regimes, including
QH-mode, where a 3D edge perturbation from a mode increases the particle flux through the
pedestal with minimal impact on the energy transport. This is consistent with the result that

particle transport, and thus the density pedestal, are more affected by anomalous transport than
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energy transport and the corresponding temperature profile. The separation of energy and
particle transport processes can also play a role in the evolution of the H-mode pedestal
following the L-H transition or an ELM where the temperature and density pedestals will often
evolve on different timescales.

The energy distributions of the ions in the pedestal are computed to be non-Maxwellian in
the simulated high temperature, low collisionallity H-mode pedestal. One implication is that the
ion temperature is anisotropic and species dependent, which must be considered when
interpreting edge measurements for pedestal equilibrium and stability calculations. Another
implication is that there is a source of intrinsic co-I, torque at the plasma edge. Ion orbit loss has
been proposed in a number of studies as the source of the intrinsic co-I, edge torque that is seen

on all tokamaks>>"*

. These calculations are among the first to quantitatively demonstrate that
kinetic neoclassical effects can reproduce this torque. Recent work with XGC1 demonstrated that
ITG-like turbulence at the top of the pedestal is necessary for pinching the edge torque inwards
toward the core on DIII-D**. The intrinsic torque is important for future devices, such as ITER,
where it is predicted to be comparable to the externally applied torque from neutral beams.
Perhaps the most significant implication of kinetic neoclassical transport is that transport of
the main-ions in the tail of the energy distribution plays an important role in establishing the
structure of the radial electric field at the tokamak edge. The large banana orbits directly couple
the SOL to the pedestal, further highlighting the importance of global simulations of the pedestal
and SOL in understanding the impact the divertor and first-wall materials and geometry will
have on core performance. The work presented in this paper provides a quantitative investigation

of a long-standing theory that the edge E; is the unique solution (i.e. ion root) that maintains

ambipolar neoclassical transport and that ion orbit loss is the primary non-ambipolar source that
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drives the neoclassical solution. The agreement between the E, inferred from the experimental
measurements and the E, computed using XGCO is promising within the caveats discussed
earlier concerning the enhanced electron mass and approximate FLR correction. At a minimum,
the simulation indicates that the particle transport from ion orbit loss when E, is near the
experimental value is at a reasonable level compared to the neutral beam and neutral recycling
particle sources.

A widely accepted theory is that the equilibrium E x B shear at the edge stabilizes the edge
turbulence and sustains the H-mode transport barrier. The shear generated by the kinetic
neoclassical solution for E, depends strongly on the ion temperature and the magnetic geometry.
As a consequence, the edge ion temperature required to access H-mode is a function of the
magnetic geometry. A previous study on NSTX established that the edge ion temperature
required for H-mode increased as the triangularity of the plasma increased, while it was
independent of the neutral fueling conditions and the edge heat flux™.

The relationship between T; and E; also is important in the positive feedback loop that drives
the bifurcation in the transport between L- and H-mode. The confinement of the tail deuterium
ions that determine the ion heat flux through the pedestal improves with more negative E,. This
will lead to an increased edge ion temperature at the edge, requiring E, to become more negative
to suppress ion orbit loss. This increases the width of the high-shear region and is a viable
mechanism to describe the expansion of the pedestal width following the L-H transition or an

ELM crash.
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5. CONCLUSIONS AND FUTURE WORK

The fusion power gain of future burning plasma devices of a fixed geometry, such as
ITER, is predicted to increase with increasing pedestal pressure height’’. Peeling-ballooning
stability theory predicts that the maximum stable pedestal pressure increases with reduced
pedestal pressure gradients. Therefore, predicting and optimizing the pedestal for a burning
plasma regime relies on understanding what mechanisms determine the total particle and energy
transport. Optimizing fusion reactor designs will also require an understanding of the intrinsic
momentum sources, sinks and transport in the H-mode pedestal. Both the perpendicular and
parallel flows play significant roles in the self-organization of the pedestal through the flow shear
suppression of turbulence, stability of the pedestal to a variety of modes, and the penetration of
non-axisymmetric fields. It is also important to understand the processes that control the
transport of impurity ions through the pedestal since the performance of fusion reactors is
dependent on flushing impurities, including helium ash, from the confined plasma and limiting
the influx of impurities introduced at the plasma boundary from wall materials and divertor
impurity seeding.

Edge transport models capable of quantitative flux-driven predictions of the self-
organization of the H-mode pedestal must consider the non-linear multi-scale coupling of the
plasma and atomic physics without any limitations on the energy distributions of the particles.
The XGCO simulation presented in this article presents the first calculation of axisymmetric 5D
drift-kinetic transport with kinetic deuterium, electrons and fully-stripped carbon in a realistic
magnetic geometry with a self-consistent solution for E, on closed and open magnetic field lines
and neutral wall recycling. A simple ad-hoc turbulent transport model was used to obtain a

quantitative match between synthetic diagnostics in the simulation and experimental
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measurements, providing an interpretative tool for determining the balance between neoclassical
and anomalous transport processes. The XGCO simulations are performed for a QH-mode
discharge on DIII-D. This unique regime achieves reactor-relevant pedestal parameters with
steady-state transport maintained by an edge harmonic oscillation. The steady-state transport
provides an ideal environment for long integration, and high spatial resolution measurements that
provide detailed profiles with low signal-to-noise.

Three important conclusions are drawn from the interpretive analysis of QH-mode transport
using XGCO0. The first is that the ion thermal transport is close to the neoclassical level in the
steep gradient region. Most of the energy in the QH-mode regime is carried through the transport
barrier by tail deuterium ions. The second is that a number of experimental observations, such as
temperature anisotropy, large SOL temperatures, poloidal asymmetries, and intrinsic flows are
quantitatively described by considering the kinetic transport and resulting distortion of the
energy distribution. These effects are not captured by fluid or standard analytic neoclassical
calculations that assume the energy distribution is close to Maxwellian, yet these effects must be
considered in the interpretation of edge diagnostics and understanding the transport mechanisms.
Finally, the results illustrate that axisymmetric kinetic neoclassical transport can capture the
mechanisms important for the self-consistent edge neoclassical radial electric in the H-mode
pedestal. The characteristic reversal of E, across the separatrix is determined by the ion orbit
loss inside the separatrix and the wall sheath outside the separatrix.

The ability of the simulation to reproduce the density, temperature and flow profiles is
encouraging, but a number of advances are needed for a fully predictive model. Obviously, the
ad-hoc anomalous transport model will need to be replaced by either an analytic model (where D

and y are estimated from the local gradients and the Ex B shear) or a direct calculation with a
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code like XGC1. Furthermore, the neutral recycling and impurity radiation models will need to
be more complete. For example, the model will need to consider all the molecular and charge
states of the ions and the energy dependent sputtering of neutrals from the wall. The state-of-
the-art calculations that include the necessary atomic and solid-state physics have been
demonstrated in other edge transport calculations, but are in the process of being incorporated
into XGCO.

The impact of a number of assumptions used to speed up the calculations will be investigated
in the near future. Work is on-going to complete a simulation with reduced electron mass to
investigate the impact on the neoclassical electron particle transport. Furthermore, the code
calculations could be expanded to include the non-axisymmetric magnetic perturbations expected
from the EHO mode on the neoclassical transport. Also, the neoclassical solution in XGCO is not
complete since it does not include the modification of the drift orbits from toroidal or poloidal
electric fields. This omission has the largest impact on the neoclassical radial flux of the
impurity ion and the poloidal distribution of the electron density. The upgrade to XGCO, called
XGCa, will include all components of the electric field, which should provide a more accurate
model for the impurity transport and the flows within the SOL. XGCa will also include a more
complete correction for FLR effects that are important near the separatrix.

The full-f kinetic neoclassical transport calculation presented in this article represents a
major step forward in the development of a quantitative model that could be used to design,
control and optimize the H-mode pedestal in future burning-plasma devices. The combination of
the detailed pedestal measurements with the large-scale kinetic solution demonstrates that the

field is now capable of leveraging the recent advances in diagnostics and computation power
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toward meeting the critical challenge of measuring and simulating the self-organization of the H-
mode pedestal.
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Figure Captions

FIG. 1: Magnetic equilibrium used for XGCO simulations. Contour separation is Dy,, = 0.1. By

is into the page (ion VB drift is down) and I, is out of the page.

FIG. 2: (a) Coefficients for anomalous transport model used in the XGCO simulations (b)
Simulated electron temperature profile (solid red) compared to measurement (black crosses).
Vertical dotted lines separate three transport regions: top of pedestal, steep-gradient region and
scrape-off layer.

FIG. 3: (a) XGCO synthetic diagnostic output for n. (solid red) at Thomson scattering location
compared to measurements (black crosses). (b-f) Simulated profiles for C®* (solid red) and D"
(dashed blue) at outboard midplane compared to CER measurement of C®* (black crosses) for:
(b) density, (c) poloidally viewed ion temperature, (d) toroidally viewed ion temperature, ()
poloidal velocity and (f) toroidal velocity. Vertical dashed lines indicate the transition in the
anomalous coefficients (yn = 0.94) and the separatrix.

FIG. 4: Flux-surface average quantities and their gradients for c® (solid red) and D" (dashed
blue): (a-b) ion density, (c-d) total ion energy, and (e-f) parallel velocity. Vertical dashed line
indicates the transition in the anomalous coefficients (yn = 0.94).

FIG. 5: (a) Charge source rate from D" (purple) and c** (green) ionization. (b) Neoclassical
(solid black) and anomalous (solid blue) contributions to the total (dash-dot black) particle flux
of electrons. Total charge flow is nearly equal to the particle source rate times the particle charge
since dn/dt ~ 0. The 10*' particles/s for deuterium and electrons sourced from the core equates to
160 Amps of radial current. (c) Ion charge flux for deuterium (solid black, blue) and carbon

(dashed black, blue).

33



FIG. 6: Self-consistent E; at the outboard midplane computed using XGCO (solid red) compared
to the E; inferred from the measured C®" profiles using force balance (solid black). Dashed red
line is the E; calculated from force balance with the gyro-averaged E; in XGCO0.

FIG. 7: Perpendicular (solid) and parallel (dashed) temperatures at outboard midplane for
deuterium (blue) and carbon (red).

FIG. 8: (a) Ion energy sources and sinks. (b) Neoclassical (solid black) and anomalous (solid
blue) contributions to the total (dash-dot black) heat flux for deuterium and (c) carbon.

FIG. 9: D" and C°®" velocity distributions at top of pedestal. The top panels show computed
contours of particle weights (black lines) in 2D velocity space for (a) D™ and (b) C®*. Dashed
blue lines show the v/vy, contours for a shifted Maxwellian centered on the average flow of the
cold bulk ions (vertical blue line). Solid green lines are the estimated trapped-passing boundaries
[19, eq. A.6]. Bottom panels are the v)/vy, distributions for (c) D" and (d) C®". Solid red line is a

Gaussian fit (vertical red dash is Gaussian center).
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