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Abstract. The effect of lithium (Li) wall coatings on scrape-off-layer (SOL) turbulence in NSTX is modeled with
the Lodestar SOLT code. Specifically, the implications for the SOL heat flux width of experimentally observed, Li-
induced changes in the pedestal profiles are considered. The connection is important because pedestal profiles
impact the overall fusion performance of ITER and future machines while the SOL heat flux width impacts the
survivability of divertor target plates. The SOLT code used in the modeling has been expanded recently to include
ion temperature evolution and ion diamagnetic drift effects. This work focuses on two NSTX shots occurring pre-
and post-Li deposition. The simulation density and energy profiles are constrained, inside the last closed flux
surface only, to match those measured in the two experiments, and the resulting drift-interchange-driven turbulence
is explored. The effect of Li enters the simulation only through the pedestal profile constraint: Li modifies the
experimental density and temperature profiles, and these profiles affect the simulated SOL turbulence. The power
entering the SOL (Pgor) measured in the experiments is matched in the simulations by adjusting “free” dissipation
parameters (e.g., diffusion coefficients) that are not measured directly in the experiments. At power-matching, (a)
the heat flux SOL width (A) is smaller in the case with Li, as observed experimentally, and (b) density fluctuation
amplitudes are reduced, with Li, also as observed. The instabilities and saturation mechanisms that underlie the
SOLT model equilibria are discussed.

* Work supported by USDOE grants DE-FG02-97ER54392 and DE-FG02-02ER54678.

1. Introduction

It has been established that lithium (Li) wall conditioning improves tokamak performance. With
lithium deposition on plasma-facing components (PFCs) in the National Spherical Torus
Experiment (NSTX), observed improvements include increases in electron and ion temperature,
increases in energy confinement times and reduced magneto-hydrodynamic turbulence!
including the suppression of edge-localized modes (ELMs).2 It is generally believed that lithium
coating provides improved performance through reduced ion (deuterium) recycling and high-Z
impurity control at the PFCs. However, predictive models of the interplay between plasma edge
conditions and recycling dynamics are scarce, and the origins of improved confinement in
lithium deposition is a topic of on-going investigation.

In a series of discharges in NSTX,34 electron density and pressure profiles in the edge pedestal
region relaxed (i.e., profile gradients decreased) significantly (~100%) with increasing lithium
deposition. Along with the profile relaxation, reduced recycling, decreased electron transport
and ELM suppression were observed. ELM suppression was attributed to the reduced drive of
magneto-hydrodynamic instabilities (peeling-ballooning modes) that comes with reduced
pressure gradients in the edge region. A reduction in the intensity of the deuterium alpha-line
emission (D), measured at the lower divertor in these discharges, is particularly noteworthy, in
the context of this paper, as it points to a possible reduction in turbulent transport across the
separatrix. It has been observed by infrared thermography (IRTV) that lithium deposition
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reduces both the radial heat flux (q,) and the heat flux width, A, at the divertor and so, by
magnetic field line mapping, reduces Ain the outboard midplane (OM) in NSTX.>

Interpretative transport studies® of two of the NSTX discharges, one with and one without
lithium coated PFCs, concluded that a decrease of ~75% in the particle and energy transport
coefficients, D and 7., was consistent with the observed profile relaxation with lithium
deposition. That calculation was based on a diffusive transport model inside the separatrix and
did not include a contribution from turbulent convection. Yet, the same study provides evidence
that lithium decreases turbulent fluctuations in the edge and SOL. Edge reflectometry
measurements suggest normalized density fluctuations (0n/n) of ~10% in the pre-Li case and
~1% in the with-Li case, near the separatrix, with the pre-Li value approaching unity in the near-
SOL. Thus further investigation of the effects of lithium on turbulent transport is well
motivated.

In the present study, we model turbulent transport in two NSTX discharges, one with and one
without lithium, using a newly updated version of the SOLT code. This approach was motivated
by previous successful studies of the SOL heat-flux width in low-power H-mode discharges in
NSTX7 and of an EDA H-mode in Alcator C-Mod.8 As in those studies, we focus on the heat-
flux width at power-matching with the experiments. It is demonstrated that the observed
reduction in heat-flux width in the experiments corresponds to the reduction in interchange-
driven turbulent transport, in the model simulations, that results from the gentler pressure
profiles associated with lithium deposition.

The rest of the paper is organized as follows. The newly updated SOLT model equations, which
now include the self-consistent evolution of the ion pressure and ion diamagnetic drift, are
presented in Section 2. Section 3 describes the input to SOLT from the experiments, the method
of matching the power crossing the separatrix (Psor) with the experiments, and the power-
matched heat flux widths. Section 4 discusses the mean flows observed in the simulations. Gas-
puff imaging (GPI) data provides information on flow velocities in NSTX. To enable
comparison with GPI data, we introduce a structure velocity diagnostic for the simulations and
demonstrate its dependence on flow damping. Section 5 presents conclusions.

2. Model Equations

SOLT is a two-dimensional (2D) electrostatic fluid turbulence code. The code models the
evolution of potential, density and temperature in a plane perpendicular to the magnetic field B,
in the outboard midplane (OM) region of the torus. The potential evolution is obtained from the
evolution of the generalized vorticity. SOLT contains a reduced description of the electron drift
wave and interchange instabilities, and sheath physics. Curvature- and grad-B-driven charge
polarization enables transport of enhanced density structures (blobs) with strong fluctuations
(0n/n ~ 1) from the edge into the SOL. The parallel physics is modeled by closure schemes that
depend upon the regime.? The code has recently been generalized to allow regime-dependent
closures for the parallel current and heat flux.

In dimensionless form, the SOLT model equations of evolution are
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where the generalized vorticity p evolved in Eq. (1) is defined by
p+V-(nVo+Vp,)=0. (5)

The equations are written in dimensionless form using Bohm normalization with reference time-

2 .
sr= Teym; , and T, is a
reference temperature for the normalization. ¢ is the electrostatic potential, n is the electron

density, T,; are the electron and ion temperatures, and p.; =nT,; are the corresponding

scale Qci_l = (ZeB/mic)"' and space-scale pg = Cs/Qci , where ¢

pressures. The ExB velocity is v, =bxV¢ , where b is a unit vector in the magnetic field

direction, perpendicular to the plane of the simulations. The ion diamagnetic drift velocity is
Vg =bxVp. /n .

Zero-order gradients of the profiles are in the x (radial) dimension in the simulations. The core-
side boundary is at x = 0, and the separatrix is at x = Lx/2 with the far-SOL boundary at x = Lx.
All fluctuations (0n, etc.) vanish at the x-boundaries. The turbulence is homogeneous in the y
(bi-orthogonal, approximately poloidal) dimension where periodic boundary conditions are
applied. The over-bar, e.g. p in (1), denotes the y-average or mean.

This edition of the SOLT model differs from previous ones in that it evolves the ion temperature
and the generalized vorticity (5), thus dynamically coupling the ion diamagnetic and ExB drifts.
The vorticity evolution (1) is consistent with the drift-ordered, reduced-Braginskii fluid model
version derived by Simakov and Catto!? and is used in the BOUT code.!l In Eq. (1), the
damping of the mean vorticity (~v,p) provides mean flow damping, by charge-exchange with

neutrals, for example. Note that p =0 corresponds to v, = —v . and that, to lowest order, flow

damping encourages VEy =~ Vdiy-

The other new terms in Eq. (1), that vanish in the limit of zero ion pressure, provide finite
Larmour radius (FLR) stabilization, for example, and allow for the ion temperature gradient
instability, though the latter is insignificant in this study. The last term originates in the
convective derivative, v -V, acting on V- (nV¢) in the generalized vorticity. It is important for

describing the Kelvin-Helmholtz (K-H) instability in the presence of a density gradient, for
example.
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The curvature and grad-B forces combine in the first term (~x=b-Vb) on the right-hand side of
Eq. (1) to drive the interchange instability. In our coordinate system, this term is simply

B-9,(p.+p;), where B = 2ps/R and R is the radius of curvature of the magnetic field (1/x),

here approximated by the major radius of the tokamak. The linearized equations recover the
interchange growth rate, ’}/ih 4=—B 9, (p.+p;)/n, now including the ion pressure contribution.

Explicit diffusion coefficients are @, D, , Dt. , and Drj. These describe diffusive transport
processes in addition to that generated self-consistently by interchange turbulence. As it is
difficult to extract appropriate values for these coefficients from experimental data, we regard
them as “free” parameters and adjust them to achieve physically credible results: they should
dissipate the high-k turbulence but not be so large as to dominate the SOL heat flux width or turn
off instability. In Sec. 3, we describe adjusting the density diffusion coefficient D, to tune the
power Psor in the simulations to match that observed in the experiments.

The sources, S, , Ste , and St , have the form S_=v_-(n (x)—n), etc., which tends to restore
the reference profiles (n,(x), etc.) taken from the experiments. The sources are non-zero only

inside the separatrix; evolution in the SOL is source-free. These may be thought of as
maintaining profiles against fluctuations, born in the outboard midplane, with plasma that
streams in and out of the midplane region along the closed field lines.

The current densities (J,,, J, ) and heat fluxes (q,,, , q,,; ) in Egs. (1-4) close the system of

equations when expressed in terms of @,n, T, and T, . Those closure relations, valid for a range

of collisionality regimes, from conduction-limited (at high collisionality) to sheath-connected,
are discussed in a paper that directly motivates the present work.” (Expressions given there are
slightly modified to include the ion temperature in present work.) ~We emphasize that the
current and heat flux adjust continuously between sheath- and conduction-limited expressions in
the SOL as the fields evolve, depending self-consistently on the character of the turbulence.

3. SOLT Simulations

3.1 Input to SOLT from the Experiments
pre—lithium
shot 129015

no (108em™)

The parameters and profiles for the simulations are
taken from two discharges in NSTX: one without
lithium, or “pre-Li”, #129015, and one with lithium,
or “with-Li”, #129038. These discharges are
described in Ref. [6] and are two of a series
exploring edge turbulence reduction resulting from
lithium deposition to plasma-facing components.
Both shots were 0.8 MA H-modes driven by neutral
beam injection (NBI). The pre-Li shot was driven
with 3.9 MW NBI, and the with-Li shot with 2 MW - s
NBI. Despite the discrepancy in injected power, the 6 -4 -2 0 2 4 6
stored energy was the same in both shots due to the Ax (cm)

improved energy confinement that comes with  FIG. 1. Reference profiles of density
lithium deposition. ~ We fit the density and and temperature, relative to the
temperature profiles measured in the experiments  separatrix, for the pre-Li discharge.

Tio 100eV)
Teo \ \\‘

1S = N W b W
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with hyperbolic tangent functions, as illustrated in Fig. 1. Simulation profiles relax to these on
the core side of the separatrix (Ax < 0) only, at rates that vanish monotonically as Ax — 0.
The dashed lines in the figure indicate that the density and temperatures are increasingly free to
evolve as the separatrix is approached and totally unconstrained in the SOL.

The currents (J,,, J, ) and heat fluxes (q,,,, q,,;) in Egs. (1-4) are functions of the turbulence

/1
(¢,n, T, and T;) that depend on the fixed parameters of the experiment through coefficients.” For
example, the “sheath coefficient” is the inverse connection length, from the OM to the divertor

sheath in the SOL. The sheath tends to dominate parallel transport in the SOL as the connection
length decreases. To convert from dimensionless to physical units, the reference normalizations

for both the pre-Li and with-Li shots are T, =100 eV, ¢5, = 69.2 km/s, €/ 21t = 2.6 MHz (B

=3416 G), pgr = Csr / ; = 4.23 mm, and the normalizing density is 10" ¢cm™. Both plasmas are
deuterium.

3.2 Matching Psor, to the Experiments

SOLT’s turbulence (e.g., Psor and A) depends on
physical parameters for which experimental

values are not available a priori, particularly the 6/ .

dissipation parameters W, V,, Dy, Dt and Dry. For 5t + pre-Li

reasonable choices of these parameters, the al

simulations recover some of the experimental = @

observations. For example, the diffusion of S 3}

density D, can be adjusted to recover the ol , }
observed power. See Fig. 2. In the figure, the Q post-Li

circles indicate the measured values of Psor: 3.9 s e P .
MW in the pre-Li discharge and 2.0 MW in the oL, ‘ ‘ . ‘
with-Li discharge. The corresponding density 0.0 0.5 1.0 1.5 2.0
fluctuations confirm that the drift-interchange- D, x 100

driven turbulence is weaker for the smaller  Fig. 2. P from SOLT simulations vs.
pressure-gradients of the pedestal with lithium density diffusion coefficient Dy, Large
and stronger for the steeper pre-Li profiles. circles indicate experimental values.
Density fluctuations at the separatrix are weaker

across the wave-number spectrum in the with-Li

case, in qualitative agreement with reflectometry A Vs.
measurements.'2  Turbulent (blob) heat transport ¢ pre-Li(o:i.o0"¢)
is weaker for the broader profiles with lithium. ' _ T

At power matching, the heat flux profile width in 0> ° post=Li(e:1.e:¢)

the SOL (M) is smaller in the with-Li simulation,
consistent with the trend observed in experiments,
indicated with arrows in Fig. 3. As seen in the
figure, particularly in the pre-Li case, the width
decreases with increasing diffusion coefficient,

D,. If diffusion were driving the heat flux, one

would expect Ato increase with increasing D, but



the opposite is observed in the simulations; the
turbulence drives the heat flux and the diffusion
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FIG. 3. Heat-flux profile width in the SOL
A=P,, /g, (Ax — O(+))~27L'RBB / B]

damps the turbulence. vs. D, for electrons (black) and ions (red)

in the pre-Li (circles) and with-Li (disks)
cases. Larger circles indicate power-
matching, cf. Fig. 2.

4. Mean Flows in SOLT Turbulence

Sheared mean flows reduce the interchange

growth rate and act as transport barriers in the Mean Poloidal Flows
edge region. To the extent that the heat flux width 100}
is determined by turbulent transport, as here, it is <VE,y>
important to explore the mean flows in the 2 S0;
simulations and to compare them with those §
observed in the experiments. If the flows can be 0 (Vaiv)
adjusted in the simulation by tuning parameters \(ilj’.,r
accessible in the experiments, it would have —50¢ : - ;
important implications for controlling the -3 -2 -1 0 1 2 3
turbulent transport and the heat flux width. AX (cm)

FIG. 4. Poloidal ExB and ion

The time-averaged mean poloidal flow, diamagnetic drift velocities averaged

over the poloidal dimension (y) and time
for the power-matched pre-Li simulation.
Error bars are standard deviations.

(VE y> for the power-matched, pre-Li simulation is

shown in Fig. 4. The shape of the profile is generic
for these simulations: a near-sonic, positive
maximum (in the electron diamagnetic drift direction) inside the separatrix, with flow reversal in

the SOL where the sheath enforces the Bohm potential (3T,) and consequent negative (ion
diamagnetic direction) flow. Thus there are flow shear layers, 0y VEy>, on either side of the

high pressure gradient region, where the ion diamagnetic drift, (v, y), also plotted in Fig. 4, has

a negative global minimum. Are similar flows present in the experiment?

The maximum magnitude of <VEy> is much larger than the poloidal turbulent structure (blob)

velocities observed near the separatrix with GPI on NSTX.!3 But, are the SOLT and
experimental mean flow velocities so dissimilar? How do blobs move in the background flow?
To explore these questions, we introduce a synthetic structure velocity for the simulations.

Near the separatrix, blob density tracks in (y,t) space show up as strong linear features in the
power spectrum of the density fluctuations. At each radial location (Ax), we define the structure
velocity to be the phase velocity at the global maximum of the power spectrum, |8n(Ax,ky,0))|2.
When this velocity is plotted as a function of Ax, it is seen to be constant on radial intervals. One
such interval includes the pedestal region and overlaps the separatrix, extending into the near-
SOL, while another starts near the flow-reversal point and extends into the far-SOL. See Fig. 4.
Linear analysis of the equilibrium, time-averaged turbulence profiles reveals distinct normal
modes localized to these radial zones, viz., modes localized to radial zones underlie the
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turbulence. (Similar mode localization is suggested in an analysis of GPI data on Alcator C-
Mod.14)

Structure Velocity
The structure velocity of the separatrix- 100¢
spanning mode is nearly <VE,y>+l/2<Vdi’y> 28_
inside the separatrix, where this hybrid velocity o 40R (0L A
is maximized, and corresponds to the phase £ 20f
(and group) velocity of an ion-diamagnetic- 0
modified interchange mode, in the local —20¢
approximation to the dispersion relation. —40¢f ‘
Damping the mean vorticity, encourages (v ) —4 -2 0 2 4

AX (cm)
- — Vdi’y> (cf. Eq. 5) and reduces the mode

. ) . FIG. 5. The structure velocity without (a,
velocity and the structure velocity significantly red) and with (b, blue) flow damping

near the separatrix, as ?hown in Fig. 5. The constant on radial zones, reveals underlying
flow shear rate similarly decreases with  jqdial  eigenmodes. The flow profile
increased damping and, particularly in the pre- (v \+(v_) (black) is shown for
. . Ey di,y

Li case, the heat flux (PsoL) increases,
suggesting that the flow shear is controlling the
turbulence in pre-Li profiles. (The profiles with lithium are relatively immune to flow damping,
likely because the saturation mechanism is wave-breaking as opposed to shear-stabilization.)

comparison: without (c¢) and with (d) flow

5. Conclusion

SOLT simulations have been compared with lithium deposition experiments on NSTX to explore
the nature of the interchange turbulence driven by experimental pressure profiles with and
without lithium deposition and, in particular, the possibility that trends observed in SOL heat
flux width may be attributed to turbulent transport. We find that, when simulation power (Psor)
is adjusted to match that of the experiment, SOL heat-flux widths are smaller for the gentler
pressure profiles that result from lithium deposition, and larger for the steeper pre-lithium
profiles. This trend agrees with experiment. The apparent explanation for the trend, derived
from these simulations, is that turbulent transport (blobs) generated in the lower pedestal region
drives the heat flux and heat flux width in the SOL. Steeper profiles drive stronger turbulence;
simulated with-Li density fluctuations measured at the separatrix are weaker across the spectrum
than pre-Li fluctuations, in qualitative agreement with reflectometry measurements.

Modes localized to radial zones underlie the turbulence. The simulated structure velocity near
the separatrix is approximately (vg ) + (v, ), as expected of interchange modes modified by

ion diamagnetic effects. Flow damping reduces SOLT structure velocities, as required for
agreement with GPI observations. For the flow-shear controlled turbulence of the pre-Li
profiles, increased flow damping leads to stronger turbulence which drives larger Psor and heat
flux widths. But with lithium deposition, the turbulence driven by the gentler profiles is
relatively immune to increased flow damping. An important topic for future studies is the
possible interplay between neutral recycling, flow damping by neutrals, and its impact on the
heat flux width.
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